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ABSTRACT 
 
 
 

CHARACTERIZING THE LUNG-BRAIN AXIS INFLAMMATORY RESPONSE TO 

AGRICULTURE DUST AND UTILIZING ASPIRIN TRIGGERED RESOLVIN D1 AS A 

NOVEL THERAPEUTIC 

 
 
 

Occupational exposure to agriculture dust is strongly linked to the development of 

chronic pulmonary diseases such as asthma and chronic obstructive pulmonary disease (COPD). 

The organic dust inhaled in agricultural settings, known as organic dust exposure (ODE), 

contains high concentrations of immunogenic compounds that lead to immune-mediated chronic 

lung disease. These pulmonary inflammatory responses to agriculture dust exposure have been 

extensively characterized, however there is emerging evidence that agriculture dust exposure 

increases workers’ risk for the development of dementia and other neurological disorders. 

Occupational agriculture dust exposure has been strongly linked to an increased risk of 

developing dementia and COPD patients experience high rates of memory loss, confusion, 

depression, and anxiety symptoms. Given this new evidence, we aimed to characterize the 

neuroinflammatory response to agriculture dust in vitro in cultured microglia and in vivo in 

mouse models of repetitive agriculture dust exposure. We also evaluated the behavioral 

outcomes in mice exposed to agriculture dust to link the exposure with reported patient 

outcomes. 

There are additional risk factors that have been identified in patients with ODE, one of 

which is the production of the cytokine interleukin-22 (IL-22), which has been shown to have 

various functions in pulmonary disease. Some models have demonstrated that IL-22 is elevated 
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in certain disease states and may contribute to susceptibility to secondary exposures, while other 

models have shown that IL-22 knock-out mouse models experience more severe disease states. 

We aimed to understand the link between IL-22 and neurological inflammation in an ODE 

mouse model.  

Both COPD and dementia are progressive and fatal diseases with limited effective 

therapies. The development of novel therapeutics to treat these diseases is urgently needed to 

address these patients’ needs. Omega-3 fatty acid metabolites, such as Aspirin-Triggered 

Resolvin D1 (AT-RvD1) have shown efficacy in reducing inflammation in models of ODE and 

other inflammatory exposures. We aimed to evaluate the efficacy of AT-RvD1 as a novel 

therapeutic for the reduction of pulmonary and neurological inflammation elicited by agriculture 

dust exposure. We aimed to accomplish this through in vitro alveolar macrophage culture and an 

in vivo repetitive ODE, AT-RvD1 treatment mouse model. We also aimed to determine the role 

of IL-22 in agriculture dust-induced pulmonary and neurological inflammation utilizing an IL-22 

knock-out mouse model of repetitive ODE and AT-RvD1 treatment. 

Through our investigations, we observed that ODE in macrophages and microglia 

produce a strong immune response characterized by the secretion of the pro-inflammatory 

cytokine tumor necrosis factor alpha (TNF-α) and that co-treatment with AT-RvD1 significantly 

reduces its production. In our in vivo mouse models, we determined that exposure to agriculture 

dust produced increased numbers of microglia and astrocytes, confirming our hypothesis that 

agriculture dust exposure leads to neuroinflammation. We also found that AT-RvD1 treatment in 

these animals reduced the number of microglia and astrocytes. Additionally, we found that 

knock-out of IL-22 produced increased inflammation compared to wildtype controls and that 

AT-RvD1 treatment significantly reduced this inflammation. Our behavioral assessment of mice 
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exposed to agriculture dust revealed limited changes in anxiety and memory, warranting further 

investigation into the effects of ODE on animal behavior. 

Overall, our investigations revealed that exposure to agricultural dust leads to 

neurological inflammation in the form of microglia an astrocyte proliferation and pro-

inflammatory cytokine production, that IL-22 plays an important role in the regulation of these 

inflammatory processes, and that AT-RvD1 may be an effective novel therapeutic for 

agricultural dust exposure-induced inflammatory diseases. 
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CHAPTER 1: BACKGROUND 

 
 
 

1.1 Introduction 

Agricultural workers report higher incidence of respiratory diseases such as allergies, 

asthma, chronic obstructive pulmonary disease (COPD), and organic dust toxic syndrome 

(ODTS)7,48,60,136,220,249. There are currently limited treatments for these diseases, which have 

undesirable immunological side effects, so development of improved pharmacological 

interventions is of increasing concern in public health59,110,111,202,203. Effective treatments exist for 

many asthma sufferers, but often with immunological side effects23,116. COPD patients in 

particular have limited options for symptom management, no course to slow the progression of 

the disease, and most inevitably die as a result of the disease29,211. Populations living around 

agriculture facilities are also at increased risk of these diseases7. Up to 40% of agriculture 

workers do not comply with personal protective equipment (PPE) requirements, including but 

not limited to dust masks, face shields, and/or respirators, citing discomfort and difficulty 

completing job requirements as reasons for non-compliance 90. This further necessitates the 

development of pharmacological interventions for the resulting chronic inflammatory diseases. 

Inflammation is a desirable process. Many people would be surprised by that statement when 

medical professionals often prescribe anti-inflammatory drugs. The inflammatory response is 

beneficial to protect the body from foreign material and pathogens, and restriction of this process 

would allow for opportunistic infections73. Current treatments for many chronic inflammatory 

diseases focus on reducing inflammation, often resulting in blockage of resolution of the 

inflammatory response, as both responses are dependent on each other, and the inflammatory 
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signals are critical to transitioning to a resolution response and restoring tissue homeostasis after 

injury61,134. 

The goal in the development of new treatments for chronic inflammatory diseases is to 

regulate the inflammatory response so that it does not become harmful while allowing for the 

resolution and repair processes to progress unhindered. The inflammatory response is initiated by 

the release of exosomes and other damage associated molecular patterns (DAMPs) from injured 

epithelial cells107. It is then progressed and primarily coordinated by tissue-resident macrophages 

that produce pro-inflammatory cytokines such as interlukin-6 (IL-6) and tumor necrosis factor-α 

(TNF-α) to influence and recruit other immune cells to clear the inflammatory 

trigger74,88,144,152,220,238. Once the trigger has been eliminated, anti-inflammatory and pro-

resolution cytokines are produced, such as interleukin-10 (IL-10) and interleukin-22 (IL-22) by 

macrophages and lymphocytes51,144. 

IL-22 is a member of the IL-10 superfamily, a family of anti-inflammatory cytokines that 

are up-regulated in inflammation and assist in the resolution response and tissue repair after 

inflammation144,231. We have previously shown that increasing the production of IL-22 may play 

a role in shifting the immune response from pro-inflammatory to pro-resolution and could be an 

effective treatment to reduce the chronic inflammation that causes the progression of these 

diseases and increase epithelial repair and barrier integrity after organic dust exposure152,220.  

Omega-3 (ω-3) fatty acids are metabolized to specialized pro-resolving mediators (SPMs) during 

the inflammatory response and function to transition inflammation towards resolution and repair 

processes102,139,183. The docosahexaenoic acid (DHA) derivative Resolvin D1 (RvD1), and its 

epimer aspirin-triggered resolvin D1 (AT-RvD1), in particular has previously demonstrated anti-

inflammatory and pro-resolution properties in many murine models of acute lung injury, sepsis, 
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and chronic organic dust exposure48,54,99,220. We have also previously shown that AT-RvD1 

assists in the production of IL-22 and modulates the pulmonary immune response to organic dust 

via studies showing that IL-22 knock-out mice experience more severe disease and that IL-22 is 

produced by macrophages in response to agriculture dust exposure 220. 
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1.2 Agriculture Dust-Induced Chronic Pulmonary Diseases 

Agriculture workers who directly work on farms account for approximately $164.7 

billion, or 0.7% of the United States’ (US) Gross Domestic Product (GDP) as shown in (Figures 

1 and 2). This provides 2.6 million jobs, or 1.3% of the US workforce222.  

 

 

Figure 1. Agriculture and Food Industry Contribution to US Gross Domestic Product222 

 



   
 

5 

 

Figure 2. Agriculture and Food Industry Employment Statistics222 

 

Agricultural workers are at elevated risk for chronic pulmonary diseases such as allergies, 

asthma, and COPD due to high exposure to organic dusts138,176. Agriculture dusts contain a wide 

variety of bacteria, fungi, and viruses, as well as endotoxins and lipopolysaccharides (LPS) that 

can contribute to the immune response22. 

26-53% of COPD cases in patients who have never smoked are attributed to occupational 

exposures, including dusts, with organic dusts significantly increasing the risk for chronic 

pulmonary diseases210. In addition, chronic lower respiratory tract diseases such as COPD are the 

6th leading cause of death in the US33. Respiratory diseases associated with agricultural 
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occupations pose a significant burden to the healthcare system and development of treatments is 

essential to relieve that burden232. 

Risk for organic dust-induced respiratory diseases can be reduced in workers by using 

personal protective equipment (PPE) designed to limit respiratory injury including but not 

limited to, disposable dust masks, respirators with cartridges or canisters, and face shields 6,14,210.  

In a publication by Kearney et al., out of 129 workers surveyed, 46% reported never using dust 

masks, 15% reported using masks more than half of the time, and only 40% reported consistent 

use. For face shields, 69% of workers reported no use, 9% reported use over half of the time, and 

23% reported consistent use. Cartridge respirator users reported no use in 69% of workers, use 

more than half the time in 11% of workers, and consistent use in 19% of workers. Canister 

respirator users reported no use in 77% of workers, 6% reported use more than half time, 17% 

reported consistent use. Workers reported the highest influence for wearing PPE was desire to 

avoid injury and warning stickers on equipment90.  

Despite this, a large population of workers do not comply with PPE requirements and receive the 

full potential dose of organic dusts, causing significant risk for respiratory diseases. 48% 

reported ease of using PPE had some influence over compliance while 36% reported strong 

influence. 34% reported cost of PPE as having some influence with 22% reporting strong 

influence. 37% reported the time required to put on PPE as having some influence and 20% 

reported it having strong influence. 16% reported personal appearance having some influence 

and 15% reported it having strong influence90. Time and effort required to don PPE combined 
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with the cost makes workers less likely to use equipment intended to prevent respiratory and 

other diseases, leading to their inevitable development. 

As compliance with PPE requirements is variable, therapeutics are needed to combat inevitable 

disease development. Therefore, a comprehensive approach of campaigns for increasing PPE use 

in workers and the development of pharmacological therapies for organic dust-induced chronic 

respiratory diseases is required to reduce the number of patients who progress to severe 

respiratory disease due to their occupations. 

 

1.2.1 Allergies 

Organic dusts inhaled during agricultural work and can cause inflammatory responses in 

workers22. General allergies are caused by the adaptive hypersensitivity response to fungal and 

bacterial spores194. Agricultural workers are also highly susceptible to a specific form of allergies 

known as farmer’s hypersensitivity pneumonitis (FHP), caused by inhalation of mold spores 

from animal feed60. Dendritic cells and eosinophils respond to the allergen to cause an immune 

response and tissue damage38,193. Eosinophils degranulate and release tissue-damaging 

substances while dendritic cells prime T cells to continue the immune response and cause further 

tissue damage and severe symptoms such as difficulty breathing38,193.  

Allergic reactions are characterized by an early and late phase. The early phase begins within 

minutes of exposure and involves cross-linking of IgE, and degranulation of mast cells and 

basophils to release histamines, leukotrienes, and prostaglandins and can last up to 3 

hours130,194,214. The early phase is the main contributor to rhinorrhea symptoms214. The late phase 

occurs within 4 hours of exposure and can last up to 12 hours, It is characterized by the increase 
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of leukocyte adhesion molecules to promote recruitment of monocytes, eosinophils, T cells, and 

basophils to the pulmonary mucosa and increased production of TNF-α by mast cells130,195,205.  

 Allergic reactions to the spores in organic dust can be acute or chronic and may be associated 

with higher risk of asthma60,165. Acute symptoms typically manifest within 4 hours of exposure, 

peaking at 12 hours, and lasting up to 48 hours; they include fever, chills, frequent productive 

cough, shortness of breath, and chest discomfort. Chronic FHP can last significantly longer and  

presents as a long chest cold. These symptoms can decrease a patient's quality of life and reduce 

their ability to perform necessary tasks60. 

Interestingly, there are some groups of individuals that have increased immunity with exposure 

to agriculture dust. In Amish populations, the instances of allergies and other immune reactions 

to agriculture dust are 4-6 times lower than other populations178. Additionally, it appears that 

genetic factors and exposure windows are critical to developing allergic sensitization 

responses178,182.  

There are limited treatments for allergies, with most research focusing on food sensitivities202. 

Antihistamines are the recommended treatment for exposure allergies but often do not 

adequately control symptoms and may have adverse effects114,202,250. Immunotherapy is being 

explored for allergic rhinitis, where patients are inoculated sublingually with their sensitized 

agent to promote increased tolerance. However, in workers that develop FHP, these treatments 

are not effective, so exploration of other therapies is needed116,197. In workers with fungal 

sensitivities, immunotherapy has low efficacy in controlling rhinitis symptoms, requiring 

alternative treatments23.  AT-RvD1 has demonstrated efficacy in reducing gut mucosal 

hypersensitivity through reduction of histamine release 149. It has also shown to alter B cell class 

switching to inhibit IgE production while maintaining IgM, IgG, or IgA concentrations, 
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protecting against allergic reactions while maintaining mucosal barrier integrity, indicating it 

may be an effective treatment for respiratory allergies93.   

 

1.2.2 Asthma 

Asthma is a disease characterized by coughing, wheezing, shortness of breath, and 

difficulty breathing6. It can be exacerbated by environmental triggers and cause significant 

detriment to patients’ quality of life6,67,236. Asthma classically presents as eosinophil-mediated, 

with some dendritic and T cell involvement79,110. Some patients may also present with 

neutrophilic asthma, often during an attack and neutrophilic asthma is associated with reduced 

efficacy of steroid treatments and higher mortality than eosinophilic asthma166. 

 As of 2020, there are currently 21 million adults in the US living with asthma, which makes up 

8.4% of the population6,67. Females are more likely to be diagnosed with asthma than males, a 

statistic that is consistent with females experiencing higher prevalence and severity of  chronic 

pulmonary diseases6,14,18.  

Work-related asthma (WRA) includes the exacerbation of pre-existing asthma or the new 

onset of asthma in patients who have never experienced it before, due to one’s occupation235. 

The American Thoracic Society estimates that 15% of American adults with asthma can attribute 

their disease to their occupation235. Populations repetitively exposed to organic dust, whether 

from their occupation or residence, exhibited a positive correlation with increased severity of 

pre-existing asthma and increased development of new asthma patients249. In the US, adult 

asthma patients account for over 1 million emergency room visits per year, with over 100,000 

patients requiring in-patient hospital stays to manage their symptoms, and approximately 4,000 
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patients dying from asthma each year129. Asthma treatment and related hospital stays are 

estimated to cost the US healthcare industry approximately $50 billion each year32.  

Development of new therapies to treat WRA is paramount to decreasing the monetary and labor 

burden on the healthcare system and reduce side effects of current therapies. There are many 

current treatments for asthma, all carrying side effects and risks, and some are only effective 

against some subtypes64,166. Corticosteroids are the most commonly prescribed treatment67. They 

reduce the Th2 inflammatory response and modulate the immune system to reduce inflammation 

from asthmatic triggers64,67. Long-acting β-agonists (LABAs) are often prescribed in 

combination with corticosteroids to reduce their side effects and reduce the risk of death 

associated with LABAs67,121. Leukotriene modifiers are prescribed to prevent the Th2 and Th17 

responses, which can interfere with resolution actions of the Th17 pathway67,227. Theophyllines 

reduce symptoms through promotion of anti-inflammatory pathways through reduction of 

neutrophil recruitment and pro-inflammatory cytokine production67.  

Current treatments focus on anti-inflammatory therapies, which subsequently block the 

resolution response and return of tissue homeostasis61,134. IL-22 has been implicated as a 

regulator of asthma, and its production is thought to be driven by SPMs, therefore SPMs as a 

treatment would be effective to mediate the immune response to transition to a pro-resolution 

state, reducing symptoms and repairing tissues15,84. 

 

1.2.3 Chronic Obstructive Pulmonary Disease 

COPD is a class of chronic irreversible lower respiratory diseases that include 

emphysema and chronic bronchitis. It is characterized by coughing and wheezing with increased 
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pulmonary mucus production, eventually leading to shortness of breath, and difficulty taking 

deep breaths14.  

COPD patients experience reduced quality of life, with difficulties performing normal 

activities108, often not engaging in social activities, and experience additional comorbidities 

including cardiovascular diseases, asthma, and cognitive difficulties69,232. COPD has also been 

linked to increased risk of developing severe COVID-19 infections by 47.2%167. The cost of 

COPD medical bills increased from $32.1 billion to $49 billion in 2020. 51% of COPD medical 

bills were paid by Medicare, 25% by Medicaid, and 18% by private medical insurance, placing a 

significant burden on the state-funded medical system39.  

Organic dust-induced COPD is associated with high mortality rates211. As the disease progresses, 

patients experience reduced oxygen availability14. Mortality of COPD patients in agriculture 

occupations account for 11.3% of the chronic pulmonary disease-related deaths in the US211. 

COPD can also be associated with cardiovascular disease, heart failure, arrhythmia, and 

pulmonary embolism18. Women are affected more severely than men and have a higher mortality 

rate, and as of 2018, it is the 4th leading cause of death among adult women in the US14,30.  

The primary cause of COPD is smoking, but occupational pollutants such as agricultural dust, 

are also a significant contributing factor14,211. COPD is caused and perpetuated by chronic 

immune activation from foreign particles such as smoke or organic dusts1. The inflammation in 

COPD is initiated by macrophages and epithelial cells reacting to foreign material in the alveolar 

spaces1. Macrophages are the primary coordinators of the inflammatory response in COPD, but 
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other cells such as neutrophils, eosinophils, and lymphocytes also contribute to the chronic 

inflammation and tissue damage52,233,239.  

Neutrophils are recruited as part of the immune response but cause tissue damage through 

release of granules and neutrophil extracellular traps (NETs) when chronically activated28.  

