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Thesis Summary 

 

Biological sex is a key variable that profoundly impacts disease prevalence, severity and 

response to therapy. There are marked disparities in immunological-based responses between 

males and females that can drive sex-bias in the prevalence of chronic inflammatory disease. 

Allergic asthma is a leading chronic respiratory disease characterized by airway inflammation that 

results in airway obstruction and difficulty in breathing. Asthma displays age- and sex-related 

differences in prevalence and disease severity. Asthma incidence and severity are more prominent 

in boys during childhood, but this trend shifts around puberty, as asthma prevalence and severity 

becomes more predominant in females in adulthood. Notably, females are more prone to suffer 

from uncontrolled asthma and corticosteroid-unresponsiveness disease, making it more 

challenging to manage symptoms. Despite, the recognition of sex-related differences in asthma, 

sex as a biological variable is excluded in most preclinical murine model studies. In this thesis, I 

outline molecular mediators that distinguish sex-related differences in allergen-mediated airway 

inflammation. My findings will be valuable to understand mechanisms that shape sex-disparity in 

allergic disease processes, and importantly for sex-based personalized drug development efforts 

in asthma.  

To stratify sex-related differences in airway inflammation, I have used a two-week house dust 

mite (HDM)-challenged murine model in two different mice strains (BALB/c and C57BL/6NJ).  

As genetic variations influence the inflammatory response which can potentially impact sex-

related differences in response to allergen, I have used two different strains of mice. I examined 

leukocyte accumulation in bronchoalveolar lavage fluid (BALF), serum IgE levels (total and 

HDM-specific) and profiled the abundance of a panel of 29 different cytokines in BALF and lung 

tissues in my studies. I identified a sex-specific cytokine biosignature in the lung, both in naïve 

and HDM-challenged mice which was mice strain dependent. Overall, my results showed that 

female BALB/c mice predominantly mount a Th17-biased response to inhaled HDM challenge 

compared to males, whereas C57BL/6NJ female mice display a mixed Th1/Th2-skewed response. 

Males of both strains show a Th2-slewed response compared to females. This highlights the 

interplay between genetic variability and sex difference in airway inflammation and the 

importance of taking the mice strain into consideration when interpreting results. 
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Proteomics approaches are important in the discovery of novel biomarkers. In this thesis, I 

focused on outlining sex-specific allergen-mediated protein changes that are commonly enhanced 

in BALF of both mice and humans. The Mookherjee lab previously conducted unbiased proteomic 

profiling utilizing liquid chromatography coupled with tandem mass spectrometry (LC–MS/MS) 

to characterize allergen-induced alterations in secreted proteins (secretome) in the lung of female 

BALB/c mice (in the two-week HDM-challenge mouse model), as well as in a controlled allergen 

exposure human model. Human exposures were performed by our collaborator Dr. Christopher 

Carlsten at University of British Columbia. Comparative assessment of the murine and human 

proteomics datasets uncovered 19 proteins commonly enhanced in both mice and human BALF, 

in response to allergen challenge. I selected the top 10 protein targets from this 19 common protein 

biosignature and examined their abundance in BALF from mice and human (both females and 

males) allergen exposure studies using western blot.  

I examined sex-specific changes in allergen-induced selected proteins in BALF obtained from 

HDM-challenged murine model and from humans exposed to nebulized allergen. Female BALB/c 

mice showed significantly higher levels of HDM-induced eosinophil peroxidase (EPX), S100A8, 

S100A9 and properdin, compared to males. Likewise, human female participants showed higher 

levels of EPX compared to males in BALF following allergen challenge. These results showed 

that EPX is a biomarker that shows female-bias in both mice and humans following allergen 

challenge. In contrast to mice data, human male participants demonstrated elevated levels of 

S100A8 and S100A9 in BALF compared to females. Notably, two allergen-induced proteins in 

BALF displayed species-specific sex-bias. Female participants showed significantly higher 

allergen-induced coronin1A/TACO only in human BALF compared to males. While HDM-

mediated properdin increase was significantly higher in females compared to males, only in mice 

BALF and not in humans.  

Overall, the findings in this thesis provide the foundation for future work that recognises the 

importance of sex-disaggregated data and will enable the translation of novel biomarkers from 

animal models to human studies in a sex-dependent manner. 
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1.1 Immune System 

1.1.1 General Overview 

The immune system is an intricate network of specialized cells and molecules which has 

evolved in complexity to deal with a universe of pathogenic microbes and other danger that 

threaten normal host functions employing an array of diverse mechanisms [1, 2].  A primary 

function of the immune system is to mobilize a response to an invading pathogen, toxin or 

substances that can enter through mucosal surfaces [3]. Fundamentally, the immune system has 

the ability to discriminate between the body's own cells and pathogens (self from non-self) by 

detecting structural features (antigens) on the surface of the pathogen that distinguishes it from 

host cells [1, 2, 4, 5]. This distinction between self and non-self is central to eliminating pathogens 

and other ‘foreign’ antigens without damaging the host’s own tissues. Further, the immune system 

can recognize and clear dead and faulty cells in the body of the host [1, 2, 4, 5].  The immune 

system responds to pathogens and other antigens with secretion of molecular factors and proteins 

such as cytokines and chemokines, which promote inflammation as the first line of defence, 

including facilitating leukocyte recruitment to the site of infection and inducing other antimicrobial 

functions [5].  

The ongoing global pandemic of coronavirus infectious disease 2019 (COVID-19) has raised 

public awareness regarding the vital role of the immune system in fighting infections, as recovery 

from COVID-19 infection is strongly associated with eliciting an efficient immune response [6, 

7]. Although the process of inflammation is essential for infection clearance and host defense 

mechanisms, this process needs to be regulated. At times, the severity of infections correlate with 

activation of various inflammatory pathways that cause hyperinflammation and cytokine storm, 

which results in tissue damage and multi-organ failure [8–10].  Dysregulation of inflammation 

resulting in persistent and amplified inflammation also leads to chronic inflammatory disorders 

[10, 11]. Thus, understanding the specific cellular and molecular processes involved in the 

initiation and regulation of immune responses is an essential step for disease management and 

development of effective new therapies. 
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An emerging component of immune function is the influence of biological sex. Biological sex 

is defined by sex chromosomes (XX and XY), reproductive organs (testes and ovaries) and gonadal 

sex steroids (including androgens, estrogens, and progestogens). There is a disparity in 

manifestation and pathogenesis of many widespread diseases between males and females, which 

results in sex-specific outcomes from autoimmune and infectious diseases as well as sex 

differences in response to therapies. Thus, there are significant gaps in our understanding of sex-

biased immune responses and precise mechanisms mediating these differential responses.  This 

chapter will provide an overview of key components of the immune system, airway inflammation 

and asthma (which is the focus of this thesis), and sex-related differences in immune response and 

asthma. 

 

1.1.2 Innate & Adaptive Immunity 

The immune system utilises two lines of defenses, innate and adaptive immunity, to efficiently 

detect and eliminate pathogens [2, 4]. The innate arm of the immune system acts as a first line of 

defense that has two major functions. Firstly, it acts as a physical barrier to prevent invasion of 

pathogenic microorganisms through mucosal tissue, skin and chemical barrier (including,  pH, 

enzyme, antimicrobial peptides and complement system) [12].  Secondly, the innate immune 

system  eliminate  invading pathogens that penetrated mucosal barriers through phagocytosis and 

cytotoxicity mechanisms [12–14]. Additionally, the innate immune system is crucial to the 

activation of adaptive immunity through secretion of cytokines and antigen presentation to T and 

B cells [14]. Innate immunity elicits rapid responses to invading pathogens mediated by innate 

immune cells including dendritic cells (DC), neutrophils, macrophages, monocytes, and dendritic 

cells [15–18]. The majority of these innate immune cells express various pattern recognition 

receptors (PRRs), including toll-like receptors (TLRs), NOD-like receptors (NLRs), retinoic acid 

inducible gene I (RIG-I)-like receptors (RLRs) and C-type lectin receptors (CLRs) [12]. 

The PRRs can recognize and detect pathogen-associated molecular patterns (PAMPs), or 

microbe-associated molecular patterns (MAMPs) expressed on the pathogen’s surface [12]. This 

induces innate immune cells to produce inflammatory cytokines, chemokines, and other 

molecules, including reactive oxygen species (ROS) for pathogen clearance [2, 4].  
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The secretion of proinflammatory cytokines promote inflammation that further facilitates 

leukocyte recruitment [5].  

Innate immunity has a key role in the induction and consequent direction of adaptive immunity, 

mainly through antigen-presenting cells (APCs). APCs process and present foreign antigens on 

their surface via major histocompatibility complexes (MHC) for recognition by lymphocytes such 

as T cells [4, 5]. The classical APCs include dendritic cells, macrophages, and B cells. The 

interaction of APCs with T cells bridges innate and adaptive immune responses and influences the 

differentiation of T cells [2]. The adaptive immune response generally takes days or even weeks 

to allow for more specificity to pathogens and establishment of immune memory to provide the 

host with long-term protection [18]. There are two types of adaptive responses: the cell-mediated 

immune responses mediated by T cells, and the humoral immune response which is mediated by 

activated B-cells and production of antibodies [15]. Naïve T cells can be classified as CD4+ or 

CD8+ depending on expression of cluster of differentiation (CD) surface molecules CD4 or CD8, 

which impact whether T cell receptors (TCRs) will engage with an MHC II or an MHC I molecule 

on APCs [5, 15]. Naïve CD4+ TCR bind to antigen-embedded MHC II molecules on APCs and 

are activated to become T helper (Th) cells. These can further differentiate into various Th subsets 

based on the presence of specific cytokines and the expression of distinctive lineage-defining 

transcription factors [16].  The main Th subsets identified so far include; Th1, Th2, and Th17 cells, 

regulatory T (Treg) cells that are essential to maintain self-tolerance (unresponsiveness to self 

antigen) and follicular helper T cells (TFH) that aid B cells for antibody production [16] . 

Cytokines released by the various Th cells can amplify the immune response.  Each Th subset 

secretes signature effector cytokines that specialize in mediating responses to different types of 

pathogens, for example IL-4 secreting Th2 cells combat extracellular parasites while IFN-γ 

producing Th1 cells target intracellular pathogens [16, 19]. 

Contrary to CD4+ T cells, naïve CD8+ TCR bind to the antigen-embedded MHC I molecules 

on APCs and become cytotoxic T cells , that can eliminate pathogens and infected cells [15, 16]. 

Cytotoxic T-cells can eliminate infected cells through the release of cytotoxic granules including 

perforin, and granzymes which causes the formation of pores in the target cell membrane that 

allow for cytotoxic granules to infiltrate inside the infected cells and ultimately resulting in 

apoptosis of infected cells [20]. 
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B cells are well-recognised for the production of antibodies but they also play a  role in antigen 

presentation and cytokine production  which shapes the response of other immune cells such as T 

cells [5]. Antibodies are classified into five different classes including Immunoglobulin (Ig)A, 

IgD, IgM, IgG, and IgE. Each of these has specific functions in the immune responses, for example 

IgE is associated with allergies and anaphylaxis [2, 5]. Antibody secretion is initiated upon 

exposure to antigen that is recognized by B cell receptor (BCR) that has a unique specificity for 

each antigen epitope and facilitate the internalization of antigens and subsequent presentation of 

the resulting peptides on Class II MHC molecule [2]. The binding of BCR with the antigen in 

combination with costimulatory signals can stimulate B-cell differentiation into antibody 

producing plasma cells and memory B cells [21]. B cells also present antigen to T cells, the 

interaction of BCR and TCR plays a critical role in contributing to B-cell activation with the help 

of Th cells through cytokine production that aid in B cell proliferation and directing the type of 

antibody secreted [21, 22]. In certain circumstances, some antigenic epitopes can directly activate 

B cells without assistance from T cells [5, 22]. However, antibodies generated through microbial 

antigens alone have reduced functional versatility compared to those stimulated without T cells 

assistance [22]. 

 

1.1.3 Cytokines & Chemokines 

Cytokines are low molecular weight secreted proteins (~5–70 kDa) that can act in a paracrine 

fashion on another cell and/or in an autocrine fashion on the same cell [17]. Therefore, cytokines 

are considered potent signalling molecules that play a crucial role in mediating immune responses 

in both health and disease [23]. The main function of cytokines is to regulate local and systemic 

inflammation, but these molecules can also orchestrate a range of processes including cellular 

proliferation, apoptosis, hematopoiesis, metabolism, chemotaxis, and tissue repair [23]. 

There are different types of cytokines; including various interleukins (ILs), chemokines, 

lymphokines, interferons (IFN) and tumour necrosis factor (TNF). Cytokines are synthesized and 

secreted by a number of immune cells such as T cells, neutrophils, macrophages, B cells and mast 

cells, as well as other cell types such as endothelial cells, fibroblasts, epithelial cells and various 

stromal cells [24]. In order for a cytokine to induce an effect on a target cell, these bind to a specific 

cytokine receptor on the cell surface [25].  
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Cytokine receptors are membrane glycoproteins that constitute of several units and the binding 

of cytokines to these receptors induce a cell signaling cascade that impacts cell function [25].  

Chemokines are a family of heparin-binding cytokines that guide the migration and recruitment 

of cells in a process known as chemotaxis [26, 27].  Thus, they play a pivotal role in guiding 

immune cells to sites where they are needed  to facilitate biological processes such as inflammation 

[26, 27]. Additionally, chemokines are involved in activation of adhesion molecules to allow 

leukocyte extravasation [28, 29]. Thus, chemokines are key drivers of the process of inflammation. 

Chemokines are classified into 4 different families, which are defined based on the arrangement 

of the conserved cysteine (C) residues, CXC, CX3C, CC and C type chemokines [26, 30]. 

Chemokines are the only subset of cytokines that act on the superfamily of G-protein-coupled 

receptors (GPCR) on target cells [31]. Key chemokines that regulate migration and infiltration of 

macrophages, neutrophils and lymphocytes include CXCL10 (also known as Interferon gamma-

induced protein 10 (IP-10)) , CCL2 (monocyte chemoattractant protein-1 (MCP-1)) and  CCL3 

(also known as Macrophage inflammatory protein-1 (MIP-1) [26, 30, 31]. Cytokines that 

trigger or promote inflammatory responses through contributing to the activation, differentiation, 

and proliferation of immune cells are known as pro-inflammatory cytokines, whereas those that 

are critical for resolution of inflammation are classified as anti-inflammatory cytokines [32]. Some 

of the major inflammatory cytokines include IFN-γ, IL-1, IL-4, IL-8, TNF- and IL-6, while potent 

anti-inflammatory cytokines include IL-10 and IL-1 receptor antagonist (IL-1RA) [32]. Elevated 

concentrations of cytokines and chemokines are implicated in the pathogenesis of a range of 

diseases particularly their intense involvement in amplifying inflammation [17]. This is 

highlighted in cases of COVID-19, poor prognosis is associated with hyperproduction of 

proinflammatory cytokines, such as IL-6, IL-1, IL-12, IFN-γ, and TNF-α  [33]. 

Cytokines are sometimes used as biomarkers to evaluate disease progression and monitor the 

efficacy of treatment in a variety of inflammatory conditions [17]. Overall, cytokines and 

chemokines are critical effector immune molecule involved in the resolution and pathophysiology 

of disease (infectious and other chronic disease), as well as for maintaining immune homeostasis. 

It is thus critical to understand the functions of each cytokine within the inflammatory milieu to 

better understand mechanisms related to regulation of inflammation, and immune homeostasis, 

which is critical for drug development for chronic and infectious disease. 
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1.1.4 Inflammation 

Inflammation is initiated following a breach in physical barrier either by an injury or invading 

pathogens [2, 4, 5]. Inflammation is characterized by edema or swelling, heat, redness and pain at 

the site of injury or infection [4]. These classic signs of inflammation reflect changes in local blood 

flow and vascular permeability [34].  The heat and redness during inflammation is a result of an 

increase in vascular diameter which also results in slower blood flow [15, 34]. There is an increase 

in vascular permeability which results in fluid from blood accumulating in tissue causing edema 

and pain [34]. The main function of inflammation is to trigger an immune response, wherein 

vascular changes promote circulating leukocytes to migrate to the site of damage to destroy 

pathogens, clean up cell debris, and begin the process of tissue repair [15, 35]. As discussed above, 

numerous inflammatory mediators released from innate immune cells such as pro-inflammatory 

cytokines initiate the process of inflammation. Also, other mediators such as histamine and 

prostaglandins secreted from mast cells, and complement proteins can promote inflammation [13, 

35]. The resolution of inflammatory responses is critical to maintain immune homeostasis and to 

prevent tissue damage associated with chronic inflammation [2, 5, 34, 35]. 

Inflammation is a double-edged sword. Even though, inflammatory processes are crucial for 

pathogen clearance and repair of damaged tissue, it remains the primary feature of many disorders 

including atherosclerosis, autoimmune diseases, pulmonary fibrosis, asthma and many other 

pathologies [2, 13, 34, 35]. This is primarily when inflammatory responses are uncontrolled, 

remain amplified and persistent, thus becoming chronic and resulting in various pathologies [2, 5, 

35]. As my thesis focuses on airway inflammation, innate immune cells in the lungs and their role 

in the context of allergic asthma will be discussed in more detail in section 1.3. 
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1.2 Sex as a Biological Variable (SABV) 

1.2.1 General Overview 

Sex and gender can influence both health and disease, yet they are distinct concepts which are 

often mistakenly used interchangeably [36–38]. However, their influence is often 

indistinguishably linked and it is often challenging to separate the effects of sex and gender. 

Unfortunately, there is a misconception of using the terms sex and gender interchangeably in many 

publications despite fundamental distinctions between the two [39]. Sex is a biological variable 

that is encoded in the DNA that defines certain characteristics such as reproductive organs and 

physiology [39, 41].  Conversely, gender refers to the socially constructed roles, behaviors, 

expressions, and how individuals identify themselves as boys, girls, women, men, and gender 

diverse individuals [36, 40]. Gender is not binary but rather flexible as it encompasses how 

individuals perceive themselves, act and express it [36, 40]. Often it is challenging to separate the 

effects of sex and gender as they influence each other. For example, sex can impact health by 

influencing behaviour as testosterone tend to induce a risk-seeking behaviour that is strongly 

associated with neglecting personal health [39, 41]. 

Every cell in the body has a sex which indicate that females and males are different down to 

the molecular and cellular level which essentially can influence cell biology of tissues, clinical 

characteristics, as well as disease outcomes [36, 39]. This is evident in a study by Deasy and 

colleagues that demonstrated muscle stem cell taken from male mice have diminished regeneration 

compared to female mice when transplanted into mice with diseased muscle [42].  These findings 

emphasize the importance of reporting the sex of the cell line used in the study. Furthermore, 

failing to account for sex in in vitro and in vivo studies can lead to spurious results. A detailed 

report published in 2001 by the Institute of Medicine Committee highlights the importance of 

inclusion of sex in biomedical research  and animal work due to its profound impact on biological 

and biochemical  processes, thus strongly recommending the integration of sex in biomedical 

research [39]. Incorporation of sex as a biological variable will not only enhance research in 

various ways but is a good research practice that ensures reproducibility of findings. 
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There is a need for a set of guidelines implemented internationally to promote a systemic 

approach in reporting sex and gender findings across multiple research disciplines. Sex and Gender 

Equity in Research (SAGER) guidelines provide detailed procedures to correctly report sex and 

gender findings, analyses of sex and gender data and correct interpretation of results [43]. Sex 

disaggregated data analysis, which means to analyze data in females and males separately, often 

detects effects and underlying mechanisms that would not otherwise have been seen in combined 

analysis. Importantly, a dominant effect or response in one sex might be wrongly attributed to both 

sexes. Moreover, the exclusion and under-representation of females in clinical trials and preclinical 

research has raised major concerns for the efficacy and safety of drugs. The Food and Drug 

Administration (FDA) had to withdraw ten prescription drugs from the market due to their 

detrimental side effects in women between the years 1997-2000 [44]. In the year 2000, the FDA 

took steps to remove phenylpropanolamine from all drug products due to the side effect of bleeding 

into the brain or tissue it causes in women but not in men [36, 39, 44]. Despite these reports, the 

majority of articles published in 2009 in several journals across major biological disciplines 

(immunology, neuroscience ,pharmacology, general biology ,endocrinology, behavioral 

physiology, zoology, reproduction and physiology)  failed to report the sex of the animal or the 

cell line used [44]. Over 50% of articles in immunology and general biology fields failed to report 

the sex of the animals used [44]. In publications that stated the sex of the animal, a male dominance 

was evident. Interestingly, studies that employed both sexes failed to analyze results separately by 

sex [41, 44].  In 2016, two major North American health funding agencies, the US National 

Institutes of Health (NIH) and the Canadian Institutes of Health Research (CIHR), made a decision 

to implement a policy where scientists are expected to justify the use of single sex in their research, 

in efforts to encourage  integrating sex as a biological variable (SABV) in animal and human 

studies [39, 45, 46]. Integration of sex and gender in biomedical research has had direct 

translational application. In 2019, The FDA approved a new pre-exposure prophylaxis (PrEP) drug 

for the prevention of infection with HIV only for males and transgender women due to the 

exclusion of females and transgender men from clinical trials [47]. 

This section summarizes sex-specific differences documented in innate and adaptive 

immunity, possible driving factors for sex differences in immune response, and sex bias in the 

context of allergic asthma.  
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1.2.2 Sex Differences in Immunity 

There is a striking difference in the magnitude of immune responses to allergens, pathogens or 

self-antigens, between males and females [40, 48]. Generally, females tend to mount a stronger 

immune response through exhibiting a better ability to detect foreign antigens and recruiting more 

immune cells which allow them to clear infections more efficiently compared to males [36, 37]. 

This disparity is reflected in a male bias in susceptibility of various infectious diseases such as 

tuberculosis (TB) and cutaneous leishmaniasis [37, 40]. However, a heightened immune response 

in females also contributes to enhanced susceptibility to inflammatory diseases and autoimmune 

disorders (e.g. arthritis, systemic lupus erythematosus (SLE) and multiple sclerosis)  compared 

with males [37]. Notably, sex dimorphism in immune responses impact disease manifestation and 

disparities observed between the sexes in terms of susceptibility to infectious diseases, 

autoimmune diseases, incidence of malignancies and responses to vaccines [37, 40]. Moreover, 

sex-based immunological differences and disease prevalence are maintained throughout life, 

where sex-related differences can be influenced by age. For example, in some instances sex-related 

differences in immune responses is evident following puberty indicating the involvement of 

hormonal factors and genetic factors associated with sex chromosomes [49]. Thus, inclusion of 

SABV in research design needs to take age into consideration when interpreting results. 

  

1.2.2.1 Sex Differences in Innate & Adaptive Immunity 

Across diverse species, sex dimorphism in immune responses have evolved from insects to 

lizards, birds and mammals [37, 38, 48]. Sex dimorphism displayed in both innate and adaptive 

immune responses suggests that certain sex-related differences in immune function may be 

germline encoded and associated with the composition of sex chromosomes [50, 51]. 

