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ABSTRACT 
 
 
 

ACUTE AND REPETITIVE INHALATIONAL ORGANIC DUST EXPOSURE MODULATES 

IMMUNE RESPONSE MITIGATION BY OMEGA-3 FATTY ACIDS AND 

SUSCEPTIBILITY TO SECONDARY RESPIRATORY BACTERIAL INFECTION 

 

Inhalational organic dust exposure (ODE), both acute and repetitive, is inflammatory and highly 

neutrophilic. Prolonged ODE is clinically linked to an increased risk of asthma and COPD 

development, to both workers in the livestock and agricultural industries, as well as individuals 

who live in proximity to such operations. As such, a greater understanding of the immune 

response to ODE, increased focus on therapeutic strategies, and understanding of translational 

insights into comorbid infections is necessary. This work provides key insights into a pivotal 

process implicated in furthering inflammation, neutrophil extracellular trap (NET) formation in 

acute dust exposure. Furthermore, insights into the chronic inflammatory environment crafted by 

repetitive ODE are investigated and compared to a mouse model of balanced omega-3 fatty 

acids, key resolution promoting parent molecules. Finally, this work utilizes a mouse model of 

repetitive ODE to investigate if the inflammatory environment promotes susceptibility to the 

common respiratory bacterium, Streptococcus pneumoniae. Collectively, this work provides key 

insights into immune cell population alterations in murine models of acute and repetitive ODE. I 

demonstrate that NET formation is increased in acute ODE in a subset of mature and lung-

resident neutrophil populations, that repetitive ODE in a mouse model of balanced omega-3 fatty 

acids preferentially recruits monocyte populations in a sex dependent manner to the airway and 
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lung tissue, and that repetitive ODE is protective against secondary S. pneumoniae infection and 

mortality through the induction of effector and highly cytotoxic lymphocyte populations.
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Chapter 1 
 

The Respiratory System 

Physiology & Function 

By surface area, the respiratory tract of the human body makes up the largest surface area of the 

human body exposed to the environment, the lungs alone spreading an impressive 70 m2 (1). 

Comprised of an upper and lower respiratory tract (Figure 1.1A), this system is the primary 

means of gas exchange required for normal cellular respiration, as well the means of entrance for 

a host of microbial, organic, inorganic, and gaseous insults. These insults must survive, evade, 

and penetrate this complex passageway to cause damage, the defenders of which are numerous 

and relentless (Figure 1.1B).  
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Figure 1.1 The human respiratory tract is broken up into upper and lower portions (A). The 
lower respiratory tract houses the alveoli, responsible for gas exchange. At homeostasis, the 
alveolar space remains relatively clear of immune cells, the inverse of when an inflammatory 
insult occurs (B).   
 

Defense 

Within the upper respiratory tract, defense mechanisms rely on the combination of innate, 

epithelial, and adaptive responses (2,3). The innate and epithelial arm of defense relies on 

ciliated epithelial cell, basal cells, club cells, and mucus secreting goblet cells for defense 

mechanisms (4). Nasal-associated lymphoid tissue (NALT) and induced bronchus-associated 

lymphoid tissue (iBALT) are specialized structures found in the upper and lower respiratory 

tract, respectively, that represent the adaptive arm of defense (5,6). Mucin produced by goblet 

and club cells, such as MUC5AC and MUC5B are one of the primary defense mechanisms found 

on upper airway epithelial cells, and in conjunction with antimicrobial peptides (AMP) and 

secretory IgA (sIgA), block or impair microbial adherence and virulence factors (7,8). Upon 

sensing of damage associate patterns (DAMPS) via toll like receptors (TLR) or cytokine 

receptors, airway epithelial cells increase AMP production and release IL-1b and TNF, attracting 

canonical immune cells to the site (9). Intriguingly, airway epithelial cells have been 

demonstrated to perform phagocytic functions, suggesting alternative forms of defense are likely 

present, yet undefined, in our airway’s most common cell type (10). 

 

Within the lower respiratory tract, goblet cell proportions decrease, and alveolar type 1 (AT1) 

and alveolar type 2 (AT2) cells are found. AT1 cells are primarily responsible for structural 

maintenance and gas exchange, while AT2 cells secrete pulmonary surfactants that reduce 

surface tension and serve as progenitor cells during repair and resolution processes (11,12).  



 

 3 

At homeostasis, alveolar macrophages (Aj) survey the alveolar compartments at a ratio of 1 

Aj:3 alveoli, maintaining themselves via self-replenishment or monocyte recruitment and 

differentiation (13,14). This homeostatic environment maintained via Aj- mediated clearance of 

debris and apoptotic cells is due to release of IL-10, membrane-tethered TGF-b, and CD200 

signaling from airway epithelial cells to Aj (15). During an acute insult, such as microbial 

infection or toxic inhalation, the full weight of the immune system is brought to bear against the 

invasion, mediated by primary cytokine release. These cytokines, including IL-1a, IL-b, IFN-a, 

IFN-b, IFN-l, IL-8, IL-23, IL-33, TNF, all play crucial roles in the initial alert and recruitment 

of immune cell types in an invader-specific manner (16). Within hours, the first cells to arrive are 

neutrophils, the body’s most common leukocyte. Migrating to the area of inflammation via 

chemotactic gradients formed by CXCL8 (IL-8 in humans) and homing to the lung via CXCL12, 

these jacks-of-all-trades immune cell make up the first wave of most immune response-

generating stimuli. Effector functions such as phagocytosis, reactive oxygen species (ROS) 

production, degranulation, cytokine/chemokine release, and neutrophil extracellular trap (NET) 

formation all play essential roles in neutrophil’s ability to respond to inflammatory stimuli (17). 

These NETS can occur in both lytic and non-lytic forms, varied by the stimuli required for 

induction (Figure 1.2). Neutrophil and alveolar macrophage synergy facilitates further 

recruitment of lymphocytes, T cells and B cells, should an inflammatory insult not resolve within 

1-5 days of initial onset (18). The movement and effector functions of many of these recruited 

cells are mediated via release of second-order cytokines such as IFN-g, IL-4, IL-5, IL-9, IL-10, 

IL-13, IL-17, IL-22, TGF-b, and amphiregulin (19). These cytokines alter the “flavor” and bias 

of the immune response, skewing towards Th1- or Th2-based phenotypes (20) .  
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Figure 1.2. Neutrophil extracellular trap (NET) formation is differentially induced by varied 
stimuli and conditions. Lytic NETosis results in NET formation and a non-viable neutrophil. 
Non-lytic (vital) NETosis results in NET formation and viable cytoplast generation.  
  

The resolution of inflammation begins with neutrophil apoptosis and phagocyte 

(macrophage/monocyte) clearance of debris. NK cells aid in this process, triggering cellular 

death of recruited lymphocytes (21). Neutrophils cease the production of potent inflammatory 

molecules, such as leukotriene B4 (LTB4), and convert to release of bioactive lipid molecules 

that decrease neutrophil recruitment, increase epithelial barrier integrity, and activate 

downstream phagocytic and apoptotic functions in macrophages and neutrophils (22). 

Efferocytosis of interstitial macrophages, recruited monocytes, dendritic cells, and alveolar 

macrophages are responsible for the bulk of phagocytosis-based cleanup of damage and cellular 

debris (23). Non-professional phagocytes, such as type-2 alveolar (MLE-12) and bronchial 

(BEAS-2B) epithelial cells have also been demonstrated to play phagocytic roles during this 

resolution response (10,24). Neutralization of released neutrophil elastase (NE) and sequestration 

of TGF-b aid in the regulation of epithelial barrier repair and replacement of damaged cells 
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through transit across the basement membrane (25). Re-formation of extracellular matrix spaces 

occurs primarily through fibroblast and myofibroblast recruitment, activation, and release of 

proteinaceous extracellular matrix production (26,27). The goal of inflammatory resolution 

within the lung is to re-establish respiratory gas exchange, epithelial barrier integrity, and return 

to homeostatic conditions, on the cellular and molecular level, until the next insult arises.  

 

Disease 

Despite extensive defense mechanisms, respiratory disease accounts for the third-leading cause 

of death globally, with the primary contributor to mortality being that of chronic obstructive 

pulmonary disease (COPD) (28). Smoking, past or present, remains the leading cause of COPD 

development and mechanistic understandings of this phenomenon are well described (29–33), 

but additional risk factors such as alpha-1 antitrypsin disorder or repeated microbial infections 

have been linked to COPD development (Figure 1.3) (29–33). Despite this knowledge, treatment 

strategies are only able to slow COPD progression, rather than reverse damage (34). The 

hallmark of COPD is a loss of lung function, characterized histologically by a loss of alveolar 

structures and space and reduction in bronchiole branching (35). Clinically, this disease presents 

with progressive dyspnea, enhanced with physical activity-based exertions (36). Subclinical 

detection of COPD development remains challenging, and it has been demonstrated that over 

80% of small airways must be occluded for a noticeable impairment of breathing to occur, 

making early detection improbable (37).  
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Figure 1.3. Genetic, exposure, and infection status all predispose an individual to COPD 
development. These same pre-disposing factors also serve as risk factors that exacerbate and 
worsen COPD disease once developed.   
 

In terms of immunopathology, COPD is the result of a dysregulated inflammation-resolution 

loop, leading to over-remodeling and a chronically inflamed phenotype. Alveolar macrophage 

populations have been found increased, correlating with increased GOLD scores. Interestingly, 

these macrophages do not demonstrate a particular phenotypic skewing (e.g. M1 vs M2) (38). 

Moderate and prolonged neutrophilia is classically seen in sputum and bronchoalveolar lavage 

fluid (BALF) samples obtained from patients diagnosed with COPD (39). Intriguingly, increased 

levels of myeloperoxidase and MIP-1a, a neutrophil chemotactic agent, is consistently 

demonstrated, suggesting a role for continued release of inflammatory-stimulating proteins as a 
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potential mechanism for the inflammatory environment characteristic of COPD (40). Increased 

populations of lymphocytes (CD4+/CD8+ T cells, and B cells), the formation of lymphoid 

aggregations, and increase presence of neutrophils and macrophages have been demonstrated to 

correlate with increased COPD severity (41). IL-17 and IL-22 levels increase according to 

COPD status, with the intriguing finding that the cellular source of these cytokines appears to be 

endothelial in nature, not lymphocyte produced (42). Intriguingly, B cell aggregations in 

structures resembling iBALT suggest a role for activated, but polyclonal, B cell populations 

maintained via the inflammatory environment (43–45). Traditionally, a minor role for 

eosinophils and mast cells has been described in COPD, but increasing evidence suggests a 

potentially unexplored role for these canonically allergen-induced cells in COPD 

immunopathology (46–48).  

 

As it stands, the primary focus of therapeutic strategies has centered on reducing the mechanical 

consequence of COPD: bronchoconstriction. Short-acting bronchodilators and inhaled 

muscarinic antagonists synergistically relieve constriction of airways, while the addition of an 

inhaled corticosteroid for eosinophilic-heavy COPD is included in a patient-depended manner 

(49). Behavioral interventions such as smoking cessation or respiratory therapy, or prolonged 

supplemental oxygen are alternative non-pharmacologic strategies in response to increased 

COPD severity (50). Currently, a defined mechanism to prevent COPD development remains 

elusive, hindering strategies that mitigate the inflammatory cause that leads to COPD 

development.  

 

Secondary Infection and COPD 
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COPD pre-disposes patients to an increased risk of infection with viral and bacterial invaders 

(51). Current understanding of pathology implicates the chronic inflammatory environment and 

dysregulated immune responses as a primary factor responsible for infection susceptibility (52) . 

Common respiratory infections that would normally be cleared in a few days, such as RSV, 

SARS-CoV-2, influenza A virus (IAV), and Streptococcus pneumoniae (S. pneumoniae) all 

become problematic and exacerbate COPD symptomologies, requiring hospitalization and 

supportive care in severe cases (53). Within the clinical setting, S. pneumoniae accounts for 60% 

of these hospitalizations due to exacerbation of COPD symptoms, making this bacterium one of 

great concern to patients managing their diagnosis (54–56).   

 

Streptococcus pneumoniae is a Gram-positive, facultative anaerobe, a-hemolytic bacteria 

commonly found in the human upper respiratory tract (57). Sequencing efforts of S. pneumonia’s 

2 Mb genome have provided invaluable insight into the encoded proteins necessary for success 

as a pathogen and revealed that approximately 75% of the genome is conserved across all 

clinically known isolates (58). The capsular polysaccharide (CPS) is the primary delineating 

structure utilized to differentiate subtypes, and each CPS type is associated with differential 

phenotypic and disease-specific responses (59–62). Asymptomatic carriage of S. pneumoniae is 

quite common in children under the age of 5 years old, with rates as high as 90% (63). An altered 

immune state, such as immunocompromised status, increased age, or comorbid conditions such 

as diabetes, heart, or lung disease all predispose individuals to infection (64). In addition, severe 

viral infections, primarily with IAV, enhances S. pneumoniae infection, the role for which has 

been defined as disruption of mucociliary clearance, suppression of IFN-g, and promotion of an 

altered immunologic state (65–67).  
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Defense against S. pneumoniae requires antigen-specific IL-17+ CD4+ T cells, with the induction 

of IL-17 promoting a strong neutrophilic response necessary for infection clearance (68). 

Intriguingly, in a clinical trial of human infection, a previously undefined role for CD8+ T cells, 

specifically mucosal associated invariant (MAIT) CD8+ T cells in reducing S. pneumoniae 

infection and carriage has been demonstrated (69). Initial defense systems against S. pneumoniae 

in the lower respiratory tract require alveolar macrophages phagocytosis and direct cytotoxicity 

(70–72). Clearance of apoptotic alveolar macrophages and replenishment of macrophage 

populations by recruited CCR2+ monocytes is required for S. pneumoniae clearance (73). IL-10 

has been found to play an instrumental role in dampening over-exuberant responses to S. 

pneumoniae infection, and cellular sources like NK cells remain under active investigation 

(74,75). An antibody-mediated role for protection is well described, but other soluble mediators, 

such as complement are equally important in pneumococcal defense, with waning 

immunoglobulin levels a hallmark of older adults who develop pneumococcal disease (76–78) 

 

Vaccination and Therapeutics for S. pneumoniae 

A vaccine against common disease-causing S. pneumonia strains was developed in the 1980’s, 

but lack of inducible and lasting T cell immunity prompted reformulation that included an 

inactivated diphtheria toxin conjugate to enhance long-term efficacy (79). Two vaccines are 

currently in use clinically, a protein conjugate and CPS based vaccine, formulated against 23 

serotypes (80). These vaccines are recommended for those under the age of 5 and over the age of 

50 to reduce chance of pneumococcal-associated mortality (81). CPS-based vaccines have 

reduced efficacy against non-formulation targets, necessitating alternative vaccination strategies 
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(82). Protein- and whole cell-based formulations are serotype-independent and avoid cost and 

batch effects associated with the currently approved regimen (83). Collectively, the current 

approved vaccine regimens for S. pneumoniae infection are efficacious but can be improved to 

target non-vaccine strains as they arise and to approve effectiveness and safety in 

immunocompromised individuals (84).  

 

Particulate Matter Exposure 

A rising number of cases of COPD have a more insidious origin; environmental particulate 

matter exposure (85–87). Particulate matter (PM) is composed of coarse (10 um to 2.5 um), fine 

(2.5 um-1 um), and ultrafine (<1 um) particulates which differ by deposition pattern throughout 

the respiratory system (88). Coarse deposition is primarily in upper bronchi, fine PM makes its 

way to the alveolar space, and ultrafine is known to cross the epithelial barrier within the 

alveolar space and make its way systemically through the blood stream (89). Given the variety of 

PM exposures, ranging from organics such as pollen, mold spores, and dusts, to inorganic 

combusted particles, metals, or dusts, the immune response and reaction to sustained exposure 

varies (90). Furthermore, PM exposures naturally occur in a variety of occupations ranging from 

construction and dentistry to agriculture or metalworking (91). The Environmental Protection 

Agency (EPA) has set guidelines for PM exposure a limit of 12 μg/m3 of annual average PM2.5, 

and 35 μg/m3 daily, however studies have demonstrated increases in morbidity and mortality at 

even these “acceptable” levels of PM exposure (92,93).  

 

Organic Dust Exposure 
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Organic dust exposure (ODE) is a type of PM exposure impacting laborers on livestock or 

agricultural operations but with secondary impacts on communities and residential areas near or 

around such facilities (94–97). The organic dust itself is composed of multiple components of 

viral, bacterial, and fungal origin, in concert with trace metals and minerals, as well as soil 

elements (98–100). Clinical findings of increased respiratory disease incidence associated with 

agriculture work and the formal definition of organic dust toxic syndrome (ODTS) in the late 

80’s/early 90’s kickstarted investigation into the cellular mechanisms responsible for disease 

development (101–103). Later work has demonstrated that prolonged ODE is a contributor to 

chronic respiratory disease, ultimately ending in the development of COPD, oftentimes earlier in 

life and with greater severity than non-agricultural worker counterparts (104–109).  

 

Immunologically, the response to ODE has been studied in acute (single exposure followed by 

sample collection 5 hours post instillation), repetitive (1-3 weeks), or chronic (3+ months) 

timepoints in vitro and in vivo through murine models.  

 

In vitro- Acute Exposure 

Regarding epithelial cell responses to ODE, initial in vitro studies using BEAS-2B human airway 

epithelial cells revealed that ODE stimulated potent release of IL-8, IL-6, and via the protein 

kinase C (PKC) activation, with further studies demonstrating increased ICAM-1 expression, 

necessary for extravasation of recruited immune cells (110,111). Ciliary beating, crucial to 

mucociliary clearance, was also found decreased following exposure to DE, as well as migratory 

behavior as assessed via scratch assays (112,113). Similar exposures on lung-resident 

mesenchymal stem cells revealed similar release of pro-inflammatory cytokines (IL-6, TNF, IL-
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8), matrix metalloproteinase 2 (MMP-2) and MMP-9 and wound healing mediators fibroblast 

growth factor 10 (FGF-10), amphiregulin, and resolvin-D1 (114). Exposure of primary murine 

and human fibroblasts to DE stimulates release of pro-inflammatory cytokines (IL-6, CXCL1, 

and IL-8) and decreases release of pro-resolution mediators amphiregulin (115). Collectively, 

these data suggest a role for the airway epithelium and fibroblasts in the production of pro-

inflammatory mediators during ODE, while also demonstrating an impairment of homeostatic 

functions pivotal to airway maintenance and repair processes.  

 

Recruited phagocytic immune cells have also been found to reduce their functionality and 

behavior in response to DE. A single treatment of DE in the human monocytic cell line THP-1 

demonstrated a DE-induced increase in TNF, IL-8, IL-6, and IL-10, while re-stimulation with 

dust extract (DE) found increases only in IL-8 and IL-10 (116). In the murine monocyte cell line 

RAW 264.7, stimulation with DE resulted in increased release of CCL9, the production of which 

was readily decreased in knockdown of PKC-d via siRNA targeting (117). Intriguingly, boiling 

of DE to inactive heat-labile components was effective in reducing the induced CCL-9 

production, however this same approach was not efficient in reducing THP-1 cells’ secretion of 

IL-6, TNF, IL-8, and IL-10 (116,117). DE has also been demonstrated to decrease monocyte-

derived dendritic cell phenotype and function, with decreased differentiation into dendritic cells 

observed in monocytes after DE, as well as a lack of maturation, phagocytosis, and T-cell 

stimulation capability (118). Collectively, in vitro data suggest that ODE enhances pro-

inflammatory cytokine release and decreases overall functionality of phagocytic and antigen 

presenting cells.  
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In vivo Model Development  

In vivo exposure to DE has primarily relied on the inbred C57BL/6 mouse, naturally skewing the 

response towards a Th1-biased immune response, consistent with findings of the Th1/Th17 

biased response to ODE (119). A relevant model of exposures of organic dusts at levels found in 

environmental levels has been trialed with the hanging of murine cages in swine confinement 

facilities (120,121). Unfortunately, these investigations only minimally replicated the airway 

hyperresponsiveness seen in humans but demonstrated low levels of inflammatory cytokines and 

immune cells found in clinical lavage, even after a month of exposure. As a result, a laboratory 

reproducible method that recapitulates the immune response was developed via intranasal 

instillations of DE (122).   

 

In vivo- Acute Exposure 

An acute exposure to 12.5% DE demonstrates airway hyperresponsiveness, increased alveolar 

cellularity, and a significant increase in immune cells (neutrophils, macrophages, and 

lymphocytes) (122,123). Increased neutrophil extracellular trap formation from neutrophils was 

also observed (123). Soluble mediators observed in vitro (TNF and IL-6) were confirmed in vivo, 

with additional findings of increased levels of KC, MIP-2, CXCL1, CXCL2, Amphiregulin, and 

MPO in bronchoalveolar lavage fluid (BALF) post ODE (122,123).  

 

In vivo- Repetitive Exposure 

Repetitive installations within in vivo models have advanced our understanding of the molecular 

and cellular processes the contribute to the chronic inflammatory environment necessary for 

COPD development in human subjects (96,124). Initial studies utilizing the repetitive form of 
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ODE focused on 1- and 2-week timepoints, and demonstrated a significant increase in 

neutrophils, macrophages, and lymphocytes via cytocentrifugation, as well as the development of 

induced iBALT (122). KC, TNF, IL-6, and MIP-2 all remain elevated at this timepoint compared 

to control animals (122). Induction of neutrophil and macrophage recruitment to the airway in a 

3-week ODE model (the current standard after 2012) revealed profound increases in macrophage 

populations, with increases in co-stimulatory molecule (CD80 and CD86), but not MHC-2, 

expression (125). Intriguingly, reduction of macrophage populations via clodronate liposomes 

resulted in a subsequent preferential recruitment of neutrophils, as well as increased 

histopathologic scores, demonstrating a protective role for macrophages in ODE response (125). 