There is conflicting evidence for the association of eosinophils and COPD. High eosinophil 

levels in the lung have previously been associated with exacerbated disease states and increased 

inflammation, contributing to eosinophilic COPD52. Eosinophilic COPD endotypes are 

associated with higher healthcare costs143. Recent studies have shown lung-resident eosinophils 

contribute to resolution of inflammation and the restoration of tissue homeostasis123,124. 

COPD histology is associated with increased lymphocyte infiltration and aggregation, tissue 

destruction, and signs of significant remodeling57. Patients exhibit elevated production of IL-6, 

TNF-α, and IL-10224. As the disease progresses, serum IL-10 levels decrease while IL-6 levels 

increase86,199. Chronic inflammation in COPD leads to fibroblasts activating the remodeling 

process in excess, causing tissue thickening in the airways and obstructed breathing1.  

Due to its negative effects on patient quality of life, exploring effective therapies to slow the 

progression of the disease and prolong the patient’s quality of life is of increasing interest in 

biomedical and pharmacological research groups. Current treatments aim to control the 

symptoms through bronchodilators such as β-agonists, and anti-inflammatory drugs including 

corticosteroids, phosphodiesterase inhibitors, and macrolides52. However, these therapies have 

not been shown to reduce the progression of the disease or impact mortality rates52. β-agonists 

often have severe side effects and risk of death, requiring combinational therapy with 
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corticosteroids67,121. Corticosteroids and other anti-inflammatory drugs block the inflammatory 

response, which leads to a reduction of the resolution response and prevents tissue repair61,134. 

Control of the inflammatory response to prevent chronic activation and promote resolution is 

preferred to prevent progression of the disease83. SPMs have been implicated in aiding the 

transition of the inflammatory response to resolution, increasing tissue repair, and reducing 

chronic inflammation-caused pathology83,192. Resolvins have demonstrated pro-resolution 

properties in a wide range pulmonary injury models, suggesting they could be a viable treatment 

for COPD48,54,190. We hypothesize that these compounds would work differently than the 

established treatments by reducing the progression of the disease and decreasing mortality rates. 

 

1.2.4 Organic Dust Toxic Syndrome 

Organic dust toxic syndrome (ODTS) is an acute respiratory disease mediated by a severe 

immune reaction to organic dust59. Symptoms appear within 4-6 hours of exposure and include 

flu-like symptoms: fever, chills, cough, muscle aches, weakness and fatigue, and loss of 

appetite60.  

The disease is primarily facilitated by the innate immune response to fungal spores and 

endotoxins in organic dust10,115,170. Pathophysiological effects of ODTS are primarily facilitated 

by the release of chemotactic molecules from alveolar macrophages to initiate neutrophil 

recruitment to the lungs from the vasculature58. Febrile symptoms are the result of the production 

of pyrogenic cytokines such as IL-6 by pulmonary epithelial cells and alveolar macrophages173. 
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Bronchoalveolar lavage fluid (BALF) from patients with ODTS revealed increased neutrophil 

counts, IL-6, and TNF-α58,234. 

Patients are often misdiagnosed with infectious diseases due to the presenting symptoms 

and laboratory tests132. They often recover without medical attention but are left with increased 

risk of chronic bronchitis59,97. Current routine treatment for ODTS is acetaminophen for febrile 

symptoms and generic non-steroidal anti-inflammatory drugs (NSAIDs) to treat the other 

symptoms, which reduce the immune response172. Attenuation of the immune response is not 

desired as its processes are critical to clear the tissue-damaging foreign substances61,134.  

Use of PPE such as respirators was associated with reduced neutrophil recruitment, IL-6 nasal 

lavage levels and, reduced endotoxin levels in the human subjects who were wearing respirators 

and exposed to swine dust compared to participants who were not wearing a respirator and 

exposed to swine dust49,146. Supplemental DHA has been associated with reduced neutrophil 

recruitment to injured tissues within 4 hours by blocking chemotaxis71,206. Resolution of the 

immune response and transition to repair processes has previously been demonstrated to be 

mediated and enhanced by SPMs, including AT-RvD1, indicating it could be a viable treatment 

for ODTS54,188. 

 

1.2.5 Neurological Disease and Agriculture Dust 

Particulate matter (PM) exposure, such as air pollution, wildfire smoke, and industrial 

dusts cause irreversible inflammatory lung disease in those exposed 27,40,127,163,164. Agricultural 

workers are exposed to many toxic assaults including chemicals and PM as organic 

dust91,160,163,176,236. Organic dust exposure (ODE) has been demonstrated as a leading cause of 

chronic inflammatory respiratory diseases such as chronic obstructive pulmonary disease 
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(COPD)29,136,138,210. An epidemiological study has significantly linked ODE from agricultural 

operations with increased risk of dementia (HR, 1.13; 95% CI, 1.01-1.27)245. PM has 

demonstrated the ability to travel through the nasal epithelium and olfactory nerve to the brain, 

as well as through the pulmonary lung-blood barrier, into circulation, and through the blood 

brain barrier (BBB), leading to neurological inflammation103,141,150,164. 

Inhaled PM exposure has been recently linked to an increased risk of developing dementia, with 

the greatest risk being associated with agricultural organic dust exposure over all other PM 

exposures 246. COPD patients have documented increases in depressive symptoms, confusion, 

memory loss, and mental functional decline as their disease progresses (13,14). A study conducted 

by the CDC analyzed comorbidities of 8,094 patients in resident care facilities diagnosed with 

CLRDs including chronic bronchitis, emphysema, and COPD 232. This study found that 51.4% of 

patients with one more CLRD also presented with Alzheimer’s disease or dementia (p <0.001), 

27.4% were diagnosed with depression (p=0.012), 7.7% were diagnosed with multiple sclerosis, 

Parkinson’s disease, or epilepsy (p= 0.020), and 11.7% presented with other mental disorders 

(p=0.007) 232. Overall, the authors found that 64.9% of patients with more CLRD experienced a 

mental or behavioral health disorder, and 11.6% experienced a nervous system disorder 232. 

Agriculture workers often experience high levels of mental disorders including anxiety (males: 

22% females: 39%, total: 31%) and depression (males: 35%, females: 42%, total: 39%) 131.  

Additionally, air pollution exposure has been linked to neurological inflammation in murine 

models but has not been assessed in the specific context of agricultural organic dust exposure 

27,105,180.  
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1.3 The Pulmonary and Neurological Response to Organic Dusts 

The pulmonary system is consistently exposed to microorganisms and toxins in the air we 

breathe, and maintaining the integrity of the mucosal barrier and immune response is essential to 

prevent chronic infections and diseases. It is critical to maintain tissue integrity in the pulmonary 

system due to its close interface with the circulatory system to prevent transfer of foreign 

particles or pathogens into systemic circulation4. The pulmonary system is comprised of mucosal 

tissue with resident immune cells positioned to patrol for foreign particles and pathogens11. Cells 

involved in the immune response to particulate exposure such as agriculture dust include 

macrophages, neutrophils, eosinophils, and lymphocytes124,126,158,226.  

Macrophages are the primary coordinators of the pulmonary immune system, producing IL-6 and 

TNF-α in response to foreign particles80,179. After resolution of inflammation, they will also 

produce IL-10 to initiate tissue repair177,196. Recruited macrophages and lymphocytes produce 

IL-22 to aid in the resolution of inflammation and tissue repair processes153,158. 

 

1.3.1 Signaling Molecules in the Pulmonary and Neurological Immune Response 

Pro-inflammatory cytokines such as IL-6 and TNF-α are common indicators of acute 

inflammation which, after repeated exposure to toxins or particles, can progress to chronic 

inflammatory diseases 54. Pro-inflammatory cytokines are produced by epithelial cells, 

monocytes, and macrophages during an inflammatory response initiated by pathogen associated 

molecular patterns (PAMPs) and/or damage associated molecular patterns (DAMPs)98,213.  

In the case of organic dust exposure, damage to the epithelial cells from the dust particles causes 

apoptosis and the release of cellular contents as DAMPs, such as mitochondrial DNA (mtDNA) 

and cellular proteins that are recognized by toll-like receptors on macrophages, which induces 
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IL-6 and TNF-α production248. Organic dusts may also contain microorganisms such as bacteria, 

viruses, and fungal spores which activate PAMP pathways to initiate an immune response with 

the release of IL-6 and TNF-α98.  

IL-6 can be produced by monocytes, macrophages, T cells, B cells, and epithelial 

cells94,242. IL-6 is produced by macrophages and monocytes at the initiation of the immune 

response to signal the maturation of B cells into antibody-producing plasma cells75,212. It also 

functions to increase pulmonary vascular permeability to aid the recruitment of other immune 

cells70. 

TNF-α is produced by monocytes and macrophages in response to infection or injury to 

activate neutrophils and natural killer (NK) cells and increase macrophage phaocytosis62,80. 

Excessive production can result in apoptosis or necrosis, damaging tissues and furthering the 

immune response to a chronic state20.  

The cytokines IL-10 and IL-22 are regarded as anti-inflammatory and pro-resolution, 

promoting epithelial repair and homeostasis after inflamamtion144. IL-10 is produced by 

monocytes and macrophages during the immune response to promote the transition to resolution 

and aid in tissue repair196. IL-22 has been implicated in promoting tissue repair and epithelial 

barrier integrity153. Studies indicate that attenuation of IL-22 is associated with worse disease 

state outcomes220. It is widely regarded as being exclusively produced by lymphocytes, but 

macrophages have been implicated as a possible source in our previous studies51,220. IL-22 is not 

always shown to be universally anti-inflammatory. In other studies, IL-22 production has been 

shown to correlate with some diseases, and that polymorphisms in certain patients can enhance 

susceptibility to secondary exposures46,207,244,247. This conflicting data makes IL-22 an important 
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cytokine target to understand the inflammatory response and regulation in agriculture dust 

exposure. 

 

1.3.2 Immune Cells in the Pulmonary and Neurological Response to Organic Dusts 

Alveolar macrophages are located in the alveoli and airways and function to patrol for 

foreign materials and pathogens, acting as the primary initiators and coordinators of the 

pulmonary immune response45. Macrophages, including alveolar macrophages, exist in an anti-

inflammatory basal state to protect the delicate tissues from immune-modulated injury, but like 

all macrophages, exist on a spectrum which allows for the production of both pro-inflammatory 

and anti-inflammatory mediators as needed125.  

Neutrophils are circulating granulocytes that are recruited from the vasculature by 

chemokines secreted from macrophages and damaged epithelial cells during an immune 

response28,175. They produce and release cytotoxic compounds to assist in the elimination of 

pathogens and foreign material, but often cause tissue collateral damage in the process226. They 

also assist in phagocytosis of foreign particles and pathogens, as well as produce NETs to trap 

foreign materials for phagocytosis and elimination by macrophages and neutrophils28. Recent 

evidence has implicated them in resolution and repair processes, indicating they may not only 

serve a damaging role226. 

Eosinophils are granulocytes involved in many inflammatory processes, most notably in 

parasitic infections and allergies, but are also elevated in COPD and asthma12,38. They can be 

tissue-resident or recruited from the vasculature during inflammation and are involved in the 

complement cascade to assist in pathogen clearance as well as secrete cytokines and chemokines 

to coordinate immune functions38,124,230. Recruitment of eosinophils into the pulmonary tissues 
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depends on IL-22 signaling from T lymphocytes19. They have also been implicated in the repair 

process after allergic reactions38.  

Lymphocytes are recruited from the blood during inflammation by chemotactic 

molecules17. αβ CD4+ T cells are upregulated in dust exposure mouse models and are primarily 

polarized to Th1 and Th17 responses158. In organic dust-exposed COPD patients, NK cells and 

CD8+ T cells are significantly decreased compared to non-COPD patients91. COPD patients in 

general have elevated lymphocyte populations compared to non-COPD patients, which 

contributes to the chronic inflammation and tissue damage91. 

 

1.3.3 IL-22 In the Pulmonary and Neurological Immune Response to Organic Dust 

IL-22 is a cytokine in the IL-10 superfamily, which are generally described as being anti-

inflammatory51,144. Previous evidence has indicated that increased expression of IL-22 may aid in 

reduction of inflammation84. Its role in controlling inflammation is demonstrated by its 

correlation with reduced neutrophil infiltration in a murine Pseudomonas aeruginosa pneumonia 

model25. Therapies that increase this cytokine could aid in preventing the inflammatory response 

from progressing to chronic pulmonary disease48,78.  

Previous studies have indicated that IL-22 is produced exclusively by lymphocytes, however, the 

investigators gated only on the lymphoid lineage, excluding myeloid populations in their 

exploration of IL-22 expression, therefore this study was limited by the investigators only 

considering the lymphocytic population when gating for IL-222,51. In the pulmonary system, IL-
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22 is produced by innate lymphoid cells during the innate immune response and Th17 αβ T cells, 

γδ T cells, and NK cells during the adaptive immune response124,126,153,158,226. 

The IL-22 receptor IL22Ra1 is present on pulmonary epithelial cells and acts to direct 

repair and maintain mucosal homeostasis135,153. The IL-22 receptor is comprised of two subunits, 

the IL10R2 subunit and the IL22R1 subunit, suggesting it would have similar downstream 

intracellular functions as IL-10128.  IL-22 acts on receptors on ciliated airway epithelial cells to 

promote epithelial repair and inflammatory resolution8,153. During inflammation, IL22Ra1 is 

upregulated on parenchymal epithelial cells, indicating IL-22 is critical to restoring and 

maintaining epithelial homeostasis153.  

Studies have demonstrated neutralization of IL-22 increases mucosal susceptibility to 

microbial challenge by reducing neutrophil recruitment and infiltration into pulmonary tissues, 

indicating its role in mucosal barrier maintenance and microbial resistance25. IL-22 also has pro-

inflammatory roles in the presence of IL-17, recruiting eosinophils in asthma models of mice 

sensitized to ovalbumin19.  

IL-22 also plays a role in the neuroinflammatory response via receptors on microglia. 

There is debate for whether IL-22 is protective or inflammatory, as some studies have shown that 

IL-22 is involved in TNF-α production and that IL-22 mRNA is elevated in Alzheimer’s patients 

34,101. Other studies have found that IL-22-/- mice are more susceptible to neuroinflammatory 

insults and have increased disease severity 117. 

 

1.4 Lipids in the Pulmonary and Neurological Inflammatory Response 

Polyunsaturated fatty acids (PUFAs) perform many functions in the immune response as 

mediators for both inflammation and resolution and repair including activating, modulating, and 
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resolving inflammation8,43,81,183,185,186,189,200. During inflammation, omega-6 (ω-6) PUFAs are 

cleaved from immune and epithelial cell membranes and metabolized to pro-inflammatory 

mediators, and both ω-6 and ω-3 PUFAs are cleaved to be metabolized to SPMs, which initiate 

repair and resolution (Figure 3)8,81,184. 
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Figure 3. Inflammation-Resolution Relationship Mediated by SPMs189 

 

1.4.1 Omega-6 Fatty Acids in Inflammation 

Omega-6 (ω-6) fatty acids are metabolized by leukocytes during inflammation to produce 

pro-inflammatory lipid mediators that act on other immune cells to induce the production of pro-

inflammatory cytokines113,225.  

The primary substrate is arachidonic acid (AA), which is cleaved from the cell’s plasma 

membrane and acted on by cyclooxygenases (COX), lipoxygenases (LOX), and cytochrome 

P450 (CYP) enzymes. COX reactions produce prostaglandins, LOX reactions produce 
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leukotrienes, and P450 reactions produce hydroxyeicosatetraenoic acids (HETEs)113,218,225. 

Prostaglandins and HETEs are chemotactic for circulating immune cells, driving leukocyte 

infiltration into tissues113. Leukotrienes enhance leukocyte adhesion to vessels, aids infiltration 

into tissues during inflammation113. HETEs aid in vasodilation, an important factor in facilitating 

immune cell infiltration into tissues218.  

 

1.4.2 Omega-3 Fatty Acids in Inflammation 

ω-3 fatty acids are known to control inflammation and aid in reducing symptoms of 

chronic diseases122. Diets high in the ω-3 PUFA DHA have been shown to be protective in a 

murine model of chronic organic dust exposure and other chronic inflammatory diseases by 

increasing the concentration of substrates necessary to transition the immune response to a pro-

resolution state122,219.  

ω-3 fatty acids are cleaved from immune cell membranes during the resolution phase of 

inflammation to be metabolized into SPMs, which act on macrophages and lymphocytes to 

induce the production of anti-inflammatory and pro-resolution cytokines and increase 

phagocytosis and other antimicrobial functions35,43,187. They also act on receptors on epithelial 

cells to initiate tissue repair processes153. SPMs function during the peak of the inflammatory 

response to control and mitigate tissue damage and restore homeostasis189. 

 

1.4.3 Specialized Pro-Resolving Mediators 

The resolution of inflammation has traditionally been considered a passive process but 

has since been demonstrated to be highly bioreactive183. SPMs are produced from 
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polyunsaturated ω-3 fatty acids in response to inflammation by cleavage from epithelial, 

macrophage, and other immune cell membranes186.  

Inflammation is protective but can become damaging if left unresolved 189. Resolution of 

inflammation is critical to restoring tissue homeostasis and preventing further tissue damage189. 

SPMs are considered anti-inflammatory and pro-resolution because they control the severity of 

the response by restricting immune cell recruitment and cytokine production to only what is 

necessary to clear the trigger while limiting tissue damage41,102,112,189. SPMs decrease the time 

interval of inflammation by limiting immune cell infiltration while enhancing efferocytosis, 

phagocytosis, and microbial elimination (Figure 4)35,44. In contrast, administration of NSAIDs 

and other anti-inflammatory drugs can cause immunosuppression, reducing the effectiveness of 

the immune response during pathogen or particle challenge189. SPMs drive the polarization of 

immune cells to a pro-resolution state, inhibiting the production of pro-inflammatory cytokines 

and upregulating the production of pro-resolution cytokines to promote tissue repair9,35. Cytokine 

production alteration by SPMs acts on innate lymphocytes, NK cells, T cells, and B cells13,93,96. 
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Figure 4. Resolution of Inflammation vs Nonrevolving Inflammatory Response189 

 

1.4.4 Resolvin D1 and Aspirin-Triggered Resolvin D1 

Resolvin D1 (RvD1) is an SPM produced by macrophages and neutrophils in response to 

inflammation43,186. RvD1 has been demonstrated to peak 5 hours post-DE exposure and continue 

into the resolution phase in a murine model or agricultural dust exposure43,219. RvD1 is produced 

by pulmonary mucosal tissues in response to acute lung injury following hydrochloric acid 

challenge and reduces pro-inflammatory cytokine production54. It is produced in vivo and rapidly 

inactivated by eicosanoid oxidoreductase to significantly less bioactive metabolites 8-oxo-RvD1 

and 17-oxo-RvD1208. 