The X chromosome contains a number of immune-related genes such as those that encode for 

TLR7, TLR8, IL-2 receptor subunit gamma (IL2RG), IL-13 receptor subunit alpha 2 (IL13RA2), 

Forkhead-box-P3 (FOXP3), and C-X-C chemokine receptor 3 (CXCR3) [52]. The innate detection 

of pathogen-associated molecular patterns by PRRs also differs between the sexes [53]. PRRs such 

as TLR7 and TLR8, as well as IRAK1 a key regulator of  the TLR-dependent signalling pathway, 

are located on the X chromosome [54, 55].  
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Interestingly, TLR7 expression is higher in neutrophils and macrophages from females 

compared to males, whereas TLR4 expression is higher in males [37, 56]. The current hypothesis 

is that TLR7 encoded on the X chromosome may escape the process of gene silencing on the 

second X chromosomes (known as X inactivation) in females leading to the higher expression of 

TLR7 in females thus resulting in more robust pathogen recognition and clearance [56]. Peripheral 

blood mononuclear cells (PBMCs) isolated from females that are exposed to TLR7 ligands in vitro, 

have higher secretion of IFN-α compared to males [57, 58]. In addition, plasmacytoid dendritic 

cells (pDCs) isolated from both mice and human females secrete higher levels of IFN-α upon 

TLR7 ligand stimulation also, females have elevated basal levels of IFN regulatory factor 5 (IRF5) 

compared to males [58, 59]. These sex-based differences are reflected in disparities in innate 

immune responses of pDCs from HIV-1 infected patients. For example, pDCs from HIV-1 infected 

females exhibit greater expression of interferon stimulated genes (ISGs) and have significantly 

higher production of IFNα compared to pDCs from HIV-1 infected men following ex vivo 

stimulation [60, 61]. Transcriptional analysis of IFN-responsive genes in macrophages (MF-ISGs) 

revealed enhanced expression of MF-ISGs in unstimulated macrophages from female C56BL/6J 

mice compared with males [51]. In contrast, males have higher levels of NK and cell activity than 

females in circulation [58, 62]. Sex differences in group 2 innate lymphoid cells (ILC2) are also 

reported  in various organs and tissues [50, 58]. For example, adult female asthma patients have 

higher levels of ILC2s and macrophages compared to male patients [63, 64]. Studies in both mouse 

models and humans revealed that activity of innate immune cells such as macrophages, ILC2s, 

neutrophils, monocytes and DC are generally higher in adult females than males [58, 60, 65]. APCs 

from males are less efficient at presenting peptides compared to females [58, 66, 67]. 

Sex-related differences are also reported in the production of cytokines and chemokines by 

innate immune cells [36]. PBMCs stimulated with lipopolysaccharide (LPS) from healthy male  

donors exhibit  higher production of TNF-α and IL-6 compared to females, while females elicit 

higher levels of IL-8  production compared to males [68, 69].  LPS-challenged male-derived 

macrophages have higher expression of TLR4 and produce significantly higher levels of IL-1β and 

inflammatory chemokine Interferon gamma-induced protein 10 (IP-10) compared to LPS-

challenged female-derived macrophages [70].  
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PBMCs from healthy male donors produce higher levels of IL-10 following stimulation with 

viruses (influenza and Herpes-simplex-1) or TLR8 and TLR9 ligands [71].  During SARS-CoV-2 

infection, male patients were reported to have higher levels of pro-inflammatory cytokines, 

including IL-6 and IL-8, compared to females [60, 72]. Thus, it is evident that biological sex 

strongly influences the innate immune system which in turn can shape adaptive immune responses. 

In general, humoral and cell-mediated adaptive immune responses are more vigorous in 

females compared to males, demonstrated in response to antigenic stimulation, vaccinations and 

infections [38, 58, 60].  Sex-related differences are reported in lymphocyte subsets including CD4+ 

T cells, CD8+ T cells and B cells [73, 74]. Clinical studies demonstrated that females have higher 

levels of CD3+ and CD4+ T cell counts compared to males, as well as females have an elevated 

CD4+/CD8+ ratio compared to males [60, 74, 75]. In contrast, males have higher levels of CD8+ 

T cells compared to females [60, 75, 76]. However, females display an enhanced activity of both 

CD4+ and CD8+ T cells compared to males [76]. For example, transcriptional analyses of T cells 

isolated from females and stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin 

have higher expression of  inflammatory and cytotoxic genes including IFN-γ, IL-12 receptor β2 

(IL-12Rβ2), lymphotoxin β (LTβ), granzyme A (GZMA) and granulysin (GNLY), compared to 

those from males [77]. Additionally, adult female mice exhibit higher Th1 (e.g., IFN-γ) and Th2 

(e.g., IL-4) cytokine responses following parasitic infections (Leishmania major and Plasmodium 

chabaudi) compared to male mice, suggesting that females may have better protection and 

responses to parasitic infections [78, 79]. 

It is important to note that sex differences in distribution and activity of CD4+ T cell subsets 

depend on the stage of infection and the type of antigen encountered. Largely, adult females exhibit 

greater antibody responses than males, where females tend to  have higher basal immunoglobulin 

levels and higher B cell frequencies compared to males [58, 74, 76]. Moreover, following 

immunization, females have higher vaccine-specific IgG titers which contribute to potentially 

better protection and longer-term durability in vaccinated females compared to males [80]. 

However, the enhanced immune activation and higher antibody titre in adult females following 

immunization can also result in more adverse effects compared to males [80].  
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Overall, there are clear sex-related differences in both innate and adaptive immune responses 

which contribute to sex-dependent variation in foreign antigen recognition, levels of immune cells 

recruitment, antibody-mediated functions, as well as in pathogen control and clearance. Thus, 

these sex-specific immunological differences can influence the prevalence and susceptibility to 

autoimmune diseases, infectious diseases and malignancies between females and males. 

 

1.2.2.2 Factors Contributing to Sex Difference in Immunity 

As detailed above, biological sex strongly influences the innate and adaptive immune 

responses. Multiple factors can contribute to sex-based differences in immunological responses 

including environmental factors (e.g. diet, smoking and gut microbiota), genetic factors and 

hormonal mediators [36, 58, 81] (Figure 1). For instance, the  gut microbiota plays a critical role 

in influencing intestinal and systemic immune responses, and recent evidence demonstrate that 

sex-dependent differences in the microbiome composition impacts sex disparities in immune 

responses [49, 73, 82]. Additionally, genetic differences between males and females particularly 

in relation to sex chromosomes can contribute to sex disparity in immune responses, primarily 

because several immune-related genes are located on the X chromosome [52] as discussed above. 

Moreover, sex hormones (e.g., estrogen, progesterone and testosterone) can directly influence the 

effector function of immune cells  [49, 83]. This section will focus on genetic and hormonal 

mediators that drive sex-based differences in immune responses. 
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Figure 1 

 

 

 

Figure 1: Sex-specific differences in innate & adaptive immunity. Multiple environmental and 

physiological factors contribute to sex-specific differences in immune responses. Sex 

chromosomes, sex hormone levels, sex-specific differences in microbiota composition and 

environmental factors (e.g., smoking and diet) are among some of the factors that influence 

differential immune responses between male and female (box on the left). Females display greater 

phagocytic activity by innate immune cells, increased T-cell proliferation and higher levels of B 

cells and antibodies which can provide a greater protection from infectious diseases. However, 

these heightened responses increase susceptibility to chronic inflammation and autoimmune 

diseases in females (Red box). Males have higher levels of CD8+ T cells and NK cell numbers, 

and certain enhanced Th1 responses (blue box). TLR, Toll like receptor; APCs, Antigen-presenting 

cells; NK, Natural Killer. This figure was modified from Seminars in Immunopathology, 2019. 

41(2): p. 239–249. This figure was created using  BioRender.com. 
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1.2.2.2.1 Impact of X & Y Chromosomes in Immune Response  

The X chromosome encodes approximately 1,100 genes, while the Y chromosome encode 

around 55 genes [41]. Males carry one Y chromosome inherited from the father and one X 

chromosome inherited from the mother, while females carry two X chromosomes one inherited 

from each parent [41]. Typically, X-linked genes in females undergo a process of X inactivation 

that silences genes on one of the X chromosomes in females as they have two X chromosomes in 

order to balance the dosage of gene expressions between males and females [84]. The random 

process of X inactivation is controlled by the X-linked non-coding Xist RNA, which coats one of 

the X chromosome making it inactive whereas the other X remains active [85]. However, studies 

show that approximately 15% of X-linked genes escape the process of X inactivation in humans, 

and approximately 3% in mice [86–88].  The X chromosome contains several immune-related 

genes including pattern recognition receptors (e.g. TLR7and TLR8), co-stimulatory molecules 

(e.g. CD40 ligand (CD40L)), cytokine receptors (e.g. IL2RG and IL13RA2) and transcriptional 

factors (e.g. Foxp3) [52, 89].  Genes uniquely encoded on the X chromosome that escape the 

process of X inactivation can become highly expressed in females which can lead to a heightened 

immune response in inflammatory conditions and result in a sex-biased immune phenotype [52, 

59]. Females display higher expression of TLR7 in response to viral antigens compared to males, 

with evidence of TLR7 escape X inactivation  resulting in more robust immune response to viral 

infections  [56, 90, 91].  Studies in both mice and humans demonstrate higher IFNα production in 

pDCs derived from females in response to HIV-1-encoded TLR7 ligands compared to males, 

resulting in stronger secondary activation of CD8+ T cells in females  [60, 61]. Similarly, female 

mice exhibit higher expression of TLR7 in B cells which is correlated with stronger antiviral 

antibody responses following influenza vaccination compared to male mice [92]. Additionally, the 

dosage of TLR7 is a vital pathogenic factor in autoimmune disease SLE, which has a strong female 

bias [56, 60]. Notably, X-inactivation provides females with protection from X-linked gene 

mutations associated with conditions such as X-linked severe combined immunodeficiency 

(XSCID) and IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked 

syndrome), which are more prevalent in males compared to females [93, 94]. 
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In males, all immune-cell lineages harbour the X-linked gene mutations. However, in females 

the X-inactivation offers restriction in the expression of these mutations and thus reduces the extent 

of manifestation in immune deficiencies. The X chromosome encodes a predominant number of 

microRNAs (miRNAs) that are involved in immunity. Approximately 10% of all microRNAs 

detected in the human genome are encoded on the X chromosome [95]. While, the Y chromosome 

only encodes for two known miRNAs [95]. miRNAs are non-coding RNAs that regulate gene 

expression and plays a key role in immune homeostasis, and there is evidence that X-linked 

miRNAs can contribute to sex-differences in immunity [52, 89, 95]. Dysregulation of miRNA 

expression, especially those located on the X chromosome, are associated with immune-related 

disorders in the development of certain cancers and autoimmune diseases, thus contributing to sex-

specific bias in many immune-mediated diseases [52, 89, 96]. The critical challenge in interpreting 

sex-related differences in immune responses is to distinguish between what is due to the expression 

of X-linked genes as opposed to influence of sex hormones.  

The "four core genotypes" (FCG) mouse model was established to distinguish between sex 

chromosome effects and hormonal effects in animal model studies [97–99]. In this model, the mice 

sex chromosome complement (XX vs. XY) is not linked to the mice’s gonadal sex (testes or 

ovaries) [88, 99]. Studies that performed gonadectomy of FCG mice to deplete gonadal steroids 

showed that sex chromosome complement impacts susceptibility to viral infection and 

autoimmune disorders [100, 101]. In experimental autoimmune encephalitis (EAE) and lupus 

mouse models, XX mice have worse disease progression and severity with increased IL-13Rα2 

expression,  and decreased Th2 cytokines (IL-4, IL-5, IL-13) that are  associated with protection 

from disease in EAE, compared to XY mice [100]. In gonadectomized FCG mice infected with 

coxsackievirus B3 (CVB3), XY mice show decreased susceptibility to infection that correlated 

with increased FoxP3+ Treg cell activation compared to XX mice  [101]. However, the question 

remains how much of the results obtained from the FCG model can be translated to humans. 

Some studies have investigated inherited disorders in humans that have more or fewer than 

two sex chromosomes such as Klinefelter and Turner syndromes that illustrate the effects of the X 

chromosome. Klinefelter syndrome occurs in patients that are phenotypically males but have an 

extra X chromosome (XXY) which results in modestly lower testosterone levels compared to 

males (XY), but significantly higher than females (XX).  
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These patients have increased oestrogen levels and elevated gonadotrophins [58, 102]. Patients 

with Klinefelter syndrome display a blood cytokine profile similar to that of females in response 

to LPS and other TLR ligands [69, 102]. These results suggest that the X chromosome contributes 

to sex-related differences in cytokine secretion independent of sex hormone levels. Interestingly, 

females (XX) exhibit higher levels of pro-inflammatory cytokines IL-1β and TNF-α expression in 

response to TLR4 stimulation compared to Klinefelter patients [69].  Additionally, transcriptional 

analysis of neutrophil maturation genes and ISGs in Klinefelter syndrome patients demonstrated 

that differences in neutrophil phenotype between adult female and male neutrophils are 

hormonally driven independent of X chromosome gene dosage effects [103]. In contrast, patients 

with Turner’s syndrome who are phenotypically female but with only one X chromosome (X0) 

have reduced lymphocyte counts and lower antibody production compared to females with XX 

chromosomes [90].  These studies have clearly demonstrated that sex-related differences in 

immune response in part can be driven by chromosomal make up and independent of hormones. 

However, hormones or sex steroids have a profound impact on immune functions. 

 

1.2.2.2.2 Impact of sex steroids on immune response 

Sex dimorphism on immune responses is also attributed to sex steroids or hormone actions and 

associated receptors expressed on immune cells [83]. Equally, the shift in sex steroid levels upon 

puberty, aging, menopause and  pregnancy, are associated with changes in immune responses and 

susceptibility to inflammatory disorders [49]. Sex steroids (hormones) are produced in the gonads, 

adrenal cortex and in peripheral tissues such as kidney, liver and fat [104, 105]. Sex steroids are 

present in utero as both female and male fetuses are exposed to maternal estrogens and the testes 

in developing  male fetuses synthesize testosterone [105–107]. However, there are limited studies 

that have examined sex steroid synthesis and levels in different tissues and organs, including the 

lungs [105, 108].  

Estrogen derivatives that regulate the estrous, menstrual and reproductive cycles include 

estrogen (E1), estradiol (E2 or 17β-estradiol) and estriol (E3) [83, 104]. Estradiol is the most potent 

form of sex hormone present in adult females and males, but in females it varies during the 

menstrual cycle, whereas E3 is produced at high levels during pregnancy [83, 104].  
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Progesterone (P4) is present in both sexes, in females the level of  P4 varies with fluctuations 

in the menstrual cycle and it is also produced at high levels during pregnancy [109].  Testosterone 

is produced in both males and females, but is synthesized at high levels in males and is converted 

to the physiologically active metabolite dihydrotestosterone (DHT) by 5α-reductase or to estradiol 

by aromatase [49, 105]. 

Sex steroids can modulate and influence cellular processes through both genomic and non-

genomic regulation [110]. The sex steroid effects are mediated through binding to respective 

nuclear receptors including androgen receptors (AR), estrogen receptor alpha (ERα), estrogen 

receptor beta (ERβ) and progesterone receptor (PR-A and PR-B) [105, 111, 112]. The binding of 

sex steroids to respective receptors and subsequent dimerization results in sex steroid receptors to 

translocate into the nucleus and bind to the estrogen responsive elements (ERE) to directly regulate 

specific target genes [111, 113]. EREs  and androgen response elements are located in the 

promoters of multiple innate immunity genes, indicating that sex steroids can directly influence 

immune responses [77, 114].  Rapid “non-genomic” sex steroid signaling can be mediated through 

G protein-coupled receptor 30 (GPR30) and through ER or AR  localized in the inner plasma 

membrane [105, 115]. Sex steroid receptors are expressed on immune cells with varying degrees 

as well as on non-immune cells such as epithelial cells, endothelial cells and neuronal cells [104, 

111, 116–119]. ERα has been identified to be expressed on macrophages, monocytes, DCs, NK 

cells, mast cells, T cells, and B cells [120, 121].  CD4+ T cells have higher expression of ERα 

compared to ERβ, whereas monocytes and CD8+ T cells have low expression of both ERα and 

ERβ [122]. In contrast, B cells express more Erβ compared to Erα  [123]. 

AR is expressed on multiple immune cells including macrophages, neutrophils, T cells and B 

cells [117]. Generally, androgens such as testosterone have been reported to induce a suppressive 

effect on immune functions including cytokine production [113]. Testosterone treatment of 

primary cultured macrophages and macrophage cell-lines show significant reduction in TLR4 

expression [114].  Consistent with this, macrophages isolated from orchiectomized mice showed 

significantly higher TLR4 expression compared to macrophages isolated from sham 

gonadectomized mice [114]. Treatment of mouse macrophage cell lines (IC-21 and RAW 264.7) 

with testosterone results in downregulation of  LPS-induced activation of p38 MAPK and nitric 

oxide synthase production [116]. 
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 These studies suggest that testosterone down regulates classical pro-inflammatory responses 

or immune activation via TLR signaling. In contrast, in vitro treatment of CD4+ T lymphocytes 

with DHT results in enhanced IL-10 production, indicating that testosterone and DHT increase the 

synthesis of anti-inflammatory cytokines [124].  Consistent with this, studies have demonstrated 

that splenocytes isolated from DHT-treated female mice have higher production of  IL-10  

compared to splenocytes isolated from placebo-treated female mice [124]. Male patients that suffer 

from androgen deficiencies  including  hypogonadal disorders and Klinefelter's syndrome, exhibit 

increased levels of inflammatory cytokines (including TNF-α, IL-1β, IL-4 and IL-2), CD4+/CD8+ 

T cell ratios and serum antibody levels (IgG, IgA and IgM), compared to healthy male subjects 

[102, 125]. Moreover, androgen replacement treatment (ART) in these patients decreases these 

aforementioned parameters [102]. These studies demonstrated that reduced testosterone levels lead 

to enhanced cellular and humoral immunity.  

P4 is generally reported to promote an anti-inflammatory state in various tissues and cell 

culture systems [49, 83]. PR is expressed on multiple immune cells (e.g. DC, macrophages, NK 

cells, and T cells) as well as non-immune cells (e.g. epithelial cells, endothelial cells and neuronal 

cells) [49, 83, 109, 126]. Interestingly, P4 does not only act via binding to PR but it can also bind 

to glucocorticoid receptor (GR), which presents an alternative mechanism for P4-mediated 

influence on immune responses [127]. P4 can suppress innate immune responses including 

macrophages, DCs and NK cell activity [127–133]. In rodent bone-marrow derived DCs 

(BMDCs), in vitro treatment with P4 results in the downregulation of TLR3 and TLR3 via GR as 

well as reduced production of TNF-α, IL-1β, IL-6 and IL-12p40 [127, 129, 130]. Thus, P4 can 

suppress TLR-induced cytokine production through PR and GR on DCs.  Additionally, PR 

expression is higher in DCs isolated from female rats compared to males, which may explain the 

reduced cytokine production (e.g. TNF-α, IL-1β, IL-6, IL-10 and IL-12p40) in DCs from female 

rats compared to males [127, 129, 130]. Moreover, the binding of P4 to PR can directly influence 

the transcription factor NF-κB ( nuclear factor kappa-light-chain-enhancer of activated B cells) 

resulting in suppression of gene transcription downstream of the NF-κB pathway to reduce 

inflammatory responses [128, 133]. LPS-stimulated macrophages in the presence of P4 results in 

increased expression of SOCS1 (suppressor of cytokine signaling), along with reduced inducible 

nitric oxide synthase (iNOS) and TLR4 expression, and decreased NF-κB activation [132].  
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NK cells isolated from PBMCs are susceptible to P4-induced cell death, that can be prevented 

with  P4 antagonist treatment [131]. Murine or human T cells treated with P4 induces a Th2 

environment  and skew naive T cells away from Th1 type response, with increased secretion of 

IL-4, IL-5, and IL-10 [134–136]. In T-cell lines, supplementing culture media with P4 promotes a 

Th2 environment with enhanced levels of IL-4 and IL-5  secretion  [137].  Similarly, treatment of 

human DCs with P4 induces Th2 responses and increased secretions of IL-27, IL-10 and IL-13 

[134]. Murine T cells cultured with addition of P4 also display bias towards Th2 environment with 

increased secretion of IL-4 and reduced IFN-γ production [136]. P4 can reduce susceptibility to 

infections at diverse mucosal sites [109, 138]. For example, administration of P4 to progesterone-

depleted adult female mice has been shown to protect in an  influenza A virus (IAV) infection 

model with improved lung function [138]. Additionally, P4 induces the proliferation of pulmonary 

cells, including epithelial cells, and promotes lung tissue repair through upregulation of epidermal 

growth factor amphiregulin (AREG) in the lungs [138]. 

Estradiol can influence the function of APCs, including DC and macrophages [139–141].  For 

example,  CD11c+ DCs isolated from mice treated with 17β-Estradiol show higher production of 

IFN-γ in response to IL-12 and IL-18 [140, 141].  Additionally, in vitro studies demonstrate that 

estrogen preferentially promotes the differentiation of bone marrow (BM) progenitor cells into 

functional CD11c+ DCs [140]. Consistent with these findings, pDCs isolated from estrogen 

receptor alpha knockout (ERα−/−) lupus prone female mice show a decreased production of IL-6 

following stimulation with TLR9 ligands [142]. Also, LPS-activated macrophages isolated from 

ovariectomized female mice treated with 17β-Estradiol exhibit significant increase in the 

production of both iNOS and pro-inflammatory cytokines including IL-1 β, IL-6, and TNF-α  [118, 

143, 144]. Estrogen can modulate immune responses by regulating inflammatory mediators 

including cytokines and chemokines [83, 112]. Estrogen treatment of orchiectomized male mice 

show significant enhancement of LPS-induced IFNγ, nitric oxide and iNOS production in splenic 

lymphocytes from estrogen-treated male mice compared to placebo- treated male mice [145]. 