At 3 weeks of ODE, CD4+ T cells, especially those that secrete IL-17, accumulate and knockout 

of abTCR CD4+ cells drastically reduces iBALT development and cellular recruitment within 

alveolar spaces (119). Furthermore, reduction of B cells via BCR-/- mice in response to repetitive 

ODE revealed reduced levels of TNF, CXCL1, CXCL2, and IL-6 (126). A reduction in 

interstitial macrophages within the lung tissue and increase in memory B cells both in BALF and 

lung tissue was reported, coinciding with elevated IgG and IgE levels observed in serum (126). 

Complete loss of iBALT structure was noted, as well as a decrease in bronchiole inflammation, 

likely suggesting a B cell/iBALT role in cellular recruitment near airways (126).  

 

Investigation into the recovery phases following repetitive (3-weeks) of ODE reveals significant 

reduction of airway neutrophils by 1 week, airway lymphocytes by 2 weeks, and a maintenance 

of macrophage populations by 4 weeks (127). Within the lung tissue, neutrophils and exudative 

macrophages remained elevated until week 3 and week 2, respectively, while CD4+ and CD8+ T 

cells remained elevated until 3 weeks of recovery (127). At 1 week recovery in a knockout of 
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scavenger receptor A (CD204), an increase in neutrophils, CD4+, and CD8+ T cells was 

characteristic at the recovery timepoint compared to WT, suggesting a necessity for CD204 in 

sensing and modulation of initial and recovery processes to repetitive ODE (128). In an 8-day 

repetitive ODE scheme, 3 days of intranasal IL-10 at 10 ng/ml was sufficient to reduce 

neutrophils in BALF, as well as decrease iBALT formation (129). For both previous studies, 

only male mice were utilized, potentially in acknowledgement of typical demographic makeups 

of swine farm workers (130). Collectively, recovery studies on ODE suggest prolonged alteration 

(up to a month or more) of recruited immune cell population, specifically in the lung tissue, 

necessitating a greater understanding of how homeostatic return can be optimized.  

 

 

Omega-3 Fatty Acids: Health and Disease 

Omega-3 fatty acids (n-3 FA) are polyunsaturated fatty acids (PUFAs) essential to cellular and 

organismal health (131). Primarily obtained through dietary consumption, foods high in n-3 FA 

like fatty fish and flax seeds are recommended, but not normally consumed in the common 

western diet (132,133). Supplementation of n-3 FA in the form of capsules utilizing fish or algal 

sources has become a method of obtaining recommended levels not available through diet 

(134,135). The growing body of research identifying the health benefits of n-3 FA focus on 

alpha-linoleic, docosahexaenoic, and eicosapentaenoic acids (ALA, DHA, EPA, respectively) 

(136). Dietary consumption is necessary for obtaining n-3 FAs as the human body does not 

possess cellular machinery necessary to synthesize fatty acids longer than 9 carbons, which grant 

ALA, DHA, and EPA their status as both an essential and long-chain fatty acid (137,138). N-3 

FA bioaccumulate and are absorbed with 95% efficiency, initially distributing to the human body 
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via the lymphatic system and secondarily into primary circulation (139–141). Multiple uses for 

n-3 FAs have been described; functional in the formation and integrity of cell membranes, use in 

metabolism as free fatty acids, and as the basis for signaling molecules, termed eicosanoids 

(docosanoids for those derived from DHA), that are primary mediators of initial inflammatory 

signaling (leukotrienes and prostaglandins, specifically) (142–144) (Figure 1.4). De novo 

synthesis of n-3 and n-6 PUFAs is hampered by a lack of mammalian D-12 and D-15 fatty acid 

desaturase, requiring dietary intake for maintaining healthy levels of these essential fatty acids 

(145). Specifically, an n-6:n-3 FA ratio of 1:1 is ideal, which stands in stark comparison to the 

common western diet which is typically comprised of a ratio nearing 20:1 (146). This ratio 

imbalance is increasingly appreciated as problematic due to the innate competition of n-6 and n-3 

PUFAs to their downstream metabolites via the same enzymes (112) (111). As such, imbalances 

of parent molecules to lead to bottlenecking and imbalanced downstream metabolite production 

(147–150).  

 

Figure 1.4.  Select lipid mediators derived from arachidonic, eicosapentaenoic, and 
docosahexaenoic acid. Enzymes required for conversion or labeled next to appropriate reaction 
arrows. Adapted from Serhan and Petasis, 2011. 
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Known clinical conditions of n-3 FA deficits have been demonstrated in the form of 

neurodevelopmental deficits and/or visible dermatologic conditions; rough and/or scaly skin, and 

dermatitis(151,152). Unfortunately, research to date, although establishing that decreases are 

associated with diminished health, has failed to establish wherein deficits create clinically 

relevant and diagnosable presentations (153). Research on the benefits of n-3 FA have centered 

on DHA and EPA, and demonstrate benefits in cardiovascular, neurologic, ocular, mental, and 

developmental health (154–162). Results suggest that a diet with balanced levels of n-3FAs 

contributes to better health outcomes (i.e. less progressive disease, decreased incidence of 

disease) (163). Establishing causality for n-3 FA levels remains a challenge, so no official 

guidelines for n-3 FA levels have been established (164).  

 

 

Specialized Pro-resolving Lipid Mediators 

Specialized Pro-resolving lipid Mediators (SPM) are a group of fatty acid-derived molecules 

initially discovered in inflammatory exudates (pus) with potent immunomodulatory activities 

(165,166). The parent molecules of SPM, n-6 and n-3 PUFAs are converted to SPM via 

cytochrome p450 (cyp450), cyclooxygenase 2 (COX-2), arachidonate 2-lipoxygenase (ALOX-

2), ALOX-12, and ALOX-15 enzymes (167–169) from parent molecules arachidonic acid (AA), 

DHA, and EPA (170). The downstream metabolite of AA, lipoxins, have been described in two 

forms, LXA4 and LXB4. DHA is metabolized into the six D-series resolvins (RvD1-RvD6), 

protectins (PD1), and maresins (MaR1). EPA is metabolized into four E-series resolvins, RvE1-

RvE4 (171). SPM are produced by immune cells, epithelial cells, platelets, or in some cases, a 

combination of two types of cells, such as that performed in lipoxin synthesis with neutrophils 
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and platelets (172–174). SPM exert their actions through agonism of their cognate g-protein 

coupled receptors (Table 1.1) (175–178).  

 

Table 1.1. Example SPM and identified cognate receptors, if present.  

SPM Receptor 

LXA4 ALX/FPR2 

LXB4 *Not Identified 

RvD1 ALX/FPR2, GPR32/DRV1, GPR101 

RvD2 GPR18/DRV2, GPR101 

RvD3 ALX/FPR2, GPR32/DRV1, GPR101 

RvD4 ALX/FPR2, GPR101 

RvD5 GPR32/DRV1, GPR101 

RvD6 GPR101 

RvE1 LTB4R/BLT1, CMKLR1/ChemR23/ERV1 

RvE2 LTB4, BLT1 

RvE3 *Not Identified 

RvE4 *Not Identified 

PD1 GPR37 

MaR1 LGR6 

 

SPM and Innate Immunity 

SPM have shown diverse impacts on a variety of immune and non-immune cells (179–183). 

LXA4 has been shown to increase epithelial and endothelial cell proliferation after injury, inhibit 

IL-6 and IL-8 release, and reduce the production of ROS in response to damage (184–186). 

RvD2 has been shown to reduce neutrophil migration through the production of endothelial cell 

nitric oxide, decreasing extravasation and septic inflammation (187). RvD3 has shown potent 
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activity in restoring epithelial barrier integrity in a model of acute lung injury (ALI) caused by 

hydrochloric acid exposure (188).  

 

The impact of SPM on neutrophil phenotype and effector function has been extensively studied, 

as this cell type was key to SPM discovery. LXA4 alone has been demonstrated to reduce 

neutrophil chemotaxis, neutrophil-epithelial interactions and extravasation, and decreased 

superoxide production (189–194). Intriguingly, LXB4-treated neutrophils exhibit the same 

effector function and phenotype, despite a lack of an identifiable receptor (189,191,193). Other 

SPM have similar effects on neutrophil behavior, but additional impacts such as upregulation of 

CCR5, and reduction of IFN-g and TNF have also been reported (195,196). Compared to 

neutrophils, monocytes are inversely impacted by treatment with LXA4 and LXB4, 

demonstrating increased migration and cellular adhesion following treatment (197). 

Macrophages treated with LXA4 exhibit increased phagocytosis of apoptotic neutrophils, while 

RvD1, RvD2, MaR1, PD1 and RvE1 similarly increase phagocytosis of allergens, bacteria, and 

apoptotic cells (198–202). Induction of an M2 phenotype in macrophages is possible with 

treatment of RvE1 and RvD1 (187,203).  

 

NK cells and ILC2 treated with SPM demonstrate decreases in cytotoxicity/inducing apoptosis 

and reduced levels of IL-13, but increased levels of amphiregulin release, respectively (204–

207). Treatment of dendritic cells with RvD1 decreases MHC-2 expression (208). After 

treatment with LXB4, mast cells reduce their granulation capacity, while treatment of 

eosinophils with LXA4 or LXB4 decreases chemotaxis (209–212). Collectively, SPM enhance 
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phagocytic capacities, decrease granule release, and decrease recruitment of innate granulocytes 

and phagocytes, all supporters of the resolution response.  

 

SPM in Adaptive Immunity 

As SPM’s primary roles involved increasing the pace at which resolution occurs, it is no surprise 

that adaptive immune cells respond to SPM treatment by changing their effector functions. 

Inhibition of 5-ALOX and 12/15-ALOX profoundly reduces the pro and pre-B cell development 

in the bone marrow, ultimately reducing peripheral B cell populations (213). Induction of B cell 

migration via LXA4 protected mice from sepsis via B-cell produced GM-CSF and subsequent 

macrophage population enhancement (214). Via upregulation of COX-2, LXB4 enhanced IgG 

production from B cells, as well as promoted B cells to differentiate into memory B cells 

(215,216). Reduction of IgE production in B cells has been noted in B cells treated with SPM 

(217). These impacts seem primarily context dependent but skewed towards mitigation of 

immune responses through suppression of non-specific immunoglobulins and increases in 

specificity of known encountered antigens through IgGs.  

 

T lymphocytes are similarly impacted by SPM, and deletion of ALOX-15 in T regulatory cells 

results in impaired functionality, a phenotype rescuable by exogenous RvD3 treatment (218). 

Using purified T cells from mice with DHA-supplemented diets, it was demonstrated the T cells 

increased their proliferation and decreased their production of Th2 cytokines such as IL-2 and 

IL-4 (219). Upregulation in CCR5, a key receptor for targeted apoptosis, is found following 

treatment of T cells with LXA4 or RvD1 (220). In a model of acute lung injury, treatment with 
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MaR1 reduced inflammation via increased Treg production through the FoxP3 transcription 

factor (221).  

 

SPM in Organic Dust Exposure 

Within the acute and chronic inflammatory environment created by ODE, a particular interest in 

the use n-3 fatty acids and SPM has arisen to reduce ODE-induced inflammatory profiles (222). 

DHA treatment given before ODE was found to reduce inflammatory cytokine production in 

vitro and in vivo and reduce recruited neutrophils within BALF (223). Similarly, pretreatment of 

mice with DHA metabolite MaR1 before a single or repetitive (15) dose(ing) of ODE 

significantly reduced neutrophil infiltration as well as levels of CXCL1, IL-6, and TNF, without 

altering histopathologic features of ODE (224). In vitro, DHA treatment post ODE enhances 

epithelial growth and recovery via amphiregulin induction (225). Dietary interventions that 

incorporate optimal DHA levels in a mouse model of ODE led to increased recruitment of 

macrophages and enhanced levels of BALF MCP-1 (123). DHA diet in a separate investigation 

reduced cellularity and pro-inflammatory cytokine release by 1 week of recovery (226). The use 

of transgenic mice (Fat-1) that contain a desaturase enzyme to modulate a balanced n-6:n-3 FA 

ratio in ODE demonstrated a sex-dependent reduction in iBALT formation (227–229). 

Collectively, n-3 balance or supplementation, via dietary or genetic means, alters the 

inflammatory profile induced by ODE.  

 

Study Rationale and Aims 

The immune response to inhaled PM, such as ODE, presents a unique immunopathologic 

paradigm that necessitates a greater understanding of the immune cell players responsible for 
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acute and repetitive exposure response. Given the demonstrated neutrophilic response, a deeper 

understanding of the phenotype and functionality (ie NET formation) of these neutrophils is 

warranted. Furthermore, the efficacy of n-3 FA and their down-stream metabolites at modulating 

immune response present a unique opportunity for therapeutic intervention, however a deeper 

understanding of the cell populations altered by n-6:n-3 FA balance precludes such 

investigations. Furthermore, in what manner the inflammatory environment of ODE alters 

susceptibility to common pathogens, such as Streptococcus pneumoniae remain un-investigated. 

We have developed 3 aims to investigate these processes.  

 

Specific Aim 1: Develop a flow cytometry method for NET-forming neutrophil identification 

and tracking following acute dust exposure. Hypothesis: Acute dust exposure will increase 

neutrophil and NET-forming neutrophil populations.  

 

Specific Aim 2: Deeply phenotype the response and resolution promoted by increased n-3 fatty 

acids following repetitive ODE. Hypothesis: N-3 fatty acid balanced mice will recruit immune 

cells that are skewed towards resolution, and lead to swifter reduction of inflammatory cells and 

tissue pathology.  

 

Specific Aim 3: Determine the immune response induced by repetitive ODE followed by 

infection with Streptococcus pneumoniae. Hypothesis: Repetitive ODE will predispose mice to a 

greater infectious burden and mortality rate with infection of S. pneumoniae.  
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These described aims will enhance understanding of the impact of acute ODE on neutrophil 

phenotype and NET formation, additionally providing an improved flow cytometry method for 

analyzing NET formation. In advancing the field of immunopathologic understanding of 

repetitive ODE, our investigation will reveal key innate immune cell populations differentially 

present at homeostasis and recruited and in response to balanced n-3 FA levels. Furthermore, our 

investigations will provide insight into how the inflammatory environment of repetitive ODE 

alters susceptibility to a secondary respiratory infection with S. pneumoniae. Collectively, these 

investigations will enhance our understanding of the immune cell landscape governing response 

to acute and repetitive ODE, providing invaluable insight into how these players are secondarily 

altered via n-3 FA or secondary infection.  
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Spectral Flow Cytometry Method for Immunophenotyping Neutrophil Activation and 

NET-forming Capabilities in an Acute Dust Exposure Model1 
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Summary 

Although the contributions of neutrophils and neutrophil extracellular trap (NET) in chronic 

respiratory diseases associated with environmental dust inhalation has advanced, changes in 

neutrophil populations and their response following acute dust inhalation are relatively limited. 

Our understanding of neutrophil response during acute lung injury relies on blood and lung 

samples, which limit investigations on neutrophil dynamics such as neutrophil production, 

release, trafficking, and NET formation in response to acute exposures. To address this 

limitation, we designed a spectral flow cytometry panel to identify neutrophil progenitors, 

banded, and mature neutrophils across different sites; bone marrow, blood, lung, and 

bronchoalveolar lavage fluid (BALF) following acute organic dust exposure (ODE). We 

demonstrate that acute ODE increases band and mature neutrophils in the lung and BALF while 

decreasing band neutrophils in the bone marrow and blood. Interestingly, the proportion of pro-

neutrophils (ProNeu1 and ProNeu2) was altered following ODE in the blood, but not bone 

marrow. We also analyzed the expression of surface markers associated with neutrophil 

recruitment and activation, as well as their size and granularity after ODE. Regardless of their 

maturation status, neutrophils in BALF and lung exhibited significant changes in CD11b, 

CXCR2, and CXCR4 levels post-ODE, while CD62L levels were specifically elevated in the 

blood. Finally, we identified lytic and vital NET forming neutrophils via Hoechst 33342 intensity 

in the lung and BALF, demonstrating increases in NET-forming neutrophil counts following 

ODE. Our spectral flow cytometry method provides valuable insight into neutrophil response, 

activation, and NET-forming capacity in response to acute ODE.  
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Introduction 

Neutrophils, the most abundant leukocytes in human blood, play an essential role in the initial 

response to acute infection and tissue damage against external insults (1). They rapidly deploy 

effector functions, such as degranulation, phagocytosis, and release of neutrophil extracellular 

traps (NET) to defend the host against invading pathogens and environmental insults (2,3). 

Neutrophil activation is a critical step for resolving inflammatory responses and maintaining 

homeostasis (4). However, excessive neutrophil infiltration and activation during initial 

inflammatory response can lead to granule release and persistent NET formation, perpetuating 

inflammatory responses, and causing additional tissue injury and/or impairing tissue repair (5,6). 

 

Elevated NETs in circulation and within tissue have been observed in various chronic lung 

diseases, including asthma and chronic obstructive pulmonary disease (COPD) and infectious 

diseases, such as COVID-19 and streptococcal pneumonia (7–9).  Studies have demonstrated that 

host inflammatory factors are involved in triggering NETosis and/ or that certain neutrophil subsets 

are more prone to forming NETs (10,11). Most often, NET formation triggers lytic cell death, but 

it can also proceed without lytic death, termed “vital NET formation”, that is non-lytic and 

maintains neutrophils’ ability to move and phagocytose following NET release (12).  

Accumulating evidence has demonstrated that both vital and lytic NETs have the potential to 

exacerbate inflammatory pathology and coagulopathy. 

 

It is well demonstrated that neutrophilia is a major histopathologic response in the airway and lung 

tissue to acute exposure of dust extracts (13,14) and chronic dust exposures are linked to 
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development of chronic lung diseases (14–19). Still, neutrophil response, such as changes in 

neutrophil populations, phenotypes, and functionalities in response to acute insults are less 

understood, particularly, at mucosal barrier sites, such as the lung (20,21). Therefore, it is essential 

to understand temporal dynamics of neutrophil regulation and response during the acute phase of 

inflammatory response (22–24). In addition, understanding how acute stimuli regulate NET 

formation, and whether NETosis is lytic, vital, or both in response to such stimuli remains an area 

of active investigation.  

 

Using an established mouse model of acute ODE, we have previously established that a single 

intranasal challenge with ODE leads to evidence of NETosis in the airways at 5 hours following 

exposure (13). These findings were limited by using a method that relies on cytocentrifugation of 

collected airway immune cell populations from bronchoalveolar lavage fluid and semi-quantitative 

scoring of “shooting star” morphologies on the slides (13). This method was limited in its ability 

to accurately quantify neutrophils that are undergoing NETosis, a lack of ability to differentiate 

lytic vs vital NETosis and finally presents a major challenge in identifying these cells from 

alternative samples, such as blood, tissue single cell suspensions, or bone marrow. A 

comprehensive overview of current methods for NET detection has been extensively reviewed 

elsewhere (25), but in vitro measurement of NET forming cells is reliant on flow cytometry as the 

gold standard (26–31). A comprehensive flow cytometry-based panel that incorporates neutrophil 

progenitors, NET-forming capacity, and differentiation of lytic vs vital NETosis across relevant 

tissues in response to an acute inflammatory stimulus, such as ODE, is lacking. To address this 

limitation, we developed a spectral flow cytometry panel that identifies neutrophil progenitors and 

banded and mature neutrophils in the bone marrow, blood, lung, and airway in response to acute 
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ODE. Our method allows for characterization of neutrophil phenotypes at the sites ODE, with the 

ability to examine NET-forming capacity and identify lytic/non-lytic NET-forming signatures via 

inclusion of the DNA dye Hoechst 33342 (32). Collectively this panel combines several aspects 

of a much-needed flow cytometry assay for neutrophil and NET formation processes in vivo using 

a model of acute inflammatory insult in the form of ODE.  
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Methods 

Preparation of Dust Extracts 

Dusts were collected as previously described from swine confinement facilities in the Midwest, 

United States, and stored at -20 ºC until preparation. Aqueous dust extracts were prepared as 

previously described (33); in brief, 5 g of dust was mixed into 50 mL of Hanks Balanced Salt 

Solution (HBSS) (HyClone, Logan, UT) at room temperature for 1 hour. The resulting extract 

was centrifuged at 2500 x g for 20 minutes at 4 ºC. Supernate was transferred to a new 50 mL 

conical, recentrifuged at 2500 x g for 20 minutes at 4 ºC, and subsequent supernate sterile-

filtered with a 0.22 µm filter to produce 100% dust extract (DE). Aliquots of DE were stored at  

-20 ºC until use. Formulations of 12.5% DE were prepared for animal installations by diluting 

100% DE with phosphate buffered saline (PBS) (Fisher Scientific, Waltham, MA). A dose of 

12.5% DE has been previously demonstrated as appropriate for generating substantial lung 

inflammation characterized by airway neutrophilia with a single instillation and promoting 

histopathological markers of lung disease with repetitive exposure, while not leading to 

significant weight loss, lethargy, or other moribund phenotypes (34–38).   

 

Animal Husbandry and Installations 

Animal protocols were reviewed and approved by the Institutional Animal Care and Use 

Committee at Colorado State University (Protocol #2887). 7-month-old C57BL/6 male and 

female mice (Jackson Labs, Bar Harbor, ME) were used. Mice were allowed ad libitum food and 

water. For intranasal installations, mice were lightly anesthetized under 1.6-1.8% isoflurane and 

received a single 50 µL dose of 12.5% DE or PBS for the control group. Euthanasia of animals 
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was performed with 100% isoflurane overdose followed by cervical dislocation. All animals 

were used for the experiment, with none excluded. Mice were randomized by cage to determine 

saline or DE exposure. Exposures were given spaced so that euthanasia occurred at 5 hours post 

exposure for each mouse. Exposures received for each mouse were marked on the mouse by the 

doser and individual responsible for euthanasia.  

 

Sample Extraction and Processing 

Following euthanasia, an incision was made through the abdominal wall up to the diaphragm. 