Aspirin-Triggered Resolvin D1 (AT-RvD1) is an epimer of RvD1 produced through 

acetylation of the cyclooxygenase-2 (COX-2) enzyme by aspirin, causing a conformational 
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change in the enzyme and altering the metabolism of docosahexaenoic acid (DHA) to form 

17(R)-RvD1 instead of RvD1 (Figure 5)181,208. AT-RvD1 is converted to its 8-oxo-RvD1 and 17-

oxo-RvD1 metabolites at a reduced rate, so has longer-lasting, more potent pharmacological 

activity1,208. RvD1 is converted to these metabolites within 25 minutes, whereas AT-RvD1 was 

shown to be resistant to this degradation pathway208. Stereochemistry is critical to biological 

activity and potency, with the 17(R) conformation being favored biologically and 17(R)-AT-

RvD1 being favored in studies48,54,77,185. The half-life of RvD1 and AT-RvD1 are also 

significantly different, with RvD1 having a half-life of 5.5 hours, while AT-RvD1 has a half-life 

of 105 hours, allowing it to remain in the tissues longer 240,241. However, these studies were 
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performed using predictive computational modeling and only in female NOD/ShiLtJ mice given 

only one dosage of 0.1 mg/kg, which may not translate to our mouse models 240,241.  

 
Figure 5. Metabolic pathway for formation of RvD1 and AT-RvD1208 

(A) Formation of 7(S),17(R) AT-RvD1 by acetylation of COX-2 by aspirin and 7(S),17(S) RvD1 
by 15-LOX.; (B) Formation of 17(R),7(S) AT-RvD1 by acetylation of COX-2 by aspirin and 
17(S),7(S) RvD1 by 15-LOX. 
 

RvD1 production and tissue concentrations are correlated with disease outcomes in acute 

and chronic inflammatory disease as well as autoimmune diseases145,189. In an acute lung injury 

murine model, AT-RvD1 reduced BALF IL-6 and TNF-α concentrations and histology displayed 

higher epithelial integrity compared to those without RvD1 treatment54. It has also demonstrated 

significantly reduced infiltration of macrophages, neutrophils, eosinophils, and lymphocytes48. In 

a murine cancer model of chronic dust exposure, AT-RvD1 administration was correlated with 

reduced neutrophil and lymphocyte infiltration and increased IL-10 concentrations in BALF48. 
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RvD1 has also exhibited a protective role in neutrophil-mediated reperfusion injury208. These 

studies indicate it may assist in maintaining homeostasis between inflammation and resolution. 

 

1.5 Justification and Specific Aims 

Organic dust exposure in agriculture workers is a leading cause of COPD and other acute 

and chronic respiratory diseases, of which there are limited treatments with many side 

effects23,82,132,136,203. Studies have shown low compliance with PPE in agricultural workers, 

leading to higher prevalence of chronic inflammatory diseases, and highlighting the need for 

improved treatments for organic dust-induced chronic inflammatory diseases29,56,90,224. Recent 

studies have also linked agriculture dust exposure to an increased risk of developing dementia, 

and COPD patients have reported increased symptoms of memory loss, depression, and anxiety, 

and approximately 60% of patients with COPD or a related chronic inflammatory pulmonary 

disease are also diagnoses with a nervous system disorder 29,211,232,246. The cytokine IL-22 

functions to maintain the mucosal barrier and restore tissue homeostasis after an inflammatory 

response and the literature primarily accepts it is produced by lymphocytes51,84. RvD1 is an SPM 

derived from the ω-3 PUFA, DHA that has exhibited a protective role in a murine acute lung 

injury model and a murine chronic dust exposure cancer model48,54. 

Our previous findings indicate that knock-out of IL-22 is associated with worse disease 

outcomes in a repetitive organic dust exposure model with IL-22 knock out mice220. We have 

also demonstrated ω-3 fatty acid metabolites may contribute to increased IL-22 production by 

macrophages, as have other researchers of acute and chronic lung injury54,220. Disruptions in 

SPM production are associated with attenuated IL-22 production and correlate with worse 

outcomes in a murine sepsis model36. SPMs, specifically RvD1, have been previously shown to 
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induce a pro-resolution response after initiation of inflammation and play a protective role in 

tissue repair54. 

This project aims to characterize the neuroinflammatory response to agriculture dust via 

in vitro exposure of macrophages and microglia to agriculture dust and treatment with AT-RvD1 

and an in vivo mouse model of repetitive agriculture dust exposure and determine the therapeutic 

potential of AT-RvD1. We hypothesize that our in vitro studies will reveal increased 

inflammatory mediator production including IL-6 and TNF-α in cells exposed to agriculture dust 

and a reduction of these mediators in cells co-treated with AT-RvD1. Our hypothesis was that 

animals exposed to agriculture dust will display neuroinflammatory pathology and that this 

inflammation will be reduced in animals co-treated with AT-RvD1. We expect these studies to 

contribute to the greater understanding of how inhaled environmental exposures contribute to 

neurotoxicity and determine if AT-RvD1 could be a viable novel therapeutic for the reduction of 

agriculture dust-induced pulmonary and neurological inflammation. We expect this to translate 

to better patient outcomes including but not limited to reduction of cough, increased oxygen 

saturation, improved reported emotional status, and increased memory and mentation outcomes.  
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CHAPTER 2: OPTIMIZING ASPIRIN-TRIGGERED RESOLVIN D1 FOR IN VIVO 

APPLICATIONS 

 
 
 

2.1 Introduction 

Agriculture workers are exposed to organic dusts that lead to chronic inflammatory lung 

diseases such as allergies, asthma, chronic obstructive pulmonary disease (COPD), and organic 

dust toxic syndrome (ODTS)7,48,60,136,220,249. These diseases are progressive and ultimately fatal, 

with limited treatments currently available.  Development of improved pharmacological 

interventions is of increasing concern in public health59,110,111,202,203.  

Omega-3 (ω-3) fatty acids and their metabolites have been shown to reduce inflammation 

in vitro and in vivo, making them promising candidates for novel therapeutics for chronic 

inflammatory diseases such as COPD 8,181,183,185,189,191. The docosahexaenoic acid (DHA) 

metabolite, AT-RvD1 has previously demonstrated anti-inflammatory and pro-resolution 

properties in many murine models of acute lung injury, sepsis, and chronic organic dust 

exposure48,54,99,220. We have also previously shown that AT-RvD1 assists in the production of IL-

22 and modulates the pulmonary immune response to organic dust220. AT-RvD1 has been shown 

to modulate several cellular processes in order to facilitate its anti-inflammatory and tissue repair 

functions. These processes include the attenuation of pro-inflammatory cytokines and 

chemokines, the polarization of macrophages and microglia to pro-resolution states, and the 

reduction of neutrophil lymphocyte recruitment 48,50,208,216.  

We aimed to understand the effects of AT-RvD1 on in vitro cultures of macrophages and 

microglia and determine the therapeutic effects of this SPM in an in vivo mouse model of 

repetitive agriculture dust exposure. We also aimed to determine an effective dosage amount and 

schedule for our in vivo model by utilizing various dosages and dosing schedules. We aimed to 
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utilize this final dose in a larger in vivo study to better understand the therapeutic potential of 

AT-RvD1 in an in vivo mouse model of repetitive agriculture dust exposure. 

 

2.2 Materials and Methods 

2.2.1 Hog Dust Extract Preparation 

Dust was collected at least one meter above the ground from enclosed swine confinement 

facilities in the Midwest US and stored at -20 °C for later use. 10 g of collected dust was added 

to 100 mL of Hank’s Balanced Salt Solution (HBSS) (HyClone Laboratories; Logan, Utah, 

USA) and stirred for one hour on a magnetic stir plate at room temperature. The solution was 

transferred to 50 mL conical tubes and centrifuged at 2500 rpm at 4 °C for 20 minutes. 

Supernatant was transferred to new 50 mL conical tubes, and the pellets were discarded. The 

solution was centrifuged again at 2500 rpm at 4 °C for 20 minutes. The supernatant was filtered 

through 0.22 μm syringe filters into new 50 mL conical tubes and aliquoted into microcentrifuge 

tubes at 1 mL 100% DE per tube and stored at -20 °C. 

 

2.2.2 Mouse Alveolar Macrophage Culture and Co-Exposure Model 

A mouse alveolar macrophage immortalized cell line (MH-S ATCC CRL-2019) was 

cultured in RPMI-1640 medium (Mediatech Inc.; Virginia, USA) with 10% fetal bovine serum 

(FBS) (Mediatech Inc.; Virginia, USA), 1% penicillin-streptomycin (Life Technologies 

Corporation, New York, USA), and 1% L-glutamine solution (HyClone Laboratories; Logan, 

Utah, USA) at 37 °C with 5% CO2. Medium was refreshed every 2-3 days. Cells were harvested 

from culture flasks with 0.25% trypsin, 0.53 mM ethylenediaminetetraacetic acid (EDTA) 

solution (HyClone Laboratories; Logan, Utah, USA) and counted via hemocytometer to seed 24-
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well plates (Fisher Brand) at a density of 1x106 cells per well. Plates were incubated overnight in 

growth medium and no more than 24 hours before treatment. Solutions for treatments with hog 

dust extract (DE) and 17(R)-AT-RvD1 (AT-RvD1) (Caymen Labs) were prepared: medium with 

no additives, medium with 1% DE, medium at 10 nM AT-RvD1, medium at 100 nM AT-RvD1, 

medium at 10 nM AT-RvD1 with 1% DE co-exposure, and medium at 100 nM AT-RvD1 with 

1% DE co-exposure were prepped. Overnight growth medium was aspirated, and the treatments 

were added with four replicates each and incubated for 1, 2, 6, 18, or 24 hours. All studies were 

repeated twice for a total number of 8 wells per treatment. A schematic of the 24-well plate set-

up is detailed in Figure 6. 

 
Figure 6. Experimental Plate Set-Up for Cultured Macrophages 

 

2.2.3 Mouse Microglia Culture Maintenance 

Mouse immortalized microglia (BV2 line) were purchased from ATCC and cultured with 

company recommendations. Briefly, culture medium was comprised of DMEM (Mediatech Inc.; 
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Virginia, USA), with 10% FBS (Mediatech Inc.; Virginia, USA), 1% penicillin-streptomycin 

(Life Technologies Corporation, New York, USA), and 1% L-glutamine solution (HyClone 

Laboratories; Logan, Utah, USA) at 37 °C with 5% CO2. Medium was refreshed every 2-3 days.  

 

2.2.4 Mitochondrial Function (MTT) Assay 

Mitochondria function was assessed in cultured microglia to determine the effects of DE 

on cellular functions in cells exposed to increasing concentrations of DE. Cells were exposed to 

the following conditions: media only, 0.025% DE, 0.05% DE, 1% DE, 0.2% DE, 0.25% DE, 

0.5% DE, 1% DE, 2% DE, and 2.5% DE. Cells were harvested from culture flasks using 0.25% 

trypsin, 0.53 mM ethylenediaminetetraacetic acid (EDTA) solution (HyClone Laboratories; 

Logan, Utah, USA) and counted via hemocytometer to seed 24-well plates (Fisher Scientific) at a 

density of 10,000 cells per well in a 96-well plate. Plates were incubated overnight in growth 

medium and no more than 24 hours before treatment. Overnight growth medium was aspirated, 

and the treatments were added with four replicates each and incubated for 6 hours. After the 

incubation period was complete, the culture media was aspirated and 100 µl of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to each well and the 

liquid was pipetted up and down to mix. The plates were then returned to the incubator for 2 

hours at 37 °C with 5% CO2. Following incubation, 50 µl of dimethyl sulfoxide (Fisher 

Scientific) was added to each well and mixed thoroughly. The plates were then analyzed on a 
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FLUOstar Omega spectrophotometer at 570 nm using Omega software version 5.7. A schematic 

of the 96-well plate set-up is provided in Figure 7.  

 
Figure 7. Experimental set-up for MTT assay 

 

2.2.5 Lactate Dehydrogenase (LDH) Assay 

Supernate lactate dehydrogenase (LDH) concentrations were assessed in cultured 

microglia to determine cytotoxicity percentage in cells exposed to increasing concentrations of 

DE. Cells were exposed to the following conditions: media only, 0.025% DE, 0.05% DE, 1% 

DE, 0.2% DE, 0.25% DE, 0.5% DE, 1% DE, 2% DE, and 2.5% DE. Cells were harvested from 

culture flasks using 0.25% trypsin, 0.53 mM ethylenediaminetetraacetic acid (EDTA) solution 

(HyClone Laboratories; Logan, Utah, USA) and counted via hemocytometer to seed 24-well 

plates (Fisher Scientific) at a density of 10,000 cells per well in a 96-well plate. Plates were 

incubated overnight in growth medium and no more than 24 hours before treatment. Overnight 

growth medium was aspirated, and the treatments were added with four replicates each and 

incubated for 6 hours. A CyQUANT™ LDH Cytotoxicity Assay Kit was purchased from 
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Thermo Fisher and used as directed by the manufacturer. The resulting plates were read on a 

FLUOstar Omega spectrophotometer at 490 and 680 nm using Omega software version 5.7. 

Cytotoxicity percentage was calculated via manufacturer recommendations in the kit manual. A 

schematic of the 96-well plate set-up is provided in Figure 8.  

 
Figure 8. Experimental set-up for LDH assay 

 

2.2.6 DE and AT-RvD1 Microglia Co-Exposure Model 

Cells were harvested from culture flasks using 0.25% trypsin, 0.53 mM 

ethylenediaminetetraacetic acid (EDTA) solution (HyClone Laboratories; Logan, Utah, USA) 

and counted via hemocytometer to seed 24-well plates (Fisher Scientific) at a density of 2.5 x105 

cells per well in a 24-well plate. Plates were incubated overnight in growth medium and no more 

than 24 hours before treatment. Overnight growth medium was aspirated, and the treatments 

were added with four replicates each and incubated for 6 hours. All studies were repeated twice 

for a total number of 8 wells per treatment. A schematic of the 24-well plate set-up is detailed in 

Figure 9.  
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Figure 9. Experimental plate set-up for co-exposed cultured microglia. 

 

2.2.7 Supernatant Fractions and Cell Lysate Collection 

Supernatant fractions were aspirated at 1, 2, 6, 18, and 24 hours post co-exposure, placed 

in 1.5 mL microcentrifuge tubes (VWR), centrifuged at 5000 rpm at 4 °C for 10 minutes, and 

stored at -20 °C for future assays. Cell lysates were collected for analysis of intracellular IL-22 

production. Supernatant fractions were aspirated as previously discussed and cells were washed 

twice with 500 μl ice-cold PBS. 150 μl of ice-cold radioimmunoprecipitation assay (RIPA) lysis 

buffer (Thermo Fisher) with 100 μl/ml protease inhibitor (Thermo Fisher) was added to each 

well. The plate was rocked gently, placed on ice for 30 minutes, then rocked gently every 10 

minutes during incubation. Lysate was aspirated, centrifuged at 5000 rpm at 4 °C for 10 minutes, 

and stored at -20 °C for later use85.  
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2.2.8 Enzyme-Linked Immunosorbent Assays  

Cytokine protein concentrations in culture media and bronchoalveolar lavage fluids 

(BALF) were quantified using sandwich enzyme-linked immunosorbent assays (ELISAs). Kits 

were purchased from DuoSet (R&D Systems) with the modification of capture antibody diluted 

in BupH Carbonate-Bicarbonate Buffer (Voller’s Coating Buffer, Thermo Scientific). High-

binding half-well 96-well plates (VWR) were coated with capture antibody and incubated for 24 

hours before progression of assay. Samples were removed from -20 °C storage and placed on ice 

for 1 hour to thaw before centrifugation at 5000 rpm at 4 °C for 10 minutes prior to addition to 

the plates in duplicate. The protocol was completed as outlined by DuoSet with no other 

modifications. Peroxidase substrate with peroxide (Thermo Scientific) was used as the indicator 

and 2N sulfuric acid (Sigma-Aldrich) was used as stop solution.  Plates were read on a FLUOstar 

Omega spectrophotometer at 450 nm using Omega software version 5.7. ELISA data were 

analyzed using Omega MARS software version 4.0 to calculate concentration based on 4-

parameter calculations of a standard concentration curve. Averages of technical replicates were 

used for statistical analysis. Concentration readings below the level of detection were set to 

0.0001 for statistical analysis and graphing to indicate the analyte may be present but was not 

detectable by the assay. 

 

2.2.9 In Vivo Repetitive Organic Dust Extract Exposure Model 

In vivo studies were conducted at the Colorado State University Laboratory Animal 

Resources Painter Facility and approved by the Institutional Animal Care and Use Committee 

(IACUC, Protocol Number 2887). C57BL/6 (WT) and whole-body IL-22 knock-out (IL22KO) 

mice 8-12 weeks of age were housed in the Painter Facility in a pathogen free environment with 



   
 

38 

free access to standard mouse feed and water. We utilized a 3-week 5 days/week repetitive DE 

instillation study design extensively utilized in our laboratory to determine an optimal dosing 

regimen for AT-RvD1 treatment in mice48,209,216,219–221. Treatment groups included: 

 

• 50 µl intranasal (i.n.) instillation of saline with 50 µl intraperitoneal (i.p.) injection of 

saline with 5% ethanol (EtOH) (EtOH is the vehicle for AT-RvD1) 

• 50 µl i.n. instillation of saline with 50 µl i.p. injection of 50 ng AT-RvD1 in saline 

• 50 µl i.n. instillation of saline with 50 µl i.p. injection of 100 ng AT-RvD1 in saline 

• 50 µl i.n. instillation of saline with 50 µl i.p. injection of 250 ng AT-RvD1 in saline 

• 50 µl i.n. instillation of 12.5% hog dust extract (DE) with 50 µl i.p. injection of saline 

with 5% EtOH 

• 50 µl i.n. instillation of 12.5% hog dust extract (DE) with 50 µl i.p. injection of 50 ng 

AT-RvD1 

• 50 µl i.n. instillation of 12.5% hog dust extract (DE) with 50 µl i.p. injection of 100 ng 

AT-RvD1 

• 50 µl i.n. instillation of 12.5% hog dust extract (DE) with 50 µl i.p. injection of 250 ng 

AT-RvD1 

 

Mice were instilled i.n. 5 days/week for 3 weeks under light isoflurane sedation using 

SomnoSuite Small Animal Anesthesia System (Kent Scientific Cooperation). Animals were 

placed into the anesthesia receptacle and parameters were set at a flow rate of 100 mL/minute at 

2-4% anesthesia depending on the size and tolerance of the animal. Animals were removed for 

instillation once breathing appeared slowed and even. 50 μl of the appropriate treatment was 
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loaded into a pipette and deposited at the tip of the animal’s nose to allow the animal to naturally 

inhale the liquid. Following installation, DE animals were marked on their tails with sharpie for 

later identification and tracking of exposure groups. Animals were returned to their enclosures on 

their backs to encourage recovery from the anesthesia and monitored to ensure return of normal 

behaviors. Injections were prepared with the appropriate dosages of 17(R) AT-RvD1 or ethanol 

in PBS per mouse to produce solutions of 50-250 ng/50 μl of AT-RvD1 or .5-5% EtOH. EtOH is 

the vehicle for AT-RvD1 and was chosen as the control as EtOH exposure in lung models has 

been shown to affect pathological outcomes 119,237. A dosing scheme is provided in Figure 10. 