Additionally, estrogen treatment enhanced the production of chemokines such as MCP-1, MCP-5 

and eotaxin [145, 146]. Further, transcriptional analysis demonstrated that estrogen could induce 

a selective up-regulation/down-regulation of miRNA expression in splenic lymphocytes which 

mediate LPS-induced IFNγ and iNOS production [145].  
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Moreover, 17β-Estradiol enhances the cytotoxicity of NK cells and NKT cells, as well as 

increased production of IFN-γ by NK cells [141, 147]. In contrast, there are several reports that 

describe a suppressive action of estrogen to pro-inflammatory responses, including reduced 

production of IL-6 by macrophages [111, 148–150].  ERα-mediated effect of estrogen on 

monocyte/macrophage cell line (RAW 264.7 cells) show a reduction in LPS-induced pro-

inflammatory response and concurrent resolution of inflammation through SOCS and STAT3 

signaling pathways [150]. Additionally, treatment of naive mice with17-β-estradiol induces the 

upregulation of FoxP3 expression in CD4+ CD25− T cells and expansion of Tregs [151]. These 

recent studies suggest that estrogen functions as an immunomodulatory agent [119, 149], as low 

dose of estrogen (<0.1 nM) can enhance Th1 responses and production of proinflammatory (such 

as IL-1, IL-6, and TNF-α), and high (>10 nM) or sustained concentrations of estrogen promotes 

Th2 responses with reduced pro-inflammatory cytokines and suppressed NF-κB activity [119, 

152]. High concentrations of estrogen also attenuate chemokine production and intervenes in the 

recruitment of leukocytes and monocytes into several tissues [153, 154].  During pregnancy 

estrogen levels are high and studies demonstrates that this skews immune environment from Th1 

to Th2 [155]. However, high concentrations of estrogen can stimulate B cells to produce antibodies 

[156].  Therefore, findings from in vivo and in vitro experiments indicate that the effects of 

estrogens on both cell-mediated and humoral immune responses is dependent on the dose of 

estrogen administrated, the timing of estrogen treatment, and the cell population examined.   

Overall, it is evident that the inclusion of sex and hormonal status in preclinical and clinical 

studies is vital for better understanding of immunity related functions, its influence on health and 

disease, and consequently for the development of novel therapeutics specifically for the 

progression towards personalized medicine. 
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1.3 Asthma and Allergic Airway Inflammation 

1.3.1 General Overview 

Asthma is a chronic inflammatory respiratory condition characterized by airway 

hyperresponsiveness (AHR), bronchoconstriction and airway inflammation, which results in 

respiratory symptoms such as shortness of breath, coughing and wheezing [157, 158]. 

 In recent decades, asthma prevalence has risen considerably affecting ~339 million people 

globally [159–161]. In Canada, asthma impacts 3.8 million (10%) people with an estimated 

economic burden of more than $2 billion annually [162, 163].  

Asthma prevalence varies based on sex across the lifespan [164, 165].  During childhood, boys 

have higher asthma prevalence compared to girls as well as boys are at higher risk of being 

hospitalized due to asthma exacerbation [165, 166]. However, during puberty there is a shift in 

asthma prevalence and morbidity from males to females. In adults, there is a striking increase in 

asthma prevalence and severity in women compared to men that is maintained until around the 

time of menopause, when a decline in asthma prevalence is noted in post-menopausal women [164, 

166, 167]. The sex shift in asthma prevalence can be correlated with changes in sex steroids [167], 

which suggests an influence of sex steroids on asthma pathogenesis. Notably, studies have reported 

variations in symptoms of asthma through the menstrual cycle where 30–40% of women reported 

pre- or peri-menstrual deterioration in symptoms of asthma [168, 169]. On the contrary, other 

studies have reported no difference in women visiting the emergency department for worsening of 

asthma symptoms during their menstrual cycle [170, 171]. Therefore, it remains unclear how sex 

steroids through the menstrual cycle affect asthma pathogenesis in women. Moreover, the cellular 

and molecular mechanisms associated with the sex shift in asthma prevalence and severity at 

puberty remains undefined. The sex disparity in asthma underlines the need for further studies to 

be conducted on investigating sex steroid-gene interactions (particularly X-chromosome genes) at 

different stages in life. 

Asthma is considered a multifactorial disorder but major factors in the etiology of asthma are 

attributed to complex interactions between genetic susceptibility, environmental factors 

(aeroallergens, air pollution and climate) and host factors (allergic sensitization, infections, obesity 

and nutrition) [165].  
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These multiple factors play a role in driving the heterogeneity in asthma. Thus, it is now widely 

recognized that asthma is not a single disease but a broad diagnosis describing variable clinical 

presentations and symptoms (phenotypes), each of which may develop through distinct molecular 

and cellular mechanistic pathways and pathophysiological mechanisms (endotypes) [172]. It is 

important to note that so far there is no overall consensus on asthma endotypes and phenotypes 

[173]. Asthma phenotyping allows for robust clinical evaluation and assessment of comorbid 

factors directing therapeutic approaches to improve asthma control [127]. While majority of 

asthmatics are responsive to inhaled beta agonists and corticosteroids, approximately 10-15% of 

patients are not responsive to corticosteroid therapies and develop uncontrolled severe asthma 

[174, 175]. These patients are associated with most of the asthma-related economic burden in 

Canada.  Females are more likely to require urgent care for asthma despite more frequent use of 

inhaled corticosteroids and develop severe asthma compared to males [174, 176].  With the 

emergence of technologies such as multi-omics approaches (transcriptomics, epigenomics, 

microbiomics, metabolomics, and proteomics) understanding the variability in asthma is 

improving which has led to the development of new therapeutic strategies to control asthma in 

patients who respond to medications with varying efficacy [177].  Defining various inflammatory 

endotypes is essential to improve therapeutic precision and development of new therapies, 

especially for those with steroid-unresponsive severe asthma. A broad characterization of asthma 

inflammatory endotypes are either type 2 (T2) high or T2-low [173]. Further endotyping studies 

have characterized the inflammatory responses based on cellular responses such as eosinophilic, 

neutrophilic, mixed-granulocytic (eosinophils and neutrophils both equally elevated) [178]. 

Allergens such as house dust mite (HDM) contain many immunogens such as bacterial endotoxin, 

fungal spores, proteases etc that are recognized by different PRRs, activating different innate 

immune pathways and skewing adaptive immune responses. It is thus likely that the different 

asthma endotypes are based on the composition of the allergen and subsequent differences in host 

response.  

The T2-high endotype features eosinophilic airway inflammation which involve high levels of 

serum IgE with increased Th2 cells  and cytokines such as IL-4, IL-5, IL-9 and IL-13 in the lungs 

[172] (Figure 2). T2-high endotypes are associated with phenotypes that are classified into three 

groups; allergic asthma, late-onset eosinophilic asthma and aspirin-exacerbated respiratory disease 

(AERD) [172].  
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Conversely, T2-low endotype features neutrophilic or mixed-granulocytic airway 

inflammation which involves a mixture of Th1 or Th17 skewed signature which can be associated 

with poor responsiveness to corticosteroid treatment [172, 179] (Figure 2). T2-low endotypes are 

associated with phenotypes that are classified into three groups; obesity-associated asthma, 

neutrophilic asthma and paucigranulocytic asthma [179]. The classification of the various 

endotypes with inflammatory phenotypes provides a granular approach to delineate asthma 

immunopathogenesis. However, the immunological processes that drive asthma pathogenesis and 

heterogeneity are complex and often interconnected. In this thesis, I will be focusing on allergic 

asthma. 
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Figure 2 

 

 

 

Figure 2: T2-low and high asthma endotype. Left panel demonstrates Th2-high endotype which 

involves a dominant eosinophilic airway inflammation with characteristic features such as elevated 

levels of Th2 cells and cytokines including IL-4, IL-5, IL-9 and IL-13. Right panel demonstrate 

T2-low endotype that involves neutrophilic or mixed-granulocytic airway inflammation that 

contribute to poor response to corticosteroid treatment. Figure created with BioRender.com. 
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1.3.2 Allergic Asthma 

Allergic asthma is a prominent asthma phenotype with a complex type 2 (T2) inflammatory 

network that induces a range of mild to severe asthma symptoms [180]. Allergic asthma is induced 

through exposure and sensitization to environmental allergens such as animal dander, house dust 

mite (HDM) and pollen [181].  After the sensitization phase, subsequent future re-encounter of the 

individual to the same allergens drives the clinical symptoms of allergic asthma [181]. Allergic 

asthma is associated with T2 high eosinophilic airway inflammation which is present in around 

50–60% of adults and children with asthma [160]. Several immune cell types are involved in 

orchestrating the initiation and propagation of the allergic response including bronchial epithelial 

cells, DCs, eosinophils, Th2 cells, Th9 cells,  mast cells and B cells [180]. Details of the 

immunological responses elicited in allergic asthma are discussed below.  

 

1.3.2.1 Immunobiology of Allergic Asthma 

The lung is a central organ that functions for continuous gaseous exchange which constantly  

makes the lung a target for insults from numerous airborne allergens, pathogens, and a variety of 

toxicants [182, 183]. The airway epithelium is the first line of defence providing protection from 

these constant environmental insults or foreign particles in the air we breathe, and thus plays an 

active role in preserving immune homeostasis in the lung [184]. Consequently, the airway 

epithelium is considered an immunologically active barrier in the lung that encompasses a wide 

range of highly specialized cells. These cells respond to stimulation through production of pro-

inflammatory cytokines which leads to the recruitment and activation of mucosal innate immune 

cells. Allergens such as HDM which contain proteases that can disrupt barrier integrity through 

cleaving epithelial tight junctions (TJs) [184]. The initiation of allergen sensitization involves 

PRRs detecting allergens and stimulating airway epithelial cells (AECs) to produce pro-

inflammatory cytokines, which includes cytokines that are classified as alarmins, resulting in the 

recruitment and activation of mucosal innate immune cells such as DCs, which then propagate 

adaptive type 2 immune pathways [184, 185]. 
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DCs are potent APCs that upon encountering allergens in the airways internalize and  process  

allergens into small peptides and present these antigenic peptides on the cell surface via MHC 

class II, generating MHC-peptide complexes [186]. Additionally, allergen exposed DCs 

upregulate the expression of OX40 ligand (OX40L) which promote DC migration towards the lung 

draining lymph nodes [181, 186]. Overall, activated AECs due to allergen exposure secrete 

‘alarmins’ which are epithelial-derived cytokine mediators, primarily IL-33, IL-25 and thymic 

stromal lymphopoietin (TSLP) [185]. These alarmins can prime pulmonary DCs, induce the 

expression of OX40L and promote the migration of DC to lymph nodes to activate naïve CD4+ T 

cells. IL-33 and IL-25 can also activate ILC2s [185]. Activated ILC2s produce IL-5 and IL-13 and 

thus amplify eosinophilic airway inflammation [185]. The migration of allergen-loaded DCs to the 

lymph nodes allow them to interact with naïve CD4+ T cells and subsequently drive T-cell 

activation and differentiation into Th2 cells [187]. Depending on the microenvironment and nature 

of the antigen, DCs can induce tolerance through Treg cells or drive T cells into distinct T cell 

subsets (Th1, Th2, Th17) [187]. Allergen-specific activated Th2 cells secrete IL-4, IL-5, IL-9 and 

IL-13 to mediate inflammatory and remodelling changes in the airway mucosa [160, 188]. IL-5 

and IL-9 are major cytokine that promote eosinophilia, especially IL-5 which mediates survival 

and maturation of eosinophils [189, 190]. IL-13 enhances mucus production by goblet cells and 

increases AHR [190]. IL‐4 is vital for the initial development of  Th2-mediated inflammation 

during primary allergen sensitization, as well as following secondary allergen exposure [188, 191, 

192]. IL-4 also drives B-cell class switching and IgE production [193]. Thus activated Th2 cells 

also regulate B cell activation and stimulate production of antigen-specific IgE antibodies [194]. 

IgE antibodies can bind to high-affinity receptor, FcεRI, on immune cells particularly basophils 

and mast cells [186, 193]. The IgE-primed mast cell release inflammatory mediators, such as 

histamine, prostaglandins, and leukotrienes [193]. IL-5 and IL-9 are major cytokines that promote 

eosinophilia, especially IL-5 which mediates survival and maturation of eosinophils [189, 190]. 

Eosinophil accumulation at the bronchial level can lead to epithelial cell damage through 

degranulation of eosinophils and release of highly charged basic proteins which mediate toxic 

effects on epithelial cells, thus inducing AHR and bronchial wall remodelling [195, 196]. 
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Additionally, the constant ongoing inflammation, tissue damage and repair can lead to airway 

remodelling [197]. Moreover, eosinophils are the source of multiple pro-inflammatory cytokines 

including IL-5, granulocyte–macrophage colony-stimulating factor (GM-CSF) and eotaxin, which 

further recruit and activate more eosinophils augmenting airway inflammation [195]. IL-13 

enhances mucus production by goblet cells and increases AHR [190]. 

Overall, the inflammatory cascade triggered by allergens in allergic asthma leads to increased 

mucus production, eosinophilia, bronchoconstriction, smooth-muscle contraction, and eventually 

the resulting chronic inflammation with persistent lung tissue damage and repair mechanisms 

which drive lung remodeling or fibrosis, overall making it difficult to breathe [181, 191]. 
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Figure 3 

 

 

 

Figure 3: Immunobiology of allergic asthma. Left panel illustrates allergen sensitization process 

initiated by various mechanisms. (1) Allergen internalization by DCs and antigen processing to 

display antigenic peptides with MHC II on cell surface. (2) Antigen loaded DCs migrate to lymph 

nodes and present antigenic peptides to naïve T cells, to induce T-cell activation and polarization 

into a distinct Th2 cell phenotype. (3) Allergen-activated Th2 cells engage with B cells inducing 

the activation and proliferation of allergen-specific B cells. Th2 cells secrete IL-4 and IL-13, 

promoting B cells to undergo class-switching to IgE. Allergen specific IgE binds to high-affinity 

receptors on mast cell surface resulting in degranulation of mast cells and release of inflammatory 

mediators such as histamine. Moreover, airway epithelial cells (AEC) produce alarmin cytokines 

(IL-33, IL-25 and TSLP) that activate and promote various downstream mechanisms associated 

with inflammation and airway hyperresponsiveness. Adapted from “Allergic Airway 

Sensitization”, and created by BioRender.com (2022). Retrieved from 

https://app.biorender.com/biorender-templates 
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1.3.2.2 Pulmonary Leukocytes 

The lung harbors innate and adaptive immune cells to  generate a potent immune response 

which is vital for the resolution of invading pathogens and to limit inflammation-induced damage, 

processes that are critical to maintain lung  homeostasis [182, 183]. During homeostatic conditions, 

macrophages are the most abundant immune cells in the lung that regulate the innate immune 

defence of the airways [198]. Macrophages are effector cells of the innate immune system that 

populate tissues of various organs with the capacity to function as APCs, phagocytosis and 

secretion of  both pro-inflammatory and antimicrobial mediators [182, 199].  Thus, macrophages 

play a key role in eliminating pathogens and maintaining homeostasis [200, 201]. The lung is 

populated with two distinct types of macrophages, the interstitial macrophages which reside in the 

parenchyma and alveolar macrophages which are present near epithelial cells of the alveoli [201]. 

The phenotype of alveolar macrophages is shaped by the unique lung  microenvironment of high 

oxygen tension and exposure to surfactant-rich fluid [200, 202].  Both these two tissue-resident 

macrophage populations are long lived and generally function to maintain tissue homeostasis and 

contribute to host defense mechanisms such as pathogen recognition, and initiation and resolution 

of lung inflammation as required [201]. Following inflammatory insults, alveolar macrophages 

initiate innate immune responses in the lung, and  bone marrow-derived monocytes are recruited 

to the lung that further differentiate into alveolar macrophages to enhance the numbers [202, 203]. 

Depending on the inflammatory microenvironment, alveolar macrophages can alter their 

phenotypes and have been classified  into classically activated macrophages (M1 macrophage) and 

alternatively activated macrophages (M2 macrophage) [203, 204]. M1 macrophages  can be 

stimulated through microbial factors which results  in the release of  various pro-inflammatory 

cytokines including IFNγ, TNF,  IL-1, IL-6, IL-8, and Leukotriene B4 (LTB4) [203, 204]. This 

leads to exacerbation of inflammation to allow for pathogen clearance, as well as the production 

of  nitric oxide (NO) which enhances killing of the pathogens [203, 204]. In comparison, M2 

macrophages are associated with resolution of inflammation through release of anti-inflammatory 

cytokines such as IL-10 and  transforming growth factor-β (TGF-β), efficient clearance of 

apoptotic cells by  phagocytosis and repair of damaged tissues [203, 204].  
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Therefore, macrophages can contribute to airway inflammation through production of pro-

inflammatory cytokines such as IL-1β, IL-6 and TNFα [205, 206].  Macrophages are implicated 

in many endotypes of asthma including allergic asthma, neutrophilic and glucocorticoid-resistant 

asthma [205, 206].  

Eosinophils are a major cell type recruited to the lungs in allergic asthma, promoting 

eosinophilic airway inflammation. Eosinophils are granulocytes that develop in the bone marrow  

and account for more than 5% of the circulating leukocytes [207]. Eosinophils have a lifespan of  

approximately 8-18 hours in the bloodstream and mostly are located in tissues and persist for at 

least a week [208]. Cytokines that are important for development of eosinophils include 

granulocyte–macrophage colony-stimulating factor (GM-CSF), IL-3 and IL-5 [207]. The IL-5 and 

eotaxin chemokine family are major chemoattractants of eosinophils [207]. 

Eosinophils develop in the bone marrow and  have granules that comprise of different 

components such as eosinophil peroxidase (EPX), eosinophil cationic protein (ECP), eosinophil-

derived neurotoxin (EDN) and major basic protein (MBP) as well as numerous cytokines, 

chemokines, and growth factors [208, 209]. A major function of eosinophils is to undergo 

degranulation of cytotoxic granule proteins that disrupt the cell membrane and are highly cytotoxic 

to parasitic, bacteria and infected mammalian cells [208, 209]. Eosinophils can impact the adaptive 

immune response by binding antibodies  and inducing antibody-dependent cellular cytotoxicity 

(ADCC) to  bacteria and parasites and infected cell targets [208, 209].  Even though the strong 

cytotoxic properties of eosinophils are crucial for fighting infections particularly parasitic 

helminths infections, it can lead to tissue damage and destruction which is associated with multiple 

pathologies [208, 209]. The infiltration of eosinophils into the bronchial mucosa that occurs in 

allergic asthma induces epithelial cell damage, airway wall remodelling and AHR, via the release 

of multiple eosinophilic granules [196, 197, 210]. For example, in vitro studies demonstrate that 

eosinophil-derived granules such as MBP and EPX exert toxic effects on pulmonary epithelial 

cells  and cause lung tissue damage [195, 211]. The constant repair processes as a consequence of 

repeated lung tissue damage can lead to increased airway smooth muscle (ASM), deposition of 

extracellular matrix (ECM) proteins and goblet-cell hyperplasia, thereby causing structural 

changes in the lung [197, 212].  
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Eosinophils are implicated in airway remodelling through promoting increased ASM 

proliferation, goblet cell differentiation and mucus production [197, 212, 213]. Moreover, 

eosinophil degranulation promotes AHR worsening through MBP action that reduces neuronal M2 

muscarinic receptor function on parasympathetic nerves in the lungs triggering constriction of the 

airways [195, 210, 211]. Also, MBP can stimulate basophils and mast cells to secrete histamine, 

which is a key mediator of AHR [195]. Additionally, eosinophils produce a number of pro-

inflammatory cytokines including IL-13, which increases AHR and contributes to mucus 

hypersecretion by enhancing goblet cell differentiation [195, 196, 212]. Eosinophils also produce 

TGF-β which stimulates proliferation of fibroblasts and enhanced collagen production, thereby 

inducing airway remodelling [197, 212, 213]. 

Neutrophils are another key immune cell that are trafficked to the lung in response to an 

inflammatory insult or infection [182, 183].  Neutrophils are multifunctional granulocytes that are 

highly abundant in the circulation and represent 40% to 70% of leukocytes [214]. Neutrophils tend 

to have a short life span of approximately 7–10 hours [215]. However, activated neutrophils due 

to inflammatory stimulus can survive up to 48 hours and are programmed to undergo apoptosis 

[215]. Neutrophils destined for apoptosis are recognized and phagocytosed by alveolar 

macrophages which helps to resolve inflammation in the lung [204]. Upon antigenic stimulation, 

neutrophils can migrate rapidly to the site of inflammation or infection and have the capacity to 

phagocytose pathogens, undergo degranulation and release neutrophil extracellular traps (NETs) 

to trap and kill invading pathogens [216]. Additionally, activation of neutrophils can  induce severe 

tissue damage attributed to secretion of  toxic factors including  cationic antimicrobial peptides, 

proteases and reactive oxygen species (ROS) [216]. Therefore, it is critical for acute inflammation 

to be resolved to not lead to chronic inflammation as the influx of neutrophils can results in severe 

tissue damage. 

In allergic asthma neutrophil degranulation leads to the direct release of cytotoxic granule 

components including neutrophil elastase (NE), matrix metalloproteinase 9 (MMP-9), ROS, 

myeloperoxidase (MPO) and NETs, which are highly damaging to the airway mucosa and 

contribute to AHR and lung remodeling which impact ASM contraction [217–220]. For example, 

NE can induce mucus hypersecretion by promoting mucus cell metaplasia and airway mucus gland 

hyperplasia [221].  
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MMP-9 can stimulate lung dendritic cell maturation and recruitment which mediate allergen 

sensitization and induces Th2 responses, thus facilitating key asthma hallmarks [220, 222]. 

Additionally, MMP-9 can directly degrade ECM proteins thus causing structural changes in the 

airway walls [219, 220, 222]. MMP-9 has also been implicated in promoting the infiltration of   

inflammatory cells into the airway lumen (eosinophils, neutrophils, basophils, mast cells, and 

macrophages), thus augmenting the inflammatory cascade in the lung and the subsequent induction 

of AHR [217–220, 222]. As previously discussed in section 1.3.1, asthma patients that 

predominantly have neutrophilic inflammation tend to display resistance to inhaled corticosteroids 

therapy to asthma [172, 178, 179], which demonstrate a fundamental role of neutrophils in severe 

asthma. Overall, pulmonary leukocytes play a crucial role in maintaining lung homeostasis and 

fighting invading pathogens. However, in allergic asthma they amplify the inflammatory response 

and secrete toxic inflammatory mediators that contribute to asthma pathogenesis. 

 

1.3.3 Factors Contributing to Sex Differences in Allergic Asthma 

1.3.3.1 General Overview 

Sex-based differences are evident in pathophysiology, incidence, morbidity, and mortality of 

various respiratory diseases, including asthma, over the course of a human life span [223, 224]. In 

children and adults, some respiratory disorders can occur disproportionately in males and females 

with distinct degrees of diseases severity and symptoms in each sex. In general, clinical and 

epidemiological studies showed a female predominance in most chronic respiratory disorders with 

a higher degree of exacerbation rate, severity hospitalizations and mortality in females compared 

to males [224–226]. In adulthood, males are at a higher risk of developing idiopathic pulmonary 

fibrosis (IPF) and emphysema, whereas adult females are more likely to suffer from asthma, 

chronic obstructive pulmonary disease (COPD), chronic bronchitis, cystic fibrosis, pulmonary 

arterial hypertension and pulmonary complications associated with influenza infections [223, 224]. 