The diaphragm was punctured and cleared away to allow the lungs to retract fully into the 

thoracic cavity. Another incision was made to remove the sternum and a cardiac puncture with a 

23-gauge needle was used to collect approximately 500 µL of blood that was placed in K2EDTA 

Microtainer tubes (BD Biosciences, Franklin Lakes, NJ). Bronchoalveolar lavage fluid (BALF) 

was collected via three 1 mL lavages using ice cold Hanks Balanced Salt Solution (HBSS) 

(Cytiva, Marlborough, MA) with 0.25% of NaN3. Left and right lungs were removed and placed 

in metal lysing matrix tubes (MP Biomedical, Santa Anna, CA) in 1 mL of HBSS+0.25% NaN3 

on ice. Lungs were gently mechanically dissociated utilizing a Bead Mill 24 (Fisherbrand, 

Waltham, MA) at 2.10 speed for 10 cycles of 15 seconds with 3 seconds rest between cycles. 

Resulting tissues were passed through a 70 µm filter with an additional rinse of 1 mL 

HBSS+0.25% NaN3 to form a single cell suspension (SCS). To isolate bone marrow cells, 

femurs and tibias were placed in a 0.65 mL tube nested in a 1.5 mL Eppendorf tube and extracted 

via centrifugation at 12,000 x g for 30 seconds for cell collection. Bone marrow cell pellets were 

resuspended in HBSS+0.25% NaN3 to form a bone marrow SCS. Lung and bone marrow SCS, 
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as well as BALF were centrifuged at 400 x g at 4 ºC for 8 minutes, the supernate aspirated off, 

and resulting cell pellets utilized for flow cytometry staining.  

 

Flow Cytometry-mediated Analysis of Neutrophils in BALF, Lung SCS, Bone 

Marrow SCS, and Blood. 

The flow cytometry panel was constructed using several recently published manuscripts on NET 

formation, neutrophil progenitor markers, and analysis of these populations across a range of 

tissues(29,32,39,40). All staining was performed protected from light. BALF, lung SCS, bone 

marrow SCS, and whole blood cell pellets were incubated for 30 minutes in Ghost Dye Red 780 

(Tonbo Biosciences, San Diego CACA, 1:5000) at 4 ºC in a 96-well round bottom plate (Fisher 

Scientific, Waltham, MA). Two-hundred µL of flow buffer (HBSS+ 1% BSA, 0.25% NaN3) was 

added and the cells were centrifuged at 400 x g for 8 minutes. Resulting supernate was decanted 

and cells were resuspended in 50 µL of TruStain FcX (BioLegend, San Diego, CA, 1:200) for 15 

minutes at room temperature. Fifty µL of the extracellular antibody cocktail (Supplementary 

Table 2.1) including Hoechst 33342 was then added and incubated for 30 minutes at room 

temperature. Cells were washed and resuspended in BD Cytofix/Cytoperm (BD Biosciences, 

Franklin Lakes, NJ) for 30 minutes at 4 ºC. Cells were washed in BD Perm/Wash (BD 

Biosciences, Franklin Lakes, NJ) and then resuspended in an intracellular primary antibody 

cocktail (Supplementary Table 2.1) for 30 minutes. Cells were washed with BD Perm/Wash 

and then resuspended in the intracellular secondary antibody cocktail for 30 minutes. A final 

wash was performed and then cells were resuspended in flow buffer for analysis. Cells were 

acquired on a 4-laser (Violet 405 nm, Blue 488 nm, Yellow-Green 561 nm, and Red 640 nm) 

Cytek Auorora Flow Cytometer (Cytek Biosciences, Freemont, CA). Single color compensation 
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beads were utilized for spectral unmixing of fluorescent parameters and fluorescence minus ones 

(FMOs) were prepared for definitive gating placement (Supplementary Figure 2.1). The 

resulting data were exported and analyzed using FlowJo Version 10 (Treestar, Ashland, OR) 

software. Given the large number of events collected for bone marrow (averaged greater than 7 

million events), bone marrow FCS files were pre-gated on “cells” then down sampled into 2 

million events for each FCS file before final analysis.  

 

Statistics  

GraphPad Prism software (Version 10, La Jolla, CA) was utilized to perform ROUT outlier 

analysis (Q = 1%), with resulting data analyzed via a Mann-Whitney U test for between-groups 

comparisons if non-normally distributed. Differences between groups were considered 

significant if the p value ≤ 0.05.  Data are represented with median ± 95% confidence interval on 

all figures unless otherwise noted. Power analysis was conducted to determine appropriate 

number of animals per sex per exposure condition.  
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Results 

Total Band and Mature Neutrophils Increase in the Airway and Lung 

Following Acute Dust Extract Exposure.  

To better understand the acute inflammatory response of neutrophils to inhaled dust, we utilized 

spectral flow cytometry to characterize and compare neutrophil populations (neutrophil 

progenitor, band, and mature neutrophils) in the bone marrow, circulation and airways under 

steady state and acute dust extract-exposed conditions. To assess changes in neutrophil 

populations after acute exposure of dust, we chose organic dust extracts (ODE) based on our 

previous observation, which showed neutrophilia in the airway as a notable pathologic feature in 

mice 5 hours after a single intranasal ODE instillation (36,41,42). We gave a single intranasal 

instillation to mice of 12.5% ODE or saline as a control group and collected bone marrow (BM), 

blood (BLD), lung (LNG), and bronchoalveolar lavage fluid (BALF) samples 5 hours post-

instillation. Firstly, samples from saline-instilled (control) mice were used to establish and 

optimize flow gating to identify neutrophils in four different locations, such as BM, BLD, LNG, 

and BALF. We used makers for non-neutrophil lineage (CD3, CD19, B220, Ter119 hereafter 

referred to as Lin) and hematopoietic stem cells (CD117) to eliminate them prior to gating 

myeloid cells. Representative gating plots demonstrated band (Lin-/CD117-/CD11b+/Ly6GLo) 

and mature neutrophils (Lin-/CD117-/CD11b+/Ly6GHi) in the different locations based on the 

gating strategy in Figure 2.1A. The ODE group showed increased neutrophil populations in 

BLD and BALF, but not in BM and LNG compared to saline control group (Figure 2.1B). 

Further quantification of neutrophil proportions and counts demonstrated that the ODE group 
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had significantly decreased proportions of total neutrophils (CD11b+/Ly6G+) in the BM and 

BLD while the proportion significantly increased in LNG and BALF, compared to saline 

controls (Figure 2.1C). We also observed a similar trend with increased total neutrophil counts 

in LNG and BALF in ODE groups, but decreased neutrophil counts in BM. However, BLD 

neutrophil counts were comparable between groups (Figure 2.1C). When split into band 

(Ly6GLo) and mature (Ly6GHi) neutrophils based on Ly6G expression (43), total band 

neutrophils decreased in BM and BLD but drastically increased in LNG and BALF of ODE mice 

compared to control mice (Figure 2.1D). ODE exposure significantly increased mature 

neutrophil populations, but there were no changes in these populations in the BM or BLD 

(Figure 2.1D), suggesting that circulating neutrophils are rapidly recruited to the 

bronchoalveolar space and lung tissue in response to acute ODE.  
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Figure 2.1. A.) Representative flowcytometry gating strategy of saline-exposed mice bone 
marrow (BM), blood (BLD), lung (LNG), and bronchoalveolar lavage (BALF) for total 
neutrophils (Live/Lin-/CD117-/Ly6G+/CD11b+). B.) Comparison of saline- and dust-exposed 
samples representative gating strategies for identification of total neutrophils and identification 
of band (Live/Lin-/CD117-/Ly6GLo/CD11bLo) and mature (Live/Lin-/CD117-/Ly6GHi/CD11bHi) 
neutrophils in BM, BLD, LNG, and BALF. C.) Percentage of total neutrophils from live cells in 
BM, BLD, LNG, and BALF in saline and dust exposed mice. Quantification of total neutrophils 
in BM, BLD, LNG, and BALF in saline- and dust-exposed mice. D.) Quantification of band and 
mature neutrophils in BM, BLD, LNG, and BALF in saline- and dust-exposed mice. Each dot 
represents a single animal. Saline (n=20) and dust (n=20) exposed mice were 50:50 male:female. 
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Bars are median with 95% confidence interval. Mann Whitney-U Test. *p<0.05, ****p<0.0001, 
ns= non-significant. 
 

The Proportion of Neutrophil Precursors Are Altered in Bone Marrow and 

Blood of Dust-exposed Mice 

To assess the effect of acute dust exposure on neutrophil development, we conducted a detailed 

analysis of neutrophil progenitors and precursors in the BM and BLD. To identify neutrophil 

progenitors in the BM, we analyzed the expression of CD117, CD11b, CXCR4, and Ly6G in 

Lin-negative cells by flow cytometry. We identified common myeloid progenitor (CMP, Lin- 

/CD117Hi/CXCR4+/CD11b-), granulocyte-monocyte progenitors (GMP, Lin- /CD117Hi/CXCR4-

/CD11b+), Pro-Neu1 (Lin-/ CD117Hi, CXCR4-/CD11bLo), ProNeu2 (Lin-/ CD117Hi/CXCR4-

/CD11bHi), and Pre-Neu (Lin-/ CD117Mid/CXCR4+/CXCR2-) cells as neutrophil precursors in the 

BM of saline and ODE-exposed mice (Figure 2.2A). There were no changes in the proportion of 

neutrophil progenitors and precursors in BM between groups (Figure 2.2B). Interestingly, in 

circulation, CMP, GMP, and Pre-Neu proportions remained unchanged, but reductions in 

ProNeu1 and ProNeu2 proportions were observed in ODE mice (Figure 2.2C). These 

observations in ODE mice may explain the decreased band neutrophil counts in BLD.  
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Figure 2.2: A.) Representative gating strategy of neutrophil precursor identification in bone 
marrow of saline- and dust-exposed mice. B.) Proportions of common myeloid progenitors 
(CMP), granulocyte myeloid progenitor (GMP), ProNeu1, ProNeu2, and PreNeu in saline- and 
dust-exposed mice bone marrow. C.) Proportions of common myeloid progenitors (CMP), 
granulocyte myeloid progenitor (GMP), ProNeu1, ProNeu2, and PreNeu in saline- and dust-
exposed mice blood. Saline (n=20) and dust (n=20) exposed mice were 50:50 male:female. 
median with 95% confidence interval. Mann Whitney-U Test. *p<0.05, ns= non-significant.  
 

Band and Mature Neutrophil Phenotypes Are Altered in Response to ODE 
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Next, to understand the activation state and phenotype of neutrophils at sites of neutrophil 

migration from blood to lung following acute ODE, we determined the expression of neutrophil-

related markers (CD11b, CXCR4, CXCR2, Ly6G, CD62L, myeloperoxidase [MPO] ) on band 

and mature neutrophils in BALF, LNG, and BLD. Neutrophil size and granularity can be 

indicative of functionality and activity, thus we also analyzed mean fluorescence intensity (MFI) 

of forward scatter (FSC) and side scatter (SSC), (40,44). When we analyzed MFI of indicated 

markers, band neutrophils in BALF and LNG showed increases in CD11b, Ly6G, and CXCR4 

MFI in response to ODE (Figure 2.3A, B). ODE mice showed a markedly increased MFI of 

CD62L in mature and band neutrophils in LNG but exhibited no change in BALF. BALF band 

neutrophils decreased FSC and SSC MFI as well as CXCR2 in response to ODE (Figure 2.3A). 

Similarly, mature neutrophils in BALF and LNG increased CD11b, CD62L, and CXCR4, but 

decreased CXCR2 and MPO MFIs. (Figure 2.3A, B). LNG band neutrophils showed a 

significant increase in Ly6G MFI, while Ly6G and FSC MFI were decreased in mature 

neutrophils (Figure 2.3B). To determine if these phenotypic changes also occurred systemically, 

not just at the site of local inflammation, we further examined MFI of markers in BLD band and 

mature neutrophils. Only MPO MFI was statistically increased in both BLD band and mature 

neutrophils, but other marker MFIs were comparable between groups (Figure 2.3C). These data 

suggest that acute ODE exposure alters the expression of markers associated with neutrophil 

integrin-mediated movement (CD11b, Ly6G, and CD62L), chemotactic gradient response 

(CXCR4 and CXCR2), and morphologic changes (FSC and SSC) in band and mature neutrophils 

within the lower respiratory system.  
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Figure 2.3: Log2 fold change of median fluorescent intensity (MFIs) of band and mature 
neutrophils in BALF (A.), lung (B.), and blood (C.) of saline- and dust-exposed animals. Saline 
(n=20) and dust (n=20) exposed mice were 50:50 male:female. Line is at mean. T-Test *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001, no comparison shown equals non-significant. 
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NET-forming Band and Mature Neutrophils Increase in BALF and Lung 

Following Acute Dust Exposure 

To better examine how acute ODE impacts neutrophils’ capacity to form NETs, we included two 

NET markers (MPO and CitH3) in our flow panel to identify NET-forming neutrophils. We 

analyzed NET-forming neutrophils (MPO+ CitH3+) in band and mature neutrophils from LNG 

(Figure 2.4A) and BALF samples (Figure 2.4B). ODE mice significantly increased the number 

of NET-forming neutrophils in LNG and BALF samples, regardless of neutrophil maturation 

status (Figure 2.4C, D). Interestingly, by examining the percentage of NET-forming neutrophils 

in LNG and BALF as a percentage of total identified band or neutrophils in LNG and BALF, it 

was revealed that the proportion of NET-forming neutrophils was increased in saline controls 

compared to acute ODE in all but NET-forming mature neutrophils in the LNG (Figure 2.4C, 

D). As the NETosis process can be lytic (full rupture of the neutrophil membrane) and/or non-

lytic (maintaining membrane integrity), we utilized Hoechst 33342 signal intensity as a method 

to examine changes indicative of DNA presence or release of DNA from cells as previously 

described (Figure 2.4E) (32). HoechstHi indicates a more vital-like NET, HoechstLo indicates a 

more lytic NET, and HoechstMid is in between lytic and vital NET-release patterns. As the pre-

processing gate uses a viability dye, where higher signal intensity equals non-live cells, these 

patterns of Hoechst intensity indicate NET-forming cells, not NET-released (cytoplast-like) cells. 

In the LNG, both band and mature neutrophil populations, regardless of ODE exposure, 

exhibited primarily HoechstLo and HoechstMid NET-forming populations (Figure 2.4F). In BALF 

samples, the HoechstHi populations dominated in NET-forming band and mature neutrophils, 

with a significant increase in HoechstHi cells in band neutrophils, but not mature neutrophils in 

the ODE group (Figure 2.4G). Collectively, these data demonstrate that acute dust exposure 
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increases both NET-forming band and mature neutrophils likely due to increased neutrophil 

counts due to inflammation, and that the lytic state of these neutrophils differs between BALF 

and LNG samples.  
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Figure 2.4: Representative gating strategy for identifying NET-forming neutrophils from parent 
band and mature neutrophil populations in the lung (A.) and BALF (B.) in saline- and dust-



 

  58 

exposed mice. Quantification of NET forming neutrophils in mature and band neutrophils in lung 
(C.) and BALF (D.) in saline- and dust-exposed mice. E.) Representative gating strategy for 
NET forming mature and band neutrophils from lung and BALF in saline- and dust-exposed 
mice. Proportions of mature and band NET forming neutrophils in lung (F.) and BALF (G.). 
Saline (n=20) and dust (n=20) exposed mice were 50:50 male:female. Samples on the left-most 
half of graphs/images are from lung and samples on the right-most half of graphs/images are 
from BALF. Line and bars are at the median with 95% confidence interval. Mann Whitney-U 
Test *p<0.05, ***p<0.001, ****p<0.0001, no comparison shown equals non-significant. 
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Discussion  

Although the understanding of neutrophil diversity in chronic lung diseases is increasing and 

evolving, characteristics of neutrophils and their phenotypic and functional alterations during the 

early phase of inflammatory responses remain under active investigation. In this study, we aimed 

to gain more insight into changes in neutrophil populations and phenotype from neutrophil 

development to migration (bone marrow and blood) and at the site of acute inflammation (airway 

and lung tissue). Using a model of acute inhalational ODE-induced airway neutrophilia, we 

applied a spectral flow cytometry methodological framework to identify neutrophil progenitors, 

band and mature neutrophils, and identify changes in cellular phenotype within circulation and 

the lung following acute lung injury. Besides conventional flow cytometry for use in 

immunophenotyping, spectral flow cytometry presents increased panel resolution and marker 

selection due to the high sensitivity of detection, allowing more detailed characterization of cell 

types of interest. We demonstrate that neutrophil populations exhibit phenotypic alterations in 

both band and mature neutrophils in a location-dependent manner after acute ODE. More 

importantly, we validated a reliable method of identifying and quantifying lytic and non-lytic 

NET-forming neutrophils by flow cytometry analysis at the site of local inflammatory processes 

following exposure to acute ODE. Our data demonstrates that both mature and band neutrophils 

form NETs, and that NET-forming cell counts were significantly increased in BALF and LNG 5 

hrs post instillation of ODE compared to saline vehicle-instilled mice.  

 

Interestingly, the acute ODE instillation did not affect the capacity of neutrophils to form NETs, 

but this increase was due to the total increase of neutrophils following ODE for all but mature 

neutrophils within the LNG. Of note, we observed that the propensity for neutrophils to undergo 
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lytic versus non-lytic NET differed between BALF and LNG, regardless of exposure. 

Collectively, with a spectral flow cytometry-based analysis of neutrophils, this study provides 

additional insights into neutrophil dynamics and phenotypic changes during acute inflammation 

in the context of dust exposure.  

 

Corroborated with the observed neutrophilia in mice 5 hours post-ODE instillation, we found 

increased numbers of band and mature neutrophils in LNG and BALF (13,36). This observation 

suggests that neutrophils extravasate sufficiently to the lung tissue and bronchoalveolar space by 

5 hrs after ODE challenge. Interestingly, the decreased numbers of neutrophils in BM and BLD 

in response to ODE were observed only in band neutrophils, but not mature neutrophils. This 

suggests that acute ODE promotes recruitment of circulating mature neutrophils and likely 

promotes maturation of recruited band neutrophils in the lung and bronchoalveolar space rather 

than stimulating robust neutrophil production in the bone marrow. In an acute lung injury model 

utilizing LPS, neutrophil populations in the blood and lung, as well as bone marrow, followed 

similar kinetics at 6 hours post LPS administration as our 5-hour post instillation timepoint(45). 

Intriguingly, they demonstrated that GM-CSF levels peaked at 3 hours in the BALF samples, and 

its cognate receptor GM-CSFRa remained elevated up to 6 hrs post LPS on recruited 

neutrophils, with GM-CSFRb increasing expression at 6 and 24 hours post LPS. These 

timepoints for neutrophil dynamics have been further corroborated in human challenge models 

with similar results and findings at the same 3- and 6-hour timepoints, regardless of dose(46). 

Another likely candidate for this potential maturation response in the lung is G-CSF. In the 

context of acute viral and bacterial infections within the respiratory tract, targeting G-CSF to 
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reduce neutrophilia has been proven successful, providing a potential means for therapeutic 

intervention in ODE-related disease (47).  

 

Different capabilities of band and mature neutrophils to produce NETs have been reported, with 

band neutrophils traditionally exhibiting decreased ability and frequency of NET formation 

compared to their mature forms (48–50). Our data support the idea of niche-specific forms of 

NET formation, challenging the paradigm that band and mature neutrophils form NETs with 

different capacities. We observed lytic NET formation (characterized by decreased Hoechst 

signal) within LNG neutrophils regardless of maturity and ODE. In BALF samples, we observed 

vital NETosis, regardless of maturity state of neutrophils, with a significant reduction of vital 

NETosis percentage in mature neutrophils exposed to ODE. As mature neutrophils have 

canonically been associated with NET formation (51–53), our findings provide evidence that 

acute inflammatory environments induced by ODE within the bronchoalveolar space and lung 

tissue of the respiratory system may alter NET formation capability.	This is particularly 

important, as non-lytic NET formation produces cytoplasts that have been demonstrated to be 

potent inducers of other inflammatory-based respiratory diseases such as severe asthma (54). The 

ability to distinguish between these forms of NET formation provides critical insight into how 

neutrophil cytoplasts after non-lytic NET release contribute to exacerbating the inflammatory 

environment present during more repetitive forms of ODE.  

 

Our investigation into changes in neutrophil phenotype in response to acute dust exposure in the 

LNG, BALF, and BLD with analysis of MFIs of several markers associated with neutrophil 

activation yielded some interesting findings. The finding of increased MPO MFI in BLD 
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neutrophils could be indicative of MPO release by neutrophils at the site of ODE, and a potential 

priming effect on neutrophils found within the BLD post ODE.  In a previous study with single 

ODE challenge, MPO levels in BALF were found to be significantly elevated, supporting this 

hypothesis (13). There was also a significant increase in lung mature and band neutrophils 

expression of CD62L following dust exposure. This markers’ reduced expression (CD62LLo) has 

been traditionally utilized in conjunction with CXCR4Hi expression to denote an aged neutrophil 

phenotype, and CD62LHi expression to denote a younger phenotype (55). In the context of lung 

fibrosis, these aged neutrophils (denoted by CD62LLo CXCR4Hi) exhibit increased lung retention 

and an increase in inflammatory phenotype, neutrophil elastase production, and NET formation 

(56). CD62LLo neutrophils within circulation are predictive for COPD disease severity and are 

associated with obstructive airway disease presence (57). In healthy BALF and blood, CD62L 

expression has been proposed as a marker of activation of neutrophils recruited to/extravasated 

into the lung, independent of inflammation (58). When CD62L expression decreases (some 

studies demonstrate that it is shed extracellularly and measurable in BALF) from lung 

neutrophils, this is indicative of an aging phenotype (57,59). Given that aging neutrophils exhibit 

an increased inflammatory profile and therefore propensity for exacerbating inflammatory lung 

disease, the ODE-induced increase in CD62L MFI within LNG, and reduction in BALF indicates 

that acute ODE may cause tissue-dependent modulation of this marker (60).   