  

Figure 10. AT-RvD1 dosing strategy in WT and IL-22 KO mice.  

Once weekly AT-RvD1 dosing strategy; WT and KO animals were instilled intranasally (i.n.) 
with 12.5% DE 5 days/week for 3 weeks and treated with 250 ng AT-RvD1 intraperitoneally 
(i.p.) once/week on day 5 for 3 weeks. Created with BioRender.com. 
 

2.3.10 Animal Sacrifice Sample Collection 

Animals were euthanized by isoflurane followed by cervical dislocation. Dissection of 

the chest and neck was performed to expose the lungs and trachea. Bronchoalveolar lavage fluid 

(BALF) was collected by inserting a 25 g catheter into the trachea and securing it with suture 
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followed by lavage of the lung three times with 1 mL sterile saline for each wash. The first wash 

was collected in one tube while washes 2 and 3 were pooled in the same tube. The left lung lobe 

was tied off with suture, extracted, placed in a 1.5 mL microcentrifuge tube (VWR) with 400 μl 

RNAlater solution, and stored at -20 °C for later use. The right lobes, trachea, and heart were 

removed from the animals and inflated with 0.7 mL 10% formalin (Fisher Scientific), hung 

submerged in 10% formalin overnight at 20 cm H2O pressure, then placed in tissue cassettes and 

stored in 10% formalin for further histological analysis. 

 

2.3.11 Bronchoalveolar Lavage Cellular Infiltrate Analysis 

BALF was centrifuged at 1200 rpm at 4 °C for 5 minutes. Supernatant fractions of the 

first wash were retained and aliquoted at 105 µl in 1.5 ml microcentrifuge tubes (VWR) for 

cytokine analyses by ELISA. Supernates of pooled washes two and three were discarded. Cell 

pellets of all washes were combined with 400 µl of red blood cell lysis buffer (Life Technologies 

Corporation, New York, USA) and placed on ice to incubate. After 5 minutes, the washes were 

checked for red color and the process was repeated if necessary. After incubation, washes were 

centrifuged at 1200 rpm at 4 °C for 5 minutes. Supernatant fractions were discarded and cell 

pellets were reconstituted in 200 µl PBS and counted on a hemocytometer to determine the total 

number of cells present and to calculate the additional volume of PBS necessary to bring the 

concentration to 1x106 cells/mL. 200 µl were then added to a cytocentrifuge (Thermo Cytospin 4, 

Thermo Scientific) and spun at 600 rpm for 5 minutes. Slides were dried overnight and 

differentially stained using Volu-Sol dip-stain kit for microscopic analysis (Volu-Sol; Salt Lake 

City, Utah, USA). Differential counts were performed by counting 300 cells on each slide to 
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assess the types of immune cell infiltrations present. Macrophages, lymphocytes, and 

polymorphonuclear cells were reported. Counts were assisted by Fiji Cell Counter version 1.54b.  

 

2.3.12 Lung Pathology 

Whole right lung coronal sections, collected as previously described above, were stained 

with hematoxylin and eosin (H&E) following deparaffinization and rehydration with xylene and 

graded EtOH solutions (xylene, 100% EtOH, 95% EtOH, 80% EtOH, 50% EtOH, and finally 1X 

PBS). Slides were scanned at 40X on a Vectra Polaris scanning microscope. Images of lungs 

from animals administered weekly AT-RvD1 injections were blinded and manually scored using 

a well-established semiquantitative scoring method 48,137,220,221,229. Images from animals 

administered daily AT-RvD1 injections were imported into VisioPharm version 2023.09.3.15043 

x64 and processed through an artificial intelligence (AI) workflow for quantitative assessment of 

alveolar space, alveolar septa thickness, peribronchiolar inflammation, perivascular 

inflammation, total alveolar septa nuclei, and percentage of inducible bronchus-associated 

lymphoid tissue (iBALT) formations relative to tissue area. AI quantification was performed on 

the whole lung tissue with output measurements including area, percentages of parameters to 

total tissue area or total parameter counts. VisioPharm is one of the leading AI histopathology 

analysis software available. Our workflow and applications were designed, annotated, trained, 

and verified by a board-certified veterinary anatomic pathologist to identify our desired readouts 

and ensure accurate results. The workflow is then trained through a large set of sample images 

by a board-certified veterinary anatomic pathologist where structures are identified by the 

software and confirmed by the pathologist, allowing the software to “learn” how structures are 

organized and are identified in the experimental images. Briefly, the workflow consisted of 
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multiple stepwise applications of increasing specificity, starting with identification of the lung 

tissue, followed by identification of airways and vessels, then inflammation and iBALT, and 

finally identification of airways epithelial cells and alveolar nuclei. During each step of the 

workflow, the results are confirmed manually to ensure accurate detection of structures. All 

parameters are normalized to tissue area to mitigate size and artifact skewing. 

 

2.3.13 Immunohistochemistry 

Whole brain sagittal paraffin embedded tissue sections were deparaffinized by baking 

slides at 60 °C for 20 minutes, followed by rehydration through an EtOH gradient (xylene, 50% 

xylene/50% EtOH, 100% EtOH, 95% EtOH, 70% EtOH), and then incubated in 1.0 M Tris 

buffered saline (TBS). Antigen retrieval was achieved using 0.01 M sodium citrate, pH 6.0 at 95 

°C for 20 minutes in a Biocare Medical Decloaking Chamber™ NxGen (Biocare Medical). 

Slides were incubated in 0.3% hydrogen peroxide solution at room temperature for 30 minutes. 

Tissues were permeabilized and blocked using 0.1% Triton-X in 1 M Tris Buffered Saline (TBS) 

with 10% donkey serum. Astrocytes were identified using rabbit anti-S100 calcium-binding 

protein β (S100β) antibody (1:750; Abcam, Cat #: ab41548) diluted in 1.0 M TBS and incubated 

overnight at 4 °C. Tissues were then washed three times for two minutes each with 2% bovine 

serum albumin and 2% Triton-X in 1 M TBS before incubating slides with secondary antibody at 

room temperature for 1 hour. Slides were washed again three time for two minutes and incubated 

in ABC HRP peroxidase detection kit (Vector Laboratories, Cat #: pk-4,000) and ImmPACT 

DAB Substrate, Peroxidase (HRP) Kit (Vector Laboratories, Cat #: sk-4,105). Slides were 

counterstained with hematoxylin before undergoing dehydration with 95% EtOH, 100% EtOH, 
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and xylene before applying a coverslip. Slides were imaged using a Vectra Polaris microscope at 

40X magnification and cells were counted in QuPath using the cell detection plugin. 

 

2.3.14 Statistical Analysis 

Significance was determined with two-way ANOVA for in vitro experiments and three-

way ANOVA for in vivo experiments with post-hoc Tukey tests using GraphPad Prism Version 

9. Temporal relationships of cytokine concentrations were determined by mixed effects analysis 

and graphed as averages of all replicates. For all in vivo study data, males and females were 

combined and differentiated on graphs to show sex differences but were calculated together for 

statistical analysis. Males were defined as filled shapes and females were defined as open shapes 

on graphs. Significance was determined by a p-value < 0.05. GraphPad Prism Version 9 was 

used for production of all data figures. On graphs, significance is denoted by, * = p ≤ 0.05; ** = 

p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. 

 

2.3 Results:  

2.3.1 Effects of AT-RvD1 on cytokine production in DE-exposed alveolar macrophages 

IL-6 is widely considered to be a marker for inflammation produced by macrophages in 

the immune response213. In an alveolar macrophage model, we aimed to determine how 

treatment of RvD1 in concentrations of 10 nM and 100 nM would alter the production of this 

cytokine. The results of the Tukey post-hoc test revealed that exposure to 1% DE and addition of 

10 nM (p<0.0001) and 100 nM (p<0.0001) AT-RvD1 treatment significantly reduced production 

of IL-6 at 6 hours post co-exposure (Figure 11). Although these data were statistically 

significant, the variability of our datapoints and the lack of total reduction of IL-6 concentrations 
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relative to baseline may indicate a lack of biological relevance. A high dosage of AT-RvD1 may 

be needed to achieve a more robust reduction in IL-6 production in alveolar macrophages 

exposed to DE.  

 

 
Figure 11. Effects of DE exposure and AT-RvD1 treatment on IL-6 induction in alveolar 

macrophages over 24 hours.  

Levels of IL-6 at (A) 1 hour post co-exposure; (B) 2 hours post co-exposure; (C) 6 hours post co-
exposure; (D) 8 hours post co-exposure; (E) 24 hours post co-exposure; (F) temporal 
relationships of treatment groups over 24 hours. 3-way ANOVA with Tukey post-hoc analysis, 
error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample 
sizes: 12 per treatment condition.  
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TNF-α is another pro-inflammatory cytokine produced by macrophages in response to 

organic dust exposure238. We aimed to determine the effects of AT-RvD1 on TNF-α production 

by alveolar macrophages in vitro. Statistical significance was observed between DE-exposed 

cells and DE-exposed cells treated with 100 nM AT-RvD1 at 6 hours (Figure 12). There is only a 

small change in the TNF-α production in cells exposed to DE and treated with 100 nM AT-RvD1 

compared to the DE-only treated controls, which may not translate to being biologically relevant. 

A high dose of AT-RvD1 may be necessary to achieve greater reduction in TNF-α production. 

 
Figure 12. Effects of DE exposure and AT-RvD1 treatment on TNF-α induction in alveolar 

macrophages over 24 hours. 

Levels of TNF-a at (A) 1 hour post co-exposure; (B) 2 hours post co-exposure; (C) 6 hours post 
co-exposure; (D) 8 hours post co-exposure; (E) 24 hours post co-exposure; (F) temporal 
relationships of treatment groups over 24 hours. 3-way ANOVA with Tukey post-hoc analysis, 
error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample 
sizes: 12 per treatment condition.  



   
 

46 

IL-10 was evaluated as a marker for resolution of inflammation and the anti-

inflammatory effects of AT-RvD1 in alveolar macrophages144. Treatment of AT-RvD1 in DE-

exposed cells did not significantly alter the production of IL-10 (Figure 13).  

 

 
Figure 13. Effects of DE exposure and AT-RvD1 treatment on IL-10 induction in alveolar 

macrophages over 24 hours.  

Levels of IL-10 at (A) 1 hour post co-exposure; (B) 2 hours post co-exposure; (C) 6 hours post 
co-exposure; (D) 8 hours post co-exposure; (E) 24 hours post co-exposure; (F) temporal 
relationships of treatment groups over 24 hours. 3-way ANOVA with Tukey post-hoc analysis, 
error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample 
sizes: 12 per treatment condition.  
 

Our recent studies have shown alveolar macrophages produce IL-22 in response to 

organic dust and that it was Golgi-localized  220. We tested induction of IL-22 in mouse alveolar 

macrophages exposed to DE and treated with AT-RvD1. We also evaluated lysate concentrations 
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to determine intracellular localization of IL-22 during the immune response to organic dust 

extract.  

Supernate concentrations after 1 hour demonstrated significant differences between cells exposed 

to DE and cells exposed to DE and treated with 10 nM AT-RvD1 (p=0.0399) and 100 nM AT-

RvD1 (p<0.0001). After 2 hours, these changes were also observed at both 10 nM and 100 nM 

AT-RvD1 concentrations with the same significance (p=0.0002) (Figures 14 and 15). 
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Figure 14. Effects of DE exposure and AT-RvD1 treatment on IL-22 induction in alveolar 

macrophages over 24 hours.  
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Supernatant concentrations of IL-22 at (A) 1 hour post co-exposure; (B) 2 hours post co-
exposure; (C) 6 hours post co-exposure; (D) 18 hours post co-exposure; (E) 24 hours post co-
exposure; (F) temporal relationships of treatment groups. Cell lysate or protein levels of IL-22 at 
(G) 1 hour post co-exposure; (H) 2 hours post co-exposure; (I) l 6 hours post co-exposure; (J) l18 
hours post co-exposure; (K) 24 hours post co-exposure; (L) lysate temporal relationships of 
treatment groups over 24 hours. 3-way ANOVA with Tukey post-hoc analysis, error bars = 
SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: 12 per 
treatment condition.  
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Figure 15. Effects of DE exposure and AT-RvD1 treatment on IL-6, TNF-α, IL-10, and IL-

22 in alveolar macrophages over 24 hours.  

(A) IL-6, TNF-α, IL-10, IL-22 supernate, and IL-22 lysate concentrations in cells exposed to 1% 
DE without AT-RvD1 over 24 hours; (B) IL-6, TNF-α, IL-10, IL-22 supernate, and IL-22 lysate 
concentrations in cells co-exposed to 10 nM AT-RvD1 with 1% DE over 24 hours; (C) IL-6, 
TNF-α, IL-10, IL-22 supernate, and IL-22 lysate concentrations in cells co-exposed to 100 nM 
AT-RvD1 with 1% DE over 24 hours. 3-way ANOVA with Tukey post-hoc analysis, error bars 
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= SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: 12 per 
treatment condition.  
 

2.3.2 Effects of DE exposure and AT-RvD1 treatment in cultured microglia 

After our observations of the cytokine modulating effects of AT-RvD1 in alveolar 

macrophages, we aimed to determine the response of microglia to DE and assess the effects of 

AT-RvD1 on inflammatory mediator production in these cells. Since DE had not previously been 

tested in microglial cultures, a series of assays were chosen to assess the cellular response to DE 

and AT-RvD1 in various DE concentrations to determine an optimal protocol. The MTT assay 

was chosen as a marker of mitochondrial function to determine if there was significantly 

disruptive cytotoxicity observed in microglia as they were exposed to increasing concentrations 

of AT-RvD1. The LDH assay was chosen as a marker of cytotoxicity to assess the toxicity of DE 

in increasing concentrations. Both of these assays together with the evaluation of TNF-α 

secretion were utilized to determine a dosage of DE in microglia cultures that would elicit a 

strong immune response but would not induce significant cellular toxicity and/or death. Assay 

results revealed that mitochondrial function decreased with a low dose of 0.025% DE (p) but 

then increased with a higher dose of 0.25% (p). Low doses between 0.025%-0.2% DE 

(p<0.0001, p=0.0070, p=0.0001, p<0.0001) decreased cytotoxicity, however we did not see any 

significant cytotoxicity in higher doses. We found that all doses of DE above 0.5% elicited a 

significant increase in TNF-α production (p<0.0001). We also found that cells cultured with 

0.1% DE and 10nM AT-RvD1 had reduced TNF-α production compared to cells cultured with 

only 1% DE (p=0.0089) (Figure 16). Although we saw a reduction in TNF-α production in 

microglia exposed to DE and treated with AT-RvD1 compared to their DE exposed controls, it is 
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only a slight decrease and may not translate to biologically relevant patient outcomes. A larger 

dose of AT-RvD1 may be necessary to elicit a stronger reduction in TNF-α production. 
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Figure 16. Effects of dust exposure on cultured microglia.  

(A) MTT assay results; (B) LDH assay results; (C) TNF-α production in cells exposed to various 
concentrations of DE; (D) TNF-α production in cells exposed to DE and treated with 10 nM AT-
RvD1. 3 way ANOVA with Tukey post-hoc analysis, error bars = SEM; * = p ≤ 0.05; ** = p ≤ 
0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: 6 per treatment condition. 
 

2.3.3 Effects of various AT-RvD1 dosages on BALF cellular infiltrates  

Through our cellular culture experiments, we determined that AT-RvD1 has a significant 

effect on the production of pro-inflammatory cytokines in both macrophages and microglia. We 

then aimed to understand its functions in an in vivo model of repetitive agriculture dust exposure 
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and AT-RvD1 treatment. We utilized a 3-week DE exposure model extensively utilized in our 

laboratory coupled with a daily AT-RvD1 injection model at various doses: saline control, 50 ng, 

100 ng, or 250 ng. We then assessed previously utilized targets for determining pulmonary and 

neurological inflammation including BALF cellular infiltrates, pulmonary pathological markers, 

and astrocyte numbers. 

Although we found no significant differences in the cell infiltrate profiles in dust 

exposed, AT-RvD1 treated animals compared to saline exposed, saline treated animals, we can 

appreciate the slight increase in total cells, macrophages, and lymphocytes in dust exposed, 

saline treated animals, which may confirm continued immune involvement following a 72-hour 

recovery period (Figure 17). This study had a very low sample size which could contribute to our 

lack of statistical and biologically relevant findings.  
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Figure 17. BALF Cellular infiltrate profiles in mice exposed to DE and treated with various 

doses of AT-RvD1. 