The current COVID-19 pandemic has also highlighted sex disparities in morbidity and mortality 

of patients infected with the SARS-CoV-2 Virus [227]. In general, global data indicate that male 

patients have a higher case fatality rate for COVID-19 than females [227, 228].  
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However, in  some countries such as India, females have a  higher COVID-19 case fatality rate 

than males, which could be related to access to health services [229]. The pandemic has also shed 

some light on our limited understanding of individual factors that interact with sex to influence 

lung susceptibility and resilience, particularly factors such as age, ethnicity, actions of sex steroids, 

immunological and behavioural risk factors [72, 230]. 

Sex-based differences in asthma prevalence and severity is well-established globally and 

changes throughout life [167, 223, 224, 231]. During childhood, boys have increased prevalence 

and hospitalization rates for asthma exacerbation compared to girls [231]. However, at the onset 

of puberty there is a decline in asthma prevalence and morbidity in males. By adulthood, females 

predominantly have increased asthma prevalence and severity compared to males [167]. 

Additionally, females are at a higher risk of developing unresponsiveness to available 

corticosteroid therapies [5, 232]. This rise in asthma prevalence in adult females compared to males  

continues until around the time of menopause, when there is a noted decline in asthma prevalence 

[167, 233]. It is noteworthy, that the switch in asthma prevalence based on sex at the onset puberty 

is concurrent with fluctuations in sex steroid levels and implies a role of sex steroids in influencing 

asthma pathogenesis. Other factors that have been proposed to drive sex bias in asthma include 

environmental exposure and lung physiology. This section will outline sex dimorphism in lung 

physiology and the role of sex steroids and its association with driving sex bias in asthma.  

 

1.3.3.2 Sex Dimorphism in Lung Physiology 

There are prominent intrinsic differences between males and females in the anatomy and 

physiology of the respiratory system which can influence sex disparity in various lung disorders 

such as respiratory distress syndrome [224, 234, 235]. The anatomical differences between males 

and females in the lung are observed at the 16th week of gestation wherein the female fetuses’ 

lungs mature and develop more rapidly than those of male fetuses [234]. From the 26th to 36th 

weeks of gestation, female fetuses exhibit lower specific airway resistance than males. In addition, 

female fetuses display a more mature phospholipid profile that reflects earlier production of 

surfactant components compared to males [234, 236].   
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Pulmonary surfactant is composed primarily of  lipids (~80-90%) and proteins (~20-10%) that 

are vital in reducing alveolar surface tension at the air/liquid interface within the alveoli of the 

lung , thus preventing alveolar and airway collapse and allowing for cyclic ventilation of the lungs 

[237, 238]. Earlier production of pulmonary surfactant components in female fetuses improves the 

patency of small airways and consequently enhances airflow rates [234]. It remains unclear how 

environmental exposures impacts sex differences in prenatal lung development. Oestradiol is 

mainly secreted by the placenta, whereas testosterone is also produced by the fetal testes [239, 

240]. Notably, sex steroids are implicated in exerting modulatory effects on lung development 

before and during the neonatal period [239, 240]. This is supported by the observation that sex 

steroid receptors (AR, Erα, Erβ and PR) are expressed in epithelial cells and mesenchymal cells 

of the lung  [239]. During lung maturation, estrogens generally have been shown to have a 

stimulatory effect whereas androgens have an inhibitory effect  [239–241]. 

Estrogens have stimulatory effects on both alveologenesis and the production of pulmonary 

surfactant during neonatal and pubertal periods [239–241]. While androgens delay pulmonary 

surfactant production in male fetuses through altering epidermal growth factor and TGF-β 

signaling events [239]. Consequently, premature male neonates are at a higher risk of developing 

respiratory distress syndrome than females [240]. While lung maturation and development are 

more rapid in female fetuses than in males, females have smaller lungs and fewer respiratory 

bronchioles at birth compared to males [234]. Across the human life span female lung volume is 

on average 10–12% smaller than that of males with similar height and age [240, 242].  

Additionally, the length of the diaphragm  at different lung volumes (functional residual capacity 

and residual volume) is significantly shorter by approximately 9% in females compared to that in 

males. [242]. The total number of alveoli and the alveolar surface area are also larger for males 

compared to females [240].  

These intrinsic sex dimorphisms in the lung and airway development both in utero and during 

maturation into adulthood can account for sex differences in asthma prevalence and 

pathophysiology [224, 234, 235]. In early childhood, boys with asthma have increased incidence 

of wheezing compared to girls, which may be due to the decreased airway size (smaller airway 

diameters relative to lung volumes) contributing to the increased incidence of wheezing in young 

males [243, 244]. Moreover, boys have increased atopy particularly between the age of 1 to 8 years 
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old compared to girls, which suggests a greater allergen sensitization in males compared to females 

pre-puberty [243, 244]. The sex-related differences in atopy at early childhood are also 

accompanied by differences between the immune profiles in females and males pre-puberty [244]. 

As such, boys with asthma have higher level of peripheral eosinophil counts, total IgE levels, IL-

5, and IL-13 responses compared to girls [244]. Airway hyperresponsiveness to methacholine is a 

fundamental feature of asthma with sex-disparity in sensitivity to inhaled methacholine stimulation 

being reported [166, 245]. Generally, there is a greater sensitivity to inhaled methacholine in adult 

females  compared to males [245, 246]. This sex difference has been attributed to disparity in lung 

and airway sizes [247]. Thus, the differences in pulmonary anatomy between males and females 

can influence lung function and contribute to sex-differences observed in asthma. Importantly as 

explained above, these differences are mediated by sex hormones. 

 

1.3.3.3 Sex Steroids 

The reported male predominance of asthma before puberty and the shift following puberty to 

female predominance suggests a role of sex steroids in influencing asthma pathogenesis [167]. As 

described above, sex steroids play a role in lung development before and during the neonatal period 

[239, 240]. Additionally, sex steroid receptors (AR, Erα, Erβ and PR) are expressed in epithelial 

cells and mesenchymal cells of the lung, further emphasizing that sex steroids are  important 

physiological modulators of lung development and pathophysiology as detailed above [239, 240]. 

Consequently, there are several studies demonstrating a role for sex steroids in modulating lung 

function and AHR in asthma [239]. Sex-specific differences exist in airway responsiveness to 

methacholine stimulation, wherein male C57BL/6  mice exhibit higher responsiveness to 

methacholine compared to female mice [245, 246, 248]. This sex disparity in sensitivity to 

methacholine has been attributed to the actions of testosterone on vagus nerve-mediated reflex 

pathways [248]. This indicates that androgens can influence airway smooth muscle contraction 

thus influencing lung function in health and disease. ERα gene polymorphisms are associated with 

lung function decline in female asthma patients [249]. ERα knockout C57BL/6J mice exhibit 

significantly increased airway responsiveness to inhaled methacholine compared to wild type mice 

in the absence of immunologic stimulation [239].  
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Previous studies have demonstrated that ERα and ERβ are expressed on ASM in  both males 

and females, and that they play a role in regulating intracellular [Ca2+] and ASM contractility 

[250, 251]. ER decreases intracellular calcium [Ca2+], thereby inducing relaxation of ASM [251].  

In asthmatic ASM, ERβ expression is significantly enhanced and the activation of ERβ using 

pharmacological agonist results in decreased ASM proliferation in vitro [250]. Mast cell 

degranulation have a profound role in asthma pathogenesis through  impacting  ASM function 

[252]. Mast cell line (RBL-2H3) exposed to E2 and allergen induce mast cell activation and 

degranulation [253], suggesting that E2 increases allergen-induced mast cell degranulation. ERβ 

knockout C57BL/6J mice intranasally challenged with mixed allergens showed increased  

recruitment of inflammatory cells and collagen deposition compared to ERα knockout  and 

wildtype mice [254]. These studies suggest an involvement of ERs and oestrogens in lung 

remodeling and function. 

Periodic worsening of asthma severity in adult females through the menstrual cycle is also 

reported [167, 255–258]. Approximately 30–40% of female asthma patients report worsening of 

asthma symptoms, increased oral corticosteroid usage and emergency department visits during the 

premenstrual or menstrual phases of the menstrual cycle [167, 255–258]. The aggravation in 

asthma symptoms can be attributed to hormonal fluctuations during the menstrual cycle which in 

turn changes the immune environment and play a significant role in the pathophysiology of asthma 

[167]. Premenstrual asthma occurs in the late luteal phase of the menstrual cycle and it is associated 

with poorly controlled asthma [257]. During the beginning of the luteal phase there is a peak in 

progesterone which diminishes at the end of the phase, progesterone plays a role in smooth muscle 

relaxation thus it is suggested that worsening of asthma symptoms may be caused by the sudden 

decline in plasma progesterone levels [256, 259]. While another study demonstrated that in the 

luteal phase of the menstrual cycle the levels of testosterone in both sputum and serum are 

significantly increased which enhances bronchial reactivity [258]. However, the luteal phase is 

characterized  by a Th2-biased immune environment which also may account for exacerbations of 

asthma symptoms [260]. In contrast, other studies have found no differences in the phase of the 

menstrual cycle of asthma symptoms worsening or requiring emergency department visits in 

multiple phenotypes of asthma [170, 171]. Thus, it is unclear whether the menstrual cycle of 

females alters asthma symptoms, and whether these are due to the differences in sex steroid levels. 
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There are some studies that have tracked asthma symptoms in females taking hormonal oral 

contraceptives to examine the influence of sex steroids on airway inflammation [167, 261, 262]. 

Females taking hormonal oral contraceptives  show  increased asthma risk compared to females 

not on oral contraceptives [261–263]. Some studies have reported that female asthma patients 

taking oral contraceptives experience increased wheezing [262, 263]. Conversely, other studies 

report a decrease in asthma symptoms and wheezing in females taking oral contraceptives 

suggesting that oral contraceptives had a protective effect [264, 265]. Whereas, another 

longitudinal study reported no differences in asthma symptoms in females taking oral 

contraceptives compared to females not taking oral contraceptives [266]. These contradictory 

findings from various studies can be attributed to different forms of birth control medications used 

and small sample sizes employed in some. Overall, it remains unclear whether the observed 

increase in asthma symptoms is a hormonal effect mediated by sex steroids or due to other 

confounding factors such as differential body mass index, smoking and respiratory infection. 
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Chapter 2: Thesis Overview 
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2.1 Study Rationale 

Biological sex is becoming increasingly recognized as a critical variable in influencing prevalence, 

severity and response to therapy in respiratory diseases such as asthma [224, 239, 267, 268].  Asthma 

is a chronic inflammatory disease that causes narrowing of the airways, leading to critical symptoms 

such as coughing, wheezing and shortness of breath [181, 188, 191, 269, 270]. Approximately 3 million 

Canadians suffer from asthma with disease prevalence and severity being more prominent in boys 

during childhood, but this trend shifts around puberty, when asthma prevalence and severity rises in 

females in adulthood  [162, 163, 181, 191, 269, 270].  Often, females are more likely to have 

uncontrolled asthma and corticosteroid-unresponsiveness disease with primarily Th17-driven 

neutrophilic inflammation, making it considerably more difficult to treat [163, 166, 271, 272].  This 

sex bias has been shown to impact the inflammatory processes in the lung, which may drive sex-related 

disparities in the prevalence and severity of airway inflammation [167, 273, 274].  Even though sex-

related differences are well established in asthma, sex as a biological variable is largely ignored in most 

preclinical murine model studies. Thus, there is an increasing recognition of the need to include both 

males and females in preclinical studies to understand molecular factors that contribute to sex 

disparities in disease processes and treatments. This emphasizes the need to disaggregate and analyze 

data by sex in preclinical research, particularly in the context of a disease such as asthma where a sex 

disparity is prominent. Moreover, the inflammatory profile in the lung in response to allergen exposure 

differs considerably based on the genetic background of the  mouse strain used [275]. Thus, one factor 

that could influence sex-differences in response to allergen is the genetic background of mice. 

Therefore, in this thesis, I examine sex-based differences in immune response in an allergen-

challenged murine model of airway inflammation, in two different strains, BALB/c and 

C57BL/6NJ mice. 

 

2.2 Overall Hypothesis 

Allergen-driven inflammatory responses such  as accumulation of leukocytes in the lungs and 

increase in the abundance of pro-inflammatory cytokines and proteins, will be higher in females 

compared to males. 
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2.3 Specific Aims 

To examine the hypothesis there were two specific aims;  

(1) To characterize sex-related differences in an acute house dust mite (HDM)-challenge 

murine model of airway inflammation, using both BALB/c and C57BL/6NJ strains of mice.  

(2) to define sex-related differences in selected bronchial proteins that are enhanced by allergen 

exposure, in murine and human bronchoalveolar lavage fluid (BALF). 
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Chapter 3: Materials & Methods 
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3.1 Mice 

Female and male (7-8 weeks old) BALB/c and C57BL/6NJ mice were obtained from Charles 

River Laboratories. Note that the widely used C57BL/6J mice strain has a mutation in NLRP12 

(Nod-like receptor pyrin domain containing 12) which leads to a defect in neutrophil migration 

and impaired CXCL1 production by macrophages [276].  The sub-strain C57BL/6NJ does not 

have this mutation, and therefore we used C57BL/6NJ for this project [276]. Mice were housed in 

the central animal care facility at the University of Manitoba. Upon arrival, mice were randomly 

assigned to cages with a maximum of five mice per cage (separated by sex) by the animal care 

facility staff and acclimatized for one week before the start of the experiment. 

 

3.2 Mouse Model of Allergen-Challenged Airway Inflammation 

The mouse model protocol used in this study (summarized in Figure 4). The protocol used and 

time point for sample collection was previous studies performed in our lab [279]. This study was 

approved by the University of Manitoba Animal Research Ethics Board (protocol number 

AC11394 (B2018-038)) and was compliant with the ARRIVE guidelines for experimental design 

and reporting of data [277]. Female and male mice (N=10 each) were challenged with daily 

intranasal (i.n.) administrations of 35 μL of 0.7 mg/mL whole house dust mite (HDM) protein 

extract (Greer Laboratories, Lenoir, NC, USA) in saline, per mouse. The HDM extract used in this 

study was with low endotoxin level (~800 EU/vial) [278]. HDM instillations were performed once 

daily for five consecutive days for two weeks. Mice were lightly anesthetized with 5% isoflurane 

for HDM instillation. All HDM challenge was performed in the morning between 10 am and noon, 

and the health status of the mice was visually monitored daily for activity levels and grooming. 

Naïve female and male mice (N=10 each) were used as paired controls. Naïve and HDM-

challenged mice were sacrificed 24 hours after the last HDM challenge for sample collection. 

Sample collection and processing are detailed as follows. 
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Figure 4 

 

 

 

Figure 4: HDM-challenge murine model of airway inflammation. Female and male BALB/c 

and C57BL/6NJ mice, 7-8 weeks of age were intranasally challenged with 35 µl of whole HDM 

extract (0.7 mg/mL) in saline for 2 weeks. Outcomes are assessed 24 hr after the last HDM 

challenge. Figure was created with BioRender.com. 

  

https://biorender.com/
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3.3 Bronchoalveolar Lavage Fluid (BALF) Sample Collection 

Mice were anesthetized with intraperitoneal (i.p) administration of sodium pentobarbital (90 

mg/Kg), the mice trachea was dissected using dissection scissors and a 20-gauge polyethylene 

catheter was inserted in the mice trachea. A 1 mL syringe filled with saline was connected to the 

catheter, saline was gently administered into the lung and aspirated to collect the lavage fluid. This 

procedure was performed two times and the BALF sample was kept on ice. BALF collected was 

centrifuged at 150 × g for 10 minutes at 4°C and the supernatant was aliquoted and stored at -80°C 

until used. The cell pellet was used for cell differential assessment. 

 

3.4 Blood Sample Collection 

The diaphragm was carefully cut to ensure that the lung is not punctured. Blood was collected 

through cardiac puncture. .  The blood collected was transferred to a 1.7 ml eppendorf tube and 

left to stand at room temperature (RT) for 30 minutes. The sample was centrifuged at 600× g for 

10 minutes at RT. Serum collected, aliquoted and stored at -20°C until used. 

 

3.5 Lung Tissue Sample Collection 

Mouse lungs have one large left lobe and four right lobes (Figure 5). The large left lobe was 

removed using sterile sharp scissors and placed in cryopreservation tube and immediately snap-

frozen in liquid nitrogen, and stored at -80°C until used for homogenization to obtain lung tissue 

homogenates for protein abundance analysis. The bottom right lobe (post-caval lobe) was excised 

and cut into smaller pieces using a disposable scalpel and transferred into a 1.5 mL eppendorf tube 

containing 1 mL RNAlater® solution (Invitrogen). The sample was kept at 4°C in RNAlater® for 

24 h and stored at -80°C until further analysis. 
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Figure 5 

 

 

 

Figure 5: Anatomy of the mouse lung. The left lung has one distinctly large lobe and the right 

lung consist of four smaller lobes. The right lung comprises of a superior lobe, middle lobe, inferior 

lobe and post-caval lobes.  This figure was obtained from Front Physiol. 2015; 6:146. This Figure 

was modified and created using BioRender.com. 
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3.6 BALF Cell Differential Assessment 

The cell pellet obtained from BALF was resuspended in 1 mL sterile saline for quantification 

of total and cell differentials. Cells were stained using a modified Wright-Giemsa staining method 

(Hema 3® Stat Pack, Fisher Scientific, Hampton, NH, USA) and counted using a Carl Zeiss Axio 

Lab A1 (Carl Zeiss, Oberkochen, Germany) microscope. Cell differentials (macrophages, 

eosinophils, neutrophils and lymphocytes) were assessed by two different persons in a blinded 

fashion in 10 image frames at 20X magnification per slide. 

 

3.7 Preparation of Lung Tissue Homogenates 

The snap-frozen left lung lobe was thawed, transferred to an eppendorf tube on ice containing 

500 μL of T-Per Protein Extraction Reagent (Thermo Fisher Scientific, Rockford, IL, USA) and 

protease inhibitor cocktail (Cell Signalling, Davers, MA, USA). The lung tissues were 

homogenized on ice using the Cole-Parmer LabGEN 125 homogenizer (Cole-Parmer Canada, 

Quebec, Canada). Lung homogenates were centrifuged at 10,000 × g for 10 minutes at 4°C. Total 

protein concentrations in the lung tissue lysates (supernatants) were determined using a 

Bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). The tissue lysates were aliquoted and 

stored at -80 °C until further used. 

 

3.8 Assessment of Cytokine Abundance 

Concentrations of a panel of cytokines  were measured in BALF and lung tissue lysates using 

a V-PLEX Mouse multiplex Meso Scale Discovery (MSD) assay based on the manufacturer's 

instructions (Meso Scale Discovery, Rockville, MD, USA). The panel of 29 cytokines evaluated 

in the multiplex V-PLEX  were Interferon-γ (IFN-γ), tumor necrosis factor alpha (TNF-α), 

Interleukin (IL)- 1β, IL-12p70, IL-10, IL-2, IL-4, IL-5, IL-6, IL-9, IL-15, IL-16, IL-17A, IL-17C, 

IL-17E/IL-25, IL-17F, IL-21, IL-22,IL-23, IL-17A/F, IL-27p28/IL-30, IL-31, IL-33,  keratinocyte 

chemoattractant (KC) /GRO, Interferon gamma-induced protein 10 (IP-10) , monocyte 

chemoattractant protein 1(MCP-1), macrophage inflammatory protein 1(MIP-1 α),  MIP-2  and 
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MIP-3α. Lung tissue lysates and BALF were diluted 1:2 for MSD analysis.  Data were analyzed 

using the Discovery Workbench 4.0 software (Meso Scale Discovery). Any values that were below 

the lower limit of detection were assigned half the value of the lowest detectable standard. The 

levels of IL-16 detected by MSD in lung tissue lysates were above the highest detectable standard. 

Therefore, IL-16 concentrations in lung tissue lysates were evaluated by an enzyme-linked 

immunosorbent assay (ELISA) kit according to the manufacturer’s instructions (R&D Systems, 

Minnesota, USA). The lung tissue lysates were diluted 1:100 for detection within the dynamic 

range of the standards used in the ELISA kit. 

 

3.9 Detection of Total and HDM-specific IgE Antibodies 

Total IgE levels in serum were determined by a Mouse Uncoated ELISA Kit (Thermo Fisher, 

Catalog # 88-50460-22) according to the manufacturer’s instructions. Serum samples were diluted 

1:50 for BALB/c mice and 1:25 for C57BL/6NJ mice. An indirect IgE-ELISA method was used 

to detect HDM-specific IgE levels in serum.  Costar™ 96-well flat-well high-binding plates 

(Thermo Fisher Scientific) were coated with 100 μL per well of HDM extract (10 μg/mL) in PBS 

and incubated overnight. Following washing, the plates were blocked with 3% BSA (w/v) in PBS 

(200 µL/well) and incubated at 4°C overnight. To detect HDM-specific IgE antibodies, serum 

samples from BALB/c and C57BL/6NJ mice were precleared by overnight incubation with Protein 

G Sepharose beads in a 2:1 ratio (40 µL of serum with 20 µL of beads per sample) at 4°C. 

Subsequent to washing the plates, pre-cleared serum samples was added to the plate and incubated 

for 2 h at RT. A biotin-anti-mouse IgE (1:5000 dilution in PBS containing 1% BSA) was used as 

the secondary antibody (2 h at RT) followed by streptavidin-HRP (100 µl per well, 1:5000 dilution) 

incubated for 20 min at RT, and 100 µl of 3,3′,5,5′-tetramethylbenzidine (TMB) per well for 

detection. The optical densities were read at 450 nm with background absorbance at 570 nm using 

a BioTek Synergy 4 Microplate reader. 

 

 



                                                                                                                               Dina HD Mostafa 

49 

 

3.10 Western Blots with Mouse BALF 

BALF samples were concentrated by acetone precipitation (150 µL BALF in 1ml cold acetone) 

incubated at -20°C overnight. The samples were centrifuged at 10,000 x g at 4℃ for 10 min, 

supernatant discarded and the protein pellet was re-dissolved in 13 µL Milli-Q water and 5 µL 

NuPAGE LDS Sample Buffer (Invitrogen cat# NP0007). The samples were spiked with 

recombinant human granulysin (20 ng per sample: R&D systems) as loading control for western 

blots. BALF samples (20 µL each) were used for western blots. Proteins were separated on a 4%–

12% Bis-Tris Protein gels (Invitrogen) and transferred onto nitrocellulose membranes (EMD 

Millipore, Thermo Fisher Scientific) for western blotting. The membranes were blocked with 5% 

(w/v) milk powder in TBST (20 mm Tris-HCl pH 7·5, 150 mm NaCl, 0·1% Tween-20) at 4°C 

overnight. The membranes were probed with antibodies against eosinophil peroxidase (EPX; 

Fitzgerald, 70R-5444), S100A8 (Abcam, ab 220174), S100A9 (Abcam, ab105472), 

coronin1A/TACO (Abcam, ab228635), properdin (Abcam, ab254275), lipopolysaccharide-

binding protein (LBP; Abcam, ab233524), CD5 antigen-like protein (CD5L; Abcam, ab45406), 

heterogeneous nuclear ribonucleoprotein U (hnRNPU; Abcam, ab20666), glycosyl-

phosphatidylinositol-specific phospholipase D (GPI-PLD; Abcam,  ab192543) and calponin 

(Abcam, ab46794). HRP-linked secondary antibodies (Cell Signalling) and Amersham ECL 

detection system (GE Healthcare) were utilised for the development of the membranes and 

detection of protein bands. The band intensity was analyzed by Alpha Innotech Imager with 

AlphaView software. 