 

Previous methods to quantify NET-forming neutrophils in response to ODE have relied on the 

use of cytospins of BALF-derived cells followed by a differential staining and quantitative 

scoring of NET presence (13).  Although useful, our flow cytometry method represents an 

advancement compared to the cytology-based NET-forming neutrophil identification in that it 
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allows for the characterization/phenotyping of cells and extends the ability to identify NETs to 

tissue samples. Within the lung, current published flow cytometry methods of analyzing NET-

forming neutrophils utilize DAPI and SytoxOrange, which only measures release of DNA from 

neutrophils as a proxy for NET formation (28). Via the use of CitH3 and MPO as a dual positive 

marker, along with a viability dye and a DNA binding dye (Hoechst 33342), we ensure that NET 

formation identification has the molecular markers known to facilitate DNA decondensation and 

membrane disruption (CitH3 and MPO, respectively) (32). The multiparametric advantage of 

spectral flow cytometry allows for characterization of the phenotype of NET-forming 

neutrophils, allowing further identification of which neutrophil population is most involved in 

NET generation, increasing the specificity of further investigations interested in understanding 

NETs’ contributions to inflammation and resolution processes (27).  

 

Our study has several limitations, the first of which is that our identification of NET-forming 

neutrophils proceeds through a live cell gate via the use of a fixable viability dye. Given that the 

majority of what is known of NET formation is based on the lytic form of NETosis, our 

identification of NET-forming neutrophils relies on the identification of both MPO and CitH3, 

within a live cell (membrane intact) population. This identification strategy is meant to prevent 

non-specific binding of antibodies used for flow cytometry identification but does prevent the 

identification of NET-formed (those that have already released their NET) neutrophils. Secondly, 

the reagents available for CitH3 and MPO identification within murine samples are limited. Our 

strategy relies on a primary and fluorophore conjugated secondary for CitH3 and MPO 

identification, and secondary donkey-anti-goat and goat-anti-rabbit antibodies, possibly 

contributing to non-specific binding of these secondaries. To ensure appropriate gating, FMO’s 
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can be used (Supplementary Figure 2.1), or staining can be done sequentially for the secondary 

antibodies. Thirdly, this study used a model of acute dust exposure, a known inducer of 

neutrophil airway recruitment, to examine how ODE alters maturation and activation of 

neutrophils following acute exposure. This acute timepoint only captures a snapshot of 

neutrophil response and recruitment, and future studies should examine the impact of repetitive 

dust exposure models and how they alter NET formation, as well as how recovery from 

repetitive ODE is mediated by neutrophils and their NET formation. How these neutrophil 

dynamics play out in repetitive exposure and recovery following ODE would offer translatable 

insights into the role of neutrophils in airway disease within workers repetitively exposed in 

agricultural and livestock occupations.  
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Chapter 3 

 
Spectral Immune Cell Profiling Reveals Modulations in Immune Cell Response to 

Repetitive Inhaled Organic Dust Exposure in a High Omega-3 Fatty Acid Mouse Model2 
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Summary 
Exposure of the lungs to particulate matter (ie. dust, wildfire smoke, air pollution) places 

individuals at an increased risk for developing chronic respiratory disease. Recent work has 

demonstrated the efficacy of omega-3 fatty acids and their metabolites in promoting the 

resolution of prolonged inflammation, however a comprehensive understanding of how omega-3 

fatty acid balance impacts immune cell populations and crosstalk remains undescribed. We 

developed a 17-marker, 14-color spectral flow cytometry method to characterize the 

immunophenotypic changes in the bronchoalveolar space and lung tissue following 14 days of 

repetitive organic dust exposure or PBS vehicle. The populations of immune cells were 

compared in C57BL/6 (WT) and a transgenic model of increased omega-3 fatty acid (Fat-1) 

mice. Histopathologic examination revealed no difference between WT and Fat-1 mice at 

baseline or following organic dust exposure. Immune cell makeup within the bronchoalveolar 

space and lung tissue differed between WT and Fat-1 mice, with and without organic dust 

exposure. Fat-1 mice demonstrated a monocyte-dominant response compared to WT in both the 

airway and the lung tissue. Intriguingly, this monocyte-dominance was more prominent in 

female Fat-1 mice in the lung tissue and male Fat-1 mice in the airway. This suggests that 

monocyte populations are a dominant cell type that contributes to omega-3 fatty acid metabolite-

linked resolution to organic dust exposure within the lung, and that sex-dependent factors in this 

immune response are pivotal to consider in therapeutic strategies aimed at mitigating disease.  
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Introduction 
Inhalation of organic dusts is a type of particulate matter (PM) exposure common to workers in 

agricultural production or livestock facility operations (1). Repetitive organic dust exposure 

(ODE) is linked to an increased incidence of chronic respiratory diseases, such as asthma and 

chronic obstructive pulmonary disease (COPD) (2,3). Current therapeutic strategies for chronic 

respiratory disease mitigation rely on preventing inflammation-promoting molecules or symptom 

management of bronchoconstriction, but such treatments are ineffective at promoting tissue 

recovery and damage reversal. Novel treatments that limit persistent inflammatory processes and 

promote resolution towards tissue recovery are critically needed. 

 

Landmark discoveries three decades ago provided the first description of molecules intimately 

involved in the inflammatory process (4,5), including metabolites of omega-6 (n-6) and omega-3 

(n-3) poly-unsaturated fatty acids (PUFAs) (6). Conversion of the n-6 arachidonic acid (AA) in 

early inflammation produces pro-inflammatory prostaglandins and leukotrienes, while 

metabolism via LOX enzymes of n-3 docosahexaenoic acid (DHA) and eicosopentanoic acid 

(EPA) creates potent pro-resolution-skewing metabolites (7). These metabolites are collectively 

referred to as specialized pro-resolving lipid mediators (SPMs) and include resolvins, protectins, 

and maresins which have demonstrated roles in promoting a pro-resolution state within 

individual immune cell populations and in disease contexts (8). A balance of these n-3 and n-6 

precursor PUFAs in diet is recommended at a 1:1 ratio, however the typical westernized diet 

contains ratios of 24:1 to 60:1 n-6:n-3 PUFAs, promoting an imbalance of SPM generation (9). 

Such an imbalance has a detrimental impact on health, predisposing individuals to gut microbe 

dysbiosis, cancer development, and an increased risk of metabolic-based disease (10). Increasing 
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the ratio of n-6:n-3 PUFAs towards the optimal 1:1 ratio has previously shown efficacy in 

decreasing ODE-induced lung pathology and promoting recovery (11–15).  

  

The last two decades have seen an increasing interest in understanding the immunologic drivers 

of ODE lung injury, including our research group’s investigations exploring the use of SPMs to 

ameliorate ODE-induced inflammation (16–18). Previous studies have demonstrated that mice 

exposed to a single dose (1 intranasal installation) or a 3-week repetitive regimen (15 intranasal 

instillations) of ODE and treated with the SPM Maresin-1 (MaR1) demonstrated decreased 

inflammatory cytokines (TNF, IL-6, and CXCL1) and neutrophils within bronchoalveolar lavage 

fluid (BALF) (18). Interestingly, this same study observed increases in macrophage populations 

in the ODE + MaR1 groups. Subsequent studies have revealed that this SPM-induced 

macrophage population increase is reproducible in mouse models with increased n-3 FA via 

dietary and genetic manipulation methodologies (12,15).  

 

Our understanding of the lungs’ cell-mediated immune response to ODE has historically focused 

on differential population counts and identification of macrophages, neutrophils, and 

lymphocytes isolated from BALF via cytocentrifugation (14,19–22).This strategy has not 

allowed insight into identifying specific immune cells such as innate lymphoid cells (ILCs), 

differential lymphoid cells, and populations key to macrophage renewal such as monocytes. 

Since their discovery, ILCs (particularly ILC3s) are increasingly recognized as modulators of 

immunity at mucosal barrier surfaces through cytokine secretion (23–26). Monocytes are 

classically known as circulating macrophage and dendritic cell precursors, migrating to areas of 

ongoing tissue inflammation and differentiating via soluble mediator stimuli (27,28). Alveolar 
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macrophages (AM) and resident tissue macrophages (RTM) within the lung are primarily 

maintained via continuous self-renewal but require replenishment from circulating monocytes 

during acute and chronic insults (29). This recruitment is primarily mediated by monocyte 

chemoattractant protein-1 (MCP-1) and its’ cognate receptor CCR2 (30). As such, identifying 

and understanding how these key immune cell populations are altered during ODE is crucial to 

developing an enhanced understanding of ODE-induced pathogenesis.  

 

Our investigation aimed to understand the impact of increased omega-3 fatty acids on the 

comprehensive immune cell populations following repetitive organic dust exposure to better 

understand what cellular players are altered in the “loading” phase before resolution to 

inflammation occurs.  We utilized C57BL/6 (WT) and a transgenic model of balanced n-6:n-3 

fatty acid ratios (Fat-1) and demonstrated that the previous observations of a neutrophilic 

response to ODE hold true, but that monocyte populations, particularly within Fat-1 mice, are 

significantly increased in BALF and lung tissue compared to WT mice, both at baseline and 

following ODE. ILC populations were identified for the first time in this model of ODE and 

were particularly altered at baseline and following exposure in Fat-1 mice. Intriguingly, the 

monocyte populations were distinguished in a sex- and tissue location-dependent manner. 

Collectively, this study provides insight into the cellular diversity that omega-3 fatty acids induce 

to promote a resolution-like response following chronic organic dust inhalation.  
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Methods 

Preparation of Dust Extracts 

Dusts were collected as previously described from swine confinement facilities in the Midwest, 

United States, and stored at -20 ºC until preparation. Aqueous dust extracts were prepared as 

previously described (31); in brief, 5 g of dust was mixed into 50 mL of Hanks Balanced Salt 

Solution (HBSS) (HyClone, Logan, UT) at room temperature for 1 hour. The resulting extract 

was centrifuged at 2500 x g for 20 minutes at 4 ºC. Supernates were transferred to new tubes, 

recentrifuged at 2500 x g for 20 minutes at 4 ºC, and subsequent supernates were sterile filtered 

with a 0.22 um filter to produce 100% dust extract (DE). Aliquots were stored at -20 ºC until use. 

Formulations of 12.5% DE were prepared for animal installations by diluting 100% DE with 

phosphate buffered saline (PBS) (Fisher Scientific, Waltham, MA). A dose of 12.5% DE has 

been previously demonstrated as an appropriate dose for generating substantial lung 

inflammation with a single instillation and promoting histopathological markers of lung disease 

with repetitive exposure, while not leading to significant weight loss, lethargy, or other moribund 

phenotypes (15,18–20,31–33).   

 

Animal Husbandry and Instillations 

Animal protocols were reviewed and approved by the Institutional Animal Care and Use 

Committee at Colorado State University (Protocol #2887). 12 to 16-week-old C57BL/6 (WT) 

and Fat-1 transgenic mice [C57BL/6-Tg (CAG-Fat-1)1Jxk/J] (Jackson Labs, Bar Harbor, ME) 

were used, and a breeding colony of Fat-1 mice was established from an existing colony at the 

University of California Riverside. Breeding pairs were Fat-1 x Fat-1 while age- and sex-

matched WT mice were ordered from Jackson Laboratories. Pups produced by the breeding 
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colony were genotyped by TransnetYX for Fat-1 transgene confirmation. Mice were allowed ad 

libitum food and water. For intranasal instillations, mice were lightly anesthetized under 1.6-

2.2% isoflurane and received 50 uL of the 12.5% DE or PBS vehicle control for 3 weeks (total of 

14 installations, provided 5 days/week).  

 

Lung Extraction and Histopathology 

Mice were euthanized via isoflurane overdose followed by a cervical dislocation 5 hours 

following the final installation. A cannula was inserted into the trachea and bronchoalveolar 

lavage fluid (BALF) was collected with three washes of 1 mL of ice cold HBSS (HyClone, 

Logan, UT) with 0.25% sodium azide (Millipore Sigma, Burlington, MA). The first wash was 

aliquoted into a separate tube while the 2nd and 3rd washes were combined. All washes were 

centrifuged and wash 1 supernate was aliquoted for downstream cytokine analysis via ELISA, 

while wash 2+3 supernate was discarded. Cells from all three fractions were combined for 

subsequent flow cytometry applications (detailed below). The left lung was tied off, separated, 

and utilized for flow cytometry assays, while the remaining right lobe was extracted, inflated 

with 10% neutral buffered formalin (NBF) (Cancer Diagnostics Inc, Durham, NC), and hung 

under 20 cm of pressure overnight while bathed in 10% NBF. The fixed right lung was inserted 

into tissue cassettes and sent to the Colorado State University Veterinary Diagnostic Laboratory 

Experimental Pathology Facility (EPF) for paraffin embedding and slicing. Resulting slides were 

stained following deparaffinization and a graded ethanol rehydration with hematoxylin and eosin 

(H&E).   
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Flow Cytometry Analysis of BALF and Lung Single Cell Suspensions 

The two tubes of BALF (Wash 1 and Wash 2+3) were centrifuged at 4 ºC at 350 x g for 8 

minutes. Wash 1 supernate was removed and stored at –20 °C for downstream cytokine analysis. 

Wash 2+3 supernate was aspirated off and the resulting cell pellets of wash 1 and 2+3 combined 

into a single tube.  

 

Left lung lobes were gently homogenized utilizing a Bead Mill 24 (Fisherbrand, Waltham, MA) 

with metal bead lysing matrix tubes (2.25 speed, 4 cycles, 15 second cycle, 3 second rest) (MP 

Biomedical, Santa Anna, CA) and then strained through a 70 µm filter with 10, 1 mL rinses of 

HBSS + 0.25% sodium azide to create a single cell suspension (SCS). The SCS was centrifuged 

at 350 x g for 8 minutes at 4 ºC. The resulting supernate fraction was discarded, and the cell 

pellet processed along with the BALF cell pellet.  

 

Cell pellets from BALF and SCS were incubated for 30 minutes in Ghost Dye Red 780 (Cytek, 

1:4000) at 4 ºC protected from light. One mL of flow buffer (PBS+ 1% BSA, 0.25% sodium 

azide) was added, and the cells were centrifuged at 350 x g for 8 minutes. Resulting supernate 

was aspirated off and cells were resuspended in TruStain FcX (BioLegend, San Diego, CA, 

1:200) for 15 minutes at room temperature, protected from light. Appropriate volumes of 

fluorophore antibody cocktail (Supplementary Table 3.1) were then added and incubated for 30 

minutes at room temperature protected from light. Cells were washed and resuspended in BD 

Cytofix/Cytoperm (BD Technologies, East Rutherford, NJ) for 30 minutes at 4 ºC protected from 

light. Cells were washed in BD Perm/Wash (BD Biosciences, Franklin Lakes, NJ) and then 

resuspended for analysis in flow buffer.  
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Stained cells were acquired on a 4 Laser Cytek Aurora Spectral Flow Cytometer (Cytek 

Biosciences, Fremont, CA). Single color compensation beads were utilized for spectral unmixing 

parameters and fluorescent minus ones (FMOs) were utilized for appropriate gate placement. 

Resulting data were analyzed using FlowJo Version 10 (Treestar, Ashland, OR) software.  

 

Measurement of BALF Cytokines via ELISA 

BALF cytokines were measured using DuoSet ELISA (R&D Systems, Minneapolis, MN) kits 

according to manufacturer protocol for MCP-1 and CX3CL1. Assays were conducted in 96-well 

half-area plates (Greiner Biotech, Kremunster, Austria) and read on a FLUOStar Omega (BMG 

Labtech, Ortenberg, Germany) plate reader at 450 nm. Resulting optical density (OD) data were 

analyzed in the Omega software (Version 5.70 R2) and values calculated via a four-point 

standard curve.  

 

Right Lung Lobe Pathology Scoring 

Slides were blinded and imaged at 20X magnification using an Olympus IX71 microscope 

(Evident, Waltham, MA, USA) with Retiga 2000R (Qimaging, Surrey, BC, Canada) and Qcolor3 

(Evident, Waltham, MA, USA) cameras. Images were imported and visualized in QuPath for 

pathological scoring (34). H&E-stained right lung lobe sections were scored using a modified 

version of an established scoring criteria published previously (Supplementary Table 3.2) (35). 

All slides remained blinded and then 4 parameters were scored: the amount of immune cell 

aggregates, the presence of perivascular and peribronchiolar inflammation, alveolar space 

cellularity, and metaplasia of goblet cells. A mean pathology score consisted of the averaged 

scores in all 4 parameters. 
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Targeted RNA Expression of Left Lung Lobe via NanoString  

Freshly isolated mouse lungs were homogenized in 1 mL of Trizol (Invitrogen, Carlsbad, CA) 

via a Bead Mill 24 (Fisherbrand, Waltham, MA) with metal bead lysing matrix tubes (5 speed, 4 

cycles, 15 second cycle, 3 second rest). Extraction of RNA was performed as per manufacturer 

guidelines and resulting RNA placed on ice and sent to the Experimental Pathology Facility at 

Colorado State University for further processing. RNA purity was determined using 260/280 

ratio (Agilent Bio Tek TAKE 3). Quality and DV200 concentration of the RNA was evaluated 

using the Agilent 4200 TapeStation System. The custom code set (XT_PGX_MmV2_Myeloid) 

was hybridized with 100 ng RNA during an overnight incubation at 65 ºC and processed on the 

NanoString nCounter® FLEX Analysis System. Each nCounter® XT panel included 15 

housekeeping genes, 6 positive control probes, and 8 negative control probes. All samples that 

passed QC flags were combined and normalized using nSolver 4.0 (NanoString Technologies, 

Seattle, WA, United States) with recommended software parameters. Housekeeping genes for 

normalization were picked based on a lack of differential expression between experimental 

groups of genotype, sex, and exposure. The mouse myeloid innate immunity panel included 741 

gene targets and utilized seven as housekeeping genes for count normalization (Alas1, Edc3, 

Pol1rb1, Rpl19, Sap130, Sdha). Raw and normalized NanoString data are deposited to GEO as 

GSE255787.  

 

Analysis of Nanostring Gene Expression Data via Rosalind 

Data were analyzed by ROSALIND® (https://rosalind.bio/), with a HyperScale architecture 

developed by ROSALIND, Inc. (San Diego, CA). Read distribution percentages, violin plots, 

identity heatmaps, and sample MDS plots were generated as part of the QC step. The limma R 

https://rosalind.bio/
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library was used to calculate fold changes and p-values and perform optional covariate 

correction. Clustering of genes for the final heatmap of differentially expressed genes was done 

using the PAM (Partitioning Around Medoids) method using the fpc R library that takes into 

consideration the direction and type of all signals on a pathway, the position, role and type of 

every gene, etc. Hypergeometric distribution was used to analyze the enrichment of pathways, 

gene ontology, domain structure, and other ontologies. The topGO R library was used to 

determine local similarities and dependencies between GO terms to perform Elim pruning 

correction. Several database sources were referenced for enrichment analysis, including Interpro, 

NCBI, MSigDB, REACTOME, WikiPathways. Enrichment was calculated relative to a set of 

background genes relevant for the experiment. 

 

Statistics  

GraphPad Prism software (Version 10, La Jolla, CA) was utilized to perform ROUT outlier 

analysis (Q = 1%), with resulting data analyzed via two-way and three-way ANOVA tests to 

determine the main effects of exposure, sex, and genotype. Two-way ANOVA utilized Tukey’s 

post-hoc multiple comparisons and three-way ANOVA utilized Fisher’s LSD post-hoc multiple 

comparisons to identify significant differences among all groups. Differences between groups 

were considered significant if the p value ≤ 0.05. Data are represented with mean ± standard 

error of the mean on all figures unless otherwise noted.  
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Results 

Lung Histopathology Suggests Similar Pathologic Severity in ODE in WT and 

Fat-1 Mice Regardless of Sex  

We utilized a well-established murine model of repetitive organic dust exposure (ODE) in male 

and female WT and Fat-1 mice to delineate the impact of increased omega 3 fatty acids on the 

immune response to ODE. Given previous demonstrated findings of sex differences in the 

response to ODE in Fat-1 mice specifically, a 1:1 ratio of males to females was utilized in both 

genotypes. To examine the histopathologic characteristics of our ODE in WT and Fat-1 mice, 

right lung slices were stained with H&E for blinded histopathological scoring (Supplementary 

Table 3.2). Visual inspection revealed similar lung architecture in WT and Fat-1 mice who 

received saline, irrespective of sex (Figure 3.1B). ODE mice exhibited profound alveolar 

inflammation, immune cell aggregation formation, and immune cell presence around bronchioles 

and vessels, irrespective of genotype or sex (Figure 3.1C). Quantification of pathologic features 

demonstrated that repetitive ODE resulted in significant increases in immune cell infiltration into 

the alveolar space around vasculature and bronchioles, formation of immune cell aggregations, 

and metaplasia of goblet cells within bronchi (Figure 3.1D-H). For all scored pathologic 

features, a main effect of exposure was observed (Figure 3.1D-H). Averaged pathology scores 

revealed a main effect of exposure x genotype, seemingly driven by Fat-1 females (Figure 

3.1H).  
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Figure 3.1. Experimental schematic detailing the timeline of repetitive ODE in WT and Fat-1 

mice. Samples collected downstream assays performed with each sample type are detailed (A.) 
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Representative H&E pathology of right lung lobes in WT and Fat-1 mice treated with saline or 

12.5% organic dust extract over a 3-week period for a total of 14 installations. Images are taken 

at 20x with a scale bar of 50 µm for reference in the bottom left-hand corner (B-C). Pathology 

scores for perivascular and bronchiole inflammation (D), goblet cell metaplasia (E), alveolar 

inflammation (F), immune cell aggregates (G), and the averaged pathology score (H). Graphs 

are plotted by exposure (saline or dust), then delineated by sex (male or female) and genotype 

(WT or Fat-1). Mouse group numbers are as follows; WT saline n=22, WT dust n=20, Fat-1 

saline n=10, Fat-1 dust n=10. Each genotype by exposure group is split 50:50, female to male. 

Scale bar is 50 µm. Arrows denote immune cell aggregates; asterisks denote goblet cell 

metaplasia of the airway. Main effects are shown below each graph. 3-Way ANOVA with 

Dunn’s Multiple Comparisons Test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

No differences between WT and Fat-1 mice were noted in saline treated groups, and no sex 

differences were observed in either exposure group (Figure 3.1D-H). Collectively, this suggests 

that WT and Fat-1 mice have similar tissue architecture at baseline and pathologic similarities 

following ODE, independent of the sex of the animal.  