(A) Total Cellular Counts in BALF; (B)Macrophages in BALF; (C) Granulocytes in BALF; (D) 
Lymphocytes in BALF.3-way ANOVA with Tukey post-hoc analysis, error bars = SEM; * = p ≤ 
0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: WT Saline i.n./Saline i.p. 
(2 female); WT Saline i.n./50 ng AT-RvD1 i.p. (2 female); WT Saline i.n./100 ng AT-RvD1 i.p. 
(2 female); WT Saline i.n./250 ng AT-RvD1 i.p. (2 female); WT Dust i.n./Saline i.p. (2 female/2 
male); WT Dust i.n./50 ng AT-RvD1 i.p. (2 female/1 male); WT Dust i.n./100 ng AT-RvD1 i.p. 
(2 female/2 male); WT Dust i.n./250 ng AT-RvD1 i.p. (2 female/1 male).  
 

2.3.4 Effects of various AT-RvD1 dosages on lung pathology 

We then evaluated pulmonary pathology to first determine if our instillations were 

successful and if the pathological results were consistent with expected findings, and second, to 

determine if AT-RvD1 treatment reduces pulmonary inflammation. We assessed iBALT and 

peribronchiolar/perivascular inflammation, both markers of inflammation expected in this 
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model48,174,216,220,221. Following evaluation of iBALT and peribronchiolar/perivascular 

inflammation, we found that dust exposed animals had increased iBALT production (p=0.0295), 

with a significant decrease in iBALT production in animals exposed to dust and treated with 100 

ng or 250 ng AT-RvD1 (p=0.0045) (Figure 18). 

 
 
Figure 18. Effects of DE exposure and AT-RvD1 treatment on iBALT and peribronchiolar 

and perivascular inflammation in WT mice.  

(A) Representative images at 40X magnification; (B) iBALT percentage; (C) 
peribronchiolar/perivascular inflammation percentage. 3 way ANOVA with Tukey post-hoc 
analysis, error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. 
Sample sizes: WT Saline i.n./Saline i.p. (2 female); WT Saline i.n./50 ng AT-RvD1 i.p. (2 
female); WT Saline i.n./100 ng AT-RvD1 i.p. (2 female); WT Saline i.n./250 ng AT-RvD1 i.p. (2 
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female); WT Dust i.n./Saline i.p. (2 female); WT Dust i.n./50 ng AT-RvD1 i.p. (2 female); WT 
Dust i.n./100 ng AT-RvD1 i.p. (2 female); WT Dust i.n./250 ng AT-RvD1 i.p. (2 female).  
 

2.3.5 Effects of DE and AT-RvD1 on neuroinflammatory markers  

To determine the neuroinflammatory effects of DE we assessed proliferation of microglia 

and astrocytes, common targets for neuroinflammation 26,65,66,106,147,171. Microglia numbers were 

analyzed and found to be elevated in the olfactory bulb (p<0.0001), frontal cortex (p=0.0094), 

and isocortex (p=0.0051) of animals exposed to DE. Additionally, we also observed a decrease 

in microglia numbers in these brain regions (p=0.0090, p=0.0633, p=0.0051) in animals treated 

with 250 ng AT-RvD1 (Figure 19).  
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Figure 19. Microglia counts in mice exposed to DE and treated with 250ng AT-RvD1.  

(A) Representative images of the olfactory bulb at 40X magnification; (B) microglia counts in 
the olfactory bulb; (C) Representative images of the frontal cortex at 40X magnification; (D) 
microglia counts in the frontal cortex; (E) Representative images of the isocortex at 40X 
magnification; (F) microglia counts in the isocortex 3-way ANOVA with Tukey post-hoc 
analysis, error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. 
Sample sizes: WT Saline i.n./Saline i.p. (3 female/3 male); WT Saline i.n./250 ng AT-RvD1 i.p. 
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(3 female/3 male); WT Dust i.n./Saline i.p. (6 female/6 male); WT Dust i.n./250 ng AT-RvD1 
i.p. (6 female/6 male). 
 

Astrocytes numbers were also evaluated and found to be increased in the frontal cortex of 

animals exposed to DE (p<0.0001) with a decrease in astrocyte counts in the frontal cortex of 

animals exposed to DE and treated with 250ng AT-RvD1 (p=0.0004) (Figure 20) 

 
Figure 20. Astrocyte counts in mice exposed to DE and treated with 250 ng AT-RvD1.  

(A) Representative images of the frontal cortex at 40X magnification; (B) astrocyte counts in the 
frontal cortex; (C) Representative images of the hippocampus at 40X magnification; (D) 
Astrocyte counts in the hippocampus. 3-way ANOVA with Tukey post-hoc analysis, error bars = 
SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: WT Saline 



   
 

60 

i.n./Saline i.p. (2 female); WT Saline i.n./250 ng AT-RvD1 i.p. (2 female); WT Dust i.n./Saline 
i.p. (3 female); WT Dust i.n./250 ng AT-RvD1 i.p. (3 female).  
 

2.4 Discussion 

The pulmonary inflammatory response to agriculture dust has been well established by 

our and other laboratories, but the neuroinflammatory response to this toxicant has not been 

investigated136,160,174. Recent studies have linked exposure to agriculture dust to an increased risk 

of developing dementia. Additionally, patients with COPD have reported increased memory loss, 

confusion, depression, and anxiety, and 60% of patients with severe chronic inflammatory 

pulmonary diseases are also diagnosed with a nervous system disorder 29,232,246. These symptoms 

lead to reduced social interaction and quality of life in these patients, and treatment for these 

diseases is urgently needed 108. We have previously assessed the usage of AT-RvD1 in vivo in a 

24-week repetitive dust exposure model and found reduction of pulmonary pathology in this 

model 48. We aimed to test the inflammatory modulating effects of AT-RvD1 in macrophages 

and microglia and aimed to optimize the dosage for usage in a larger in vivo study to better 

understand the link between inhaled agriculture dust exposure, neuroinflammation, and AT-

RvD1.  

Cellular inflammatory responses to ODE and the efficacy of adjuvant treatment with AT-

RvD1 were evaluated in cultured macrophages and microglia via pro-inflammatory and anti-

inflammatory cytokine production. In macrophages, ODE elicited a strong inflammatory 

response characterized by increased production of IL-6 and TNF-α, which was reduced in cells 

co-treated with AT-RvD1, independent of dose. Microglia exposed to DE also produced a strong 

TNF-α response which was dampened by the addition of AT-RvD1. These data indicate that AT-
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RvD1 alters the pro-inflammatory cytokine production of both macrophages and microglia, 

which contributes to the reduction of pathology seen in other models 48,216. 

In our pathological assessment, we did not observe significantly reduced pathology between DE-

exposed and AT-RvD1 treated animals and DE-exposed and saline-treated controls. However, 

this may be due to a low sample size since we observed a reduction in iBALT percentage in 

animals exposed to DE and treated with 250 ng AT-RvD1 compared with animals exposed to DE 

and treated with 100 ng AT-RvD1. This led us to prefer the daily 250 ng dosage as opposed to 50 

ng or 100 ng AT-RvD1 daily, but more robust evidence was needed to make a final 

determination of an effective AT-RvD1 dose for a larger study. 

We therefore turned to our neurological pathology targets to determine if agriculture dust 

exposure elicited an immune response in the brain and if our preferred dosage of 250 ng AT-

RvD1 was effective at reducing neuroinflammation. Other models of neuroinflammation 

perpetuated by pulmonary inflammation found that microglia and astrocytes were elevated, 

therefore we also assessed microglia and astrocyte numbers to evaluate neuroinflammation in our 

agriculture dust exposure model. Microglia and astrocyte counts are a common marker of 

neuroinflammation and have been extensively used to test neuroinflammatory responses to 

toxicants 27,40,100,105,215. We observed an increase in microglia numbers in the olfactory bulb, 

frontal cortex, and isocortex in animals exposed to DE, with reductions in these same regions in 

animals treated with 250 ng AT-RvD1. Additionally, we observed the same trend regarding 

astrocyte numbers in the frontal cortex and hippocampus of DE-exposed, AT-RvD1-treated 
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animals. These data confirmed that 250 ng AT-RvD1 daily was an effective dosing strategy in 

our model of repetitive agriculture dust exposure. 

Through our investigations, we found that even low doses of AT-RvD1 in cultured 

microglia reduced TNF-α production, and that 250 ng of AT-RvD1 in mice was effective in 

reducing DE-induced neuroinflammation. Through these studies, we determined that this dosage 

would likely be effective for further in vivo studies.  
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CHAPTER 3: ASPIRIN-TRIGGERED RESOLVIN D1 MODULATES PULMONARY 

AND NEUROLOGICAL INFLAMMATION IN AN IL-22 KNOCK-OUT ORGANIC 

DUST EXPOSURE MOUSE MODEL 

 
 
 

3.1 Introduction 

The Centers for Disease Control and Prevention ranked chronic lower respiratory 

diseases (CLRD) as a leading cause of death in the United States (US) with 147,367 deaths in 

2023 33. Chronic inflammatory lung diseases have also been linked to neuroinflammation and the 

development of neurodegenerative diseases such as Alzheimer’s 100,105,164,243. In 2023, 6.7 million 

people were reported as diagnosed and living with Alzheimer’s disease in the US, and estimates 

project that number to increase to 14 million people by 2060 31,33. CLRDs include chronic 

obstructive pulmonary disease (COPD), asthma, and allergies 138,176,198. Particulate matter (PM) 

exposure is a significant occupational hazard for agriculture workers, with organic dust exposure 

strongly linked to occupational-associated CLRDs 136,236. Organic dusts contain a variety of 

particulate matter (PM) sizes from 100 μm to 0.25 μm, microbes, and many immunogenic 

compounds such as microbial components, endotoxins, and metals that contribute to the 

pulmonary immune response 22,155.   

Our laboratory has extensively characterized the pulmonary immunological and 

pathological effects of organic dust exposure in a murine model of repetitive dust exposure, but 

the secondary neuroinflammatory effects of inhaled organic dust exposure have not been 

explored 136,160,161,219,221. Inhaled PM exposure has been recently linked to an increased risk of 

developing dementia, with the greatest risk being associated with agricultural organic dust 

exposure over all other PM exposures 246. COPD patients have documented increases in 

depressive symptoms, confusion, memory loss, and mental functional decline as their disease 
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progresses (13,14). A study conducted by the CDC analyzed comorbidities of 8,094 patients in 

resident care facilities diagnosed with CLRDs including chronic bronchitis, emphysema, and 

COPD 232. This study found that 51.4% of patients with one more CLRD also presented with 

Alzheimer’s disease or dementia (p <0.001), 27.4% were diagnosed with depression (p=0.012), 

7.7% were diagnosed with multiple sclerosis, Parkinson’s disease, or epilepsy (p= 0.020), and 

11.7% presented with other mental disorders (p=0.007) 232. Overall, the authors found that 64.9% 

of patients with more CLRD experienced a mental or behavioral health disorder, and 11.6% 

experienced a nervous system disorder 232. Agriculture workers often experience high levels of 

mental disorders including anxiety (males: 22% females: 39%, total: 31%) and depression 

(males: 35%, females: 42%, total: 39%) 131.  Additionally, air pollution exposure has been linked 

to neurological inflammation in murine models but has not been assessed in the specific context 

of agricultural organic dust exposure 27,105,180.  

Both COPD and Alzheimer’s are incurable, progressive, and ultimately fatal diseases 

with severe symptoms that reduce patients’ quality of life during the progression of disease 

27,69,108. The search for therapies that combat these diseases is thus at the forefront of 

immunotoxicological research. Omega-3 fatty acid metabolites termed specialized pro-resolving 

mediators (SPMs), have been proposed as exogenous therapies for a variety of inf lammatory 

diseases, suggesting they may be effective in reducing inflammation in a repetitive organic dust 

exposure model of pulmonary and neurological inflammation 183,187. Aspirin-Triggered Resolvin 

D1 (AT-RvD1), a SPM, has demonstrated restorative functions in pulmonary and 

neuroinflammation models 48,54,189,217. Specifically, the aspirin-triggered 17(R)-RvD1 epimer has 

shown increased stability and pharmacological efficacy compared to its 17(S)-RvD1 epimer in 
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murine models of acute lung injury and a chronic organic dust exposure-mediated pulmonary 

inflammation murine model 48,78,184,208.  

Interleukin-22 (IL-22), an interleukin-10 (IL-10)-family cytokine has been implicated in 

inflammation modulation, tissue repair, and antimicrobial defense 51. Murine models 

investigating the inflammatory consequence of IL-22 knock-out in infection, allergy, and organic 

dust exposure models have demonstrated increased disease severity in animals lacking IL-22 

2,3,25,118,153,220. We recently demonstrated that whole-body IL-22 knock-out mice exhibit 

increased pathology severity, cellular infiltrate counts, pro-inflammatory cytokine production, 

and altered tissue pathology following repetitive organic dust exposure 220. We aimed to 

investigate the link between attenuation of IL-22 and the tissue repair functions of AT-RvD1 in 

an IL-22 knock-out mouse model repetitively exposed to organic dust exposure.  

We explored the link between inhaled organic dust exposure-induced pulmonary and 

neurological inflammation via a mouse model repetitively exposed to aqueous agriculture 

organic dust extract (DE). We also aimed to investigate the SPM AT-RvD1 as an exogenous 

therapy for pulmonary and neurological inflammation utilizing an IL-22 knock-out transgenic 

mouse model of severe pulmonary inflammation to explore its role in modulating lung-brain axis 

inflammation. To investigate our hypotheses, we evaluated the inflammatory response to organic 

dust exposure and the immune modulation of AT-RvD1 in an IL-22 knock-out model 

repetitively exposed to DE through evaluation of lung immune cell infiltrates, bronchoalveolar 
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lavage fluid (BALF) and lung tissue cytokines, lung pathology, brain microglia quantification, 

and transcript evaluation in lung and brain tissue via RNAscope technology.  

 

3.2 Materials and Methods 

3.2.1 Dust Extract Preparation 

Dust was collected from hog confinement facilities in the Midwest, United States from 

surfaces at least 1 meter off the ground to represent the respirable fraction. Dust aliquots were 

stored at -20 °C until use. Dust extracts were prepared as previously described 137,219. Briefly, 

whole dust was combined with Hank’s balanced saline solution (HBSS) (HyClone Laboratories) 

at a ratio of 1 g dust to 10 mL HBSS on a magnetic stir plate for 1 hour at room temperature. The 

resulting mixture was centrifuged at 2500 rpm for 20 minutes at 4 °C. The supernate was 

collected, while the pellet was discarded. Supernate was transferred to a new tube and 

centrifuged again at 2500 rpm for 20 minutes at 4 °C. Supernate was collected and filtered 

through 0.22 μm syringe filters to produce 100% dust extract (DE) and stored at -20 °C. The 

resulting extract contains predominantly gram-positive bacterial components, endotoxins, and 

trace metals 155. Complete analysis of dust extract can be found at Online Repository Methods at 

www.jacionline.org 155. 

 

3.2.2 Animal Husbandry and Care 

All animal protocols were reviewed and approved by the Institutional Animal Care and 

Use Committee (Protocol Number 2887). C57BL/6J (WT) and whole-body IL-22 knock-out 

[C57BL/6-Il22tm1.1(icre)Stck/J] (KO) (Jackson Labs) mice aged 8-12 weeks were housed in the 

Colorado State University Painter Facility in a specific pathogen-free environment with free 



   
 

67 

access to standard mouse feed and water. Three pairs of KO animals were purchased to establish 

a breeding colony of IL-22cre x IL-22cre that produced all experimental animals. Animals from 

the original breeding pairs and all offspring were genotyped through TransnetYX (Memphis, 

TN) genotyping PCR service to ensure accurate genotypes. WT mice were purchased directly 

from Jackson Laboratories, age and sex matched to KO mice. Purchased mice were acclimated 

for at least 7 days before performing any procedures.  

 

3.2.3 In Vivo Repetitive DE Exposure and AT-RvD1 Treatment Model 

Mice were intranasally (i.n.) instilled with 50 μl 12.5% DE or sterile saline 5 days/week 

for 3 weeks under light isoflurane sedation. The concentration of DE was previously determined 

by a dose-response study, which was found to elicit a strong pulmonary inflammatory response 

without the risk of mortality 174. Sedation for instillations was achieved using a SomnoSuite 

Small Animal Anesthesia System (Kent Scientific Corporation) fitted with a small animal 

anesthesia box. Animals were placed into the box with a flow rate of 100 mL/minute at 2.0-3.0% 

anesthesia. Animals were removed for instillations once breathing appeared slowed and even. 

Animals were held in a supine position and 50 μl of the appropriate exposure was loaded into a 

pipette tip and deposited at the tip of the animal’s nose one drop at a time to allow natural 

inhalation. Afterwards, animals were returned to their enclosures in a supine position to 

encourage recovery and monitored for several minutes to ensure return of normal behaviors. AT-

RvD1 treated mice were administered intraperitoneal (i.p) injections of 50 μl of 250 ng AT-

RvD1 or 5% ethanol (EtOH) (AT-RvD1 vehicle) in sterile saline either once per week after the 

5th DE instillation (weekly, for a total of 3 injections) or 5 times per week (daily, for a total of 15 

injections) (Figure 21A-B). Dosages and controls were determined based on previously 
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published data and a dose-response pilot study (data not shown) 48,54,119,120. Animals were 

allowed to recover for 72 hours past-last DE instillation and AT-RvD1 injection before sacrifice.  

 
Figure 21. AT-RvD1 dosing strategies in WT and IL-22 KO mice.  

(A) once weekly AT-RvD1 dosing strategy timeline; WT and KO animals were instilled i.n. with 
12.5% DE 5 days/week for 3 weeks and treated with 250 ng AT-RvD1 i.p. once/week for 3 
weeks, (B) Once daily AT-RvD1 dosing strategy timeline; WT and KO animals were instilled 
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i.n. with 12.5% DE 5 days/week for 3 weeks and treated with 250 ng AT-RvD1 i.p. 5 days/week 
for 3 weeks. Created with BioRender.com. 
 