 

3.11 Western Blots with Mouse Lung Lysate 

A murine lung lobe was collected and homogenized as described above. The total protein 

concentration was also quantified using a BCA assay (Thermo Scientific) from murine lung tissue 

lysates as detailed above. Equal amounts of protein (50 µg of total protein) were resolved on Nu-

PAGE 4-12 % protein gels (Invitrogen) and transferred onto nitrocellulose membranes (EMD 

Millipore, Thermo Fisher Scientific) for western blotting. The membranes were blocked with 5% 

(w/v) milk powder in TBST (20 mm Tris-HCl pH 7·5, 150 mm NaCl, 0·1% Tween-20) at 4°C 

overnight.  



                                                                                                                               Dina HD Mostafa 

50 

 

The membranes were probed with antibodies against estrogen receptor alpha (Erα; Abcam, 

ab241557), estrogen receptor beta (Erβ; Abcam, ab288) and G protein-coupled receptor 30 

(GPR30; Abcam, ab275397) and incubated at 4°C overnight. HRP-linked secondary antibodies 

(Cell Signalling) and Amersham ECL detection system (GE Healthcare) were utilised for the 

development of the membranes and detection of protein bands. The band intensity was analyzed 

using Alpha Innotech Imager with AlphaView software. 

 

3.12 Human BALF Sample Processing and Western Blots 

Female and male participants (N=6 each) were exposed to nebulized inhalation (2 min) with 

allergens (birch, grass or HDM, based on individual sensitivity). The study participants were 

enrolled with informed consent at University of British Columbia (UBC) by Dr. Christopher 

Carlsten (collaborator). The participants were all non-smokers and atopic asthma patients. The 

human BALF samples were obtained by bronchoscopy performed 24 h post allergen exposure by 

collaborator Dr. Christopher Carlsten (UBC).  BALF samples obtained (1 mL) were stored at -80 

until used. Human BALF samples (200 μL) were concentrated to ∼30 μL using Amicon Ultra-3 

kDa filters (MilliporeSigma) and spiked with recombinant mouse MCP5 as loading control (10 ng 

per sample: Invitrogen). The BALF samples (30 μL) were resolved on 4%–12% Bis-Tris Protein 

gels (Invitrogen) and then transferred to nitrocellulose membranes (EMD Millipore, Thermo 

Fisher Scientific) for western blotting. The membranes were blocked with TBST (20 mm Tris-HCl 

pH 7·5, 150 mm NaCl, 0·1% Tween-20) containing 5% milk powder (w/v) at 4°C overnight. The 

membranes were probed with antibodies against human S100A9 (Abcam, ab63818), S100A8 

(Abcam, ab 92331), eosinophil peroxidase (EPX; Fitzgerald, 70R-5444), coronin1A/TACO 

(Abcam, ab228635), properdin (Abcam, ab254275), lipopolysaccharide-binding protein (LBP; 

Abcam, ab233524), CD5 antigen-like protein (CD5L; Abcam, ab45406), heterogeneous nuclear 

ribonucleoprotein U (hnRNPU; Abcam, ab20666), glycosyl-phosphatidylinositol-specific 

phospholipase D (GPI-PLD; Abcam,  ab192543) and calponin (Abcam, ab46794).  
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After washing with TBST (6 × 10 min), the membranes were incubated with secondary 

antibody (anti-rabbit HRP in 1% (w/v) milk powder in TBST, 1:5000; Cell Signalling) for 45 min 

at RT. ECL (GE Healthcare) was used for detection and bands were analyzed by densitometry 

analysis using an Alpha Innotech Imager with AlphaView software. 

 

3.13 Statistical Analysis 

In this thesis, all data reported were disaggregated by sex (reporting data in female and male 

separately) and analysed based on SAGER guidelines for sex- and gender-based analyses (SGBA) 

[43, 45]. To evaluate the effect of biological sex and HDM treatment as independent variables, 

two-way repeated measures analysis of variance (ANOVA) with Tukey’s multiple comparisons 

test was used for cell differentials in BALF and serum levels of total and HDM-specific IgE.  

Paired comparison of total cells and cell differential ratio (HDM/naïve) between males and 

females was determined using a Mann-Whitney U test. In naïve mice, for cell types that had a cell 

count of zero a denominator of 1 was assigned to calculate the ratio of HDM/naïve. Mann-Whitney 

U test was used to compare cytokine abundance in BALF and lung tissue lysates between males 

and females in naïve, HDM-challenged mice and for the ratio of HDM/naïve. Comparative 

assessment of protein abundance in BALF between males and females in western blot 

densitometry was performed using a Mann-Whitney U test. A value of p<0.05 was considered to 

be statistically significant. All Statistical analyses were performed using GraphPad Prism (version 

9.1; GraphPad Software). 
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Chapter 4: Characterization of sex-related differences in house dust mite-challenged airway 

inflammation, in two different strains of mice 

 

This section contains some text and figures from a first author manuscript submitted to Scientific 

Reports 

 

Manuscript Title: Characterization of sex-related differences in allergen house dust mite-

challenged airway inflammation, in two different strains of mice. 

Manuscript ID: Submission ID 0f925481-c8d3-4c93-98b3-29863785949f (Manuscript under 

revision) 

 

Authors: Dina Mostafa, Hadeesha Piyadasa, Mahadevappa Hemshekhar, Anthony Altieri, 

Andrew J. Halayko, Christopher D. Pascoe and Neeloffer Mookherjee. 

 

Author contributions in the submitted manuscript: 

DM, HP and CP performed mouse model experiments, samples collection and processing. DM, 

HP, HM and AA performed the various outcome assessments and data analyses. DM, HP, HM and 

CP contributed to the development of the scientific concepts. DM wrote the first draft of the 

manuscript. CP and AJH provided significant intellectual input in the study design and extensively 

edited the manuscript. NM conceived, obtained funding and directly supervised the study, and 

extensively edited the manuscript. All authors reviewed and edited the manuscript. 
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4.1 Abstract 

Background: Asthma prevalence and disease severity is higher in adult females compared to 

males. Even though sex-related differences in asthma are well established, sex as a biological 

variable is neglected in preclinical research using murine models, leading to a limited 

understanding of sex-related variability in allergen-driven response in murine models. 

Additionally, there are no quantifiable molecular readouts or biomarkers that define sex bias. 

Objective: To characterise sex-related differences in immune responses and define sex-specific 

molecular markers in an allergen HDM-challenged murine model of allergic airway inflammation, 

in two different strains of mice. 

Methods: Female and male mice (n=10 in each group) of two commonly used genetic 

backgrounds, BALB/c and C57BL/6NJ were challenged (intranasally) with HDM (0.7 µg/ml 

saline) for 2 weeks (once per day, X5 instillations per week). Immune cell accumulation in BALF 

was assessed using modified Wright-Giemsa stain. A panel of 29 cytokines were quantified using 

the multiplex Meso-scale discovery platform in BALF and lung tissue homogenates. ELISA was 

performed to detect total and HDM-specific IgE antibodies in serum. Statistical significance was 

determined using two-way repeated measures ANOVA with Tukey’s multiple comparisons test.  

Mann-Whitney U test, a nonparametric test, was used to compare cytokine levels in females and 

males. 

Results: There  were distinct sex-related differences in immune responses to the HDM challenge, 

and these differences  were strain-dependent. Serum HDM-specific IgE titres were approximately 

2-fold higher in female BALB/c mice compared to males, suggesting a more robust systemic 

immune response in females compared to males. While there was no difference in serum IgE levels 

(total or HDM-specific) between the sexes in C57BL/6NJ mice.  Following HDM challenge, 

leukocytes accumulation in BALF, particularly eosinophils, neutrophils and macrophages,  was 

approximately two times higher in female BALB/c mice compared to males. In contrast, 

eosinophils accumulation was higher in male C57BL/6NJ mice compared to females. 
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Examining the abundance of a panel of 29 cytokines in BALF and lung tissue lysates demonstrated 

that HMD-induced specific cytokines such as IL-17 IL-30, IL-9 and MIP-3 were significantly 

higher in female BALB/c mice compared to male. Whereas HDM-mediated increase in IL-25, IP-

10, MCP-1, MIP-1, TNF and IL-21 were higher males compared to female BALB/c mice. These 

results indicated that the cytokine profile in females showed a predominantly Th17-skewed 

response to inhaled HDM challenge compared to males, in BALB/c mice. In contrast, the cytokine 

profile in male BALB/c mice showed a pro-inflammatory Th1-biased response compared to 

females, following inhaled HDM challenge in this model. Conversely, C57BL/6NJ female mice 

showed higher levels of IL-1β, IL-33, IP-10, MIP-2, IL-21 and GROα/KC compared to male mice. 

Only one cytokine, IL-9, was modestly higher in male C57BL/6NJ mice compared to females, 

suggesting a more skewed inflammatory cytokine response in female C57BL/6NJ mice in response 

to HDM challenge. Overall, these results clearly indicated that the inflammatory cytokine response 

following HDM challenge is sex-dependent and influenced by mice strain. 

Conclusion: This chapter defines objective biomarkers of sex dimorphism in HDM-mediated 

airway inflammation, in two commonly used murine strains, which will be a valuable resource   

for preclinical asthma research. 

 

4.2 Rationale & Introduction 

Asthma is a chronic respiratory disease with a high prevalence rate impacting more than 300 

million people worldwide and presenting as a major health care burden [280]. The incidence and 

severity of asthma as well as several other chronic inflammatory conditions, are characterized by 

sexual dimorphism in immune responses thus, biological sex is being considered as an effect 

modifier in chronic disease [267]. In general, females tend to mount a more vigorous immune 

response required for resolution of infections, where males tend to suffer more from frequent and 

severe infectious diseases [58, 74]. However, this heightened immune response in females also 

manifests into higher susceptibility to autoimmune, inflammatory and allergic diseases such as 

asthma [58, 81]. Prior to puberty, asthma is predominantly more prevalent in boys compared to 

girls, but in adulthood asthma disproportionately affects women compared to men in disease 

prevalence and severity [162, 181, 191, 269, 270].  
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Similarly, clinical studies have shown that women are more likely to have uncontrolled asthma 

as well as a steroid-unresponsive phenotype compared to males [163, 166, 271, 272]. Despite a 

clear sex-bias demonstrated in clinical studies for asthma pathophysiology and response to therapy, 

the effect of biological sex is poorly explored in preclinical studies with animal models in asthma 

research. 

Various allergen challenge models are used in mice to induce an allergic response for the 

investigation of the pathogenesis of allergic lung diseases [281, 282]. The two most widely used 

models are the ovalbumin (OVA) and HDM model challenge models, where predominantly female 

mice are challenged with either OVA or HDM to induce allergic airway inflammation [283]. In 

mouse models of OVA-induced airway inflammation, female mice have been shown to exhibit 

enhanced eosinophilic inflammation, higher OVA-specific and total serum IgE and IgA levels, 

increased eosinophilic responses and increased levels of Th2 cytokines (IL-4, IL-5, IL-10, IL-13 

and TGF-β compared to male mice following allergen challenge [284–286]. The majority of 

studies exploring sex differences in these murine models have been with sensitization of mice with 

OVA in the presence of alum as a Th2-skewing adjuvant. However, the use of OVA as an allergen 

to mimic human asthma is not optimal due to development of allergen tolerance leading to 

desensitization [287]. Thus, recent studies have favoured HDM as an allergen due to its clinical 

relevance to human allergic asthma. HDM is a prevalent natural allergen with approximately 85% 

of asthmatics worldwide  being sensitized to HDM [287, 288]. However, sex-related differences 

in HDM-mediated immune responses remain poorly characterized in murine models. The genetic 

background of mice can also influence the nature of the airway inflammatory responses such as 

distribution of immune cell infiltration and concentration levels of cytokines, which impacts the 

severity of airway inflammation [275, 289]. This indicates that mice strain variability may also 

impact sex-specific differences in murine models of airway inflammation. Given the paucity of 

data on sex differences in murine models of HDM-induced airway inflammation, there is a need 

to identify sex-specific inflammatory responses and markers. Furthermore, there is limited 

understanding of the contribution of mice strain variability to sex differences and interplay 

between genetic variability and sex differences in airway inflammation. 
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In this study, we used a 2-week HDM-challenge murine model to characterize sex-related 

differences in airway inflammation in both BALB/c and C57BL/6NJ mice. The HDM-challenge 

model described in this thesis results in robust airway inflammation, preceding lung remodeling 

and fibrosis [279]. Various outcomes that I assessed to examine the influence of sex and strain 

difference included leukocyte accumulation in BALF which is indicative of immune cell 

infiltration in the lungs, serum IgE levels (total and HDM-specific) and profiled the abundance of 

a panel of 29 different cytokines in BALF and lung tissues. Various inflammatory mediators 

described in this study will provide sex specific biomarkers that are differentially elevated in 

female and male mice in response to HDM, in two different mice strains. These results will be a 

valuable resource that can be used in experimental murine models of allergen-mediated airway 

inflammation, such as for preclinical studies in asthma. 

 

4.3 Results 

4.3.1 Serum Level of HDM-Specific IgE is Significantly Higher in Female 

BALB/c mince compared to Males  

IgE antibodies play a pivotal role in propagating airway inflammation following allergen 

exposure [290]. We have previously shown that HDM-specific IgE antibodies are enhanced in 

adult female BALB/c mice following repeated instillation of HDM for two weeks [279].  Thus, 

we assessed serum levels of total and HDM-specific IgE. There were no significant differences in 

the serum levels of total IgE and HDM-specific IgE between naïve female and male mice, in both 

strains (Figure 6). HDM-challenge resulted in an increase in total IgE levels in BALB/c mice 

serum, which was significant in female mice (p<0.01) and showed a trend of increase (p=0.08) in 

males (Figure 6A). HDM-specific IgE levels increased in serum obtained from female but not male 

BALB/c mice, following HDM challenge (Figure 6A). There was a trend in the increase of total 

IgE (p=0.07) and HDM-specific IgE (p=0.08) in female C57BL/6NJ mice, in response to HDM 

(Figure 6B). Whereas the circulating levels of total or HDM-specific IgE did not increase in male 

C57BL/6NJ mice (Figure 6B). These results showed that HDM challenge resulted in an increase 

in allergen HDM-specific serum IgE selectively in female mice.  
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These results demonstrate a sex- and strain-specific difference in systemic antibody response 

in response to HDM instillations. To further determine sex-related differences in local mucosal 

responses, we examined molecular endpoints of airway inflammation, leukocyte differentials and 

cytokine profile in the lungs. 
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Figure 6 

 

 

 

Figure 6: Total and HDM-specific IgE antibodies in serum. Mice were challenged with 35 μL 

of 0.7 mg/mL whole HDM protein extract in saline (i.n) per mouse, for 2 weeks (one per day X5 

per week). Blood was collected from (A) BALB/c and (B) C57BL/6NJ mice, 24 h after the last 

HDM challenge and serum used for assessment of total IgE and HDM-specific IgE antibodies by 

ELISA. Each dot represents an individual mouse. Statistical significance was determined using 

two-way repeated measures ANOVA with Tukey’s multiple comparisons test. (*p≤ 0.05, 

**p≤0.01, ***p≤0.001).  
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4.3.2 Sex-Related Differences in Leukocyte Accumulation in the Lungs in 

Response to Inhaled HDM 

 We have previously shown that repeated instillation of HDM for two weeks results in a 

significant increase in specific leukocytes such as eosinophils and neutrophils, known to promote 

airway inflammation, in the BALF of female BALB/c mice [279, 291]. Based on our previous 

studies,  we examined total cell counts and leukocyte differentials in BALF samples obtained from 

female and male mice, 24 h after the last HDM challenge. In naïve mice of both strains (BALB/c 

and C57BL/6NJ) the primary cell type in BALF at baseline was macrophages (~90% of total cells), 

with no significant sex-related differences (Supplementary Figure 1). There were no statistically 

significant differences in total cell accumulation, and in any of the leukocytes examined, between 

female and male naïve mice of both strains (Supplementary Figure 2). Following repeated HDM 

instillation for two weeks, eosinophils were the major cell type in the BALF (~55% of total cells) 

of both strains of mice (Supplementary Figure 1). To account for the variability in cell counts at 

basal level in naïve mice (Supplementary Figure 2),  we assessed the ratio of cell counts in each 

HDM-challenged mouse compared to the average count from the naïve group (HDM/naïve), for 

total cells and each cell type examined in BALF.  

 In female BALB/c mice, total cell accumulation was ~3-fold higher (p<0.0001), eosinophils 

by ~8-fold (p<0.0001) and macrophages by ~3-fold (p<0.0001) compared to males, in response to 

HDM (Figure 7 and Supplementary Table I). Neutrophil accumulation in the BALF of female 

BALB/c mice were >250-fold higher (p<0.003) compared to males, in response to HDM (Figure 

7C and Supplementary Table I). These effects were not observed in C57BL/6NJ mice. In contrast 

to BALB/c, HDM-driven eosinophil accumulation in the BALF of male C57BL/6NJ mice was ~2-

fold higher compared to females (Figure 7B and Supplementary Table I). These results 

demonstrated that overall composition of leukocytes in the lungs, as well as specific sex-related 

differences in response to HDM, are dependent on the strain of the mice. 
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Figure 7 

 

 

 

Figure 7: Leukocyte differentials in brochoalveolar lavage fluid (BALF). BALB/c mice (n=9 

each, female and male, per group) and C57BL/6NJ (n=10 each, female and male, per group) were 

challenged (i.n) with 35 μL of 0.7 mg/mL whole HDM protein extract in saline (per mouse) for 2 

weeks (one per day, X5 per week). BALF was collected 24 h after the last HDM challenge. (A) 

Total cells, (B) eosinophils, (C) neutrophils, (D) macrophages and (E) lymphocytes were assessed 

in BALF with modified Wright-Giemsa stain. Graphs represents ratio of cell counts in BALF 

obtained from each HDM-challenged mouse compared to the mean value from naïve group 

(HDM/naïve), for each strain. Mann-Whitney U test was used to compare the ratio (HDM/naïve) 

of cell counts between females and males.  

 

 

 

 



                                                                                                                               Dina HD Mostafa 

62 

 

4.3.3 Sex-Related Differences in Lung Cytokine Profile in Naïve Mice 

To define sex-related differences in cytokine profiles in the lung, we measured the abundance 

of 29 cytokines and chemokines in BALF and lung tissue lysates using the multiplex MSD 

platform. Out of the 29 cytokines measured, 18 were detected in the BALF and all 29 were detected 

in the lung tissue lysates. There were distinct sex-related differences in the abundance of specific 

cytokines at baseline levels in the lungs of naïve mice of both strains. BALF of naïve female 

BALB/c mice had significantly higher levels (~2-fold) of IL-5, IP-10 and MIP-1, and 4-fold 

higher IL-33 abundance, compared to males (Figure 8A). The lung tissue lysates of naïve female 

BALB/c mice had significantly higher levels (<2-fold) of IFNγ, MIP-1, IL-5, IL-25, and IL-21 

was >2-fold higher, compared to males (Figure 8B). Naïve male BALB/c mice had significantly 

higher levels (<2-fold) of IL-1β and KC/GRO in the BALF (Figure 8A), and IL-17A/F (<2-fold) 

in the lung tissue lysates (Figure 8B), compared to females. 

Naïve female C57BL/6NJ mice showed significantly higher level of IL-5 (~2-fold) in the 

BALF and lung tissue lysates (<2-fold)) compared to males (Figure 8C and 8D respectively). IFNγ 

was also significantly higher in the lung tissue lysates of naïve female C57BL/6NJ mice (Figure 

3D). Naïve male C57BL/6NJ mice had significantly higher levels (< 2-fold) of MIP-2 and KC in 

the BALF, compared to females (Figure 8C). The lung tissue lysate of naïve C57BL/6NJ male 

mice demonstrated a robust sex bias, with the abundance of KC, MIP-2, IL-21 and IL-25 higher 

(>2-fold), and IL-17A and MIP-3 (<2-fold higher), compared to females (Figure 8D). 

Comparative analysis of these cytokine profiles (Figure 8) revealed that IL-5 was significantly 

higher at baseline levels in the lungs (BALF and lung tissue lysates) of females compared to males, 

in both BALB/c and C57BL/6NJ mice (Figure 8). With the exception of lung tissue lysates from 

BALB/c mice, KC/GRO was higher in naïve males compared to females, in both strains of mice 

(Figure 8). Similarly, IL-17 was significantly higher in lung tissue lysates of naïve males compared 

to female, in both strains of mice (Figure 8B and 8D), albeit IL-17A/F noted in BALB/c and IL-

17A in C57BL/6NJ. These results clearly demonstrated sex- and strain-related differences in the 

cytokine profile of the lungs at baseline levels in naïve mice. Based on these results we corrected 

for baseline values to assess HDM-driven change in cytokine abundance as follows. 
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Figure 8 

 

 

Figure 8: Sex-related differences in cytokine abundance in the lung of naïve BALB/c and 

C57BL/6NJ mice. A panel of 29 cytokines were measured by multiplex Meso Scale Discovery 

(MSD) platform in (A) BALF and (B) lung tissue lysates obtained from naïve BALB/c mice (n=9 

each, female and male), and (C) BALF and (D) lung tissue lysates obtained from naïve C57BL/6NJ 

mice (n=10 each, female and male). Log2 values of average concentrations (pg/mL) of each 

cytokine was used for the volcano plots to examine the differences between female and male mice. 

Cytokine abundance significantly higher in females compared to males have positive values 

(shown in red), and those significantly higher in males compared to females have negative values 

(shown in blue), as represented on the x-axis of the volcano plots. Dotted lines represent a fold 

change of 2 (x-axis) and p<0.05 (y-axis). 
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4.3.4 Sex-Related Differences in Secreted Cytokine Profile in BALF in Response 

to HDM 

To determine HDM-driven change for each cytokine measured, we assessed the ratio of 

concentration in the BALF obtained from each HDM-challenged mouse compared to the mean 

concentration from the group of naïve mice i.e., HDM/naïve (Supplementary Table II). To 

determine sex-related differences, we compared the mean HDM/naïve values for each cytokine 

between female and male mice, in both strains of mice independently (Figure 9 and Supplementary 

Table II).  Of the 29 cytokines examined, 16 cytokines were increased by >2-fold in the BALF of 

female and male mice of both strains, in response to HDM (Supplementary Table II), with specific 

sex-related differences as follows. 