 

 
Lung Tissue Immune Cell Makeup is Altered in both Saline- and Dust-exposed 

Fat-1 Mice Compared to WT  

We utilized an extracellular marker-based spectral flow cytometry panel to identify the cellular 

makeup of a single cell suspension of the lung tissue. We identified 7 separate myeloid lineage 

immune cell populations, which have been grouped according to parent ontology for examining 

overall makeup of immune cells identified (Figure 3.2B). Saline-exposed WT and Fat-1 mice 
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were found to have differing immune cell proportions, suggesting a genotype-dependence on 

immune cell makeup within the lung in saline-exposed conditions (Figure 3.2B). Saline-exposed 

Fat-1 mice exhibited decreased proportions of neutrophils, but increased proportions of 

monocytes, macrophages, and ILCs compared to saline-exposed WT (Figure 3.2B). Irrespective 

of genotype, ODE significantly influenced the observed proportions of immune cells within the 

lung tissue, with a notable increase of neutrophils and subsequent decrease of macrophage 

proportions, consistent with previously described patterns of ODE-mediated inflammation 

(Figure 3.2B). Population proportions appeared relatively similar between WT and Fat-1 mice 

after ODE; however, ODE Fat-1 demonstrated an increase in monocyte and ILC populations as 

well as decreased neutrophil proportions compared to ODE WT mice (Figure 3.2B).  
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Figure 3.2. Representative gating strategy for identifying myeloid cells in the lung tissue via 

spectral flow cytometry. All cell populations are labeled with percentages of gates and final cell 
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population names. S= non-classical monocytes,  b= intermediate monocytes , D=classical 

monocytes (A.) Median immune cell proportions in lung tissue of saline and ODE WT  and Fat-1 

mice (B.) Alveolar and interstitial macrophage counts in saline and ODE WT and Fat-1 mice 

(C.) Classical, intermediate, and non-classical monocyte counts in saline and ODE WT and Fat-1 

mice (D.) Neutrophil counts in saline and ODE WT and Fat-1 mice (E.) Main effects of each 

immune cell type and variable interactions (F.) Mouse group numbers are as follows; WT saline 

n=22 (11 male, 11 female), WT dust n=21 (11 male, 10 female), Fat-1 saline n=11 (5 male, 6 

female), Fat-1 dust n=11 (6 male, 5 female. 3-Way ANOVA with Dunn’s Multiple Comparisons 

Test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

 

When the macrophage population was delineated into alveolar and interstitial, we observed no 

significant change in alveolar macrophage counts in the lung tissue in saline or ODE WT or Fat-

1 mice, regardless of sex (Figure 3.2C).  Interstitial macrophage counts in lung tissue 

significantly increase in both WT and Fat-1 mice after dust exposure (Figure 3.2C). Fat-1 

female interstitial macrophage counts post ODE were significantly increased compared to Fat-1 

male ODE mice (Figure 3.2C).   

 

We were particularly intrigued by the observable differences in monocyte populations identified 

in saline and ODE Fat-1 mice, given the genetic pre-disposition of this model towards a more 

resolution-specific phenotype. When separated into their respective populations (classical, 

intermediate, and non-classical), we observed significant ODE-induced increases in all monocyte 

population counts in Fat-1 mice, with classical monocytes also demonstrating an ODE-induced 

increase in WT mice (Supplementary Figure 3.1A). In response to ODE, classical and 
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intermediate monocyte counts were significantly elevated in Fat-1 mice compared to WT, with 

significant main effects of exposure, genotype, and the interaction of both also observed 

(Supplementary Figure 3.2A). When split by sex, classical and intermediate monocyte counts 

in ODE Fat-1 mice were increased in females compared to males, with a similar pattern noted in 

dendritic cells (Figure 3.2D). Neutrophil counts increased in response to ODE in all but Fat-1 

males, with ODE Fat-1 females demonstrating increased counts compared to their male 

counterparts (Figure 3.2E). No sex differences were noted in WT ODE, or saline-exposed mice 

regardless of sex or genotype (Figure 3.2C-E).  

 

Previous investigations in our lab utilizing Fat-1 mice in models of ODE have noted sex-

dependent differences in histopathology resolution, as well as immune cell counts (12,37). 

Within the lung tissue monocyte compartment, sex, and interactions of sex with exposure and 

genotype were found as significant main effects in classical monocytes and intermediate 

monocyte counts (Figure 3.2F). Only a significant main effect of exposure was found in non-

classical monocyte counts (Figure 3.2F). Overall, main effects of exposure, genotype, and sex 

independently, or the interaction of these variables, were found significant in neutrophils, 

classical and intermediate monocyte counts (Figure 3.2F). These data suggest that neutrophil, 

interstitial macrophage, and classical/intermediate monocyte population increases within the lung 

tissue are enhanced in Fat-1 mice in a female-dominant manner.  

 

Sex, Exposure, and Genotype-Dependent Lymphocyte Alterations at the 

Cellular and Transcriptomic Level Within the Lung Tissue  
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As lymphocytes, and more recently ILCs, have been found responsible for 

monocyte/macrophage recruitment to the lungs, we aimed to identify population level changes in 

response to ODE, and altered by the Fat-1 genotype (38–41). We identified 8 separate lymphoid 

cell types, delineating CD4+ and CD8+ T cells, B cells, and ILC1, ILC2, and ILC3 (Figure 

3.3A). B cell counts increased following ODE in only WT males and NK cell count increased 

following ODE in WT females (Figure 3.3B). Both CD4+ and CD8+ T cells increased following 

ODE in Fat-1 females, with CD4+ T cells exhibiting a sex difference between ODE Fat-1 males 

and females (Figure 3.3B). No alteration of ILC1 count or NCR+ ILC3 counts was observed 

following ODE (Figure 3.3B). ILC2 counts increased following ODE in Fat-1 males only, with 

a significant difference in Fat-1 males and females after ODE (Figure 3.3B). NCR+ ILC3 counts 

in ODE mice demonstrated a significant increase in Fat-1 females compared to WT females, and 

WT females were significantly reduced compared to ODE WT males (Figure 3.3B). NCR- ILC3 

increased following ODE in only WT male mice (Figure 3.3B).  
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Figure 3.3. Representative gating strategy for lymphoid cells identified in the lung tissue via 

spectral flow cytometry (A.) Lymphoid cell counts in the lung tissue of saline and ODE WT and 



 

 91 

Fat-1 mice (B.) Main effects of each immune cell type and variable interactions (C.) 

Differentially expressed genes from left lung RNA in saline- and dust-exposed WT and Fat-1 

mice. Analysis was conducted via Nanostring Myeloid panel. Significant differentially expressed 

genes with an adjusted p value <0.05 with log2fold change ± 1.5 graphed in the heat maps. Mouse 

group numbers for cell counts are as follows; WT saline n=22 (11 male, 11 female), WT dust 

n=21 (11 male, 10 female), Fat-1 saline n=11 (5 male, 6 female), Fat-1 dust n=11 (6 male, 5 

female. Mouse group numbers for Nanostring are as follows; WT dust n=6 (3 male, 3 female) 

Fat-1 dust (3 male, 2 female). 3-Way ANOVA with Dunn’s Multiple Comparisons Test. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  

 

Main effects of exposure were found to be significant in B Cells, CD4 and CD8 T cells, NK 

cells, and NCR- ILC3s (Figure 3.3C). Main effects of genotype were found significant in CD8 T 

cells, ILC1, ILC2, NCR+ ILC3, and ILC- ILC3 (Figure 3.3C). ILC2 exhibited significant main 

effects of sex and sex interactions with exposure or genotype (Figure 3.3C).  

 

With the demonstrated sex-driving factor in our myeloid, but not lymphoid, cell populations in 

response to ODE in Fat-1 mice, we were interested in determining if the transcriptome could 

provide insight into the transcriptional drivers of this observation. We conducted targeted RNA 

sequencing from homogenized left lung from saline and ODE, male and female WT and Fat-1 

mice. Dust exposure in both genotypes significantly increased fold change expression of genes 

assessed (Supplementary Table 3.3). ODE Fat-1 mice appeared less responsive with regards to 

these transcriptomic effects, with a total of 156 differentially expressed genes (DEG) (148 up, 8 

down) compared to the ODE WT mice with 266 DEG (230 up, 36 down) (Supplementary 
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Table 3.3). When stratified by sex, ODE animals in both genotypes demonstrated sex-dependent 

DEG signatures (Figure 3.3D). ODE Fat-1 male mice demonstrated upregulation of long chain 

fatty acid processing genes such as Elov6 and Alox15, as well as upregulation of Ccr3 and Ccl17 

compared to their WT male counterparts (Figure 3.3D). ODE Fat-1 female mice exhibited 

downregulation of scavenger receptor Marco and Mpeg1 and upregulation of Ccl20 and Fgf2 

(Figure 3.3D). ODE WT mice exhibited alterations in primarily innate immunity linked genes 

such as Cxcl5, Cxcl1, Mx2, and Adamts17 (Figure 3.3D). ODE Fat-1 mice transcript alterations 

appeared more adaptive in nature, with alterations of Cxcr3, Retnla, and Ccr3 (Figure 3.3D).  

 
ODE-induced Effects on Airway Myeloid Cell Counts in WT and Fat-1 Mice 

We were intrigued by the drastic differences in immune cells observed in the lung tissue between 

WT and Fat-1 mice at baseline and following ODE. As most inhalable insults are encountered on 

the external epithelial surface within the bronchi and alveoli, we sought to characterize the 

cellular and soluble mediators of ODE within the airway. The same panel for myeloid cell 

identification was successfully applied to immune cells isolated from bronchioalveolar lavage 

fluid (BALF) to the BALF cells (Figure 3.4A). The proportions of cells isolated in BALF 

demonstrated drastic differences in immune cell proportions between WT and Fat-1 mice 

exposed to saline or ODE (Figure 3.4B). Proportions of neutrophils were drastically reduced in 

saline exposed Fat-1 mice, while all other immune cell proportions were increased compared to 

WT counterparts (Figure 3.4B). Following ODE, Fat-1 mice exhibited increased monocyte and 

macrophage proportions compared to WT’s and decreased neutrophil proportions (Figure 3.4B).  
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Figure 3.4. Representative gating strategy for myeloid cells identified in bronchoalveolar lavage 

fluid via spectral flow cytometry. All cell populations are labeled with percentages of gates and 

final cell population names. S= non-classical monocytes,  b= intermediate monocytes , 

D=classical monocytes (A.) Median immune cell proportions in airways of WT and Fat-1 saline 

and ODE mice (B.) Alveolar and interstitial macrophage counts in saline and ODE WT and Fat-1 

mice (C.) Classical, intermediate, and non-classical monocyte counts in saline and ODE WT and 

Fat-1 mice (D.) Neutrophil counts in saline and ODE WT and Fat-1 mice (E.). Main effects of 

each immune cell type and variable interactions (F.) Mouse group numbers for cell counts are as 

follows; WT saline n=22 (11 male, 11 female), WT dust n=21 (11 male, 10 female), Fat-1 saline 

n=11 (5 male, 6 female), Fat-1 dust n=11 (6 male, 5 female. 3-Way ANOVA with Dunn’s 

Multiple Comparisons Test *p<0.05 **p<0.01, ***p<0.001****p<0.0001. 

 

Examination of each monocyte subtype individually revealed ODE-dependent increases in 

classical and intermediate monocyte counts, but not non-classical monocytes regardless of 

genotype (Supplementary Figure 3.1B). In ODE-exposed mice, there was a significant decrease 

in classical monocyte counts and increase in intermediate monocyte counts in Fat-1 compared to 

WT mice (Supplementary Figure 3.1B). Significant main effects of exposure were found for all 

three monocyte subsets, while main effects of genotype and genotype interacting with exposure 

were demonstrated in classical and intermediate monocytes only (Supplementary Figure 3.1B).  

 

Alveolar macrophage counts following ODE were significantly increased in Fat-1 males 

compared to Fat-1 males, while interstitial macrophages exhibited an ODE-associated increase in 

counts in Fat-1 males only, with a significant increase compared to ODE-challenged Fat-1 
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females (Figure 3.4C). ODE significantly increased classical and intermediate monocyte counts 

in all but Fat-1 females (Figure 3.4D). Non-classical monocytes and dendritic cell counts were 

increased post ODE in Fat-1 males only (Figure 3.4D). For all three monocyte populations, in 

response to ODE, Fat-1 males had increased counts compared to Fat-1 females, the inverse 

findings that Fat-1 female dominance in monocyte populations in the lung tissue (Figure 3.4D). 

Neutrophil populations were found significantly elevated in ODE in WT females and Fat-1 

males, and a significant increase in neutrophils post ODE in Fat-1 males compared to their 

female counterparts (Figure 3.4E). Significant main effects of exposure, genotype, sex, or the 

interaction of both, or all, variables were found in all but alveolar macrophage populations for 

myeloid cell counts (Figure 3.4F).  
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Figure 3.5. Representative gating strategy for lymphoid cell identification in bronchoalveolar 

lavage fluid via spectral flow cytometry (A.) Lymphoid cell counts in the lung tissue of saline 

and ODE WT and Fat-1 mice (B.) Main effects of each immune cell type and variable 

interactions (C.) Levels of MCP-1  and CX3CL1 in bronchoalveolar lavage fluid of = saline and 

ODE exposed WT and Fat-1, with main effects shown below the graphs. Mouse group numbers 

for cell counts are as follows; WT saline n=22 (11 male, 11 female), WT dust n=21 (11 male, 10 

female), Fat-1 saline n=11 (5 male, 6 female), Fat-1 dust n=11 (6 male, 5 female. 3-Way 

ANOVA with Dunn’s Multiple Comparisons Test *p<0.05 **p<0.01, 

***p<0.001****p<0.0001. 

 

The lymphoid compartment of cells was examined (Figure 3.5A), with similar findings to their 

myeloid counterparts. B cell, CD4+ and CD8+ T cell, and NK cell counts were found increased in 

WT females, with a significant increase in ODE Fat-1 males compared to Fat-1 females (Figure 

3.5B). ODE exposed WT males had significantly elevated CD4 and CD8 T cells compared to 

WT females (Figure 3.5B). Changes in ILC1 populations were observed in the airway in 

response to ODE, but an increase in ILC2 counts specifically in Fat-1 females was demonstrated 

(Figure 5B). NCR+ ILC3 counts increased in all but WT females in response to ODE (Figure 

3.5B). Conversely, NCR- ILC3 counts were significantly elevated post ODE in Fat-1 females 

only, significantly so compared to Fat-1 males (Figure 3.5B). Main effects of exposure were 

found in all identified lymphoid cells except ILC2 and NCR- ILC3 (Figure 3.5C). NK cells 

exhibited main effects of exposure, genotype, sex, and the interaction between both or all of 

these features (Figure 3.5C).  
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MCP-1 levels increased in Fat-1 females following ODE exposure, significantly so compared to 

Fat-1 males and WT females (Figure 3.5D).  MCP-1 variation was driven by exposure, 

genotype, and the combination of both factors (Figure 3.5D). CX3CL1 levels were increased in 

Fat-1 males only post ODE, significantly so compared to WT males (Figure 3.5D). Variation of 

CX3CL1 levels was found to have a genotype-specific driver with alterations driven by the Fat-1 

genotype or the interaction with exposure (Figure 3.5D). A comprehensive summary of these 

findings by immune cell type, organized by sex and location demonstrates that ODE has a 

primary impact on increasing immune cell populations in females within the lung tissue, and 

males in the airway (Figure 3.6). Furthermore, this female dominance in the lung tissue appears 

primarily grouped in myeloid-lineage cells, with little to no perturbation in lymphoid lineage 

cells (Figure 3.6). Within the airway, the male dominance of response appears visually 

distributed across both myeloid and lymphoid cell subsets (Figure 3.6).  
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Figure 3.6. Comprehensive summary of myeloid (A) and lymphoid (B) immune cell population 

changes in response to ODE in WT and Fat-1 mice, delineated by sex and location (lung tissue 

vs airway).  

Location, Genotype, and Sex 

Di erence-induced Myeloid 

Population Changes from ODE 

Lung Tissue 

 

 

Airway 

 

 

Classical 

Monocyte 

WT + + + + 

Fat-1 + +++ +++ ++ 

Intermediate 

Monocyte 

WT + + + + 

Fat-1 ++ +++ +++ ++ 

Non-Classical 

Monocyte 

WT - - - - 

Fat-1 + + +++ - 

Neutrophils 
WT + + + + 

Fat-1 + +++ +++ + 

Alveolar 

Macrophages 

WT - - - - 

Fat-1 - - + - 

Interstitial 

Macrophages 

WT + + - - 

Fat-1 ++ +++ +++ + 

Dendritic Cells 
WT + + - - 

Fat-1 - +++ +++ - 

 

A.

B.
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Discussion 
Inhalational insults continuously plague agricultural workers, with the prevalence of COPD 

among this group twice that of those who do not have an occupation with agricultural activity 

(42). The crux of the issue is the spatiotemporal nature of inhalation; the continuity of exposure 

creates a chronically inflamed environment within the lungs, where traditional immunologic 

dogma of acute vs chronic cell population mobility breaks down, increasing susceptibility of an 

individual to COPD (42), asthma (43), and other insults more infectious in nature (44). In the 

fight against chronic lung inflammation and COPD endpoints, therapeutics are significantly 

lacking and are targeted towards symptom reduction or inflammatory stimuli mitigation, rather 

than a promotion of inflammation resolution (45). Succinctly summarized in Shakeel et al., 

inhibition of proinflammatory signals, protease inhibitors, or cAMP/cGMP inhibitors have 

struggled to demonstrate efficacy in reducing COPD endpoints during clinical trials (46). As 

such, an approach that harnesses the benefits of resolution within the inflammatory process is 

needed.  

 

We herein demonstrate a monocyte-dominant immune response to repetitive inhalational dust 

exposure, furthermore in a transgenic mouse model of increased n-3 FA in a sex-dependent 

manner. Early characterization of monocytes in the literature began with two “flavors”, the tissue 

resident, anti-inflammatory and patrolling “non-classical monocyte,” and the blood-recruited and 

pro-inflammatory “classical monocyte” (47,48). Within humans, these subsets are delineated via 

variable expression of CD14 and CD16 (49). With the advent and popularity of flow cytometry, 

a third “intermediate monocyte” subset was identified, and nomenclature accepted in 2010 (50–

52). Intermediate monocytes are pro-inflammatory in nature and were initially hypothesized as a 

transient population between classical to non-classical monocyte populations but have since been 
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defined as their own unique subset with primarily pro-inflammatory functions (47,49,50,53–55). 

Intermediate monocytes express decreased CCR2 and increased CCR5 than their classical 

counterparts, a result of decreased migratory necessity (56). In addition, increased CX3CR1, 

HLA-DR, and CD86 on intermediate monocytes compared to their classical counterparts 

suggests a primary role in phagocytosis and altered reliance on chemotactic migration 

(49,57,58).  

 

Within mice, the classic CD14/CD16 marking paradigm is not used, and identification of 

monocytes and their subsets relies on the use of lymphocyte antigen 6 family member C1 (Ly6C) 

(49). Nonetheless, the 3 primary subsets of monocytes hold within mice, with classical (Ly6cHi), 

intermediate (Ly6cmid), and non-classical (Ly6clo) subpopulations having been characterized 

(56,57,59). Similar roles as to those described among humans are ascribed to these murine 

monocyte populations as well. It is important to note that Ly6c is additionally found on T cells, 

and use of Ly6c requires lineage-based gating strategies that separate myeloid and lymphoid cell 

populations (via CD11b and/or CD3 co-staining) (60).  

 

Classical monocyte recruitment via the MCP-1/CCR2 mechanism into chronically inflamed 

areas such as in the settings of cystic fibrosis or COPD are traditionally associated with poorer 

pathologic and functional outcomes (54,61). Conversely, CCR2 deficiency has been 

demonstrated to contribute to progression of polycystic lung disease (30), suggesting that a 

balance of CCR2/MCP-1 is imperative in maintaining lung homeostasis. Our own findings 

suggest that monocytes are more abundantly recruited to the lung and airways in a pro-resolution 

model during chronic inflammation. In addition, our repetitive exposure model demonstrated that 
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Fat-1 mice exposed to dust have significantly increased intermediate monocyte populations, with 

no significant difference in non-classical monocyte populations (Supplementary Figure 3.2A, 

B). This suggests a previously undescribed role for intermediate monocyte populations in 

responding to this inflammatory inhalational exposure, but further studies are needed to confirm 

the directionality of this monocyte population increase, and whether it is likely to enhance 

resolution features at recovery timepoints. Previous work attempted to reduce ODE-induced 

inflammation through reduction of monocyte populations via CCR2-/- mice and chlodronate 

treatment, demonstrating that depletion via clodronate independently led to reduced 

inflammation in response to ODE (36). Further studies that examine timepoints indicative of 

inflammatory resolution 3 days to several weeks post halting of dust exposure would 

demonstrate the resolution kinetics and necessity of this observed monocyte population response.  

 

The use of n-3 FA has shown promise in reducing the inflammatory signatures associated with 

chronic inhalation of organic dusts (11,12,16,18,62). These studies have utilized single n-3 FA 

metabolites, such as aspirin-triggered resolvin D1 (AT-RvD1) or MaR1, diet-based interventions 

to artificially mimic a 1:1 n-6:n-3 fatty acid ratio, or the transgenic Fat-1 model used herein. The 

use of once weekly AT-RvD1 in ODE mice over a 24-week period was found to significantly 

increase IL-10, as well as decrease alveolar inflammation and overall fibrotic severity (16). 

Utilizing MaR1, another downstream metabolite of n-3 FA, led to a reduction of neutrophils, IL-

6, TNF, and CXCL2 in the airways following a single- or 3-week exposure of organic dust (18). 