3.2.4 Animal Sacrifice and Sample Collection 

Animals were euthanized in accordance with the American Veterinary Medical 

Association guidelines by isoflurane overdose immediately followed by cervical dislocation, 72 

hours following the final DE instillation and AT-RvD1 injection. Bronchoalveolar lavage fluid 

(BALF) was obtained by inserting a 25G catheter into the trachea, tying it off with suture, and 

lavaging the lungs three times with 1 mL of ice-cold phosphate-buffered saline (PBS) (HyClone 

Laboratories) for each wash. The first wash was collected in one 5 mL FACS tube while washes 

two and three were collected in a second 5 mL FACS tube. Both tubes were centrifuged at 300 x 

g for 8 minutes to pellet the cells. The supernatant fraction from wash 1 was aliquoted into a 

separate tube and stored at -80 °C for cytokine analysis by enzyme-linked immunosorbent assay 

(ELISA). The supernates from washes two and three were discarded, and cell pellets from both 

tubes were combined with 400 µl of red blood cell lysis buffer (Life Technologies Corporation), 

placed on ice for 5 minutes, then centrifuged at 300 x g for 8 minutes at 4 °C. The supernatant 

fraction was discarded, and the cell pellets were resuspended with 200 μL of PBS. A 10 μl 

aliquot of the cell suspension was then collected for counting using a Countess 3 FL automatic 

cell counter to generate total cell infiltrate values. The cell suspensions were diluted with PBS to 

achieve a concentration of 1x106 cells/mL. 200 µl of the final cell suspension was then added to a 

Thermo Cytospin 4 cytocentrifuge and centrifuged at 600 rpm for 5 minutes. Slides were dried 

overnight for further staining and analysis. The left lobes of the lungs were tied off with suture, 

removed, placed in 800 μl of RNAlater (Invitrogen), and stored at -80 °C until use. The right 

lung lobes were extracted along with the heart and tracheal tissue, then inflated with 10% 
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neutral-buffered formalin (NBF) (Cancer Diagnostics Inc.) before hanging under 20 cm of 

pressure and submerged in 10% NBF overnight. They were then transferred to cassettes and 

stored in 10% NBF for at least 48 hours before further processing. Brains were extracted en bloc 

and immediately fixed whole in tissue cassettes in 10% NBF for at least 48 hours before further 

processing. All tissues were submitted to the Colorado State University Veterinary Diagnostic 

Laboratory Experimental Pathology Facility (EPF) for paraffin embedding and sectioning at 5 

μm. 

 

3.2.5 Cellular Infiltrate Analysis 

Staining was performed on dried slides using a Volu-Sol dip-stain kit, with methanol as 

the fixative, and eosin and methylene blue (Volu-Sol) as the differential stains. Slides were 

imaged at 20X magnification using an Olympus BX35 microscope and cellSense software 

version 4.1. Differential counts were performed by counting 300 cells on each image to evaluate 

macrophages, neutrophils, eosinophils, and lymphocytes, assisted by QuPath version 0.5.1. 

 

3.2.6 Cytokine Quantification 

Bronchoalveolar lavage fluid (BALF) was collected, processed, and stored as previously 

described above. Left lung lobes in RNAlater were homogenized with lysis buffer containing 

PBS, 1X RIPA lysis buffer (Thermo Scientific, Cat#: J62524.AE), and 1X proteinase inhibitor 

cocktail (Thermo Scientific, Cat#: 1861279) at a ratio of 50 mg tissue to 1 mL buffer. A Bead 

Mill 24 bead homogenizer was used to break up the tissues (speed: 5.00, time: 0:05, cycles: 3, 

duration: 0:03). The samples were then incubated on ice for 30 minutes, with agitation every 10 

minutes. Homogenate aliquots were stored at -80 °C until use. Cytokine protein concentrations in 
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BALF and lung tissue were quantified using sandwich ELISAs. Kits were purchased from 

DuoSet (R&D Systems) and used according to the manufacturer’s recommendations with the 

modification of capture antibody diluted in BupH Carbonate-Bicarbonate Buffer (Voller’s 

Coating Buffer, Thermo Scientific). High-binding half-well 96-well plates (Greiner Biotech) 

were coated with manufacturer-specified capture antibody concentrations and incubated 

overnight at room temperature before progression of assay. All washes were performed using a 

Tecan HydroFlex™ plate washer. After completion of the assay, plates were read on a FLUOstar 

Omega spectrophotometer at 450 nm using Omega software version 5.7. Concentration values 

were calculated from standards using a four-parameter fit model in Omega MARS Software 

Version 4.00.  

 

3.2.7 Lung Histopathology  

Whole right lung coronal sections, collected as previously described above, were stained 

with hematoxylin and eosin (H&E) following deparaffinization and rehydration with xylene and 

graded EtOH solutions (xylene, 100% EtOH, 95% EtOH, 80% EtOH, 50% EtOH, and finally 1X 

PBS). Slides were scanned at 40X on a Vectra Polaris scanning microscope. Images of lungs 

from animals administered weekly AT-RvD1 injections were blinded and manually scored using 

a well-established semiquantitative scoring method 48,137,220,221,229. Images from animals 

administered daily AT-RvD1 injections were imported into VisioPharm version 2023.09.3.15043 

x64 and processed through an artificial intelligence (AI) workflow for quantitative assessment of 

alveolar space, alveolar septa thickness, peribronchiolar inflammation, perivascular 

inflammation, total alveolar septa nuclei, and percentage of inducible bronchus-associated 

lymphoid tissue (iBALT) formations relative to tissue area. AI quantification was performed on 
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the whole lung tissue with output measurements including area, percentages of parameters to 

total tissue area or total parameter counts. VisioPharm is one of the leading AI histopathology 

analysis software available. Our workflow and applications were designed, annotated, trained, 

and verified by a board-certified veterinary anatomic pathologist to identify our desired readouts 

and ensure accurate results. The workflow is then trained through a large set of sample images 

by a board-certified veterinary anatomic pathologist where structures are identified by the 

software and confirmed by the pathologist, allowing the software to “learn” how structures are 

organized and are identified in the experimental images. Briefly, the workflow consisted of 

multiple stepwise applications of increasing specificity, starting with identification of the lung 

tissue, followed by identification of airways and vessels, then inflammation and iBALT, and 

finally identification of airways epithelial cells and alveolar nuclei. During each step of the 

workflow, the results are confirmed manually to ensure accurate detection of structures. All 

parameters are normalized to tissue area to mitigate size and artifact skewing. 

  

3.2.8 Immunofluorescence  

Whole brain sagittal paraffin embedded tissue sections, as previously described above, 

were deparaffinized by baking slides at 60 °C for 20 minutes, followed by rehydration through 

an EtOH gradient (xylene, 50% xylene/50% EtOH, 100% EtOH, 95% EtOH, 70% EtOH), and 

then incubated in 1.0 M Tris buffered saline (TBS). Antigen retrieval was achieved using 1 nM 

EDTA buffer with 0.05% Tween20, pH 8.0 at 95 °C for 20 minutes in a Biocare Medical 

Decloaking Chamber™ NxGen (Biocare Medical). Tissues were washed three times for 10 

minutes each with 0.05M TBS and blocked using 2% donkey serum in 0.2% Triton-X in 1.0 M 

TBS for 1 hour at room temperature. Microglia were identified using rabbit anti-ionized calcium 
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binding adaptor molecule 1 (Iba1) (1:1000; Abcam, Cat #: ab178846) diluted in 1.0 M TBS and 

incubated overnight at 4 °C. Tissues were then washed four times for 10 minutes each with 0.05 

M TBS. A goat anti-rabbit Alexa Fluor 647 secondary antibody (Invitrogen, Cat#: A21244) 

diluted 1:500 in 2% donkey serum in 1.0 M TBS, was applied and incubated for 1 hour at room 

temperature. Sections were washed three times for 10 minutes each with 0.05 M TBS. Nuclear 

staining was achieved by incubation with Hoechst 33342, diluted 1:2000 in PBS (Invitrogen, Cat 

#: H3570), for three minutes, then washed three times for 10 minutes each with 0.05 M M TBS. 

ProLong Diamond Antifade Mountant (Fisher Scientific, Cat #: P36970) was then applied before 

mounting with glass coverslips. Slides were kept at room temperature, protected from light, for 

24 – 48 hours to cure mounting medium, then stored at 4 °C in the dark prior to imaging. Stained 

sections were scanned at 40X using a Vectra Polaris microscope, and the number of microglia 

per area of each brain region of interest were quantified using QuPath Version 0.5.1. All sections 

were imaged on the same day with the same exposure settings for each channel. 

 

3.2.9 RNAscope  

RNAscope® assays were performed according to the formalin-fixed, paraffin-embedded 

(FFPE) tissue protocol provided in the RNAscope™ Multiplex Fluorescent Reagent Kit v2 

Assay Manual (Document Number: UM 323100). Mouse lung and brain sections previously 

described above were utilized, with 3 animals per sex, per treatment condition, per genotype 

selected. Probes for IL-1β (Cat #: 316891-C3), CXCL10 (Cat #: 408921-C3), IL-10 (Cat #: 

317261-C2), TGF-β (Cat #: 407751), and AREG (Cat #: 430501) were purchased from 

Advanced Cell Diagnostics, Inc. TSA Vivid Fluorophore dyes 570 (Cat #: 323272) and 650 (Cat 

#: 232273) were purchased from Advanced Cell Diagnostics, Inc. and diluted in TSA buffer 
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1:1500 (Cat #: 322809). Opal Polaris 780 Fluorophore Reagent Pack was purchased from Akoya 

Biosciences (Cat #: FP1501001KT). TSA-DIG was diluted 1:1500 in TSA buffer for lung 

sections and 1:750 for brain sections. Opal Polaris 780 Fluorophore was diluted 1:500 in 

Antibody Diluent/Block (Akoya Biosciences, Cat #: ARD1001EA) for lung sections and 1:200 

for brain sections. Positive control slides using RNAscopeTM 3-plex positive control probes 

(CAT #: 320881) and negative control slides using RNAscopeTM 3-plex negative control probes 

(Cat#: 320871) were utilized to validate the assay and results. After completion of the 

RNAscope® protocol, sections were incubated with RNAscope® DAPI (Advanced Cell 

Diagnostics, Inc.) for 30 seconds, then mounted on glass coverslips with ProLong Diamond 

Antifade mounting medium (Invitrogen). The mounted sections were kept at room temperature, 

protected from light, for 24–48 hours to cure mounting medium, before being stored at 4 °C until 

imaging. Slides were scanned at 40X using a Vectra Polaris microscope, with all sections imaged 

on the same day using the same exposure settings for each channel. QuPath Version 0.5.1 was 

used according to manufacturer protocols to detect the cell nuclei and quantify subcellular dots 

per nucleus for the entirety of the lung tissue and for each of the brain regions of interest.  

 

3.2.10 Statistical Analysis 

All statistical and graphical analyses were performed using GraphPad Prism Version 10. 

A power analysis was performed using an alpha = 0.05 based on histopathological scoring from 

our pilot study which indicated 8-10 mice per group would be sufficient to achieve 85-90% 

power to identify significant differences between groups. Outliers were tested for and removed 

from the datasets using ROUT analysis with Q=1%. Statistical significance was determined by 

performing 3-way ANOVA analyses with Benjamini, Krieger and Yekutieli post-hoc analysis for 
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pairwise comparisons to reduce false discovery rate. A p-value of less than or equal to 0.05 was 

used to determine significance and a p-value of less than or equal to 0.1 was considered a trend. 

Individual animals are represented by a single symbol on figures, with filled shapes representing 

male animals and unfilled shapes representing female animals. On figures, significance is 

denoted by, * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. 

 

3.3 Results 

3.3.1 IL-22 KO alters lung immune cell trafficking and weekly AT-RvD1 administration 

reduces cellular infiltration in IL-22 KO mice following repetitive organic dust exposure  

We have previously demonstrated that DE exposure leads to increased infiltration of 

immune cells into the airways 48,162,221. One well-established mechanism of AT-RvD1 is its 

ability to modify immune cell recruitment to sites of infection and injury (33). We aimed to 

establish an effective dosing strategy to assess the therapeutic applications of AT-RvD1 in a 

model of repetitive ODE. WT and IL-22 KO mice were instilled i.n. with 50 μl of either 12.5% 

DE in sterile saline or sterile saline for 5 days per week for 3 weeks (15 total installations) and 

injected i.p. with 50 μl of either 250 ng AT-RvD1 in sterile saline or 5% EtOH (AT-RvD1 

carrier) in sterile saline once per week following the 5th DE instillation each week (3 total 

injections) (Figure 22A). To determine the impact of AT-RvD1 treatment on immune cell 

recruitment following DE, we examined cellular infiltration into the airway via BALF cellular 

analysis (Figures 22A-E) and lung histopathology (Figures 22A-D).  

Upon analysis of BALF cellular infiltrates, we observed an increase in the total number 

of cellular infiltrates in both WT (p=0.0011) and KO (p<0.0001) mice exposed to DE compared 

to saline controls (Figure 22A). Additionally, we observed a trend of increased total cells in KO 
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mice exposed to DE compared to WT mice exposed to DE (p=0.0702) (Figure 22A). KO mice 

exposed to DE and treated with AT-RvD1 exhibited reduced total cell counts compared to KO 

mice exposed to DE and treated with saline (p=0.0265) (Figure 22A). Macrophage differential 

counts revealed increased influx in WT (p=0.0162) and KO (p=0.0015) mice exposed to DE 

compared to WT and KO mice exposed to saline, respectively (Figure 22B). We also observed a 

trend between KO mice exposed to DE and WT mice exposed to DE (p=0.0966) (Figure 22B). 

KO mice exposed to DE and treated with AT-RvD1 demonstrated significantly reduced 

macrophage differential counts compared to KO mice exposed to DE and treated with AT-RvD1 

(p=0.0457) (Figure 22B). We did not observe any significant differences or trends in the number 

of neutrophils, regardless of exposure or treatment condition (Figure 22C). Eosinophil 

differential counts revealed a decrease in the number of eosinophil influx in KO mice exposed to 

DE and treated with AT-RvD1 compared to KO mice exposed to DE and treated with saline 

(p=0.0180) (Figure 22D). We also observed elevated trafficking of lymphocytes in WT 

(p=0.0013) and KO (p<0.0001) mice exposed to DE compared to saline exposed controls as well 

as significantly increased lymphocyte counts in KO mice exposed to DE compared to WT mice 

exposed to DE (p=0.0454) (Figure 22E). 
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Figure 22. Impacts of DE and AT-RvD1 on BALF immune cellular infiltrates in WT and 

IL-22 KO animals.  

WT and KO animals were instilled i.n. with 12.5% DE 5 days/week for 3 weeks and treated with 
250 ng AT-RvD1 i.p. once/week for 3 weeks. (A) total cell counts, (B) macrophages, (C) 
neutrophils, (D) eosinophils, (E) lymphocytes. 3 way ANOVA with Benjamini, Krieger and 
Yekutieli post-hoc analysis, error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; 
**** = p ≤ 0.0001. Sample sizes: WT Saline i.n. + Saline i.p (3 female/3 male), WT Saline i.n. + 
AT-RvD1 i.p (3 female/3 male), WT Dust i.n. + Saline i.p (5 female/5 male), WT Dust i.n. + 
AT-RvD1 i.p (4 female/4 male), KO Saline i.n. + Saline i.p (3 female/3 male), KO Saline i.n. + 
AT-RvD1 i.p (3 female/3 male), KO Dust i.n. + Saline i.p (5 female/4 male), KO Dust i.n. + AT-
RvD1 i.p (6 female/5 male). 
 

We also examined lung pathology of mice injected with 250 ng AT-RvD1 once per week 

to assess the effectiveness of AT-RvD1 at reducing DE-induced lung pathology. We evaluated 

inducible bronchus associated lymphoid tissue (iBALT), peribronchiolar inflammation, and 

alveolar inflammation using a semiquantitative scoring method previously utilized in our 

laboratory 47,48,157,221,229. Statistical analysis revealed a significant main effect of DE exposure in 

all three parameters evaluated: iBALT (p=0.0002), peribronchiolar inflammation (p<0.0001) and 

alveolar inflammation (p<0.0001) (Figures 23B-D). However, on post-hoc analysis, we observed 
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no statistically significant differences or trends between AT-RvD1 i.p. and saline i.p. treatment 

groups (Figures 23B-D). Interestingly, we observed a similar pattern in all parameters evaluated. 

We found a significant increase in the mean inflammatory score of iBALT in both WT 

(p=0.0446) and KO (p=0.0025) animals exposed to DE compared to saline-exposure controls 

(Figure 23B). Additionally, we observed a significantly increased peribronchiolar inflammation 

in WT (p=0.0064) and KO (p=0.0005) animals exposed to DE compared to saline-exposed 

controls (Figure 23C), as well as a significant increase in the mean score for alveolar 

inflammation in KO animals exposed to DE compared to saline-exposure controls (p=0.0004) 

and a trend in WT animals exposed to DE compared to saline-exposure controls (p=0.0596) 

(Figure 23). We also did not observe any significant changes in mean pathological scores of WT 

compared to KO animals regardless of exposure or treatment group. 

 

 
Figure 23. AT-RvD1 administration once weekly does not improve lung pathology.  

WT and KO animals were instilled i.n. with 12.5% DE 5 days/week for 3 weeks and treated with 
250 ng AT-RvD1 i.p. once/week for 3 weeks. (A) representative images at 20X magnification, 
(B) mean inflammatory score for iBALT, (C) mean inflammatory score for peribronchiolar 
inflammation, (D) mean inflammatory score for alveolar inflammation. Scale bar = 50 μm. 3 
way ANOVA with Benjamini, Krieger and Yekutieli post-hoc analysis, error bars = SEM; * = p 
≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: WT Saline i.n. + Saline 
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i.p (2 female/2 male), WT Saline i.n. + AT-RvD1 i.p (2 female/2 male), WT Dust i.n. + Saline 
i.p (2 female/3 male), WT Dust i.n. + AT-RvD1 i.p (3 female/3 male), KO Saline i.n. + Saline i.p 
(3 female/3 male), KO Saline i.n. + AT-RvD1 i.p (2 female/2 male), KO Dust i.n. + Saline i.p (3 
female/3 male), KO Dust i.n. + AT-RvD1 i.p (3 female/3 male). 
 

Following  our observations of no statistically significant changes in animals exposed to 

DE and treated with AT-RvD1 once weekly (Figures 23A-D), we developed a 5 day/week AT-

RvD1 injection regimen, which we found yielded more significant therapeutic efficacy, through 

histopathology resolution, and was thus employed as our model for further analysis of the 

pulmonary and neurological inflammatory response to DE. Briefly, WT and IL-22 KO mice 

were instilled i.n. with 50 μl of either 12.5% DE in sterile saline or sterile saline for 5 days per 

week for 3 weeks, and then injected i.p. with 50 μl of either 250 ng AT-RvD1 in sterile saline or 

5% EtOH (AT-RvD1 carrier) in sterile saline 5 days per week for 3 weeks (Figure 21B). 