Strikingly, an HDM-driven increase in IL-17A was >150-fold (p<0.01) in females and only 8-

fold in male BALB/c mice, compared to naïve mice (Supplementary Table II). IL-17A was the 

only cytokine that was significantly higher (by ~16-fold) in the BALF of female BALB/c mice 

compared to males, following HDM challenge (Figure 9A). This result indicates that HDM drives 

a Th17-skewed response in the BALF of female BALB/c mice compared to males. In contrast, 

male BALB/c mice had significantly higher levels (by ~2-fold) of TNF, IP-10, MCP-1 and MIP-

1α in the BALF, compared to females (Figure 9A and Supplementary Table II), indicating a Th1-

biased response in secreted protein profile. 

In contrast to BALB/c, HDM-driven secreted cytokine profile in the BALF of C57BL/6NJ 

mice demonstrated a clear female-bias with significantly higher levels of IL-1β, KC/GRO, IL-33, 

IP-10 and MIP-2 (between 2 and 4-fold) compared to males (Figure 9B and Supplementary Table 

II). None of the cytokines examined were significantly higher in the BALF of male C57BL/6NJ 

mice compared to females (Figure 9B). These results indicated that HDM results in significantly 

higher levels of specific Th1-bias cytokines in the BALF of female C57BL/6NJ mice compared to 

males. 
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Figure 9 

 

 

 

Figure 9: Sex-related differences in HDM-mediated secreted cytokines in BALF.  (A) BALB/c 

mice (n=9 each, female and male, per group) and (B) C57BL/6NJ (n=10 each, female and male, 

per group) were challenged (i.n) with 35 μL of 0.7 mg/mL whole HDM protein extract in saline 

per mouse, for 2 weeks. A panel of 29 chemokines and cytokines were measured in BALF 

collected 24 h after the last HDM challenge, by multiplex Meso Scale Discovery (MSD) platform. 

Ratio of concentration of each cytokine in the BALF of each HDM-challenged mouse compared 

to the mean concertation obtained from the group of naïve mice represents HDM-driven fold 

change (HDM/naïve). Log2 values of average HDM/naïve fold change obtained from female and 

male BALF were used for the volcano plots. Positive values on the x-axis of the volcano plots 

(shown in red) are cytokines that are significantly higher in females compared to males, and 

negative values (shown in blue) are those that are significantly higher in males. Dotted lines 

represent a fold change of 2 (x-axis) and p<0.05 (y-axis). 
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4.3.5 Sex-Related Differences in HDM-Mediated Increase in Cytokine 

Abundance in Lung Tissue Lysates 

Similar to that described above for BALF,  we assessed the ratio of abundance in the lung 

tissue lysates obtained from each HDM-challenged mouse compared to the mean abundance in 

lung tissue lysates from the group of naïve mice i.e., HDM/naïve for each cytokine (Supplementary 

Table III). To determine sex-related differences, we compared the mean HDM/naïve values for 

each cytokine between female and male mice, in both strains of mice independently (Figure 10 

and Supplementary Table III). The abundance of 19 cytokines in BALB/c and 23 cytokines in 

C57BL/6NJ were significantly increased in the lung tissue lysates, in response to HDM challenge 

compared to naïve mice (Supplementary Table III).The HDM-driven increase in the abundance of 

IL-17A, MIP-3α, IL-30 and IL-9 was significantly higher (between 1.5 and 2-fold) in the lung 

tissue lysates of female BALB/c mice compared to males (Figure 10A). Male BALB/c mice had 

significantly higher abundance of IL-21 (>2-fold) and IL-25 (<2-fold) in lung tissue lysates 

compared to females (Figure 10A).  

In contrast to BALB/c mice, female C57BL/6NJ mice did not demonstrate an IL-17-skewed 

response to HDM. Instead, female C57BL/6NJ mice showed significantly higher (>2-fold) 

abundance of KC/GRO, MIP-2 and IL-21 in the lung tissue lysates compared to males, in response 

to HDM (Figure 10B). IL-9 was the only cytokine that was significantly higher (~4-fold) in the 

lung tissue lysates of male C57BL/6NJ mice compared to females, in response to HDM (Figure 

10B). 
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Figure 10 

 

 

 

Figure 10: Sex-related differences in HDM-mediated increase in the abundance of cytokines 

in lung tissue lysates. (A) BALB/c mice (n=9 each, female and male, per group) and (B) 

C57BL/6NJ (n=10 each, female and male, per group) were challenged (i.n) with 35 μL of 0.7 

mg/mL whole HDM protein extract in saline per mouse, for 2 weeks. A panel of 29 chemokines 

and cytokines were measured in the lung tissue lysates collected 24 h after the last HDM challenge, 

by multiplex Meso Scale Discovery (MSD) platform. Ratio of the abundance of each cytokine in 

the lung tissue lysates from each HDM-challenged mouse compared to the mean abundance 

obtained from the group of naïve mice represents HDM-driven fold change (HDM/naïve). Log2 

values of average HDM/naïve fold change obtained from female and male BALF were used for 

the volcano plots. Positive values on the x-axis of the volcano plots (shown in red) are cytokines 

that are significantly higher in females compared to males, and negative values (shown in blue) 

are those that are significantly higher in males. Dotted lines represent a fold change of 2 (x-axis) 

and p<0.05 (y-axis). 
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4.4 Discussion & Conclusion 

The predominance of females’ susceptibility to inflammatory respiratory diseases such as 

asthma may be related to differential immune responses to an allergen challenge [272].  The 

differences in immune response remain insufficiently characterized in murine models of airway 

inflammation. In this study, we examined sex-related differences in immune response to allergens 

in the lung of two different mouse strains (BALB/c and C57BL/6NJ).  we focused on assessing 

leukocyte accumulation in BALF, the levels of circulating total and HDM-IgE antibodies and the 

abundance of 29 different inflammatory cytokines and chemokines in BALF and lung tissue.  we 

used a two-week HDM-challenged murine model of airway inflammation, which results in robust 

airway inflammation preceding lung remodelling and fibrosis [279]. Thus, this model is ideal to 

delineate sex-specific differences in airway inflammation. As this study was limited to a 2-week 

intranasal challenge period, outcomes or endpoints in the context of airway remodeling were not 

assessed. In this study, we demonstrated specific strain-dependent sex disparity in BALF leukocyte 

accumulation and in circulating IgE antibodies, in naïve mice and in response to HDM. Notably,  

we identified a sex-dependent cytokine signature in the lung of both naïve and HDM-challenged 

mice. Remarkably, specific sex-biases in molecular endpoints identified in this study were 

different between the two different mouse strains used in this study (summarized in Figure 11).  

Overall, the results in this study defined sex- and strain-dependent differences in immune response 

in a mouse model of allergen-challenged airway inflammation. 

Cellular and mediator profiles in BALF  are a determinant of inflammatory status and asthma 

severity [292].   we demonstrated that female BALB/c mice showed higher levels of total leukocyte 

accumulation in the lungs, and specifically higher accumulation of eosinophils, neutrophils and 

macrophages in BALF following HDM-challenge. These results are in line with previous studies 

demonstrating that female mice elicit a stronger cell accumulation in the lungs in an OVA-induced 

airway inflammation model [284–286]. Similar to results in this study, Fuseini and colleagues 

previously reported  that HDM-induced BALF eosinophils and neutrophils were more elevated in 

female BALB/c mice compared to male mice [293]. These studies emphasize that sex-bias in cell 

infiltration in the lung is observed regardless of the allergen used. 

It is possible that endogenous sex steroids play a role in mediating the sex differences in HDM-

induced leukocyte accumulation, in particular eosinophils and neutrophil  accumulation in the 
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lungs [293]. Further, testosterone has been shown to reduce the expression of TLR4 on 

macrophages in response to endotoxin [114]. However, the mechanism on how sex steroids 

modulate these responses is not addressed directly in this study. Nevertheless, the results in this 

study clearly demonstrate differences in sex bias in leukocyte accumulation in the lungs in 

response to allergen challenge, and these were also different in BALB/c compared to C57BL/6NJ 

mice. These results indicate that the genetic background of mice is a contributing factor to sex 

difference in airway inflammation. This becomes an important factor to consider in preclinical 

studies while translating results from murine studies to relevance in human. It is important to note 

that kinetics of differential leukocyte population trafficking to the lung could possibly influence 

the disparity in inflammatory profile observed between males and females as well as in the 

different mouse strains. As all outcomes measured in this study  were performed at one time point, 

a comparative analysis in future studies is needed to determine whether the sex-related differences 

are related to kinetics of response.   

The cellular composition in BALF reflects the overall inflammatory cell profile in the lung, 

therefore we examined the differential cell percentage in BALF. Among the mouse strains, we 

observed different patterns of cellular composition of immune cells in the lung. Previous studies 

have illustrated strain-related differences in cytokines and chemokines profiles, as well as in levels 

of antibody and the type of immunity associated with allergic lung disease in mouse models [289, 

294, 295]. For example, OVA-challenged female BALB/cJ mice showed higher levels of  serum 

IgE, IL5 and IL13 compared to C57BL/6J mice [295]. Similarly, Gueders et al demonstrated that 

eosinophil and neutrophil counts were higher in BALF of C57BL/6 male mice compared to 

BALB/c following OVA-challenge [289]. Likewise, in this study we illustrated that sex disparities 

in airway inflammation are different between different mice strains. 

The results in this study highlight that the mouse strain used in a preclinical study is a critical 

factor to consider, particularly in studies using transgenic or knockout mice to define molecular 

mechanisms that drive sex related disparity in airway inflammation. The recent insights of asthma 

heterogeneity have established a strong link between several cytokines and asthma disease 

pathogenesis [190, 296–300]. This is the first study to comprehensively define cytokine signatures 

related to sex dimorphism in HDM-mediated airway inflammation and provide sex differences in 

two different strains of mice. Limited previous studies that investigated sex differences in cytokine 
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response in airway inflammation primarily focused on Th2-skewed cytokine responses [64, 284–

286, 301–303]. In this study, we examined sex-related differences in the abundance of 29 cytokines 

and chemokines in the BALF and lung tissue lysates obtained from allergen-naïve and HDM-

challenged mice, in BALB/c and C57BL/6NJ strains.  

Interestingly, at baseline we were able to illustrate sex difference in inflammatory cytokines in 

allergen-naïve mice in both mice strains. Markedly, IL-5 was significantly higher in females 

compared to males in the BALF and lung tissue lysates from both mice strains. IL-5 exerts a key 

function in inducing and propagating the pathogenesis of eosinophilic asthma, as it plays a key 

role in eosinophil activation, survival and recruitment to the airways [189, 304]. The main cells 

that produce IL-5 include eosinophils, Th2 lymphocytes and ILC2s [305]. ILC2s are implicated in 

the development of airway inflammation in response to allergen [306, 307]. Interestingly, sex-

related differences in basal ILC2s levels have been shown in naive adult mice, female mice show 

a higher number of lung ILC2s than males [63, 308–310]. The elevated basal levels of IL-5 

observed could possibly imply that females are more prone to readily respond to allergen compared 

to males. This could be due to intrinsic differences in gene expression of lung ILC2s as well as 

other inflammatory cells. In contrast, KC/GRO (homologous to human IL-8), known to be a potent 

neutrophil chemoattractant [311], was higher in BALF of naïve male mice compared to females, 

in both mice strains. While IL-17A in C57BL/6NJ mice and IL-17A/F in BALB/c mice, were 

higher in the lung tissue of naïve male mice compared to females, IL-17 is associated with the 

induction and amplification of Th17-mediated neutrophilic inflammation [312, 313]. The results 

from this study indicate that sex differences in basal cytokine levels in adult naïve mice need to be 

taken into consideration when evaluating responses in animal models of airway inflammation. The 

sex bias in basal cytokine levels could be driven by sex disparity in microbial communities either 

in the lung and gut. Recent studies have provided evidence that biological sex play a role in shaping 

the gut microbiota and influence lung microbiome [314–317]. Interestingly, assessment of changes 

in lung microbiome associated with inflammation in two different mouse strains BALB/cj and 

C57BL/6 revealed that the lung microbiome is sex-dependent [317]. Yet, the role of the lung 

microbiome from a biological sex point of view is still poorly characterized. 

 



                                                                                                                               Dina HD Mostafa 

71 

 

The sex dimorphism in the cytokine profile in allergen-naïve mice could impact on homeostatic 

immune status and dictate the overall cytokine response following allergen exposure.  we showed 

that HDM-mediates a mixed eosinophil-neutrophil cellular profile along with a significantly higher 

IL-17A abundance in the lungs of female BALB/c mice compared to males. Comparing HDM-

driven cytokine responses, IL-17A was the only cytokine that showed a robust female-bias in the 

BALF of BALB/c mice in response to HDM challenge. Female BALB/c mice also had 

significantly higher levels of IL-17A, IL-30, IL-9 and MIP-3α in the lung tissue lysates, compared 

to males in response to HDM. IL-17A is a key determinant of severe forms of asthma and is 

particularly involved in promoting neutrophil recruitment and enhancing the severity of allergen-

induced airway responses [312, 313]. Further, IL-17A is implicated in inducing glucocorticoid 

insensitivity in human bronchial epithelial cells [318]. The prevalence of steroid-unresponsive 

asthma is more frequent in adult female asthmatics compared to males which aligns with the 

immunophenotype displayed in females [319–321]. These clinical observations are supported by 

the results in this study which demonstrated a higher IL-17A and thus a Th17-skewed response in 

HDM-challenged female BALB/c mice. Similarly, the results in this study are in concurrence with 

previous reports showing higher HDM-induced lung IL-17A expression in female BALB/c mice 

compared to males [293, 303]. As sex-related differences of IL-17A was not similar in both mice 

strains in this study, it is not likely that IL-17A solely is responsible for sex disparities in allergic 

asthma. This study also showed that female BALB/c mice had higher levels of MIP-3α in lung 

tissue lysates compared to males. MIP-3α (CCL20) is a chemotactic factor for neutrophils and 

Th17 cells, and is elevated in the sputum of asthma patients following the use of inhaled 

glucocorticoids [318, 322, 323]. MIP-3α has also been implicated in Th17-mediated 

unresponsiveness to glucocorticoid in asthma [318, 322].  The role of IL-17 and MIP-3α in asthma 

severity in females remains undefined. However, the results of this study suggest that the elevated 

levels of MIP-3α and IL-17 in females, but not in males, could potentially explain the prevalence 

of severe asthma and poor response to steroid therapy in post-pubertal females. 

In contrast to BALB/c mice, C57BL/6NJ female mice showed a Th1-skewed cytokine profile 

in response to HDM-challenge with higher levels of MIP-2, IP-10, IL-1β and KC/GROα in the 

lungs, compared to male mice. However cytokines such as IL-33 (in BALF) and IL-21 (in lung 

tissue lysates), which play a role in promoting and augmenting allergic Th2 airway inflammation, 

were also higher in female C57BL/6NJ mice in response to HDM [324–327].   
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This indicates that female C57BL/6NJ mice elicit a mixed Th1/Th2-skewed response 

following HDM challenge compared to males, and not Th17-skewed which is distinctly different 

from that noted in BALB/c mice. 

Interestingly, the HDM-driven cytokine profile in lung tissue lysates showed significantly 

higher levels of cytokines associated with Th2-mediated airway inflammation in males compared 

to females, in both strains of mice. For example, IL-21 and IL-25 were higher in the lung tissue 

lysates of male BALB/c mice compared to females. IL-21 enhances Th2 cell function as well as 

airway eosinophilia [328, 329]. IL-25 also augments Th2 responses [330]. Similarly, IL-9 which 

induces airway eosinophilia and promotes a Th2-skewed immune response by inducing the 

production of IL-13 [331–333], was higher in the lung tissue lysates of male C57BL/6NJ mice 

compared to females, in response to HDM. Note that IL-9 was the only cytokine to display a male-

bias in lung tissue lysates of C57BL/6NJ mice compared to females, in response to HDM. This 

was consistent with higher accumulation of eosinophils in the lungs of male C57BL/6NJ mice in 

response to HDM, compared to females. Taken together, these results suggest that HDM-drives a 

higher Th2-skewed inflammatory response in the lungs of male mice compared to females, in both 

BALB/c and C57BL/6NJ mice, albeit there are differences in the specific cytokines elevated in the 

lungs between the two strains.  Surprisingly, in the present study we did not observe sex differences 

in key Th2 cytokines such as IL-4, IL-5 and IL-13 following HDM- exposure in both mice strains. 

Prior reports have indicated differential IL-4 and IL-5 cytokine expression between males and 

females in BALB/c mice in a chronic OVA and HDM model [286, 303]. The discrepancies in 

findings could possibly be due to a difference in protocols of allergen challenge, as different 

allergen and endotoxin content can alter inflammatory responses challenge with HDM with low 

endotoxin content may have resulted in the immunophenotye characterized in this study. Similarly, 

the time point of measurement of outcomes may influence the differences in cytokine responses. 

We have only determined the outcomes at a single time point, perhaps sex-related differences in 

Th-2 cytokines could have been may have been observed at a later time point, example 48 h after 

the last HDM challenge. In addition, other factors may have influenced the differences in 

observations, including the estrous cycle in female mice and the influence of differences in sex 

steroid abundance which was not evaluated in this study. 
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Nevertheless, the cytokine profile results in this study primarily indicates that in response to 

HDM, female BALB/c mice elicit a higher Th17-skewed response, and female C57BL/6NJ mice 

mount a higher Th1-skewed response, compared to males (Figure 11). In contrast, male mice from 

both strains showed higher levels of Th2-associated cytokines in the lungs in response to HDM 

(Figure 11). Asthma is an extremely heterogenous disease associated with airway inflammation 

which is Th2-driven to a mixed Th1/Th17-driven disease in various patients. Mouse models do 

not directly capture the heterogeneity of asthma patients [334]. Nevertheless, this study provides 

two different strain-dependent models which may be used to study mechanisms related to sex 

dimorphism in disparate inflammatory phenotypes in asthma research.  

In summary, the findings reported in this study highlight the critical role played by both sex 

and genetic background in allergen-mediated airway inflammatory response and further highlight 

the importance of taking both variables (sex and mice strain) into consideration in experimental 

design and interpretation of data in preclinical studies. Recognition of immune variations among 

mouse strains is essential for the accurate interpretation of any sex difference that may arise, 

particularly when translating these findings to human studies. The identification of HDM-induced 

sex-specific quantifiable markers in this study from BALB/c and C57BL/6NJ mice, provide a 

valuable resource that can be used in research aimed to identify novel therapeutics and treatment 

strategies for a sex-based personalized drug development in asthma.  

The genetic background of mice is often neglected in the interpretation of data in preclinical 

studies. In the context of this study, and for preclinical models of HDM-challenged allergic asthma, 

BALB/c display several advantages as it exhibits a robust Th2 immunological response, but can 

be used to simulate a Th1 and Th17 responses, all of which are related to clinical observations in 

asthma. However, mice of C57 background are often used as transgenic mice are more likely to in 

C57 background. We have clearly shown differences in inflammatory outcomes between the two 

mice strains used in this study. Immunological variation between inbred mouse strains, as 

demonstrated in this study, emphasizes the importance of carefully assessing the mice strain 

selected for addressing the specific study question, and being cognizant that the stain of mice can 

influence other biological variables such as sex dependent outcomes.  
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Figure 11 

 

 

 

Figure 11: Sex dimorphism in HDM-mediated leukocyte accumulation and cytokine profile 

in the lungs is strain dependent. This figure summarizes sex-related differences in leukocyte 

accumulation and the increase in specific cytokines in BALB/c and C57BL/6NJ mice. HDM-

mediated increase in the accumulation of total cells, neutrophils, eosinophils and macrophages are 

higher in female BALB/c mice compared to males. Whereas, male C57BL/6NJ mice have higher 

accumulation of eosinophils compared to females in response to HDM. Cytokine profile 

assessments indicate that HDM-driven increase in IL-17 and MIP-3α (a chemoattractant of Th-17 

cells) is significantly higher in female BALB/c mice compared to males, suggesting a Th17-

skewed response. Whereas HDM-driven cytokine profile in female C57BL/6NJ mice indicate a 

Th1-skewed response compared to males. In contrast, HDM-mediated cytokine profiles in male 

mice of both strains show higher levels of Th2-associated cytokines compared to females. Figure 

was created with BioRender.com. 
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Chapter 5: Comparative analyses of sex-related differences in allergen-mediated increase of 

specific proteins in murine and human bronchoalveolar lavage fluid. 

 

This section contains some text and figures for a manuscript in final preparation, submitted to 

Frontiers in Immunology as a Brief Research Report.  

 

Manuscript Title: Sex dimorphism of allergen-induced secreted proteins in murine and human 

lungs.  

Manuscript ID: 923986 

 

Authors: Mahadevappa Hemshekhar#, Dina Mostafa,#, Victor Spicer, Hadeesha Piyadasa, 

Andrew J. Halayko, Christopher Carlsten, Neeloffer Mookherjee 

#These authors contributed equally 

 

Author contributions for the manuscript in final preparation: 

MH and DM performed most of the experiments and data analyses. MH wrote the manuscript and 

contributed to the development of the scientific concepts. HP performed the animal model 

experiment with DM. VS performed the bioinformatics analysis. AJH provided significant 

intellectual input in the development of this study and extensively edited the manuscript. CC was 

the senior lead for the human exposure study, performed the bronchoscopy and sample collection, 

provided extensive intellectual input and extensively edited the manuscript. NM conceived and 

directly supervised the study, is the principal investigator for funding in this study, and extensively 

edited the manuscript. All authors reviewed and edited the manuscript. 
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5.1 Abstract 

Background: Sex bias in asthma prevalence and pathogenesis has been reported from clinical 

studies. However, sex-specific changes in allergen-induced proteins in the lung and associated 

protein biomarkers are not yet defined. 

Objective: To define sex-specific allergen-mediated protein changes in BALF of humans and 

BALB/c mice, with a specific focus on proteins that are commonly enhanced in both mice and 

human following allergen exposure.  

Methods: Previously, our lab utilized an unbiased proteomic approach to characterize allergen-

induced changes in secreted proteins (secretome) in the lung of female BALB/c mice (2-week 

HDM-challenge) and in a controlled allergen exposure human model. Comparative analysis of 

these two proteomics datasets detected 19 proteins commonly enhanced in both mice and human 

BALF, in response to allergen challenge. The top 10 protein targets selected from these 19 proteins 

were examined in BALF of mice and humans (in independent studies) using western blot. Briefly, 

female and male BALB/c mice (N=10, per group) were intranasally challenged with HDM (0.7 

µg/mL in saline) for 2 weeks and BALF was collected 24hr after the last HDM administration. In 

the human study, female and male participants (N=6 each) were exposed to nebulized inhalation 

(2 min) with allergens (birch, grass or HDM, based on individual sensitivity). BALF samples from 

mice and humans were probed in immunoblots and relative abundance was determined for each 

protein. 