Both studies utilized differential cell counts via cytocentrifugation to determine cell populations, 

with neutrophils dominating acute and chronic dust exposure, similar to what we observed.  
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Models that utilize supplementation of n-3 FA docosahexaenoic acid (DHA), the precursor 

molecule to MaR1 and AT-RvD1, corroborate these findings. In a single exposure of organic 

dust following a week of oral DHA supplementation, pre-treated mice demonstrated decreased 

neutrophils, and total cell counts isolated from BALF (11). Similar to single metabolite studies, 

DHA pretreatment reduced IL-6, TNF, CXCL1, and CXCL2 amounts compared to acute dust 

exposure alone. In studies where the length of time of DHA pre-treatment, via dietary 

supplementation rather than oral gavage, was expanded from 1 week to a month, similar trends 

were observed. The total amount of BALF cells were found to be less significantly increased 

compared to ODE alone (14). In addition, long-term pre-treatment was found to significantly 

increase the macrophage proportion isolated from BALF in dust-exposed animals. Interestingly, 

this study found that DHA treatment alone was responsible for dust-induced MCP-1 increases, 

corroborating our findings of ODE-induced MCP-1 increases (Figure 3.5D). Of note, this study 

demonstrated that the prolonged DHA diet also increased the presence of DHA metabolites, like 

AT-RvD1 specifically, in saline and dust exposed animals (14).  

 

Similarly, repetitive dust exposure during dietary DHA supplementation has revealed that 

pretreatment reduces cell counts in the BALF, albeit non-significantly, compared to non-DHA 

pretreatment (15). At a one-week recovery period, these patterns held, with less cells recovered 

from the airway in DHA diet-fed mice exposed to dust. Collectively, this suggests that DHA 

presence decreases cellularity within the airways of chronically dust-exposed mice. In a chronic 

dust exposure model that utilizes the Fat-1 mouse, total cell counts, or individual cell counts did 

not differ between WT or Fat-1 mice (37). It does corroborate the pathologic scoring similarity 

we observed between saline and dust exposed WT and Fat-1 mice, regardless of sex (37).  
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This same study reported sex-based differences in BALF cell counts, demonstrating that Fat-1 

females had increased total cell populations compared to their male counterparts when exposed 

to dust. As we observed increased cell counts in male Fat-1 mice compared to females post dust 

exposure, there is a discrepancy in our findings. A possible explanation could be methodology 

based, as our study utilized flow cytometry while the comparator study utilized 

cytocentrifugation with differential staining. Flow cytometry allows for enumeration of greater 

amounts of immune cell populations, increasing the accuracy of cell type identification, 

especially important in identifying monocytes. In our data, the sex differences in dust-exposed 

animals of the Fat-1 genotype presents an interesting case. In BALF, after exposure to dust and 

within the Fat-1 mice, male sex appears to drive monocyte populations, which switches to female 

sex when lung tissue is examined. When MCP-1 levels are measured within the airway, they are 

increased in dust-exposed Fat-1 females, despite the monocyte response being male dominant. 

Sex differences in immune response are well documented (63); however, no reports yet within 

the chronic dust exposure literature suggests a reason. In models of obesity, it has been shown 

that monocytes from males were more robust in their pro-inflammatory skewing and more likely 

to mature into macrophages than monocytes from females (64). So et al. in 2021 determined that 

sex differences exist in the monocyte transcriptome using a cohort of individuals while testing 

the efficacy of omega-3 fatty acids on chronic low-grade inflammation (65). They reported that 

upregulation of innate immune cell activation genes (CEACAM1, FCCR2B, and SLAMF7) and 

antigen recognition and presentation (AIM2, CD1E, and UBA1) were all increased in female 

monocytes. Male monocytes displayed an X-linked increase in SERPINB2 and EPBL. Our 

investigation into the transcript level differences of the whole lung in a targeted myeloid panel 
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did not yield similar differentially expressed genes but did demonstrate that dust exposure 

primarily enhanced pathways associated with innate immune cell activation and scavenger 

receptor processes, regardless of sex. We also demonstrated a Fat-1-dependent increase in genes 

involved in lipid metabolism (Alox15, Elovl6) specifically in ODE male mice (Figure 3.3D). 

 

These same alterations were not found in ODE females, suggesting that transcriptional-levels of 

fatty acid modifying enzymes appears mor significantly upregulated in ODE Fat-1 males 

compared to WT counterparts, and that females of both Fat-1 and WT ODE groups are resistant 

to such differences.  

 

This study faces some limitations, the first of which relates to the timepoint of animal sacrifice 

post chronic installation. Based on previous literature, 5 hours post the final installation was used 

to investigate the immune cell population perturbations and cytokine production environment. As 

a result, it should be noted that our n-3 FA model, which demonstrates a “pro-resolution” skew, 

shows similar pathology to our WT mice. Future studies using extended recovery periods are 

needed to fully demonstrate how the populations observed at our 5-hour post installation 

timepoint contribute to tissue resolution processes.   

 

 

Conclusions 
Collectively this study reveals a previously undescribed role for monocyte-dominant immune 

responses as a hallmark of the initial response needed in the resolution of chronic inflammation 

caused by inhalation of organic dusts. This study demonstrates that use of the Fat-1 model 

corroborates cellular makeup and inflammatory mediator signatures within the field, while 

revealing a baseline difference in immune cell makeup, prior to and following, organic dust 
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exposure. Interestingly, we uncover a sex-dependent link, specifically in Fat-1 mice, suggesting 

that future investigations that utilize the model, or models of increased n-3 FA, must account for 

sex as a primary confounding variable.   
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Chapter 4 
 

 

Repetitive Inhaled Dust Exposure Protects from S. pneumoniae Infection and Mortality3 
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Summary 

 

The temporal nature of the immune response to inhaled organic dusts (ODE) leads to the 

development of respiratory diseases such as asthma and chronic obstructive pulmonary disease 

(COPD). Dysregulation of normal inflammatory to resolution processes are critical to disease 

development, and can pre-dispose individuals to opportunistic respiratory pathogens, such as 

Streptococcus pneumoniae. An obligate extracellular bacterium, Streptococcus pneumoniae is 

the leading cause of community acquired pneumonia within the United States and is linked to 

asthmatic and COPD exacerbations. Whether the chronic inflammatory environment created by 

repetitive ODE pre-disposes individuals to S. pneumoniae infection is unknown. Utilizing an 

established murine model of repetitive ODE, we sought to determine if and how the 

inflammatory nature of ODE alters susceptibility to secondary infection with S. pneumoniae. We 

found that ODE prior to challenge with S. pneumonia led to complete clearance of the bacterium 

from the airway, lung, and spleen tissue. Histopathologic analysis revealed profound induction of 

iBALT structures within the lung tissue in dust pre-exposed animals secondarily challenged with 

S. pneumoniae. Cellular analysis using flow cytometry suggest that ODE induces effector 

memory CD4+ and terminally differentiated effector memory reactivated (TEMRA) CD8+ T cell 

populations and ILC1s within the lung, without any profound additional innate immune cell 

population alterations. Within the airway, CD4+ TEMRAs were primarily increased. When 

fatally challenged with an increased dose of S. pneumoniae, pre-ODE mice were protected from 

the 50% mortality rate and exhibited reduced recoverable CFU in lung and spleen, but not 

BALF, samples. Cellularly, the primary immune cell population increased in the fatal challenge 

was interstitial and alveolar macrophage populations, and effector memory CD8+ T cells. 

Collectively these data implicate a role for ODE in training lymphocyte populations to enhance 
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efficacy in S. pneumoniae clearance and reveals a macrophage-specific role for cell populations 

in the airway during fatal S. pneumoniae challenge.  
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Introduction 

Inhalational organic dust exposure (ODE) leads to development of asthma and chronic 

obstructive pulmonary disease (COPD), disproportionately impacting workers in the agricultural 

and livestock industries (1–8). The inflammatory response to ODE is meant to be a self-limiting 

process with three canonical steps leading to resolution; First, cessation of neutrophil influx, 

followed by induced apoptosis of neutrophils and neutrophil extracellular traps (NETs), and 

finally macrophage-mediated clearance and stimulation of tissue repair programs (9,10). Within 

a chronically inflamed environment, such as that created by repetitive ODE, this normally 

stepwise process fails to progress, creating a prolonged inflammatory environment within the 

lung, characterized by sustained neutrophil and lymphocyte infiltration, decreases in 

inflammation resolution kinetics, and potentially increased susceptibility to secondary infection 

(11–14).  

 
Streptococcus pneumoniae (S. pneumoniae) is an obligate, extracellular, and opportunistic 

bacterial pathogen (15). As a leading cause of community acquired pneumonia, sepsis, and 

bacterial meningitis, the bacterium is of significant public health importance (15,16). The 

commensal nature of S. pneumoniae requires an altered immune state for non-resident organ 

colonization, such as concurrent viral infection, immunosuppressive treatment, or development 

and maintenance of a chronic inflammatory environment within the respiratory tract (15,17). 

Repetitive ODE creates a sustained inflammatory environment, and epidemiologic evidence 

demonstrates increased incidence of bacterial pneumonia in individuals who work or live in 

close proximities to a farm (18–22). How, and if, concurrent exposures increase disease 

susceptibility, and the manner in which ODE-induced inflammation predisposes an organism to 

secondary infection remains uninvestigated via experimental means.  
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Utilizing an established murine model of repetitive (3 week) ODE followed by infection of 

Streptococcus pneumoniae, we herein probe the immune response to ODE followed by infection 

with S. pneumoniae, revealing that ODE prior to infection increases central and effector memory 

lymphocytes. Additionally, fatal infection demonstrates a more myeloid-skewed response for 

dust-induced protection, suggesting that the duality of the immune response in ODE-exposed 

individuals is infection severity-dependent.  
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Methods 

Preparation of Dust Extracts 

Dusts were collected as previously described from swine confinement facilities in the Midwest, 

United States, and stored at -20 ºC until preparation. Aqueous dust extracts were prepared as 

previously described (23); in brief, 5 g of dust was mixed into 50 mL of Hanks Balanced Salt 

Solution (HBSS) (HyClone, Logan, UT) at room temperature for 1 hour. The resulting extract 

was centrifuged at 2500 x g for 20 minutes at 4 ºC. Supernates were transferred to new tubes, 

recentrifuged at 2500 x g for 20 minutes at 4 ºC, and subsequent supernates were sterile filtered 

with a 0.22 um filter to produce 100% dust extract (DE). Aliquots were stored at -20 ºC until use. 

Formulations of 12.5% DE were prepared for animal installations by diluting 100% DE with 

phosphate buffered saline (PBS) (Fisher Scientific, Waltham, MA). A dose of 12.5% DE has 

been previously demonstrated as an appropriate dose for generating substantial lung 

inflammation with a single instillation and promoting histopathological markers of lung disease 

with repetitive exposure, while not leading to significant weight loss, lethargy, or other moribund 

phenotypes (23–29).   

 

Animal Husbandry and Instillations 

Animal protocols were reviewed and approved by the Institutional Animal Care and Use 

Committee at Colorado State University (Protocol #2887). 12 to 16-week-old C57BL/6 (WT) 

male and female mice (Jackson Labs, Bar Harbor, ME) were utilized and allowed ad libitum 

food and water. For intranasal instillations, mice were lightly anesthetized under 1.6-2.2% 

isoflurane and received 50 uL of the 12.5% DE or PBS vehicle control for 3 weeks (total of 14 

installations, provided 5 days/week).  
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Streptococcus pneumoniae Growth and Infection 

Streptococcus pneumoniae (S. pneumoniae) strain serotype 2 strain D39 was grown to log phase 

in Todd Hewitt Broth (Fisher Scientific, Cat# DF0492176) with 0.5% yeast extract (Fisher 

Scientific, Cat#212750) and 50 ug/mL streptomycin at 37°C and 5% CO2 without shaking. 

Resulting bacteria were resuspended in PBS at a final concentration of 107 or 1.28 CFU per 

infectious dose of 50 uL. Infections were completed under light isoflurane intranasally. For plate 

growth to determine colony forming unit determination, samples were serially diluted and 

streaked onto tryptic soy broth (TSB) (Fisher Scientific, Cat# ICN1010717) plates with 5 ug/mL 

neomycin, 50 ug/mL streptomycin, and freshly spread catalase (Worthington Chemical, 

Cat#LS001898). Plates were grown overnight at 37°C and 5% CO2 and resulting colonies 

counted via ImageJ.  

 

Organ Extraction and Lung Histopathology 

Mice were euthanized via isoflurane overdose followed by a cervical dislocation. A cannula was 

inserted into the trachea and bronchoalveolar lavage fluid (BALF) was collected with three 

washes of 1 mL of ice cold HBSS (HyClone, Logan, UT). Spleens were extracted and processed 

for flow cytometry and CFU determinations (detailed below). The left lung was tied off, 

separated, and utilized for flow cytometry assays, while the remaining right lobe was extracted, 

inflated with 10% neutral buffered formalin (NBF) (Cancer Diagnostics Inc, Durham, NC), and 

hung under 20 cm of pressure overnight while bathed in 10% NBF. The fixed right lungs were 

inserted into tissue cassettes and sent to the Colorado State University Veterinary Diagnostic 

Laboratory Experimental Pathology Facility (EPF) for paraffin embedding and slicing. Resulting 

slides were stained following deparaffinization and a graded ethanol rehydration with 
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hematoxylin and eosin (H&E). Slides were blinded and imaged at 40X magnification using the 

Vectra Polaris Automated Quantitative Pathology Imaging System (Akoya Biosciences, 

Marlborough, MA). Images were imported and visualized in QuPath for pathological scoring 

(30). H&E-stained right lung lobe sections were scored using a modified version of an 

established scoring criteria published previously (Supplementary Table 4.1) (31). All slides 

remained blinded and then 4 parameters were scored: the amount of immune cell aggregates, the 

presence of perivascular and peribronchiolar inflammation, alveolar space cellularity, and 

metaplasia of goblet cells. A mean pathology score consisted of the averaged scores in all 4 

parameters. 

 

Sample Processing and Colony Forming Unit Determination 

BALF was centrifuged at 350 x g for 8 minutes at 4°C. Resulting supernatant was removed and 

centrifuged at 12,000 x g for 10 minutes to pellet bacteria for CFU. The remaining BALF cell 

pellet was utilized for subsequent flow cytometry applications (detailed below). Extracted left 

lung and spleens were gently mechanically dissociated utilizing a Bead Mill 24 (Fisherbrand, 

Waltham, MA) with metal bead lysing matrix tubes (1.95 speed, 6 cycles, 15 second cycle, 3 

second rest) (MP Biomedical, Santa Anna, CA) and then strained and rinsed with 1 mL of HBSS 

+ 0.25% sodium azide through a 70 µm filter to create a single cell suspension (SCS). The 

resulting SCSs were centrifuged at 350 x g for 8 minutes at 4°C, with supernatant fractions 

removed and centrifuged at 12,0000 x g at 4°C for bacterial pellet formation. Remaining cell 

pellets were used for subsequent flow cytometry applications (detailed below). Bacterial pellets 

were resuspended in PBS, serially diluted and plated on TSB plates with 5 ug/mL neomycin, 50 

ug/mL streptomycin, and 130 uL of freshly spread catalase (Worthington Chemical, 
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Cat#LS001898). Plates were grown overnight at 37°C and 5% CO2 and resulting colonies 

counted via ImageJ to determine recoverable CFU.  

 

Flow Cytometry Analysis of BALF and Organ Single Cell Suspensions 

BALF, lung, and spleen SCS were split into 3 portions for staining with a T cell panel, myeloid 

panel, and innate lymphoid cell panel (Supplementary Table 4.2). Regardless of panel, samples 

were initially resuspended in viability dye at the appropriate concentration for 30 minutes at 4 ºC 

protected from light. One mL of flow buffer (HBSS+ 1% BSA, 0.25% sodium azide) was added, 

and the cells were centrifuged at 400 x g for 8 minutes at 4ºC. Resulting supernates were 

aspirated off and cells were resuspended in TruStain FcX (BioLegend, San Diego, CA, 1:200) 

for 15 minutes at room temperature, protected from light. Appropriate volumes of fluorophore 

antibody cocktail (Supplementary Table 4.2) were then added and incubated for 30 minutes at 

room temperature protected from light. Cells were washed and resuspended in BD 

Cytofix/Cytoperm (BD Technologies, East Rutherford, NJ) for 30 minutes at 4 ºC protected from 

light. Cells were washed in BD Perm/Wash (BD Biosciences, Franklin Lakes, NJ) and 

centrifuged at 500 x g for 8 minutes at 4ºC. Samples were then resuspended in intracellular 

staining cocktails and incubated for 30 minutes protected from light. Cells were then washed in 

BD Perm/Wash and resuspended in flow buffer for analysis. Stained cells were acquired on a 

custom 3 Laser Attune NxT Flow Cytometer (Thermofisher Scientific, Waltham, MA). Single 

color compensation beads (Cat#424602, Biolegend, San Diego, CA) were utilized for 

compensation control and fluorescent minus one samples (FMOs) were utilized for appropriate 

gate placement. Resulting data were analyzed using FlowJo Version 10 (Treestar, Ashland, OR) 

software.  
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Statistics  

GraphPad Prism software (Version 10, La Jolla, CA) was utilized to perform ROUT outlier 

analysis (Q = 1%), with resulting data analyzed via two-way ANOVA tests to determine the 

main effects of exposure and infection. Fisher’s LSD method was used to perform post-hoc 

multiple comparisons to identify significant differences between groups. Mann-Whitney U was 

utilized for stand-alone between group comparisons in SPHi and DPHi infection outcomes. 

Differences between groups were considered significant if the p value ≤ 0.05. For Spearman 

correlation analysis, all values of designated parameters were included and a two-tailed test with 

a 95% confidence interval was utilized.  Non-significant values are not denoted in figures, unless 

otherwise noted. Data are represented with median ± confidence intervals on all figures unless 

otherwise noted.  
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Results 

Infection of C57BL/6 Mice with S. pneumoniae Following Repetitive ODE Leads to Complete 

Clearance of Bacterial Infection.  

Male and female mice pre-exposed to 3 weeks of dust extract (DE) or saline (PBS) control were 

given 3 days rest to allow DE-induced cell populations to reduce, as previously published (32). 

Mice were infected with S. pneumoniae and euthanized on the third day post infection (DPI) 

(Figure 4.1A). BALF, right lung, and spleen were homogenized and plated for colony forming 

unit determination (Figure 4.1B), while cell suspensions were utilized for flow cytometry and 

the left lung for histopathology (Figure 4.1B). CFU of S. pneumoniae was recovered in BALF, 

lung tissue, and spleen of saline pre-exposed animals, demonstrating systemic dissemination of 

S. pneumoniae (Figure 4.1C). No CFU was recoverable from mice pre-exposed to DE, 

regardless of sample.  
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Figure 4.1. Experimental schematic that depicts instillation of C57BL/6 male and female mice 

with saline (PBS) or dust for 3 weeks intranasally before a 3-day recovery before infection with 

107 CFU of Streptococcus pneumoniae strain D39. Mice were euthanized at 3 days post infection 

(DPI) (A.). Bronchoalveolar lavage fluid, right lung, and spleen were utilized for CFU 

determination, while the cells from these samples underwent flow cytometry for 

immunophenotyping. The left lung was stained and utilized for histopathology (B.). Colony 

forming units recovered from BALF, lung, and spleen in saline and dust exposed animals at 3  

DPI (C.). Mann-Whitney U test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Histopathologic Analysis Demonstrates a Dust-induced Increase in iBALT Formation but 

Similar Inflammatory Scores Otherwise 

To further explore potential mechanisms by which DE pre-exposure demonstrates a seemingly 

protective effect on subsequent S. pneumoniae infection, we probed the pathologic consequences 

of DE-S. pneumoniae (DP) combinations via a blinded scoring methodology (Supplementary 

Table 4.2). Gross examination revealed that DE-exposure induced iBALT formation, 

independent of S. pneumoniae infection status (Figure 4.2A). Saline-S. pneumoniae (SP) lungs 

demonstrated significant alveolar inflammation (Figure 4.2A). When quantified, dust-saline 

(DS), saline-S. pneumoniae (SP), and dust-S. pneumoniae (DP) mice exhibited significant 

increases in peribronchial and alveolar inflammation, goblet cell metaplasia, and averaged 

pathology scores compared to saline-saline (SS) mice (Figure 4.2 B-D, F, G). Increased scores 

for all parameters except perivascular and alveolar inflammation were found in DP compared to 

SP lungs (Figure 4.2 B-D, F). DS and DP groups had increase iBALT scores compared to 

saline-S. pneumoniae mice (Figure 4.2F). Total numbers of immune cell aggregates were 

increased in DS and DP compared to SS and SP groups (Figure 4.2E). DP mice demonstrated 

increased averaged pathology scores compared to all other groups (Figure 4.2G). The DP group 

exhibited increased average pathology scores compared to both SP and DS groups, 

demonstrating a combinatory impact on pathologic score of dust and S. pneumoniae infection 

(Figure 4.2G). Given these histopathologic insights, we hypothesized an alteration of lung 

resident and recruited immune cells contributes to the protective impact of ODE on secondary 

bacterial challenge. 
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Figure 4.2. Representative pathology images of right lung stained with H&E for saline-saline, 

dust-saline, saline-S. pneumoniae and dust-S. pneumoniae exposed mice (A.). 

Perivascular/bronchiole inflammation (B.), goblet cell metaplasia (C.), alveolar inflammation 

(D.), immune cell aggregate number (E.), immune cell aggregate score (F.), and averaged 

pathology (G.) scores. Line on graphs denote mean value, while range demonstrates minimum 

and maximum scores for each group. SS= saline-saline, DS=dust-saline, SP=saline-S. 

pneumoniae, DP=dust-S. pneumoniae. Arrows denote immune cell aggregate formation. Kruskal 

Wallis test with Dunn’s Multiple comparisons for post-hoc analysis. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 

 
 

Pre-Exposure to Dust Differentially Generates Effector and Central Memory Lymphocytes 

Within the lung tissue, our findings of iBALT development prompted us to examine the T-

lymphocyte repertoire as a potential driver of dust-induced S. pneumoniae infection protection. 

We developed a flow cytometry panel to examine these T cell populations (Figure 4.3A) via the 

repurposing of a spleen-based T cell immunophenotyping panel (33). Total CD4+ counts were 

elevated in SP compared to SS, and SP CD4+s were increased compared to DP (Figure 4.3B). 