Our analysis of lung histopathology via VisioPharm AI applications revealed an increase 

in the percentage of iBALT relative to lung tissue area in both WT (p=0.0014) and KO mice 

(p<0.0001) exposed to DE (Figure 24B). Interestingly, we also observed a significant increase in 

iBALT percentage in KO mice compared to WT mice exposed to DE (p=0.0002) (Figure 24B). 

Additionally, KO mice exposed to DE and treated with AT-RvD1 displayed a significant 

decrease in iBALT percent of lung tissue compared to KO mice exposed to DE and treated with 

saline (p<0.0001) (Figure 24B). Furthermore, we discovered significant sex differences in the 

iBALT percentages displayed by both WT and KO animals. We found that female animals 

exposed to DE and treated with saline exhibited a significantly higher iBALT percentage than 

male animals exposed to DE and treated with saline in both WT (p<0.0001) and KO (p<0.0001) 

animals (Figures 24C,D). Additionally, both WT (p=0.0021) and KO (p<0.0001) female animals 

exposed to dust and treated with AT-RvD1 displayed significantly reduced iBALT compared to 

saline treated female animals (Figures 24C,D). Evaluation of peribronchiolar and perivascular 
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inflammation percentage revealed a significant increase in both WT (p=0.0013) and KO 

(p<0.0001) mice exposed to DE (Figure 24E). We observed a trend of reduced peribronchiolar 

and perivascular inflammation in KO animals exposed to DE and treated with saline and KO 

mice exposed to DE and treated with AT-RvD1 (p=0.0791) (Figure 24E). Bronchiolar epithelium 

area in KO mice exposed to DE was significantly increased compared to KO mice exposed to 

saline (p=0.0474) and was further increased in KO mice exposed to DE and treated with AT-

RvD1 compared to KO mice exposed to DE and treated with saline (p=0.0233) (Figure 24F). 

Bronchiolar epithelium area was also decreased in WT mice exposed to DE and treated with AT-

RvD1 compared to KO mice exposed to DE and treated with AT-RvD1 (p=0.0353) (Figure 24F). 

We observed a significant decrease in alveolar air space in KO mice exposed to saline compared 

to WT mice exposed to saline (p=0.0301) (Figure 24G). Total alveolar nuclear counts were 

observed to be elevated in WT mice exposed to DE compared to WT mice exposed to saline 

(p=0.0377), with an observed trend of increased nuclei in KO mice exposed to DE compared to 

KO mice exposed to saline (p=0.0598) (Figure 24H).  
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Figure 24. AT-RvD1 treatment daily reduces iBALT in animals exposed to DE.  

WT and KO animals were instilled i.n. with 12.5% DE 5 days/week for 3 weeks and treated with 
250 ng AT-RvD1 i.p. 5 days/week for 3 weeks. (A) representative images at 4X and 10X 
magnification, (B) iBALT percentage in all animals, (C) iBALT percentage in WT animals by 
sex, (D) iBALT percentage in KO animals by sex, (E) combined peribronchiolar and 
perivascular inflammation percentage in all animals, (F) bronchiolar epithelium area, (G) 
alveolar space percentage, (H) total alveolar nuceli. Scale bar = 50 μm. 3 way ANOVA with 
Benjamini, Krieger and Yekutieli post-hoc analysis, error bars = SEM; * = p ≤ 0.05; ** = p ≤ 
0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: WT Saline i.n. + Saline i.p (3 female/3 
male), WT Saline i.n. + AT-RvD1 i.p (3 female/3 male), WT Dust i.n. + Saline i.p (6 female/6 
male), WT Dust i.n. + AT-RvD1 i.p (6 female/6 male), KO Saline i.n. + Saline i.p (3 female/3 
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male), KO Saline i.n. + AT-RvD1 i.p (3 female/3 male), KO Dust i.n. + Saline i.p (7 female/7 
male), KO Dust i.n. + AT-RvD1 i.p (7 female/8 male). 
 

3.3.2 Impacts of AT-RvD1 on lung inflammatory mediator production in WT and IL-22 

KO mice during recovery following repetitive DE exposure 

We have previously demonstrated that ODE in mice increases both pro- and anti-

inflammatory cytokine production 48,174,220. In our recovery model, we found that after 15 DE 

instillations, mice displayed altered cytokine and inflammatory mediator production in the 

airway and pulmonary tissue compartments at the protein level (Figure 25A-F).  

Evaluation of amphiregulin (AREG) concentrations in BALF showed that KO mice exposed to 

DE exhibited decreased concentrations compared to saline controls (p=0.0130) and that KO mice 

exposed to DE displayed a trend of decreased AREG concentrations compared to WT mice 

exposed to DE (p=0.0887) (Figure 25A). Concentrations of interleukin-10 (IL-10), a classic anti-

inflammatory, pro-resolution cytokine was decreased in the BALF of WT mice exposed to DE 

compared to saline controls (p=0.0009) and a trend of decreased concentrations in KO mice 

exposed to DE compared to saline controls (p=0.0535) was also observed (Figure 25B). 

Transforming growth factor-β (TGF-β) concentrations in BALF did not yield any significant 

differences regardless of genotype or treatment groups, however we did observe a significant 

main effect of DE exposure (p=0.0021) (Figure 25C). In the tissue compartment, IL-10 was 

observed to be elevated in KO mice exposed to saline compared to WT mice exposed to saline 

(p=0.0003) and in KO mice exposed to DE compared to WT mice exposed to DE (p=0.0002). 

WT mice exposed to DE and treated with AT-RvD1 exhibited increased tissue IL-10 

concentrations compared to WT mice exposed to DE and treated with saline (p=0.0070) (Figure 

25D). AREG quantification in lung tissues of  WT mice exposed to DE displayed increased 
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concentrations compared to WT saline controls (p=0.0005) and were observed to be decreased in 

KO mice exposed to DE compared to WT mice exposed to DE (p=0.0051) (Figure 25E). We also 

observed a significant decrease in AREG concentrations in KO mice exposed to DE and treated 

with AT-RvD1 compared to WT mice exposed to DE and treated with AT-RvD1 (p<0.0001). 

Lung tissue TGF-β concentrations demonstrated a trend of increased concentrations in KO mice 

exposed to saline compared to WT mice exposed to saline (p=0.0533) and a significant increase 

in KO mice exposed to DE and treated with AT-RvD1 compared to WT mice exposed to DE and 

treated with AT-RvD1 (p<0.0003) (Figure 25F).  
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Figure 25. Effects of repetitive dust exposure and RvD1 treatment on bronchoalveolar 

lavage fluid (BALF) and lung tissue homogenate cytokines.  

WT and KO animals were instilled i.n. with 12.5% DE 5 days/week for 3 weeks and treated with 
250 ng AT-RvD1 i.p. 5 days/week for 3 weeks. (A) amphiregulin (AREG) concentrations in 
BALF, (B) interleukin-10 (IL-10) concentrations in BALF, (C) transforming growth factor-β 
(TGF-β) concentrations in BALF, (D) AREG concentrations in lung tissue, (E) IL-10 
concentrations in lung tissue, and (F) TGFβ concentrations in lung tissue. 3 way ANOVA with 
Benjamini, Krieger and Yekutieli post-hoc analysis, error bars = SEM; * = p ≤ 0.05; ** = p ≤ 
0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. BALF sample sizes: WT Saline i.n. + Saline i.p (3 
female/3 male), WT Saline i.n. + AT-RvD1 i.p (3 female/3 male), WT Dust i.n. + Saline i.p (6 
female/6 male), WT Dust i.n. + AT-RvD1 i.p (6 female/6 male), KO Saline i.n. + Saline i.p (3 
female/3 male), KO Saline i.n. + AT-RvD1 i.p (3 female/3 male), KO Dust i.n. + Saline i.p (7 
female/7 male), KO Dust i.n. + AT-RvD1 i.p (7 female/8 male). Lung tissue sample sizes: WT 
Saline i.n. + Saline i.p (3 female/3 male), WT Saline i.n. + AT-RvD1 i.p (3 female/3 male), WT 
Dust i.n. + Saline i.p (3 female/3 male), WT Dust i.n. + AT-RvD1 i.p (3 female/3 male), KO 
Saline i.n. + Saline i.p (3 female/3 male), KO Saline i.n. + AT-RvD1 i.p (3 female/3 male), KO 
Dust i.n. + Saline i.p (3 female/3 male), KO Dust i.n. + AT-RvD1 i.p (3 female/3 male). 
 

To evaluate mRNA transcript expression in animals exposed to DE and treated with AT-

RvD1, we utilized RNAscope technology to visualize and quantify mRNA transcripts in whole 

lung tissue sections. We evaluated areg, il10, and C-X-C motif chemokine ligand 10 (cxcl10) 
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transcripts in the alveolar and airway compartments to assess the recovery of IL-22 KO mice and 

the therapeutic impacts of AT-RvD1 and to assess the differences between alveolar and airway 

inflammatory markers. In the alveolar compartment, we observed a significant increase in areg 

expression in KO mice exposed to saline and treated with AT-RvD1 compared to KO mice 

exposed to saline and treated with saline (p=0.0051) (Figure 26B). Assessment of il10 expression 

in the alveolar compartment yielded no significant differences or trends of, regardless of DE 

exposure or AT-RvD1 treatment or genotype (Figure 26C). Expression of cxcl10 in the alveolar 

compartments of KO mice exposed to DE displayed a trend of increased expression compared to 

saline-exposed KO controls (p=0.0559) (Figure 26D). In the airway compartment, we again 

observed a significant increase in areg expression in KO mice exposed to saline and treated with 

AT-RvD1 compared to KO mice exposed to saline and treated with saline (p=0.0187) (Figure 

26F). We again observed no significant differences or trends of il10 expression in the airway 

compartment (Figure 26G). Interestingly, we did observe significantly elevated cxcl10 

expression in WT mice exposed to DE compared to saline-exposed WT controls (p=0.0156), 
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which was then revealed to be decreased in WT animals exposed to DE and treated with AT-

RvD1 (p=0.0107) (Figure 26H). 

 

 
Figure 26. AT-RvD1 treatment reduces cxcl10 mRNA expression in WT animals exposed to 

DE.  

WT and KO animals were instilled i.n. with 12.5% DE 5 days/week for 3 weeks and treated with 
250 ng AT-RvD1 i.p. 5 days/week for 3 weeks. (A) representative images of the alveolar 
compartment at 40X magnification, (B) areg expression, (C) il10 expression, (D) cxcl10 
expression, (E) representative images of the airway compartment at 40X magnification, (F) areg 
expression, (G) il10 expression, (H) cxcl10 expression. Scale bar = 50 μm. 3 way ANOVA with 
Benjamini, Krieger and Yekutieli post-hoc analysis, error bars = SEM; * = p ≤ 0.05; ** = p ≤ 
0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: WT Saline i.n. + Saline i.p (3 female/3 
male), WT Saline i.n. + AT-RvD1 i.p (3 female/3 male), WT Dust i.n. + Saline i.p (4 female/3 
male), WT Dust i.n. + AT-RvD1 i.p (3 female/3 male), KO Saline i.n. + Saline i.p (3 female/3 
male), KO Saline i.n. + AT-RvD1 i.p (3 female/3 male), KO Dust i.n. + Saline i.p (3 female/3 
male), KO Dust i.n. + AT-RvD1 i.p (3 female/3 male). 
 

3.3.3 Agriculture dust exposure is associated with gliosis and AT-RvD1 administration 

reduces neuroinflammation 

Brains of WT and IL-22 KO animals exposed to DE and treated with AT-RvD1 were 

assessed for microglia proliferation via immunofluorescence for Iba1+ cells. Cells were counted 

and represented as a function of the area of each brain region of interest: olfactory bulb, frontal 
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cortex, isocortex, hippocampus, cerebellum, and hindbrain. The olfactory bulb was chosen due to 

its close proximity to the nasal passages and based upon previous investigations that have shown 

that intranasal instillations of other particulate matter sources result in gliosis in this region 142. 

The frontal cortex, isocortex, and hippocampus regions of interest were evaluated due to their 

functions involving memory and cognition, the decline of which is a hallmark of 

neurodegenerative disease. The cerebellum was chosen as it controls motor function, and 

changes in motor function can also be a pathological marker seen in neurodegenerative disease. 

The hindbrain region of the brain stem is the innervation site for the vagus nerve, which has been 

implicated in neuroinflammatory models of chronic lung inflammation 100. Increased numbers of 

Iba1+ microglia were detected in areas involved in olfactory sensing and cognition including the 

olfactory bulb, frontal cortex, and isocortex in WT and KO mice (Figures 27A-F). KO mice 

displayed increased Iba1+ microglia in the cerebellum, which is associated with motor function 

(Figures 27I, J). These data indicate that KO mice have altered responses to DE compared to WT 

controls, but that all mice regardless of genotype, experienced microgliosis in their brains 

following DE exposure. The increased number of microglia cells detected in brain tissue, is a 

hallmark sign of neuroinflammation and is a reliable marker for detecting neuroinflammatory 

processes 26,151,171.  

Evaluation of the olfactory bulbs of animals exposed to DE revealed significant increases 

in the number of microglia in both WT (p<0.0001) and KO (p=0.0109) animals. We also 

observed an increase in the number of microglia in mice exposed to saline and treated with AT-

RvD1 compared to with saline-exposed, saline-treated controls in both WT (p=0.0002) and KO 

(p=0.0223) genotypes (Figure 27B). Additionally, in the olfactory bulbs we observed a trend of 

increased microglia numbers in KO mice exposed to saline and treated with saline compared to 



   
 

88 

their WT saline-exposed, saline-treated controls (0.0645) (Figure 27B). Animals exposed to DE 

and treated with AT-RvD1 displayed decreased numbers of Iba1+ cells compared to DE-

exposed, saline-treated controls in both WT (p=0.0090) and KO (p=0.0027) genotypes (Figure 

27B). In the frontal cortex, both WT (p=0.0094) and KO (p=0.0009) animals exposed to DE 

displayed increased microglia numbers (Figure 27D). Saline-exposed, AT-RvD1-treated KO 

animals also displayed increased numbers compared to saline-exposed, saline-treated KO 

animals (p=0.0030) (Figure 27D). DE-exposed, AT-RvD1-treated WT animals displayed a trend 

of decreased numbers compared to WT DE-exposed, saline-treated animals (p=0.0633) (Figure 

27D). Microglia numbers in the isocortex revealed a similar pattern as the olfactory bulb, with 

both WT (p=0.0051) and KO (p=0.0052) animals exposed to DE and treated with saline 

demonstrating increased microglia numbers compared to their saline controls (Figure 27F). We 

did not observe any significant differences in the number of microglia in the hippocampus, 

regardless of exposure or treatment condition (Figure 27H). Additionally, animals treated with 

AT-RvD1 exhibited decreased microglia numbers compared to their saline-treated controls for 

both WT (p=0.0247) and KO (p=0.0117) animals (Figure 27F). Saline-exposed KO animals 

displayed increased microglia counts in their cerebellums compared to WT saline-exposed 

animals (p=0.0093) and increased counts in DE-exposed, saline treated KO animals compared to 

saline-exposed controls (p=0.0313) (Figure 27J). WT animals exposed to saline and treated with 

AT-RvD1 displayed increased microglia numbers compared to saline-exposed, saline-treated 

WT animals in the hindbrain (p=0.0253) (Figure 27L). 
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Figure 27. Gliosis is associated with agriculture dust exposure.  

WT and KO animals were instilled i.n. with 12.5% DE 5 days/week for 3 weeks and treated with 
250 ng AT-RvD1 i.p. 5 days/week for 3 weeks. (A) representative images of the olfactory bulb at 
40X magnification, (B) microglia counts in the olfactory bulb, (C) representative images of the 
frontal cortex at 40X magnification, (D) microglia counts in the frontal cortex, (E) representative 
images of the isocortex at 40X magnification, (F) microglia counts in the isocortex, (G) 
representative images of the hippocampus at 40X magnification, (H) microglia counts in the 
hippocampus, (I) representative images of the cerebellum at 40X magnification, (J) microglia 
counts in the cerebellum, (K) representative images of the hindbrain at 40X magnification, (L) 
microglia counts in the hindbrain. Scale bar = 50 μm and 5 μm. 3 way ANOVA with Benjamini, 
Krieger and Yekutieli post-hoc analysis, error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p 
≤ 0.001; **** = p ≤ 0.0001. WT Saline i.n. + Saline i.p (3 female/3 male), WT Saline i.n. + AT-
RvD1 i.p (3 female/3 male), WT Dust i.n. + Saline i.p (6 female/6 male), WT Dust i.n. + AT-
RvD1 i.p (8 female/6 male), KO Saline i.n. + Saline i.p (3 female/3 male), KO Saline i.n. + AT-
RvD1 i.p (4 female/4 male), KO Dust i.n. + Saline i.p (7 female/6 male), KO Dust i.n. + AT-
RvD1 i.p (6 female/7 male). 
 

3.3.4 AT-RvD1 treatment alters brain transcript expression in animals exposed to DE 

We again utilized RNAscope technology to visualize and quantify mRNA transcript 

expression in WT and KO animals exposed to DE and treated with AT-RvD1 using whole brain 

tissue sections to evaluate individual regions of interest. We evaluated tgfb, il10, and il1β 

transcripts in the olfactory bulb, frontal cortex, isocortex, hippocampus, cerebellum, and 

hindbrain.  