Results: Proteins S100A8, S100A9, properdin and eosinophil peroxidase (EPX) were significantly 

higher in BALF of female mice compared to males in response to HDM-challenge. Similar to the 

results in mice BALF, female participants showed higher levels of allergen- induced EPX 

compared to males in human BALF. Contrary to the mice data, the allergen-induced increase of 

S100A8 and S100A9 in the human BALF samples were higher in males compared to females. 

Interestingly, there was certain species-specific sex-bias in allergen-induced increase of proteins 

in BALF. For example, coronin1A/TACO was significantly higher in female participants 

compared to males, only in human BALF Whereas the HDM-driven increase in properdin was 

significantly higher in females compared to males, only in murine BALF and not in humans. 
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Conclusion:  Overall, these results demonstrate that among secreted proteins that are enhanced in 

response to allergen challenge in the lungs of both mice and humans, sex-related differences in 

response to allergen is largely species-specific and thus cannot be always translated from mouse 

models to human studies. These results also show that EPX, a marker of eosinophilic 

inflammation, is significantly higher in the BALF of females compared to males in both human 

and mice BALF following allergen challenge. Therefore, EPX will be a useful sex-specific 

biomarker of airway inflammation in translational research. 

 

5.2 Rationale & Introduction 

Asthma is a chronic respiratory disorder that displays a predominance in prevalence in males 

during childhood that shifts to predominance in females with increasing disease severity in 

adulthood [224, 239, 268, 335]. Yet, there are no allergen-induced protein biomarkers defined in 

the lung that stratify this sex disparity. Proteomic analysis is a potent tool for identifying 

biomarkers to improve clinical diagnosis and help to develop a more personalized treatment 

approach [336–338]. Previously the Mookherjee lab has performed proteomic profiling using 

liquid chromatography coupled with mass spectrometry (LC–MS) and detected enhancement in 

secreted proteins in BALF following allergen challenge in BALB/c mice (females) and in a 

controlled human exposure model [339, 340]. Comparative bioinformatic analysis of the mice and 

human proteomic datasets identified a commonly upregulated allergen-mediated protein 

biosignature in both mice and humans following allergen challenge (Figure 12). In this study, we 

selected the top 10 targets from this protein biosignature and examined sex-specific differences in 

the abundance of these 10 protein targets,  in both murine and human BALF.  we independently 

examined the abundance of the selected 10 protein targets using western blot and examined sex-

specific differences therein in BALF obtained from an HDM-challenged mouse model (as detailed 

in Chapter 4) and from humans exposed to a nebulized allergen. Human exposures were performed 

by our collaborator Dr. Christopher Carlsten at the University of British Columbia, and  we 

obtained the BALF samples through this collaboration. 

 

 



                                                                                                                               Dina HD Mostafa 

79 

 

Figure 12 

 

 

 

Figure 12: Common allergen-induced lung proteomic signature in murine and human 

models. BALF samples obtained from female BALB/c challenged with HDM for 2 weeks (Fig. 

4) and from human controlled exposure studies were used to characterize the profile of secreted 

proteins in BALF (secretome). Mice and human BALF samples were analysed by liquid 

chromatography—tandem mass spectrometry (LC–MS/MS). Comparative analysis between the 

mice and human proteomic datasets [339, 340] identified 19 common proteins upregulated in both 

mice and human following allergen challenge. Expression of these 19 proteins was increased ≥2-

fold in response to allergen exposure in both mice and human BALF. The values on the Y-axis 

represent upregulated protein values in BALF in response to allergen challenge normalized to 

saline obtained from control saline exposure samples. 
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5.3 Results 

5.3.1 Female BALB/c Mice Exhibit Higher Levels of Allergen-Mediated 

Proteins Abundance in BALF 

Proteomic analysis of secreted proteins in BALF allow for the identification of disease 

biomarkers and provide guidance for novel therapeutic strategies [336–338]. The Mookherjee lab 

had previously used a proteomic approach using LC-MS to characterize allergen-induced 

alteration of secreted proteins in BALF (secretome) of female BALB/c mice as well as in the 

human lung proteome in a controlled human exposure model [339, 340]. A comparative 

bioinformatic analysis between the human and mouse proteomic datasets revealed 19 common 

proteins that were upregulated in BALF of both mice and humans in response to an allergen 

challenge (Figure 12). The abundance of these 19 proteins was increased by ≥2-fold following 

allergen challenge in both mouse and human BALF. To examine the presence of any sex-specific 

differences in this common allergen-mediated biosignature, we selected the top 10 protein targets 

that are upregulated more than 4-fold in the mouse and 2-fold in the human BAL following allergen 

challenge. These were arbitrary cut-off values to select a set of proteins for further independent 

confirmation studies. The top 10 proteins that are upregulated more than 4-fold in the mouse and 

2-fold in the human BAL following allergen challenge selected for further validation studies were 

S100A8, S100A9, eosinophil peroxidase (EPX), properdin, coronin1A/TACO, CD5 antigen-like 

protein (CD5L), glycosylphosphatidylinositol-specific phospholipase D (GPI-PLD), 

heterogeneous nuclear ribonucleoprotein U (hnRNPU), lipopolysaccharide binding protein (LBP) 

and calponin. The abundance of these 10 proteins in mouse BALF was further examined using 

western blots.  

BALF from female and male BALB/c mice, naïve and HDM-challenged (N=10 in each group), 

was obtained 24 h after the last HDM challenge for this study. BALB/c mice were used in this 

study as the proteomics evaluation from which the protein targets were selected was performed in 

BALB/c mice. S100A8, S100A9, EPX and properdin levels were significantly enhanced in the 

BALF of HDM-challenged female mice compared to allergen-naïve mice, but not in male mice 

(Figure 13). No significant differences were observed in the other proteins examined in response 

to allergen in either female or male mice (Figure 13 and supplementary Figure 3).  
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Thus, out of these 10 proteins examined, four proteins in BALF showed significant differences 

in abundance in female compared to male mice in response to HDM (Figure 13 and supplementary 

Figure 3). In comparison to male mice, female BALB/c mice displayed a higher fold change in 

HDM-induced proteins in S100A8 (~2-fold), S100A9 (>3-fold), EPX (>2-fold) and properdin (~5-

fold). These results suggest that there is a clear female-bias in specific HDM-induced protein levels 

in murine BALF. 
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Figure 13 
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Figure 13: Sex-specific protein biomarker signature in BALB/c mice BALF. Female and male 

BALB/c mice (N=10 each) were challenged with (i.n.) administration of whole HDM extract (0.7 

mg/mL) in saline for 2 weeks and BALF was collected 24 h after the last HDM administration. 

BALF samples were probed in western blots to determine the abundance of selected protein 

targets. Relative protein expression levels were quantified by densitometry. Protein band 

intensities were normalized to loading protein (recombinant human granulysin; 20 ng per sample) 

as a control for protein abundance quantification. Y‐axis represents fold change of relative protein 

abundance of each HDM-challenged mouse compared to mean abundance in naïve mice 

(HDM/naïve). Each dot represents an individual mouse. Mann–Whitney U-test was used to assess 

statistical significance (*p<0.05, **p<0.01, ns=non-significant). A hash (#) denotes a significant 

difference (p<0.05) between HDM-challenged mice versus the naïve group (p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                               Dina HD Mostafa 

84 

 

5.3.2 Sex-Related Differences in Allergen Mediated Secreted Protein in Human 

BALF 

As detailed above, 10 proteins were selected for assessment by western blot in murine and 

human BALF in this study. To define sex-specific protein changes in human BALF,   we compared 

the abundance of the selected 10 proteins in BALF of male and females with atopic asthma 

collected 24 h after inhaled allergen exposure. Female and male adult participants (N=5 each) 

inhaled nebulized allergen (HDM, birch or Pacific grass, participant-adjusted based on wheal to 

skin-prick) for 2 minutes. BALF collection was conducted by bronchoscopy 24 h following 

allergen exposures (by collaborator Dr. Carlsten at UBC).  

Similar to mice, four out of the 10 proteins examined displayed sex-related differences in 

protein abundance in human BALF following allergen exposure (Figure 14 and supplementary 

Figure 4). Compared to male participants, females showed higher abundance of EPX and 

coronin1A/TACO (~2-fold) in BALF (Figure 14). Interestingly, EPX was the only protein which 

showed a clear female bias in both mice and humans (Figure 13 and Figure 14). Contrary to the 

mice data, allergen-induced increase of S100A8 and S100A9 in the human BALF were higher in 

males compared to females (Figure 14). These results clearly showed differential increase of 

specific proteins in the BALF between female and male participants in response to inhaled allergen 

exposure. These results demonstrate that certain inflammatory responses are similar between mice 

and human in response to allergen, such as eosinophilic inflammatory mediator EPX. In addition, 

these results highlight that not all findings in mice can be translated to humans. 

 

 

 

 

 

 

 

 



                                                                                                                               Dina HD Mostafa 

85 

 

 

Figure 14 
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Figure 14: Sex-disparity in allergen-induced secreted proteins in human BALF. Female and 

male adult participants (N=5 each) inhaled nebulized allergen (HDM, birch or Pacific grass, 

participant-adjusted based on wheal to skin-prick) for 2 minutes. BALF collection was conducted 

by bronchoscopy 24 h following allergen exposure. BALF samples were probed in western blots 

to determine the abundance of selected protein targets. Relative protein expression levels were 

quantified by densitometry. Y‐axis represents protein band intensity normalized to loading protein 

(recombinant mouse MCP5; 10 ng per sample) as a control for protein abundance quantification. 

Each dot denotes an individual participant. Mann–Whitney U-test was used to assess statistical 

significance (*p<0.05, **p<0.01, ns=non-significant). 
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5.4 Discussion & Conclusion 

Sex disparity in the susceptibility and severity of inflammatory lung diseases have been 

reported [181, 224, 239, 268, 335]. Yet, there is a lack in reports of any sex-specific protein disease 

biomarkers from preclinical research using animal models as well as in asthma patients. This is 

the first study to identify a 19 allergen-induced secreted protein biosignature in the lungs that is 

enhanced similarly in both mice and humans mined from previous proteomic studies [339, 340]. 

Further this study identified sex-specific protein changes in response to inhaled allergen in the 

lungs. In this study, the allergen-induced secreted proteins identified in the BALF of mice that 

were differentially increased in females compared to males were Properdin, S100A8, S100A9 and 

EPX (summarized in Figure 15). While, coronin1A/TACO, S100A8, S100A9 and EPX showed 

sex-related differences in the human BALF following exposure to inhaled allergen (summarized 

in Figure 15). There may be several contributing factors for differences between mice and humans, 

such as the amount and type of allergen used. Moreover, the inflammatory environment in inbreb 

mice are more tightly controlled compared to the variability in humans. The progression and 

severity of response in humans adds to the variability of protein responses. Finally, the two week 

HDM-challenge mice model used in this study does not capture all the endotypes related to allergic 

asthma in humans. These caveats need to be taken into consideration for biomarker identification. 

Nevertheless, the protein biosignature related to sex dimorphism in response to allergen 

highlighted in this study provides novel disease biomarkers that will be useful for research using 

personalized sex-specific approaches.  

In this study, we showed that there is an overlap in sex-bias in the increase in EPX in response 

to allergen in mice and human BALF. The abundance of EPX is significantly higher in females 

compared to males in the BALF of both mice and humans in response to allergen challenge. EPX 

is an eosinophil activation and degranulation marker as well as it is a potent marker of airway 

eosinophils in sputum of asthma patients [341]. Consistent with the results in this study, 

eosinophilic airway inflammation induced by allergen has been shown to be more severe in 

females compared to males in both mice and humans [233, 342]. Remarkably, in the current study 

EPX was the only protein to show a female-bias in allergen-mediated changes in both mice and 

humans. These results imply that EPX can be considered as a female-biased marker for allergen 

responses in allergen-challenged murine models and in human studies using inhaled allergen 
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challenge. These results also suggest that EPX can be investigated as a potential therapeutic target 

to reduce the severity of eosinophilic inflammation, which may be more effective in females. 

We also demonstrated specific disparities between mice and humans in terms of the sex-bias 

in allergen-enhanced proteins. For example, S100A8 and S100A9 were significantly higher in the 

BALF of female BALB/c mice compared to males, in response to HDM. However, this sex-bias 

was reversed in humans, where male participants showed higher levels of allergen-induced 

S100A8 and S100A9 in BALF compared to females. These results emphasize that results observed 

in mice might not be exactly replicated in humans. S100A8 and S100A9 are alarmins that belong 

to the S100 family of calcium (Ca2+) binding proteins, typically present in a heterodimer S100A8 

and A9 (known as Calprotectin) [343]. S100A8 and S100A9 are mainly expressed in monocytes, 

macrophages and neutrophils and are actively released during inflammation [344]. They mediate 

the severity of inflammatory process by promoting the recruitment of leukocytes and secretion of 

cytokines [345]. Thus S100A8 and  S100A9 proteins have been proposed as biomarkers for 

diagnosis as well as indicator of inflammatory status and therapeutic responses in multiple chronic 

inflammatory conditions [343, 345–347]. Within pulmonary diseases, S100A8 and S100A9 are 

implicated as a mediator in severe asthma pathogenesis through exaggerating neutrophil responses 

and supressing neutrophil apoptosis [348, 349]. However, there is conflicting evidence regarding 

the ability of S100A8 and S100A9 proteins to enhance and/or suppress Th2–mediated allergic 

airway inflammation in murine models [350, 351].  Thus, further research is needed to clarify the 

precise role of S100A8 and S100A9 in asthma and elucidate the mechanistic pathways involved 

in asthma pathogenesis. Importantly, the results of this study points towards S100A8 and S100A9 

as potential biomarkers and the possibility of therapeutic applications targeting S100A8 and 

S100A9 proteins specifically for a more personalized sex-specific approach. However, the sex-

bias as demonstrated in this study for these proteins are different in mice and humans, which needs 

to be considered while using these proteins as either biomarkers or intervention targets in 

preclinical research. Additionally, we demonstrated disparities in the allergen-induced increase in 

specific proteins between mice and humans. For example, properdin levels were significantly 

higher in female mice compared to males. However, this sex-specific difference in properdin was 

not observed in humans. Properdin promotes alternative pathway complement activation and plays 

a pathogenic role in airway inflammation primarily through regulating Th2 and Th17 immune 

responses [352]. 
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 However, further studies are needed to delineate the properdin mechanism of action in asthma. 

The results in this study indicate the presence of sex dimorphism of complement-dependent 

responses in airway inflammation which needs to be taken into consideration for any subsequent 

studies that target the complement pathway for therapies.  

Furthermore, we showed that an allergen-induced increase in coronin-1A/ TACO is 

significantly higher in human BALF from females compared to males, however this sex disparity 

in coronin-1A/ TACO abundance was not observed in mice. Coronin-1A regulates cytoskeleton-

dependent cellular processes and Ca2+ signaling [353].  It is  highly expressed in all hematopoietic 

lineages and plays a critical role in T-cells  in survival, migration and activation [354, 355]. Yet 

there is limited data on how coronin-1A contributes to asthma pathogenesis. A recent study 

identified coronin-1A as a potential biomarker in the sputum of patients suffering from frequent 

exacerbations  in various airway diseases (asthma, COPD and chronic bronchitis) [356]. In this 

study, we demonstrated a female-bias in coronin-1A levels in BALF of asthmatics in response to 

allergen that was not present in mice.  

The main limitation of this study is the small sample size of human BALF samples as well as 

there were no BALF samples from healthy human participants as controls. This is mainly due to 

the challenges of obtaining BALF from healthy participants. The novelty of this study is in defining 

a sex-specific biosignature in BALF of both mice and human which are clinically relevant. In 

summary, the results from this study highlight the effect of biological sex on allergen-induced 

proteins in both mice and humans. This emphasises the necessity of a more focused approach in 

delineating sex differences in airway inflammation to improve clinical outcomes through attention 

to sex. The discrepancies between mice and humans noted in this study in regards to sex-specific 

protein changes highlight the challenges in extrapolating biomarkers from inbred mice to humans. 

Overall, the sex dimorphism of inhaled allergen-medicated secreted protein biosignature in the 

lungs defined in this study provides novel biomarkers that may be useful in a  more personalized 

sex-specific research approach in preclinical studies in mouse models of allergen-challenge and in 

studies with human participants. 
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Figure 15 

 

 

 

Figure 15: Sex-related differences in specific allergen-induced proteins in BALF of mice and 

humans. This figure summarizes sex-specific differences in secreted proteins in the lung in both 

mice and humans. A comparative bioinformatic analysis of proteomics datasets obtained from 

murine and human BALF secretome studies identified a common panel of proteins that were 

enhanced in response to allergen challenge in both mouse and human BALF. Independent 

examination of the abundance of top 10 selected proteins showed sex-bias in response following 

inhaled allergen challenge. Sex-disaggregated data analysis demonstrated that an inhaled allergen-

mediated increase in EPX and coronin1A/TACO is higher in the BALF of adult human females 

compared to males. Conversely, allergen-mediated increase in S100A8 and S100A9 were higher 

in BALF of males compared to female human participants. Allergen-driven EPX, S100A8, 

S100A9 and properdin were higher in the BALF of female mice compared to males.  
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Chapter 6: Overall Conclusions, Limitations and 

Significance 
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6.1 Overall Conclusions 

The historical omission of women from clinical trials and exclusion of biological sex as a 

variable in biomedical research have hindered critical discoveries and the understanding of 

interventions variation by sex [357]. The immune system displays a marked sex dimorphism in 

susceptibilities and prevalence to chronic inflammatory conditions between females and males  

[58, 81, 267]. A clear sex-bias exists in asthma prevalence and severity where in adulthood females 

have higher prevalence and disease severity compared to males [166, 271, 335]. Further, female 

asthma patients  are more prone to become unresponsive to corticosteroid therapy [168, 224, 239, 

240, 358].  Surprisingly little is known about the impact of biological sex on airway inflammation 

processes, largely due to the disregard of the effects of sex as a biological variable in preclinical 

studies using murine models in asthma research. Therefore, the overall aim of this thesis was to 

examine sex-related differences in immune responses and protein markers in a murine model of 

allergen HDM-mediated airway inflammation and in a controlled human allergen exposure model. 

In this study,  we used the two-week HDM-challenged murine model to characterize sex-related 

differences in airway inflammation in two different  mouse strains (BALB/c and C57BL/6NJ). I 

demonstrated sex-related differences in circulating HDM-IgE levels as well as leukocyte 

accumulation in BALF following HDM-challenge, with notable differences between the two 

mouse strains (summarized in Figure 11). Further, we identified a sex-specific cytokine signature 

in the lung, both in naïve and HDM-challenged mice that was notably different between BALB/c 

and C57BL/6NJ (summarized in Figure 11). Additionally, we identified sex dimorphism in 

allergen-induced protein abundance in BALF of both mice (BALB/c) and humans (summarized in 

Figure 15). 

Allergen-specific IgE antibodies are pivotal in the augmentation of inflammation and asthma 

pathogenesis and indicate a robust systemic response to allergen sensitization [290, 359, 360].  

Findings in this study indicate that females show a stronger IgE antibody response than males in 

response to inhaled allergen challenge however the intensity of response appears to be influenced 

by genetic background. 

Leukocyte influx to the lung in response to allergen is a key marker of airway inflammation 

[182, 361, 362].  
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Both neutrophilic and eosinophilic inflammation contribute to the development of asthma 

exacerbation and severity particularly neutrophils which are strongly associated with severe 

asthma and steroid insensitivity corticosteroid resistant asthma [210, 363–365].  

Here, we demonstrated that HDM-induced BALF total cells, eosinophils, neutrophils, and 

macrophages were higher in female BALB/c mice compared to males. This illustrates a clear 

female bias in cellular infiltration suggesting a stronger inflammatory response in female mice 

compared to males. Contrary to BALB/c, we demonstrated that male C57BL/6NJ mice have higher 

eosinophil levels compared to female mice following HDM-challenge. These results not only 

highlight the presence of sex dimorphism in leukocyte accumulation in response to an inhaled 

allergen but also variation between mice strains. These findings emphasise the importance for 

researchers not only to take sex differences into consideration but also genetic variability between 

the mouse strain. This particularly becomes vital for studies using knockout or transgenic mice to 

outline mechanisms that examine sex-related differences in airway inflammation. The findings in 

this study are consistent with the influence of gene-environment interactions in disease 

development and response. 

To date there has been little focus on delineating sex-related differences in cytokine responses, 

as most of the previous studies have focused on Th2 cytokines in allergen exposure. The novelty 

of this study is that it outlines a more comprehensive sex-specific cytokine signature in two 

different mouse strains. Here, we demonstrate sex dimorphism in the profile of 29 cytokines in 

both naïve and HDM-driven response in BALB/c and C57BL/6NJ mice, in both BALF (secreted 

proteins) and lung tissue lysates. Interestingly, we showed sex-bias in key inflammatory cytokines 

in naïve mice, in particular basal IL-5 levels were higher in allergen-naive female BALF and lung 

tissue lysates compared to males, in both mouse strains. In contrast, naïve male mice showed 

higher levels of KC/GRO compared to female mice in BALF of both mouse strains. While in lung 

tissue, naïve male mice showed higher level of IL-17A in C57BL/6NJ mice and IL-17A/F in 

BALB/c mice, compared to females. These results highlight sex-specific differences in basal 

cytokine levels in adult allergen-naïve mice which need to be considered when examining changes 

in cytokine markers in airway inflammation. These findings allude to sex-related differences in 

the homeostatic immune lung environment which could influence sex-bias in inflammatory 

responses following allergen exposure. 
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The results in this study showed that HDM drives a Th17-skewed cytokine response in female 

BALB/c mice, and a Th1-skewed cytokine response in female C57BL/6NJ mice, compared to 

males. In contrast, male mice from both strains showed higher levels of Th2-associated cytokines 

in the lungs in response to HDM. These results highlight a clear strain-dependent sex bias in 

cytokine responses, further emphasising the importance of considering the influence of mouse 

strain variability on inflammatory responses and sexual dimorphism. Overall, this study describes 

two different strain-dependent models with different inflammatory phenotypes which could be 

used to study mechanisms related to sex dimorphism in asthma research.  

Th17-biased inflammatory responses are associated with severe neutrophilic asthma  [312, 

313, 318, 366, 367], thus female-bias in Th17-skewed responses reported in this study could 

potentially explain higher prevalence of severe asthma and poor response to steroid therapy 

reported in clinical studies. Recently, genome-wide analysis of sex-specific gene expression in 

adult asthmatic patients revealed that IL-17 and related chemokine signaling pathways were highly 

enriched in female BALB/c mice compared to males [368]. These results are consistent with 

findings in this study of higher IL-17 levels, and MIP-3α which is a chemoattractant for Th-17 

cells, in female BALB/c mice compared to males, which underscores that results in this study are 

consistent with clinical observations in asthma patients.  