CD3+/CD4+/FoxP3+ T-regulatory (Treg) populations followed similar trends, seemingly drive by 

the parent CD4+ count numbers, but when plotted as a percentage to avoid parent population 

impact, Treg percentage was decreased in DS and increased in SP compared to SS groups, with 

no statistical significance in the DP group (Supplementary Figure 4.1A). CD8+ T cell counts 

were elevated in response to S. pneumoniae infection, regardless of PBS or ODE pre-exposure 

compared to SS (Figure 4.3D). SP populations were increased compared to DP, and DP was 

increased compared to DS, suggesting that S. pneumoniae infection, regardless of pre-exposure 
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status was a driver of CD8+ T cell number increases (Figure 4.3D). These elevations carried 

forward in delineated T cell subsets (Supplementary Figure 4.1B-I), so percentages of parent 

population were utilized to observe population level shifts. Naïve populations of both CD4+ and 

CD8+ T cells were reduced in DS, SP, and DP mice compared to SS mice (Figure 4.3E, G). pre-

exposure to dust followed by S. pneumoniae infection significantly reduced naïve CD4+ and 

CD8+ T cell populations compared to PBS pre-exposure and S. pneumoniae infection (Figure 

4.3E, G). Central memory CD4+ T cells were significantly increased in SP compared to all other 

exposure-by-infection groups (Figure 4.3F). Dust pre-exposure increased effector memory 

CD4+ T cell proportions significantly compared to saline pre-exposure, regardless of infection 

status (Figure 4.3I). CD4+ EMRA proportions increased in DS, SP, and DP compared to SS 

groups (Figure 4.3J). CD8+ T cells yielded altered proportions compared to their CD4+ 

counterparts. Central memory CD8+ populations decreased in DS and DP compared to SS 

(Figure 4.3H). DP was significantly increased compared to DS, suggesting a pneumo-based 

reliance on porportion alterations (Figure 4.3H). Effector memory CD8+ T cells were increased 

in all exposure-by-infection groups compared to SS (Figure 4.3K). Intriguingly, DS was 

signifianctly reduced compared to DP, suggesting a S. pneumoniae-based role in population 

maintenance. CD8+ EMRA populations were signifianctly elevated in DS and DP compared to 

SS, and DP compared to SP, suggesting a dust-based role in CD8+ EMRA population generation 

(Figure 4.3L). Collectivley these results demonstrate a dust-based signature in generating 

specific effector memory CD4+ populations and terminally differentiated effector memory CD8+ 

populations, which may play a role in the dust-induced S. pneumoniae clearance. Additionally, a 

role for dust-induced maintence of effector memory generation against S. pneumoniae infection 

is extremely likely.  
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Figure 4.3. Representative flow cytometry gating strategy for identification of T cells and their 

subsets from lung SCS (A.). Total CD4+ T cells (B.), FoxP3+ T-regulatory cells (C.), and CD8+ T 

cell (D.) numbers enumerated from lung single cell suspension. Percentage of naïve (E.), central 

memory (F.), effector memory (I.), and terminal effector memory (J.) from total CD4+ T cells. 

Percentage of naïve (G.), central memory (H.), effector memory (K.), and terminal effector 

memory (L.) from total CD8+ T cells. Box and whisker plots depict minimum to maximum 

values with all data points shown and the midline at the median value. SS= saline-saline, 

DS=dust-saline, SP=saline-S. pneumoniae, DP=dust-S. pneumoniae. Kruskal Wallis test with 

Dunn’s Multiple comparisons for post-hoc analysis. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

 
 

 Innate Lymphoid but not Myeloid Cell Population Frequencies were Differentially Altered in 

Mice Pre-exposed to Dust before S. pneumoniae Infection Compared to No Pre-exposure and 

Infection Alone 

 
Given the requirement of innate immune cells in clearing and modulating adaptive-mediated 

responses to pathogens, we probed population shifts of these cells in response to dust exposure 

and S. pneumoniae infection in the lung tissue compartment. Innate lymphoid cell (ILC) 

populations were successfully identified (Supplementary Figure 4.2A), but no change in 

population was noted for ILC2, NCR+ ILC3, and only an increase in the DP group of NCR- 

ILC3 was demonstrated compared to SS (Supplementary Figure 4.2 C-E). ILC1 populations 

were significantly increased in the DP group compared to SS, DS, and SP groups 

(Supplementary Figure 4.2B). Myeloid lineage innate immune cells were also investigated 

(Supplementary Figure 4.2F). Here, no myeloid lineage cell populations exhibited increases in 

counts in the DP group compared to the SP group (Supplementary Figure 4.2G-M). Neutrophil 
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and dendritic cell counts were driven by S. pneumoniae infection, irrespective of dust pre-

exposure (Supplementary Figure 4.2G, H). Alveolar macrophage counts increased only within 

the DS group, consistent with the initiation of inflammation resolution processes 

(Supplementary Figure 4.2I). Interstitial macrophages were increased in all exposure-by-

infection groups compared to SS (Supplementary Figure 4.2J). Classical, intermediate, and 

non-classical monocyte populations all increased in SP and DP groups, but not DS groups 

compared to SS (Supplementary Figure 4.2K-M).   

 

Correlation Analysis Reveals Requirement of Innate and Adaptive Responses to Drive 

Exposure-induced CFU Reduction.  

Given these findings of primarily lymphoid-specific alterations induced by dust in the lung, we 

were curious how differential cell populations identified correlated with CFU burden reductions, 

and pathologic scoring within the lung. As expected, all pathologic scoring parameters correlated 

with each other, but the correlative driver between pathology score was dust exposure, not S. 

pneumoniae infection (Figure 4.4). BALF, lung, and spleen CFU were positively correlated with 

each other (Figure 4.4). Pathologic scores within the lung inversely correlated with Naïve CD4+ 

and CD8+ T cell percentages, as well as CFU (Figure 4.4). Exposure and S. pneumoniae 

infection synergistically correlated with CD4+ and CD8+ EM % (Figure 4.4), findings not 

revealed in cell percentages. Conflicting correlations from exposure and infection were found in 

CD4+ and CD8+ count, as well as Treg and dendritic cell count (Figure 4.4). Intriguingly, all 

ILC counts only exhibited weak correlations, despite elevated ILC1s being 1 of the 2 cell 

populations found increased in DP compared to SP groups (Figure 4.4). The strongest correlates 

of increasing Lung CFU were dendritic cell, classical monocyte, intermediate monocyte, and 
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neutrophil counts, and these populations were specifically reliant on S. pneumoniae infection 

(Figure 4.4). No identified population increases correlated with reduced CFU, lung or otherwise 

(Figure 4.4). These correlative findings reveal an increasingly complex cellular interplay 

involved in CFU reduction within the lung.  

 

Figure 4.4. Heatmap of Spearman Correlations for pathology, infection, exposure, and major 

cell populations identified within lung tissue. Spearman R value is denoted on the scale bar. CM 

= classical monocyte, IM = intermediate monocyte, NCM = non-classical monocyte.  
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Given these findings of dust-induced increases in “trained” lymphocyte populations and the 

correlation of myeloid cells in response to increased pathology, and CFU, it is likely that there is 

a coordinated adaptive-to-innate clearance mechanism involved in the dust-associated increased 

clearance observed. We examined these populations at the site of successful clearance: the 

airway. As expected, neutrophil populations increased in response to dust, S. pneumoniae 

infection, or the combination thereof compared to SS animals (Figure 4.5A). Dendritic cell 

counts were elevated in SP and DP groups, but not DS groups (Figure 4.5B). Alveolar 

macrophages were significantly elevated in DS, SP, and DP groups (Figure 4.5C). Interstitial 

macrophages were elevated in DS, SP, and DP groups, but more so in SP and DP compared to 

DS, suggesting a pneumo-dependence (Figure 4.5D). This same pattern of elevations was found 

in classical monocyte populations (Figure 4.5E), while intermediate and non-classical monocyte 

populations exhibited increases in DS, SP, and DP groups compared to SS (Figure 4.5F-G). T-

regulatory CD4+ cells were elevated in DS and SP compared to SS, but these populations were 

reduced in DP compared to SP (Figure 4.5H).  ILC1 and NCR+/- ILC3s all exhibited significant 

increases in DS, SP, and DP groups compared to SS (Figure 4.5I, K, L). ILC2 populations 

appeared dependent on S. pneumoniae infection for increases, with only SP and DP increasing 

compared to SS, but also increased compared to DS (Figure 4.5J). Total CD4+ and CD8+ 

populations were elevated in DS, SP, and DP compared to SS, and reduced, albeit not-

significantly so, cell counts in DP compared to SP groups (p=0.0543 and p=0.3891, respectively) 

(Figure 4.5M, R). Dust pre-exposure was sufficient to increase DP Naïve CD4+ but not DP 

CD4+ central memory T cell populations compared to SS groups (Figure 4.5N, O). DE and S. 

pneumoniae infection, alone or in combination, increased CD4+ effector memory and EMRA 
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populations, however CD4+EMRAs also exhibited a significant increase in the DP vs SP group 

(Figure 4.5Q). All CD8+ derivative populations followed similar trends as total CD8+ 

populations, with some noted exceptions; Naïve CD8+ʻs were reduced in DP compared to SP, 

and CD8+ naïve and central memory populations were not elevated in DS compared to the SS 

group (Figure 4.5 R-V).  
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Figure 4.5. Immune cell counts in BALF. Neutrophil (A.), dendritic cell (B.), alveolar 

macrophage (C.), interstitial macrophage (D.), classical monocyte (E.), intermediate monocyte 
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(F.), non-classical monocyte (G.), T-regulatory (H.), ILC1 (I.), ILC2 (J.), NCR+ ILC3 (K.), 

NCR-ILC3 (L.), CD4+ T cell (M.), Naïve CD4+T cell (N.), CD4+ central memory (O.), CD4+ 

effector memory (P.), CD4+ EMRA (Q.), CD8+ T cell (R.), Naïve CD8+ T cell (S.), CD8+central 

memory (T.), CD8+effector memory (U.), and CD8+EMRA (V.) counts. Box and whisker plots 

depict minimum to maximum values with all data points shown and the midline at the median 

value. SS= saline-saline, DS=dust-saline, SP=saline-S. pneumoniae, DP=dust-S. pneumoniae. 

Kruskal Wallis test with Dunnʻs Multiple comparisons for post-hoc analysis. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 

 
Dust Pre-exposure Protects from Fatal Challenge with S. pneumoniae and Reduces Systemic 

Dissemination 

 
Our findings thus far have revealed dust-based lymphoid cell population alterations, in both the 

lung tissue and airway, that suggest generation of an adaptive-immune skew that leads to 

clearance of S. pneumoniae infection in a sub-lethal dose. We alternatively infected our dust or 

saline-pre-exposed mice to a lethal challenge of S. pneumoniae and found that dust pre-exposure 

protected from lethality of infection (Figure 4.6A). Recoverable CFU from the BALF was not 

significantly altered between saline and dust pre-exposure (Figure 4.6B). In contrast, the CFU 

recovered from lung and spleen were significantly reduced in dust pre-exposed animals 

compared to saline (Figure 4.6B). We examined which cell populations within the BALF were 

therefore differentially found, as despite similar CFU, these populations are likely protective 

from this fatal challenge and induced by dust pre-exposure. CD8+ effector memory, ILC2, 

alveolar macrophage, and interstitial macrophage populations were all found significantly 

elevated in dust pre-exposed fatal challenge animals (Figure 4.6C-F). Collectively, these 

findings demonstrate the reliance on macrophage populations and differential lymphoid 
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populations in a fatal challenge of S. pneumoniae compared to the more trained and effector 

memory (lymphocyte dependent) observed in a non-fatal infection.  
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Figure 4.6. Kaplan-Meier survival curve of mice infected with a fatal challenge (1.28) CFU of S. 

pneumoniae strain D39 following 3 weeks of pre-exposure with saline or dust (A.). Colony 

forming units recovered from BALF, lung, and spleen in saline and dust exposed animals at 3  

DPI (B.). CD8+ effector memory (C.), ILC2 (D.), alveolar macrophage (E.), and interstitial 

macrophage (F.) cell counts. Box and whisker plots depict minimum to maximum values with all 

data points shown and the midline at the median value. SP=saline-S. pneumoniae, DP=dust-S. 

pneumoniae. Mann-Whitney U test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Discussion 

 

Our findings in this model of repetitive ODE followed by infection with S. pneumoniae 

demonstrated a previously undescribed protective role of ODE in preventing S. pneumoniae 

growth. A consistent lack of recoverable CFU across BALF, lung, and spleen suggested 

complete clearance and a lack of dissemination in dust-exposed mice infected with S. 

pneumoniae. Pathologically, dust pre-exposure induces immune cell aggregate formation, the 

primary pathologic feature significantly increased in DP vs. SP groups. Within the lung tissue, 

DP groups have decreased total CD4+, CD8+, and T-regulatory cell populations, enhanced ILC1 

counts, and increased proportions of CD4+ effector memory and CD8+ TEMRA populations. 

Correlation analysis revealed that dust exposure was independently associated with immune 

population differences observed in the DP group. Within the airways, only CD4+ TEMRA 

populations were elevated in DP vs SP groups. Mice challenged with a fatal dose of S. 

pneumoniae were protected from mortality and exhibited reduced recoverable CFU, with 

subsequent increases in CD8+ effector memory, ILC2, and macrophage populations. 

Collectively, our results demonstrate a dust-based increase in effector memory lymphocytes, 

while protection against fatal infection is also seemingly reliant on macrophage defense.  

 

Our finding of complete clearance of S. pneumoniae from the airway, lung tissue, and spleen by 

3 DPI in dust pre-exposed mice suggests the completion of a successful response resulting in 

clearance of infection (Figure 4.1C). The immune response to repetitive (3-week) ODE is 

neutrophilic, but this increase in neutrophils self-resolved within 3 days of recovery (3,4,34–36). 

As such, our 3-day recovery period before S. pneumoniae infection was intentionally chosen to 

reduce the impact of the ODE-induced neutrophilic response, and BALF analysis corroborates 
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this timing (Figure 4.5A). Neutrophil requirement for S. pneumoniae defense is well described 

and typically occurs within hours to 2 days of infection (37–39). 

 

Via gross histopathologic analysis, our finding of increased scores of goblet cell metaplasia in 

DP vs SP groups suggests a role for goblet-cell mediated immunity (Figure 4.2C). Goblet cell-

secreted mucus is well documented to trap and enable killing of non-capsulated S. pneumoniae, 

but this mechanism is easily avoided if the bacterium is encapsulated (which the D39 strain used 

in these studies is) (40,41). Mucociliary clearance is an additional mechanism of anti-S. 

pneumoniae defense and would be a plausible explanation for our pathologic finding, however, 

dust exposure alone has been demonstrated to impair ciliary beating and thus homeostatic 

clearance (26,42–44). The other pathologic parameter increased in DP compared to SP was 

immune cell aggregate score (Figure 4.2F). Intriguingly, these aggregations have previously 

been reported to be lymphoid cell dominant and reminiscent of induced bronchus associated 

lymphoid tissue (iBALTs) (5,11,45,46). Within the DP group, the number of these iBALT 

structures far surpassed the normal scoring metrics utilized for repetitive ODE, potentially 

suggesting that dust-induced recruitment and generation, followed by S. pneumoniae infection 

spurred on development of iBALTs, albeit not statistically significantly between DS and DP 

groups (47).  

 

The lymphoid cell requirement for S. pneumoniae clearance within the lung is well documented, 

with CD8+ T cells required for S. pneumoniae defense, and depletion of CD4+ T cells enhancing 

this response (48). This study demonstrated a requirement for perforin and IFN-y, but these 

findings were in a pan-knockout model, not CD8+ T cell specific depletion. Interestingly, 
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adoptive transfer of Naive CD8+ T cells was sufficient to reduce CFU burden within the lungs of 

infected animals in both CD8-/- and CD4-/- animals. Our findings suggest that naive lymphocyte 

populations are reduced with ODE (Figure 4.3E, G). Instead, we demonstrated an increase in 

CD4+ effector memory T cell proportions, specifically in response to ODE (Figure 4.3I). CD4+ 

effector memory populations are well documented in individuals carrying S. pneumoniae 

populations asymptomatically, and generation of these “memory” subset of T cells has been 

demonstrated to enhance host secondary infection response, decrease allergic response, and 

increase the resolution and repair processes associated with inflammation (49,50). In addition, 

increases in CD4+ EMs correlate with reduction of T-regs, as demonstrated in our findings (51).  

 

The other population of lymphocytes found proportionally increased in DP vs SP groups in the 

lung were that of CD8+ terminally differentiated effector memory reactivated (TEMRA) cells 

(Figure 4.3L). These cells exhibit highly cytotoxic phenotypes and pro-inflammatory cytokine 

secretion (52). Within the context of COPD development, CD8+ TEMRA populations are 

increasingly recognized as a clinical biomarker for mild to moderate COPD incidence (53). 

Given the propensity for ODE to contribute to COPD development, this incidental finding of 

increased proportions of CD8+ TEMRAs following ODE has implications within the field of 

ODE-induced inflammation and disease risk.  

 

Via correlation analysis, we found that reduced proportions of naive CD4+ and CD8+ populations 

inversely correlated with all lung pathologic parameters assessed (Figure 4.4). CFUs were 

similarly inversely correlated with these naive lymphocyte populations, but most importantly, so 

was exposure. Repetitive ODE has been demonstrated to increase the populations of total CD4+, 
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but not CD8+ T cells, within the lung (54). Interestingly, these cells were demonstrated, 

following isolation and restimulation, to be primarily IL-17-producing populations. IL-17 

production is implicated in polarizing the immune response towards a Th1/Th17 skew for S. 

pneumoniae protection and clearance (55–57). Within the airway, the site of complete bacterial 

clearance at 107 infectious dose, there were observed ODE-induced increases only in the 

CD4+EMRA population (Figure 4.5Q), but no other immune population that was differentially 

increase in DP compared to SP groups. Reductions in several immune cell populations, such as 

Tregs and Naive CD8+ T cells in DP vs SP groups were also noted (Figure 4.5H, S), suggesting 

that reduced naive populations and Tregs meant to dampen inflammatory resposnes are crucial to 

protecting from S.pneumoniae infection.  

 

Within the DS group, it was important to note that this timeline, with recovery and infection, 

places these animals at a repetitive ODE timepoint of 3 weeks with a recovery period of no dust 

exposure or infection of 6 days (Figure 4.1A). This timepoint grants a unique look into cell 

populations required for recovery of ODE-induced inflammation, and our current work expands 

on previous observations of reductions in neutrophils, not observed in our current BALF data, as 

well as similar levels of macrophage and lymphocyte populations (11). One major immune cell 

population not included in our analysis is B cells, which have previously been demonstrated as a 

requirement for iBALT formation following repetitive ODE (45). This lymphocyte signature was 

completely abolished when fatal S. pneumoniae challenge was conducted with the reliance 

shifting towards a macrophage-biased signature in dust-exposed and infected mice (Figure 4.6). 

Increases in CD8+ effector memory and ILC2 populations within the airway as a result of fatal 

challenge were also observed (Figure 4.6C, D). Collectively, this observation suggests that 
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mitigating fatal challenge of S. pneumoniae is more reliant on macrophage populations than a 

non-fatal challenge, and that pre-exposure to dust enhances these macrophage populations. In a 

murine model of fatal S. pneumoniae infection, a link between IL-33 signaling, ILC2-produced 

IL-4 and IL-13, and S. pneumoniae clearance has been demonstrated (58,59). Intriguingly, their 

findings primarily revealed the requirement of reduced IL-33 and increased IL-22 as the primary 

causative factor in S. pneumoniae defense. Previous work from our lab has demonstrated that 

repetitive ODE induces increased IL-22 induction within the airways, polarizing macrophage 

populations towards a more M2-like phenotype. IL-22 production has profound downstream 

impacts, increasing the production of epithelial-produced antimicrobial peptides (AMPs), which 

exhibit varied success dependent on capsular makeup of the bacterium (60–62).  

 

Our study faces several limitations and therefore provides ample opportunity for improving upon 

these initial findings. First and foremost, among these, is the necessity for understanding at what 

timepoint non-fatal doses of S. pneumoniae are cleared from the airway completely in dust-

exposed mice. We reveal incomplete clearance in fatally challenged mice by 3 D.P.I., but an 

alternative strategy to increasing the dose would be better understanding at what timepoint 

complete clearance is obtained. Furthermore, our data do not include signaling molecules or 

biomarkers of cellular activation or phenotype, the inclusion of which would allow for a greater 

understanding of the cohesive immune response induced by dust-pre-exposure before S. 

pneumoniae infection. Curiously, there is a growing body of literature identifying “innate 

immune training” markers that confer susceptibility or protection against secondary insults or 

exposure (63–65). These findings are as of yet unexplored in the field of repetitive ODE but 

offer intriguing and exciting avenues to understand how a pre-exposure to environmental stimuli 
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alters an individual’s ability to respond to “second hits”. Future investigations should also aim to 

understand the epitopes of TCRs induced by repetitive ODE that may correlate with infection 

response to S. pneumoniae. Additionally, demonstrating a specific response versus a generalized 

inflammatory/innate immune response to ODE that decreases the response time needed for the 

immune system to secondary infectious challenges is also warranted.  
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Chapter 5 

 
The immune response to inhaled organic dusts, both acute and chronic, is complex. Despite 

many advances in our understanding of how this immune response presents through the 

utilization of murine modeling, an exact understanding of the contributors to clinical disease 

development are under continued investigation. The aims of these studies were to 1.) Develop a 

flow cytometry method for NET-forming neutrophil identification and tracking following acute 

dust exposure, 2.) Deeply phenotype the response and resolution promoted by increased n-3 fatty 

acids following repetitive ODE. 3.) Determine the immune response induced by repetitive ODE 

followed by infection with Streptococcus pneumoniae. Collectively, these studies advance the 

fields understanding of immune-response alterations induced by organic dust exposure, 

providing key insights into how this exposure response can be altered in response to omega-3 

fatty acid availability or infection with the common respiratory pathogen, S. pneumoniae.  

 

Acute ODE increases neutrophils in the lung and airway, but only mature neutrophils in 

the lung exhibit increased NET formation.  

Acute ODE is characterized by a prominent neutrophilic response. In what manner this 

neutrophilia contributes to the inflammatory environment within the airway and lung is less well 

understood. Herien, we developed a flow cytometry panel that profiled neutrophils, their 

precursors, and their NET-forming capacity from the bone marrow, through the blood, into the 

lung tissue and airways following an acute exposure to dust extract. Our findings revealed that 5 

hours post ODE, both band and mature neutrophils significantly increased in the lung tissue and 

airway (via bronchoalveolar lavage fluid collection). Intriguingly, when examined for NET 
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formation, only mature neutrophils within the lung tissue were demonstrated to show an ODE-

induced increase in NET formation. Furthermore, differential patterns of NET formation (lytic vs 

vital) were locationally dependent, with lung tissue demonstrating a more lytic pattern and 

airway NET-forming neutrophils exhibiting a vital-like pattern. Given these differential patterns 

of NET-formation in mature and band neutrophils, further studies should focus on the targeting 

of mature neutrophils as inducers of NET-driven inflammation. Additionally, observing NET 

formation patterns in repetitive ODE, to delineate if this process is a driver of repetitive ODE is 

warranted.  

 

Monocytes are sex-dependently recruited to lung tissue and airways in a mouse model of 

balanced omega-3 fatty acids during repetitive ODE.  

Repetitive ODE creates a chronic inflammatory environment, without normal resolution 

processes, ultimately contributing to development of chronic respiratory diseases such as asthma 

and COPD. Potent promoters of inflammation resolution processes, n-3 FA and their 

metabolites, termed SPM, have garnered attention for their efficacy in reducing ODE-induced 

inflammation. What cellular players and soluble mediators contribute to the resolution-

promoting characteristics of n-3 FA remains relatively underreported. Our findings reveal that 

monocytes, specifically classical and intermediate monocytes, are preferentially recruited to the 

lung and airway in response to repetitive ODE in a balanced n-3 FA model, the Fat-1 mouse. 

Within the airways, monocytes were increased in Fat-1 males, coinciding with increased levels 

of CX3CL1, while female Fat-1 mice exhibited increased monocyte populations within the lung 

tissue. These findings highlight the importance of sex-difference considerations when combating 

ODE-induced inflammation via n-3 FAs, while providing a previously undescribed role for 
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monocytes in promoting resolution processes within the lung following ODE. Future 

experiments should delineate if the observed sex differences are hormonal or chromosomal in 

nature, thereby informing translational measures for agricultural and livestock laborers. 

Furthermore, investigations into how the monocytes, either through macrophage or dendritic cell 

renewal, or through phagocytosis and cytokine release, promote resolution in the Fat-1 mouse 

following repetitive ODE.  

 

Repetitive ODE protects from secondary S. pneumoniae infection and mortality through 

induction of effector memory lymphocyte populations. 

The bacterium S. pneumoniae requires a dysregulated or altered immune response to move from 

upper respiratory tract mucosal colonization to lower respiratory tract infection. Clinical and 

epidemiologic data provide mixed consensuses on the impact of organic dust exposures and S. 

pneumoniae infection, so we leveraged our existing model of repetitive ODE to provide 

experimental insight into this phenomenon. Our model revealed that repetitive ODE protected 

from S. pneumoniae infection, dissemination, and mortality via the induction of effector memory 

lymphocyte populations in the airway and lung tissue. Based on our findings of these increased 

populations, further inquiries as to the necessity and functionality of these ODE-induced 

populations is warranted. Furthermore, our findings of increased iBALT formation suggests a 

potential role for antibody-mediated defense and is an apt direction to identify the specific 

antigen(s) potentially induced via repetitive ODE.  

 

Concluding Remarks 
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Understanding the immune response to ODE remains a pivotal challenge in unravelling the 

major contributors to asthma and COPD development of workers in the livestock and 

agricultural industries. While additional work is very much so warranted, the studies presented in 

this dissertation have collectively served to advance the understanding of the immune response 

to acute and repetitive inhalational organic dust exposure. Identification of mature neutrophils 

within the lung tissue as the prominent source of NET-forming cells in acute ODE enables 

therapeutic efforts to be targeted. Revelations that balanced n-3 FA promotes a monocytic 

signature with potent sex-dependent differences enhances our understanding of translational 

implications of dietary based interventions for ODE-induced inflammatory mitigation. Finally, 

our murine ODE system revealed that repetitive ODE induces potent effector memory 

lymphocyte populations that may aid in the clearance of infection with S. pneumoniae. These 

advances in our understanding of the immune response to acute and repetitive ODE demonstrate 

forward progress towards therapeutic avenues that can combat end-stage respiratory disease 

development associated with ODE and additional PM exposures.  
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Appendix 1: Supplementary Material for Spectral Flow Cytometry Method 

for Immunophenotyping Neutrophil Activation and NET-forming 

Capabilities in an Acute Dust Exposure Model 

 
Supplementary Figure 2.1: Representative gating strategy for fluorescent minus one (FMO) 
sample utilized for gating placement for NET formation markers MPO and CitH3 in the lung and 
BALF in mature and band neutrophil populations.  
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Supplementary Table 2.1: Fluorescently conjugated antibodies used for flow cytometry. Panel 
denotes extracellular (ex) and intracellular (in) location of markers.  
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Appendix 2: Supplementary Material for Spectral Immune Cell Profiling 

Reveals Modulations in Immune Cell Response to Repetitive Inhaled Organic 

Dust Exposure in a High Omega-3 Fatty Acid Mouse Model 

 

Supplementary Figure 3.1. Monocyte populations in the lung tissue (A.) and airway (B.) in WT 
and Fat-1 mice exposed to saline or dust. Main effects are shown below the graphs. 2-Way 
ANOVA with Tukey’s Multiple Comparisons Test **p<0.01, ***p<0.001****p<0.0001, ns- 
non-significant.  
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Supplementary Table 3.1: Antibody-fluorophore conjugations and manufacturers. 
 

Marker Fluor Manufacturer 
CD45 BV650 Biolegend, San Diego, CA  Cat#: 103151 

CD11B AF700 Biolegend, San Diego, CA  Cat#: 103515 

CD19 FITC Biolegend, San Diego, CA  Cat#: 152404 

B220 FITC Biolegend, San Diego, CA  Cat#: 103205 

CD27 FITC Biolegend, San Diego, CA  Cat#: 124207 

LY6G BV510 Biolegend, San Diego, CA  Cat#: 127633 

LY6C PE-Dazzle Biolegend, San Diego, CA  Cat#: 128043 

MERTk PE-Cy7 Biolegend, San Diego, CA  Cat#: 151521 

CD11C PE-Cy5 Biolegend, San Diego, CA  Cat#: 117316 

ST2 PE Thermofisher, Waltham, MA Cat#: 12-9335-80 

NKp46 BV421 Biolegend, San Diego, CA  Cat#:137612 

CD49a BV605 BD Biosciences, Franklin Lakes, NJ  Cat#: 740375 

CD49b APC Biolegend, San Diego, CA  Cat#: 103515 

CD3 PerCP-Cy5.5 Biolegend, San Diego, CA  Cat#: 100327 

CD4 BV711 Biolegend, San Diego, CA  Cat#:100447 

CD8 BV785 Biolegend, San Diego, CA  Cat#: 100750 

Viability Ghost Dye Red 780 Tonbo Biosciences, San Diego, CA Cat#: 13-0865-T100 
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Supplementary Table 3.2. Histopathologic scoring guidelines and pathologic characteristics on 
a scale of 0-5. An immune cell aggregate was defined as a clustering of greater than 30 immune 
cells. 
 

Pathological Parameter Score Defining Characteristic(s) 

Immune Cell Aggregates 

0 No aggregates 

1 1-5 aggregates 

2 6-10 aggregates 

3 11-15 aggregates 

4 16-20 aggregates 

5 21+ aggregates 

Perivascular/bronchiolar 

Inflammation 

0 No inflammation 

1 Minimal inflammation around airway/vasculature 

2 Increased immune cells around airway/vasculature 

3 Moderate inflammation and smooth muscle around airway/vasculature 

4 
Excessive amounts of epithelial cell proliferation around 

airway/vasculature, airways beginning to close 

5 
Severe inflammation around airway/vasculature with airways 50% or 

more closed 

Alveolar Cellularity 

0 No inflammation or depleted alveolar space 

1 Some RBC and immune cell infiltration 

2 
Increased RBC and immune cell infiltration with alveolar space 

thickening (25-50%) 

3 
Moderate amount of alveolar inflammation with RBC infiltrate and 

alveolar wall thickening (50-60%) 

4 
Excessive alveolar wall thickening with 65-75% of alveolar space 

occupied by RBC and/or immune cell infiltration 

5 
Severe RBC and immune cell infiltration with 90%+ alveolar space 

filled with cells 

Goblet Cell Metaplasia 

0 No goblet cells present 

1 20% of airway is occupied by goblet cells 

2 25-40% of airway is occupied by goblet cells 

3 50-60% of airway occupied by goblet cells 

4 65-75% of airway occupied by goblet cells 

5 Airway fully occupied by goblet cells with airway closure 
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Supplementary Table 3.3. Differentially expressed genes from Myeloid NanoString Panel.  
 

 Comparison Explanation # DEG Up # DEG Down 

Myeloid 

Panel 

WT, S vs D Exposure in WT 230 36 

Fat-1, S vs D Exposure in Fat-1 148 8 

S, WT vs Fat-1 Genotype at Base 0 6 

D ,WT vs Fat-1 Genotype after Exposure 3 2 

WT S, M v F Sex Difference at Base in WT 20 1 

WT D, M v F Sex Difference after Exposure in WT 6 4 

Fat-1 S, M v F Sex Difference at base in Fat-1 7 0 

Fat-1 D, M v F Sex Difference after Exposure in Fat-1 3 4 
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Appendix 3: Supplementary Material for Repetitive Inhaled Dust Exposure 

Protects from S. pneumoniae Infection and Mortality 

 

 
Supplemental Figure 4.1. Lung T cell subset counts. Naïve CD4+T cell (A.), CD4+ central 
memory (B.), naïve CD8+ T cell (C.), CD8+central memory (D.), CD4+ effector memory (E.), 
CD4+ EMRA (F.), CD8+effector memory (G.), and CD8+EMRA (H.) counts. Box and whisker 
plots depict minimum to maximum values with all data points shown and the midline at the 
median value. SS= saline-saline, DS=dust-pneumo, SP=saline-pneumo, DP=dust-pneumo. 
Kruskal Wallis test with Dunn’s Multiple comparisons for post-hoc analysis. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Supplemental Figure 4.2. ILC and Myeloid cell subset counts in the lung. Representative flow 
cytometry gating strategy for identifying ILC populations in the lung tissue (A.). ILC1 (B.), 
ILC2 (C.), NCR+ ILC3 (D.), NCR- ILC3 (E.) cell counts. Representative flow cytometry gating 
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strategy for identifying myeloid lineage cells in the lung tissue (F.). Neutrophil (G.), dendritic 
cell (H.), alveolar macrophage (I.), interstitial macrophage (J.), classical monocyte (K.), 
intermediate monocyte (L.), and non-classical monocyte (M.) counts. Box and whisker plots 
depict minimum to maximum values with all data points shown and the midline at the median 
value. SS= saline-saline, DS=dust-pneumo, SP=saline-pneumo, DP=dust-pneumo. Kruskal 
Wallis test with Dunnʻs Multiple comparisons for post-hoc analysis. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Supplementary Table 4.1. Histopathologic scoring guidelines and pathologic characteristics on 
a scale of 0-5. An immune cell aggregate was defined as a clustering of greater than 30 immune 
cells. 
 

 

 

 

 

 

 

 

 

 

 

Pathological Parameter Score Defining Characteristic(s) 

Immune Cell Aggregates 

0 No aggregates 

1 1-14 aggregates 

2 15-29 aggregates 

3 30-44 aggregates 

4 45-59 aggregates 

5 60+ aggregates 

Perivascular/bronchiolar 

Inflammation 

0 No inflammation 

1 Minimal inflammation around airway/vasculature 

2 Increased immune cells around airway/vasculature 

3 Moderate inflammation and smooth muscle around airway/vasculature 

4 
Excessive amounts of epithelial cell proliferation around 

airway/vasculature, airways beginning to close 

5 
Severe inflammation around airway/vasculature with airways 50% or 

more closed 

Alveolar Cellularity 

0 No inflammation or depleted alveolar space 

1 Some RBC and immune cell infiltration 

2 
Increased RBC and immune cell infiltration with alveolar space 

thickening (25-50%) 

3 
Moderate amount of alveolar inflammation with RBC infiltrate and 

alveolar wall thickening (50-60%) 

4 
Excessive alveolar wall thickening with 65-75% of alveolar space 

occupied by RBC and/or immune cell infiltration 

5 
Severe RBC and immune cell infiltration with 90%+ alveolar space 

filled with cells 

Goblet Cell Metaplasia 

0 No goblet cells present 

1 20% of airway is occupied by goblet cells 

2 25-40% of airway is occupied by goblet cells 

3 50-60% of airway occupied by goblet cells 

4 65-75% of airway occupied by goblet cells 

5 Airway fully occupied by goblet cells with airway closure 
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Supplementary Table 4.2: Marker-fluorophore conjugates, catalog numbers, and dilutions for 
flow cytometry. Markers are extracellular unless denoted as intracellular via an asterisk (*).  
 

Panel Marker Fluorophore Manufacturer Dilution 

T Cell 

FoxP3* BV421 Cat#404-5773-82, Thermofisher Scientific 1:400 

Viability Live/Dead Fixable Aqua Cat#L34965, Thermofisher Scientific 1:1000 

CD62L BV605 Cat# 406-0621-82, Thermofisher Scientific 1:800 

CD3 BV650 Cat# 416-0031-82, Thermofisher Scientific 1:800 

CD8 BV711 Cat#407-0081-82, Thermofisher Scientific 1:800 

CD4 AF488 Cat#53-0041-82, Thermofisher Scientific 1:800 

CD44 APC-eFluor 780 Cat#47-0441-82, Thermofisher Scientific 1:800 

Ly6G BV510 Cat#127633, Biolegend 1:800 

CD11c BV605 Cat#117333, Biolegend 1:800 

MERTk BV711 Cat#151515, Biolegend 1:800 

Viability Ghost Dye Blue 516 Cat#13-0867-T100, Tonbo Biosciences 1:1000 

CD19 FITC Cat#152404, Biolegend 1:800 

B220 FITC Cat#103206, Biolegend 1:800 

CD27 FITC Cat# MA5-17904, Thermofisher Scientific 1:800 

Ly6C PerCP-Cy-5 Cat#45-5932-82, Thermofisher Scientific 1:800 

CD11b AF700 Cat#101222, Biolegend 1:800 

CD45 APC-eFluor 780 Cat#47-0451-82, Thermofisher Scientific 1:800 

ILCs 

ST2 BV421 Cat#145309, Biolegend 1:800 

NKp46 BV510 Cat#137623, Biolegend 1:800 

CD49a BV605 Cat#740375, BD Biosciences 1:800 

CD3 BV650 Cat#416-0031-82, Thermofisher Scientific 1:800 

Viability Ghost Dye Blue 516 Cat#13-0867-T100, Tonbo Biosciences 1:1000 

B220 FITC Cat#103206, Biolegend 1:800 

CD19 FITC Cat#152404, Biolegend 1:800 

CD27 FITC Cat# MA5-17904, Thermofisher Scientific 1:800 

CD11b AF700 Cat#101222, Biolegend 1:800 

CD45 APC-eFluor 780 Cat#47-0451-82, Thermofisher Scientific 1:800 

 

 

 

 

 

 

 

 

 

 

 

https://www.thermofisher.com/antibody/product/FOXP3-Antibody-clone-FJK-16s-Monoclonal/404-5773-82
https://www.thermofisher.com/antibody/product/CD62L-L-Selectin-Antibody-clone-MEL-14-Monoclonal/406-0621-82
https://www.thermofisher.com/antibody/product/CD3e-Antibody-clone-145-2C11-Monoclonal/416-0031-82
https://www.thermofisher.com/antibody/product/CD8a-Antibody-clone-53-6-7-Monoclonal/407-0081-82
https://www.thermofisher.com/antibody/product/CD4-Antibody-clone-GK1-5-Monoclonal/53-0041-82
https://www.thermofisher.com/antibody/product/CD44-Antibody-clone-IM7-Monoclonal/47-0441-82
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List of Abbreviations 
AA – Arachidonic Acid 

AF – Alexa Fluor 

ALA – Alpha-Linolenic Acid 

ALI – Acute Lung Injury 

ALOX – Arachidonate Lipoxygenase 

AM – Alveolar Macrophage 

RTM – Resident Tissue Macrophage 

MCP-1 – Monocyte Chemoattractant Protein-1 

AMP – Anti-Microbial Peptide 

ANOVA – Analysis of Variance 

APC – Allophycocyanin 

AT-RvD1 – Aspirin-Triggered Resolvin D-1 

TSB – Tryptic Soy Broth 

AT1 – Alveolar Type 1 cell 

AT2 – Alveolar Type 2 cell 

BALF – Broncho Alveolar Lavage Fluid 

BLD – Blood 

BLT – Leukotriene B4 (LTB4) Receptor 1  

BM – Bone Marrow 

BV – Brilliant Violet 

cAMP – cyclic Adenosine Monophosphate 

CD – Cluster of Differentiation 

CFU – Colony Forming Units 
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cGMP – cyclic Guanosine Monophosphate 

ChemR – Chemerin receptor 1 

CitH3 – Citrullination of Histone H3 

CMB – Cell and Molecular Biology 

CMP – Common Myeloid Progenitor 

COPD – Chronic Obstructive Pulmonary Disease 

COX –Cyclooxygenase 

CPS – Capsular Polysaccharide 

D – Dust 

DAMPs – Damage Associated Molecular Patterns 

DAPI – 4',6-diamidino-2-phenylindole 

DE – Dust Extract 

DHA – Docosahexaenoic Acid 

DNA – Deoxyribonucleic Acid 

DP – Dust-S. pneumoniae 

DS – Dust-Saline 

EPA – Eicosapentaenoic Acid 

EPA – Environmental Protection Agency 

F – Female 

FITC – Fluorescein Isothiocyanate 

FPR – Formyl Peptide Receptor  

FSC-A – Forward Scatter Area 

FSC-H – Forward Scatter Height 
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G-CSF – Granulocyte-Colony Stimulating Factor 

GEO – Gene Expression Omnibus 

GM-CSF – Granulocyte Monocyte-Colony Stimulating Factor 

GM-CSFR – Granulocyte Monocyte-Colony Stimulating Factor Receptor 

GMP – Granulocyte-Monocyte Progenitor 

GO – Gene Ontology 

GOLD – Global Imitative for Obstructive Lung Disease 

GPR – G Protein-Coupled Receptor 

H&E – Hematoxylin and Eosin 

HBSS – Hanks Balanced Salt Solution 

PBS – Phosphate Buffered Solution 

HLA-DR – Human Leukocyte Antigen DR isotype 

IAV – Influenza A Virus 

iBALT – inducible Bronchus Associated lymphoid Tissue 

IFN – Interferon 

IgA – Immunoglobulin A 

IgE – Immunoglobulin E 

IgG – Immunoglobulin G 

ILC – Innate Lymphoid Cell 

kEDTA – Potassium ethylenediaminetetraacetic acid 

LGR – Leucine-Rich Repeat-Containing G Protein-Coupled Receptor 

LNG – Lung 

LPS – Lipopolysaccharide 
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LTB4 – Leukotriene B 4 

LXA4 – Lipoxin A4 

LXB4 – Lipoxin B4 

M – Male 

MAIT – Mucosal Associated Invariant T cell 

Mb – Megabases 

MDS – Multi-Dimensional Scaling 

MERTk – MER proto-oncogene tyrosine kinase 

MFI – Median Fluorescent Intensity 

MHC-2 – Major Histocompatibility Complex 2 

MMP – Matrix Metalloproteinase 

MPO – Myeloperoxidase 

n-3 FA – omega-3 Fatty Acids 

NALT – Nasal Associated Lymphoid Tissue 

NaN3 – Sodium Azide 

NBF – Neutral Buffered Formalin 

NCR – Natural Killer Cytotoxicity Receptor 

NE – Neutrophil Elastase 

NET – Neutrophil Extracellular Trap 

NIH – National Institute of Health 

NIMHD – National Institute on Minority Health and Health Disparities 

NHLBI – National Heart, Lung, and Blood Institute 

NK – Natural Killer cell 
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OD – Optical Density 

ODE – Organic Dust Exposure 

ODTS – Organic Dust Toxic Syndrome 

PAM – Partitioning Around Medoids 

PE – Phycoerythrin 

PhD – Doctor of Philosophy 

PKC – Protein Kinase C 

PM – Particulate Matter 

PMA – Phorbol Myristate Acetate 

PUFA – Poly-Unsaturated Fatty Acid 

QC – Quality Control 

RBC – Red Blood Cell 

RNA – Ribonucleic Acid 

ROS – Reactive Oxygen Species 

RSV – Respiratory Syncytial Virus 

RvD – Resolvin D 

RvE – Resolvin E 

S – Saline 

SARS-CoV-2 – Severe Acute Respiratory Syndrome Coronavirus 2 

SCS – Single Cell Suspension 

FCS – Flow Cytometry Standard 

sIgA – soluble Immunoglobulin A 

SP – Saline-S. pneumoniae 
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SPM – Specialized Pro-resolving Lipid Mediators 

SS – Saline-Saline 

SSC-A – Side Scatter Area 

SSC-H – Side Scatter Height 

ST2 – Suppressor of Tumorgenicity 2 

TEMRA – Terminally differentiated Effector Memory Re-Expressing CD45R Cell 

TGF-b – Transforming Growth Factor Beta 

TLR – Toll-Like Receptor 

Treg – T Regulatory Cell 

WT  – Wild Type (in reference to C57BL/6 mouse strain) 