Sex differences in lung protein biomarkers are not completely defined from either murine 

models of airway inflammation or asthma patients. Here, we report sex differences in the 

abundance of specific proteins in response to an inhaled allergen challenge, secreted in the BALF 

of BALB/c mice (following a 2-week inhaled HDM-challenge) and human atopic asthma patients. 

we demonstrated that allergen exposure resulted in higher levels of EPX, a marker for eosinophilic 

inflammation, in females compared to males in both mice and humans. Therefore, EPX may serve 

as a valuable sex-specific marker in asthma research and preclinical studies of airway 

inflammation. Our results also show that there are distinct differences in mice and humans. For 

example, allergen challenge resulted in enhancement of properdin in mice and not humans, 

whereas coronin1A/TACO was increased in humans and not mice. 

Moreover, S100A8 and S100A9 were significantly higher in females compared to males in 

mice, whereas human participants showed higher levels of allergen-induced S100A8 and S100A9 

in males compared to females.  
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These findings clearly demonstrate that sex-related protein changes in response to allergen are 

species specific, and not all results demonstrated in mouse models can be translated in human 

studies. However, our findings provide specific protein markers that are valuable for preclinical 

studies in animal models and in human translational studies and highlight the importance of sex 

stratification in asthma biomarker research. 

 

6.2 Limitations 

The main limitation of this study is that the mouse model used here reflects a specific asthma 

endotype-related immunophenotype (predominantly eosinophilic airway inflammation as 

determined by leukocyte composition in the lungs post allergen challenge), and does not directly 

capture the heterogeneity observed in asthma patients. The 2-week acute murine model used in 

this study allows for delineating predominantly airway inflammation preceding robust lung 

remodelling thus, any sex-related differences in airway remodeling were not assessed in this study. 

Also, all outcomes in this study were determined at a single time point after allergen challenge. 

Therefore, kinetic assessments of leukocyte accumulation and cytokine response might display 

disparate sex difference profiles at different time points and show similarities between the two 

strains of mice with different kinetics of response. As this study was limited on examining cell 

differentials using hematoxylin and eosin stain in BALF, any possible sex differences in different 

Th subsets were not examined. Therefore, immunophenotyping cells in BALF would be a better 

approach to be implemented in future studies to examine sex differences in cellular composition 

in BALF. 

 

6.3 Significance 

Overall, the work in this thesis outlines molecular mediators that differentiate sex-related 

responses following allergen challenge in two different strain-dependent mouse models. Results 

in this study will provide the foundation for future studies to further understand mechanisms that 

shape sex-disparity in inflammatory and allergic disease processes. The novelty of this work in 

delineating sex differences in inflammatory responses in two different mouse strains highlights the 

impact of genetic variability on immune responses as well as sex-related differences.  
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Thus, my work provides a valuable resource for researchers and lays the foundation for future 

work that recognises the importance of taking sex into consideration when developing novel 

therapies. This work will be vital for ongoing research efforts for developing new treatments for 

asthma particularly it will benefit translational research and sex-based personalized drug 

development efforts in asthma.  

The inclusion of a sex-disaggregated data analysis in biomedical research will advance the 

discovery of sex-specific disease biomarkers, and more importantly, promote reproducibility in 

subsequent validation studies. This approach will facilitate the translation of novel biomarkers 

from animal models to human studies in a sex-dependent manner. Additionally, the inclusion of 

biological sex will further promote a deeper understanding of sex dimorphism in disease 

prevalence and pathophysiology, subsequently leading to the development of more sex-related 

personalized effective interventions. 
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Chapter 7: Future Direction 
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7.1 Future Direction 

Asthma prevalence and severity display a clear age and sex bias, affecting boys in childhood 

and disproportionately affecting women in adulthood [166, 224, 271, 335].  Consequently, the 

sex–age interaction adds another layer of complexity for understanding the effects of biological 

sex in asthma, which indicates a role of sex steroids (hormones). Therefore, to evaluate the 

potential role of sex steroids in mediating sex-related differences reported in this study, it is 

necessary to 1) examine hormone receptor expression changes following allergen-exposure in lung 

cells, 2) circulating sex steroids levels in plasma and 3) the effect of estrous cycle on modulating 

inflammatory response to allergen.  

We have generated preliminary data to address some of the aforementioned questions. We 

assessed the expression of different sex steroid receptors, ERα, ERβ, AR and GPR30 in lung tissue 

lysates obtained from the animal model used in this study by western blots. Interestingly, I have 

demonstrated that the expression of ERα and Erβ was significantly increased in female BALB/c 

lung tissue (Figure 16). In contrast, AR was downregulated in HDM-challenged mice compared 

to naïve mice in both sexes. GPR30 was downregulated in HDM-challenged male mice compared 

to allergen naïve BALB/c (Figure 16). These results suggest that sex steroid receptors change in 

responses to allergen challenge in the lungs.  

Previous studies have revealed a differential inflammatory response in each estrous cycle stage 

(proestrus, estrus, metestrus, and diestrus) in females that are exposed to ozone [369]. This 

indicates that the estrous cycle stages can influence the inflammatory profile in the lung. Thus, a 

follow up study is required to examine the effects of fluctuating hormones across the female 

reproductive cycle on leukocyte accumulation and cytokine responses following allergen 

exposure. Future studies should include the examination of the abundance of sex steroid panel 

(cortisol, testosterone, 17β-estradiol and progesterone) in serum in the HDM-challenged mouse 

model using LC-MS-MS. This is planned in the Mookherjee lab in collaboration with Dr. Kiran 

Soma at the University of British Columbia (UBC). The Soma Lab utilises multidisciplinary 

approaches to investigate the role of sex steroid hormones in regulating the nervous system and 

immune system, thus this collaboration will be extremely beneficial in delineating the role of sex 

steroid hormones in regulating airway inflammation. 
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Mass spectrometry is the optimal approach to assess steroid hormones as immunoassays have 

several limitation including standardisation and antibody sensitivity problems between labs [370, 

371]. Additionally, monitoring the mouse estrous cycle in the HDM-challenge mouse model 

through vaginal cytology will be useful to identify whether the stage of the estrous cycle influences 

the inflammatory profile observed in mice. The estrous cycle in mice is segregated into four main 

stages (proestrus, estrus, metestrus, and diestrus)  which cycles every 4-5 days [372]. Thus, vaginal 

cytology at the start of the experiment then day 6 and finally 24 h before sacrificing the mice, will 

allow monitoring the changes in the estrous cycle in the female mice. Additionally, correlating sex 

steroid levels with estrous cycle (female mice), and with the differences observed in lung cytokine 

profiles in both sexes in mice may be able to highlight the impact of sex steroids on airway 

inflammation following allergen exposure.  
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Figure 16 

 

 

 

Figure 16: The abundance of ERα, ERβ, AR and GPR30 in BALB/c lung tissue. Female and 

male BALB/c mice (N=4 each) were challenged intranasally for 2 weeks with 35 μL of 0.7 mg/mL 

whole HDM protein extract in saline, per mouse. Lung tissue was collected from both allergen-

naïve and HDM-challenged mice, 24 h after the last HDM administration. The abundance of each 

receptor was examined using western blots. Lung tissue lysates (50 µg total protein each) were 

resolved on Nu-PAGE 4-12 % protein gels (Invitrogen) and primary antibodies (Abcam) were 

used for probing specific proteins on immunoblots. Horseradish peroxidase (HRP) conjugated to 

secondary antibodies (Cell Signaling) and Amersham ECL Select (GE Healthcare) were used for 

detection of the target proteins. Imaging of blots and protein quantification was done by 

densitometry was performed using AmershamTM Imager 680 and software version 2.0. β‐actin 

abundance was used for normalizing the protein load across lung lysate samples. The Y-axis 

denotes the abundance of selected proteins (band intensity) following normalization with β‐actin. 

Statistical significance was determined using Mann-Whitney U test (*p<0.05, **p<0.01, ns=non-

significant). 
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7.2 Distinguishing Between the Effects of Sex Chromosomes and Sex 

Steroids Using the Four Core Genotypes (FCG) Transgenic Mice  

Sex-related differences in inflammatory responses are mediated through the effects of sex 

chromosomes and sex steroids as detailed in the introduction chapter (1.2.3). Sex chromosomes 

can determine the development of either testis or ovaries and induce indirect hormone-mediated 

effects. Thus, it is challenging to detangle the effects of sex chromosomes from that of sex steroids 

in murine models. The development of the FCG mouse model (discussed briefly in chapter 1.2.3.1) 

allow for differentiating between the effects of sex chromosome and sex steroids [97–99].  In this 

model, the mice sex chromosome complement (XX vs. XY) is not linked to the mice’s gonadal 

sex (testes or ovaries) [88, 99]. The SRY gene encoded on the Y chromosome is necessary for the 

testicular gonadal formation, whereas the absence of the SRY gene allow for the development of 

ovaries [88, 97–99]. The deletion and insertion of SRY gene in mice can result in mice with XX 

chromosomes that have testes and mice with XY chromosomes that have ovaries (Figure 17). 

Implementing the 2-week HDM challenge used in this study in the FCG mice will be a powerful 

tool to further delineate whether the sex-related differences in inflammatory profile is driven by 

sex steroids or sex chromosome complement. Particularly utilising omics-based approaches such 

as transcriptomic and proteomics will be able to provide insight into sex-related differences in 

molecular responses following allergen challenge in the FCG mice.  
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Figure 17 

 

 

 

Figure 17: Four core genotypes" (FCG) mouse model. The FCG mouse model distinguishes 

the effects of sex chromosomes from sex hormones. This model provides a comparison of mice 

with sex chromosome complement (XX versus XX) but with contrasting gonadal phenotype 

(ovaries versus testes). The phenotypic results of these mice are dependent on the presence or 

absence of the Sry gene. This figure was created with BioRender.com. 
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7.3 Examine Sex-Related Differences in a Chronic Model of Allergic 

Asthma  

The 2-week HDM-challenge model described in this thesis recapitulates airway inflammation 

preceding lung remodeling. However along with airway inflammation, lung remodeling is a key 

pathophysiology feature of chronic asthma which involve alteration to composition and structure 

of the airway walls contributing to clinical manifestation of chronic asthma  [373, 374]. Repeated 

HDM challenge for 5 weeks (chronic model) induces accumulation of collagen, goblet cell 

hyperplasia and airway thickening and fibrosis along with airway inflammation [291, 375]. Thus, 

in preliminary studies, we utilised the 5-week chronic model of HDM challenge to examine sex-

specific differences in allergen-mediated response. Both female and male BALB/c mice were 

challenged intranasally with 35 μl of HDM extract (0.7 mg/ml in saline), with five daily intranasal 

administrations for 5-weeks (Figure 18). we generated preliminary data that demonstrated a 

significant increase in leukocyte accumulation following repeated HDM challenge for 5 weeks in 

both female and male BALB/c mice (Figure 18). However, there were no statistically significant 

differences in leukocyte accumulation between HDM-challenged female and male mice (Figure 

18). The chronic allergen exposure model can be used to further assess sex disparity in goblet cell 

hyperplasia using periodic acid Schiff (PAS) stain in paraffin-embedded lungs sections and 

collagen deposition in airway tissue using picrosirius red stain. Lung mechanics using a small 

animal ventilator can be used to examine airway hyperresponsiveness in this model. 

Transcriptional and proteomic profiling of BALF and lung tissue samples can be used to 

interrogate sex-specific differences in molecular responses following chronic allergen challenge 

for defining a sex-specific HDM-induced bronchial biosignature. These approaches will be useful 

to identify potential avenues for the identification of novel therapeutic targets and disease 

biomarkers using different allergen challenge protocols that result in distinct immunophenotypes 

in mice. 
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Figure 18 

 

 

 

Figure 18: Leukocyte accumulation in BALF of BALB/c mice. Female and male BALB/c mice 

(n=4 per group) were intranasally challenged by 35 μl of HDM extract (0.7 mg/ml in saline) for 5 

weeks. BALF was collected 24 h after the last HDM challenge. Total cell numbers were counted 

using a hemacytometer. Statistical significance was determined using two-way repeated measures 

analysis of variance (ANOVA) with Tukey’s multiple comparisons test (*p<0.05, **p<0.01, 

ns=non-significant). 
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7.4 Examine Sex-Related Differences in Murine Model of Allergic 

Lung Neutrophilic Inflammation Associated with Severe Asthma 

Neutrophilic inflammation is associated with poor responsiveness to corticosteroid treatment as 

detailed in chapter 1.3.1. Additionally, there is higher prevalence of severe asthma and poor response 

to steroid therapy in adult females. Moreover, we have demonstrated that female BALB/c mice have 

higher levels of leukocyte accumulation and IL-17A levels in both BALF and lung tissue in the 2-week 

HDM model as detailed in chapter 4.1.3. The 2-week HDM murine model used is a predominantly 

eosinophilic inflammation as demonstrated in leukocyte composition analysis of BALF as detailed in 

chapter 4.1.3.2. A recent study by Krishnamoorthy and colleagues established a murine model of 

allergic lung inflammation that has dominant elevation of BALF neutrophils and  IL-17 through 

intranasal administration of LPS and HDM [376].  Thus, utilising this model will be crucial in 

delineating molecular responses and biomarkers associated with severe asthma. Additionally, utilising 

transcriptomic and proteomic approaches to outline a sex-specific biosignature in this model can target 

the unmet need for suitable biomarkers for classifying severe asthma phenotype and predicting 

sensitivity to inhaled corticosteroids. These studies should also include administration of clinically 

used inhaled corticosteroids to examine whether there is a sex difference in response to therapy. 

In summary, we have briefly outlined possible future approaches to examine the impact of 

biological sex in allergen-induced airway inflammation.  we have presented preliminary data 

outlined above, that examine contributing factors particularly sex hormones to sex-related 

differences in airway inflammation. My work in this thesis characterized sex-specific differences 

in two different mouse strains using a murine model of in allergen HDM-induced airway 

inflammation. My research emphasises the urgency in the inclusion of sex-disaggregated data 

analysis in biomedical research and provides key findings that can advance the discovery of sex-

specific disease biomarkers.   
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Supplementary Figures 

Supplementary Figure 1 

 

 

 

Supplementary Figure 1: Cellular composition of BALF in BALB/c and C57BL/6NJ mice. 

(A) BALB/c mice (n=9 each, female and male, per group) and (B) C57BL/6NJ (n=10 each, female 

and male, per group) were challenged (i.n) with 35 μL of 0.7 mg/mL whole HDM protein extract 

in saline, per mouse, for 2 weeks. BALF was collected 24 h after the last HDM challenge, and cell 

differentials assessed with modified Wright-Giemsa stain. Data shown represents mean percentage 

of each cell type, with total leukocytes set to a 100 percent. 
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Supplementary Figure 2 
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Supplementary Figure 2: Leukocyte accumulation in BALF of BALB/c and C57BL/6NJ 

mice. (A) BALB/c mice (n=9 each, female and male, per group) and (B) C57BL/6NJ (n=10 each, 

female and male, per group), were challenged (i.n) with 35 μL of 0.7 mg/mL whole HDM protein 

extract in saline, per mouse, for 2 weeks. BALF was collected 24 h after the last HDM challenge, 

and total cells and cell differentials were assessed in BALF. Two-way repeated measures analysis 

of variance (ANOVA) with Tukey’s multiple comparisons test was used to determining statistical 

significance. 
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Supplementary Figure 3 
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Supplementary Figure 3: Abundance of selected HDM-induced proteins in BALB/c mice 

BALF. Female and male BALB/c mice (N=10 each) were challenged with (i.n.) administration of 

whole HDM extract (0.7 mg/mL) in saline for 2 weeks and BALF was collected 24 h after the last 

HDM administration. BALF samples were probed in western blots to determine the abundance of 

selected protein targets. Relative protein expression levels were quantified by densitometry. 

Protein band intensity were normalized to loading protein (recombinant human granulysin ; 20 ng 

per sample) as a control for protein abundance quantification. Y‐axis represents fold change of 

relative protein abundance of each HDM-challenged mouse compared to mean abundance in naïve 

mice (HDM/naïve). Each dot represents an individual mouse. Mann–Whitney U-test was used to 

assess statistical significance (*p<0.05, **p<0.01, ns=non-significant). A hash (#) denotes a 

significant difference (p<0.05) between HDM-challenged mice versus the naïve group (p < 0.05). 
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Supplementary Figure 4 
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Supplementary Figure 4: Expression of selected allergen-induced proteins in human BALF. 

Female and male adult participants (N=5 each) inhaled nebulized allergen (HDM, birch or Pacific 

grass, participant-adjusted based on wheal to skin-prick) for 2 minutes. BALF collection was 

conducted by bronchoscopy 24 h after allergen exposure. BALF samples were probed in western 

blots to determine the abundance of selected protein targets. Relative protein expression levels 

were quantified by densitometry. Y‐axis represents protein band intensity normalized to loading 

protein (recombinant mouse MCP5; 10 ng per sample) as a control for protein abundance 

quantification. Each dot denotes an individual participant. Mann–Whitney U-test was used to 

assess statistical significance (*p<0.05, **p<0.01, ns=non-significant). 
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Supplementary Tables 

Supplementary Table I. Cell differentials in BALF of HDM-challenged mice compared to 

allergen-naïve (HDM/naïve). 

 

 BALB/c C56BL/6NJ 

Cell 

Differentials 

Female (F) 

HDM/naïve 

Fold Change 

Male (M) 

HDM/naïve 

Fold Change 

p value 

(F vs M) 

Female (F) 

HDM/naïve 

Fold Change 

Male (M) 

HDM/naïve 

Fold Change 

p value 

(F vs 

M) 

Total cells 8.0 3.0 p<0.0001 17.0 19.0 NS 

Eosinophils 472 60 p<0.0001 351 789 p<0.02 

Neutrophils 9418 34 p<0.003 110 165 NS 

Macrophages 3.0 1.0 p<0.0001 3.0 4.0 NS 

Lymphocytes 18121 10028 NS 5331 72 NS 

NS = Non Significant 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                               Dina HD Mostafa 

115 

 

Supplementary Table II: Cytokine abundance in BALF in response to HDM-challenge. 

 

ND=not detected 

 

 

 

Cytokine BALB/c C57BL/6NJ  
Female (F) 

HDM/naïve  

Male (M) 

HDM/naïve  

p-value  

(F vs M) 

Female (F) 

HDM/naïve  

Male (M) 

HDM/naïve  

p-value  

(F vs M) 

IFNγ 8.96 13.17 0.075 26.78 25.40 0.123 

IL-10 23.98 39.33 0.156 32.41 14.01 0.052 

IL-12p70 2.33 1.82 0.145 0.78 0.96 0.090 

IL-1β 65.69 36.09 0.315 32.49 9.69 0.034 

IL-2 22.65 25.18 0.497 16.12 8.93 0.085 

IL-4 560.16 936.61 0.182 218.16 166.81 0.579 

IL-5 104.87 189.12 0.079 19.71 8.40 0.166 

IL-6 16.84 31.35 0.095 41.30 4.48 0.051 

KC/GRO 7.90 5.88 0.549 9.20 4.23 0.029 

TNF 2.20 3.16 0.035 17.94 10.50 0.143 

IL-16 38.60 31.60 0.604 12.11 6.44 0.089 

IL-17A 156.01 8.28 0.005 406.53 262.95 0.841 

IL-17C ND ND ND ND ND ND 

IL-25 ND ND ND ND ND ND 

IL-17F ND ND ND ND ND ND 

IL-21 ND ND ND ND ND ND 

IL-22 ND ND ND ND ND ND 

IL-23 ND ND ND ND ND ND 

IL-31 ND ND ND ND ND ND 

MIP3α 1.47 1.19 0.589 9.74 8.62 0.166 

IL-15 ND ND ND ND ND ND 

IL-17A/F ND ND ND ND ND ND 

IL-30 ND ND ND ND ND ND 

IL-33 3.01 6.76 0.243 1.09 0.45 0.029 

IL-9 ND ND ND ND ND ND 

IP-10 3.91 5.86 0.017 7.59 3.72 0.023 

MCP1 123.08 254.20 0.002 200.05 73.94 0.063 

MIP1 3.30 7.56 0.006 18.01 8.62 0.218 

MIP2 3.58 3.35 0.968 6.73 2.01 0.002 
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Supplementary Table III: Cytokine Abundance in lung tissue lysates in response to HDM- challenge. 

 

Cytokine BALB/c C57BL/6NJ 
 

Female (F) 

HDM/naïve  

Male (M) 

HDM/naïve  

p-value  

(F vs M) 

Female (F) 

HDM/naïve  

Male (M) 

HDM/naïve  

p-value  

(F vs M) 

IFNγ 6.69 6.76 0.905 5.78 7.26 0.579 

IL-10 13.35 15.23 0.968 10.85 6.82 0.123 

IL-12p70 1.00 1.17 0.065 1.65 1.42 0.138 

IL-1β 9.96 9.06 0.720 7.17 3.80 0.123 

IL-2 7.60 11.40 0.315 13.44 28.21 0.684 

IL-4 50.10 61.85 0.549 70.09 55.72 0.393 

IL-5 27.55 34.00 0.278 15.89 11.98 0.529 

IL-6 6.33 5.10 0.842 8.38 3.71 0.166 

KC/GRO 6.71 4.72 0.095 3.66 1.41 0.012 

TNF 2.93 2.46 0.182 6.57 3.64 0.075 

IL-16 2.57 1.93 0.054 2.24 1.92 0.123 

IL-17A 9.09 4.99 0.028 10.20 11.26 0.853 

IL-17C 1.04 1.25 0.211 1.50 1.69 0.631 

IL-25 1.68 2.43 0.028 2.95 2.18 0.166 

IL-17F 0.98 1.51 0.243 1.74 1.73 0.836 

IL-21 3.62 8.41 0.0001 24.46 6.14 0.002 

IL-22 1.45 1.08 0.314 2.86 2.39 0.796 

IL-23 1.26 0.96 0.211 1.73 1.94 0.305 

IL-31 1.64 1.97 0.549 3.25 2.53 0.075 

MIP3α 5.95 2.77 0.002 31.76 27.28 0.579 

IL-15 5.23 1.13 0.106 7.45 4.20 0.424 

IL-17A/F 1.86 1.09 0.243 4.42 2.57 0.578 

IL-30 3.33 1.96 0.004 3.18 2.31 0.143 

IL-33 4.86 6.14 0.211 3.39 3.15 0.796 

IL-9 0.92 0.65 0.014 1.29 4.68 0.002 

IP-10 5.22 4.08 0.400 4.94 3.90 0.248 

MCP1 3.11 2.99 0.780 2.57 1.51 0.052 

MIP1a 4.02 3.97 0.905 4.53 4.17 0.631 

MIP2 5.99 4.98 0.447 4.77 1.88 0.003 
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