Transcript quantification in the olfactory bulb revealed a trend of increased tgfb 

expression between WT saline-exposed mice and KO saline-exposed mice (p=0.0929) (Figure 

28B). Additionally, a trend was observed for increased il10 transcription in KO mice exposed to 

DE and treated with AT-RvD1 compared to WT mice exposed to DE and treated with AT-RvD1 

(p=0.0669) (Figure 28C). Finally, il1b was significantly increased in WT DE-exposed, AT-

RvD1-treated mice compared to KO DE-exposed, AT-RvD1-treated mice (p=0.0228) (Figure 

28D). In the frontal cortex, tgfb displayed a trend of increased transcription between WT and KO 

mice exposed to saline (p=0.0600), and a trend of reduced transcription between KO mice 
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exposed to DE and KO mice exposed to saline (p=0.0560) (Figure 28F). Evaluation of the 

isocortex revealed significantly increased tgfb transcription between WT and KO saline-exposed 

mice (p=0. 0355), as well as significantly increased tgfb expression in KO mice exposed to DE 

compared to KO saline-exposed controls (p=0.0355) (Figure 28J). We also found that il1b 

expression was significantly reduced in WT DE-exposed, AT-RvD1 treated mice compared to 

KO DE-exposed, AT-RvD1 treated mice (p=0.0245) (Figure 28L). Transcript evaluation of the 

hippocampus revealed significantly increased tgfb expression in KO saline-exposed, saline-

treated mice compared to WT saline-exposed, saline-treated mice (p=0.0049) (Figure 28N) and a 

significant decrease in tgfb expression in KO DE-exposed, saline-treated mice compared to KO 

saline-exposed, saline-treated controls (p=0.0198) (Figure 28N). We did not observe any 

significant differences or trends in the cerebellum. We did observe a change in the hindbrain, 

with il1b transcripts significantly decreased in WT saline-exposed and AT-RvD1 treated mice 

compared to WT saline-exposed, saline-treated (p=0.0252) (Figure 28X). 
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Figure 28. IL-22 knock-out alters brain mRNA transcripts in the presence of AT-RvD1 and 

DE.  

WT and KO animals were instilled i.n. with 12.5% DE 5 days/week for 3 weeks and treated with 
250 ng AT-RvD1 i.p. 5 days/week for 3 weeks. (A) representative images of the olfactory bulb at 
40X magnification, (B) tgfb expression in the olfactory bulb, (C) il10 expression in the olfactory 
bulb, (D) il1b expression in the olfactory bulb, (E) representative images of the frontal cortex at 
40X magnification, (F) tgfb expression in the frontal cortex, (G) il10 expression in the frontal 
cortex, (H) il1b expression in the frontal cortex, (I) representative images of the isocortex at 40X 
magnification, (J) tgfb expression in the isocortex, (K) il10 expression in the isocortex, (L) il1b 
expression in the isocortex, (M) representative images of the hippocampus at 40X magnification, 
(N) tgfb expression in the hippocampus, (O) il10 expression in the hippocampus, (P) il1b 
expression in the hippocampus, (Q) representative images of the cerebellum at 40X 
magnification, (R) tgfb expression in the cerebellum, (S) il10 expression in the cerebellum, (T) 
il1b expression in the cerebellum, (U) representative images of the hindbrain at 40X 
magnification, (V) tgfb expression in the hindbrain, (W) il10 expression in the hindbrain, (X) 
il1b expression in the hindbrain. Scale bar = 50 μm. 3 way ANOVA with Benjamini, Krieger and 
Yekutieli post-hoc analysis, error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; 
**** = p ≤ 0.0001. Sample sizes: WT Saline i.n. + Saline i.p (3 female/3 male), WT Saline i.n. + 
AT-RvD1 i.p (2 female/2 male), WT Dust i.n. + Saline i.p (3 female/3 male), WT Dust i.n. + 
AT-RvD1 i.p (3 female/3 male), KO Saline i.n. + Saline i.p (3 female/3 male), KO Saline i.n. + 
AT-RvD1 i.p (2 female/2 male), KO Dust i.n. + Saline i.p (2 female/2 male), KO Dust i.n. + AT-
RvD1 i.p. (3 female/3 male). 
 

3.4 Discussion 

The pulmonary inflammatory response to ODE has been well established, however the 

neuroinflammatory effects of this environmental and occupational exposure are not clear 

136,160,174. Other models of environmental exposures examining neuroinflammation have 

demonstrated that inhalant exposures can be associated with neuroinflammation and can 

ultimately lead to neurodegenerative disease 27,40,105,215. In addition, a pulmonary infection model 

of Mycobacterium tuberculosis demonstrated severe pulmonary bacterial infection without 

microbial dissemination to the brain that produced gliosis, neuroinflammation, and misfolded 

proteins, pathologies of animals developing neurodegenerative disease 100. Epidemiological 

studies have also linked pulmonary inflammation and infection in patients with COPD and 

Mycobacterium tuberculosis to neurological disease and early signs of neurodegenerative disease 
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including cognitive decline, depression and anxiety, reduced social interaction, and ultimately 

reduced quality of life 69,108,148. To assess whether ODE contributes to neurological 

inflammation, microglia cell numbers were evaluated as an indicator of inflammation 65,100,204. 

Glial cells such as microglia are the primary mediators of the neuroinflammatory response and 

have been evaluated as markers of neuroinflammation in other peripheral inflammation models 

100,148. Proliferation and migration of microglia in different brain regions have been implicated in 

neurodegenerative disease and impaired neuron functionality. Increases in the number of 

microglia indicate inflammation or inflammatory processes, while reduction of these cells 

indicates resolution of inflammation 26,151,171. AT-RvD1 has shown efficacy in reducing 

neuroinflammation, suggesting that it may be an effective treatment to restore microglia 

homeostasis in deficient models, and our data demonstrates that AT-RvD1 may be effective in 

reducing microglia numbers in a mouse model of ODE (45,46). This could translate into 

improved disease outcomes in patients by reducing the neuroinflammatory consequences such as 

memory loss and anxiety/depression. With this treatment we could see improved neurological 

function in patients exposed to agriculture dust, but more investigation is required. 

We found that proliferation of microglia primarily occurred in the rostral brain areas 

assessed: the olfactory bulb, frontal cortex, and isocortex. This may be attributed to the route of 

DE exposure, intranasal instillation, and the proximity of these brain regions to the olfactory 

system. One study found that two intranasal instillations of carbon nanoparticles were 

disseminated into the olfactory bulbs, which may be a mechanism of the observed gliosis, given 

the localization of the gliosis 142. Another possible mechanism is that peripheral inflammation 

can contribute to gliosis without translocation of the inflammatory substances to the brain, as 

observed in a study examining gliosis in a guinea pig model of Mycobacterium tuberculosis 
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infection observed gliosis without dissemination of bacteria to the brain 100. It is also possible 

that the components of the DE used in this study, such as lipopolysaccharides (LPS) could be 

transported to the brain through transport proteins and be directly activating microglia via TLR4 

pathways 223. We however did not observe an increase in IL-1 transcripts in brains of mice 

exposed to DE, so further evaluation of the cytokines profile and signaling is needed. We 

hypothesize that the inflammatory response observed in the brain of animals exposed to DE is 

TLR-mediated by microglia, however more information is required to decern the pathways and 

mechanisms that contribute to neuroinflammation in organic dust exposure.  Our study is limited 

by the intranasal instillation of DE technique that is an effectively sterile, non-live infection 

model that may not be directly translatable to occupation exposure to ODE, which contains 

larger particles and live microbes 22,156,174. In addition, our mice are also only exposed a total of 

15 times, which may not provide a sufficient exposure duration to elicit a robust neurological 

inflammatory response in all brain regions. Our laboratory has previously explored the role of 

IL-22 in the pulmonary immune response to ODE, but we have not examined the role of this 

cytokine in a neurological inflammatory model or in a recovery model of repetitive ODE 220. We 

previously explored this knock-out model in a 15-intstillation repetitive exposure model, 

however this study examining tissues 5 hours post-last DE instillation, but we have not yet 

explored the recovery period in the days following cessation of DE exposure 220. We have also 

previously examined the therapeutic actions of AT-RvD1 in a chronic dust exposure model but 

have not explored its applications in an ODE-induced neuroinflammatory model 48. We 

investigated the neuroinflammatory response to agriculture dust, the role of IL-22 in pulmonary 

and neurological inflammation, and the therapeutic applications of AT-RvD1 in a pulmonary and 

neurological IL-22 knock-out mouse model repetitively exposed to agriculture dust extract and 
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treated with AT-RvD1. We found that in many of our  parameters, IL-22 KO mice displayed 

increased disease severity via increased iBALT percentage (Figure 25B), increased microglia 

numbers in the olfactory bulb and cerebellum of saline-exposed animals (Figures 28B,J), and 

many of the differences in expression of cytokines and mediators evaluated at the protein 

(Figures 26D,E) and transcript (Figures 22B,F,16B,D,F,J,L,N,P) levels were genotype-driven. 

We observed a significant increase in the total cells collected and lymphocyte differential counts 

in both WT and KO animals following DE exposure and a significant influx of macrophages in 

KO animals. This is consistent with our previous findings that IL-22 KO is associated with 

increased total and differential cell counts after DE exposure (Figure 23A) 220. However, we did 

find that the differential cell counts differed in our 72-hour recovery model. This is likely due to 

a shift in the immune response from an innate response characterized by high neutrophil counts 

to a more adaptive response dominated by lymphocytes (Figures 23A-E) 133,220. KO animals 

treated with 250 ng AT-RvD1 once per week displayed decreased total cells and lymphocytes. 

KO animals also displayed a trend of increased total cell counts and significantly increased 

lymphocytes compared to WT animals. These data suggest that IL-22 knock-out may modulate 

cell recruitment to sites of injury and that AT-RvD1 also regulates immune cell recruitment, a 

well-known action of this SPM 118,189,191,208,220. In addition, KO animals displayed increased 

pathology severity including increased iBALT percentage in DE-exposed animals compared to 

WT DE-exposed animals (Figure 24B). This may also be due to altered lymphocytic recruitment 

as iBALT is largely composed of organized B and T cells 154,159,201. One inflammatory mediator, 

AREG is involved in modulating repair and remodeling in the lung after injury and has 

previously been evaluated in a repetitive 15-instillation ODE model where mice were allowed to 

recover for 1, 2, 3, or 4 weeks post-last DE instillation 229. However, the modulation of AREG 
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has not been examined in a repetitive ODE model with a shorter, 72-hour recovery period or in 

an IL-22 knock-out model treated with AT-RvD1 229. In our previous study, we observed that 

AREG concentrations in BALF increased as the recovery timepoints lengthened following 

cessation of DE exposure 229. Interestingly, we did not find that AREG was upregulated in WT 

animals exposed to DE, but we did observe that KO mice exposed to DE and recovered for 72 

hours displayed significantly decreased AREG tissue concentrations compared to WT mice 

exposed to DE. Interestingly, KO mice administered AT-RvD1 also displayed a significant 

decrease in AREG lung tissue concentrations compared to WT mice exposed to DE and treated 

with AT-RvD1. This may suggest that IL-22 may play an important role in effective tissue repair 

and resolution response after DE exposure as other models have found that IL-22 knock-out 

results in reduced skin wound healing, however the specific mechanisms warrant further 

investigation 5,140.  

We previously explored the use of AT-RvD1 treatment in a chronic 24-week ODE mouse 

model and observed significantly reduced pathology severity in mice injected with 500 ng AT-

RvD1 via intravenous tail injection once weekly for 20 weeks 48. We found that this dose was 

effective in reducing lung inflammation and cellular infiltration in this model and aimed to 

evaluate the efficacy of AT-RvD1 in reducing ODE-induced pulmonary and neurological 

inflammation in a repetitive 15-instillation exposure model 48. We evaluated the neurological 

immune response via microglia counts and mRNA transcript evaluation using RNAscope in 

several brain regions. We utilized two dosing regimen models to determine which strategy was 

most effective. We first examined cellular infiltrates and histopathology in animals treated with 

250 ng AT-RvD1 once-weekly (Figures 21A,2A-E,3A-D) and found limited efficacy in immune 

cell influx, and no therapeutic efficacy in lung histopathology (Figures 23A-D). We then 



   
 

98 

evaluated lung histopathology outcomes in a once-daily AT-RvD1 injection schedule and found 

that animals treated with 250 ng AT-RvD1 daily displayed significant inflammation resolution in 

histopathology evaluation (Figures 24A-H), therefore, our 5 day/week injection regimen was 

employed for further analysis of the pulmonary and neurological inflammatory response to DE. 

Our histopathological analysis of animals administered daily AT-RvD1 injections revealed that 

iBALT was the primary parameter improved in AT-RvD1-treated animals. iBALT is considered 

a pathological phenotype of COPD that is correlated with disease severity and its increased 

formation has been linked to increased severity of patient clinical signs 24,63,76. We have 

previously found that mice exposed to DE, whether repetitively or chronically, develop 

significant iBALT 48,162,220,229. In this study, we observed that WT and KO mice exposed to DE 

revealed increased iBALT formation, with significantly increased iBALT percentage in female 

mice compared to male mice. This may be due to sex hormones contributing to adaptive 

immunity to varying degrees, however our study is limited by a lack of estrus cycling and sex 

hormone quantification data that would be needed to make more informed conclusions on the 

mechanisms of the observed sex-specific pathology 95. Sex-dependent metabolic differences 

could alter the bioavailability of AT-RvD1, for example, female mice have decreased expression 

of CYP enzymes which may increase the plasma concentration of AT-RvD1 168.  Furthermore, 

female animals treated with AT-RvD1 displayed significantly less iBALT formation, indicating 

its effectiveness in reducing immune cell aggregates in these animals, but more investigation into 

the mechanism of these sex differences is warranted. This pattern of increased lung pathology 

severity in females has been documented in human patients with COPD, where female patients 

tend to experience more severe symptoms and have higher mortality rates (40,41). Together, 

these data demonstrate that attenuation of IL-22 alters the pulmonary immune response to 
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agriculture dust and increases the severity of lung pathology and that the efficacy of AT-RvD1 

attenuation of lung pathology is IL-22- and sex-dependent. Females have also demonstrated 

higher toll-like receptor production, present with more CD4+ T cells and B cells compared to 

males and have a more robust antibody response than males 95. The increased T and B cell 

numbers may account for the reduced resolution of iBALT in females, but more investigation of 

the mechanisms of these sex differences in our dust exposure model is warranted.  

mRNA transcript evaluation of whole lung tissue sections revealed significant differences 

in cxcl10 expression in WT mice exposed to DE with a significant decrease in WT animals 

exposed to DE and treated with AT-RvD1. CXCL10 participates in monocyte, neutrophil, and 

lymphocyte recruitment and significantly contributes to the progression of COPD disease state, 

which may present as a therapeutic target of AT-RvD1 in dust-induced lung disease 37,72,87. 

mRNA transcript evaluation of brains revealed limited significant differences between treatment 

groups, with significantly reduced il1b expression in WT animals exposed to DE and treated 

with AT-RvD1 compared to KO animals exposed to DE and treated with AT-RvD1. The 

mechanism of this observation is unclear, but another study found that cultured microglia 

displayed reduced il1b expression after treatment with 17(S)-RvD1 169. This is not directly 

comparable to our model of AT-RvD1 (17(R)-RvD1) treatment but may still be informative as 

we explore the therapeutic targets of AT-RvD1. A major limitation of this study is our restricted 

panel of mRNA transcripts in both the lung and brain tissues, with only one pro-inflammatory 

mediator included per tissue type. This has hindered our investigation of the therapeutic 

applications of AT-RvD1, and we may simply be missing those mediators that are affected by 

At-RvD1 treatment. Another limitation is our 72-hour post-last instillation timepoint, where the 

mice are primarily in the resolution phase and may not be producing high quantities of pro-
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inflammatory cytokines. Expansion of our investigation of mRNA transcripts to include a 

broader range of classic inflammatory mediators may assist our assessment of the contribution of 

ODE to neuroinflammation and the therapeutic actions of AT-RvD1 in our ODE model. 

We aimed to determine whether agriculture dust exposure contributes to neurological 

inflammation in a repetitive ODE mouse model. Our data support the hypothesis that agriculture 

dust exposure contributes microgliosis in a mouse model of repetitive ODE. We also aimed to 

assess the regulation of the pulmonary and neurological inflammatory response to ODE in an IL-

22 deficient mouse model and the immune-modulating and therapeutic applications of AT-

RvD1. Our data show that ODE leads to pulmonary and neurological inflammation, and that IL-

22 attenuation increases the severity of the pulmonary and neurological immune response to 

ODE. This study confirmed our previous findings and expanded upon our prior knowledge by 

demonstrating that IL-22 KO mice exhibit increased inflammatory markers in the recovery phase 

following cessation of DE exposure. We also demonstrate that AT-RvD1 treatment once per 

week was effective in reducing cellular infiltrates in BALF of KO animals, but did not produce a 

significant decrease in lung pathology outcomes. We observed that a once daily regimen was 

more effective in increasing lung anti-inflammatory cytokine protein production, reducing lung 

pathology severity, reducing lung chemokine transcript expression, and decreasing microglia 

numbers in mice exposed to DE. These data indicate that AT-RvD1 may require more frequent 

administration to be effective, however more evidence and exploration is needed. We also 

demonstrated that AT-RvD1 treatment is more effective in IL-22 KO mice, in terms of reducing 

lung cellular infiltrates and pro-inflammatory cytokine protein concentrations, but that it is also 

effective in reducing lung pathology and microglia numbers in both WT and KO animals. We 

hypothesize that this is due to a dysregulation of the repair processes in KO mice, which is 
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partially restored by AT-RvD1 treatment, but requires further investigation to determine the 

specific pathways and mechanisms involved in these observations. 

Further investigation aims to identify the mechanisms by which ODE contributes to 

neurological inflammation through evaluation of various routes of escape from the pulmonary to 

the neurological systems and the specific cellular mechanisms that lead to neuroinflammation in 

a model of ODE. These data demonstrate that ODE leads to neurological inflammation and that 

AT-RvD1 may be an effective treatment for attenuating immune-mediated pulmonary and 

neurological disease caused by ODE, mitigating its severe health effects.   
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CHAPTER 4: CHARACTERIZATION OF THE LUNG-BRAIN IMMUNE RESPONSE 

TO AGRICULTURE DUST IN A SUB-CHRONIC MOUSE MODEL 

 
 
 

4.1 Introduction 

Agriculture dust exposure in occupational settings has been strongly linked to the 

development of chronic lower respiratory diseases (CLRD), which was a leading cause of death 

in the United States (US) with 147,367 deaths in 2023, according to the Centers for Disease 

Control and Prevention (CDC) 33. CLRDs include chronic obstructive pulmonary disease 

(COPD), asthma, and allergies 138,176,198. CLDRs have also been linked to an increased risk of 

developing dementia and Alzheimer’s disease, with those exposed to agricultural dust at the 

highest risk  100,105,164,243. The CDC reported 6.7 million people as diagnosed and living with 

Alzheimer’s disease in the US in 2023, and estimates project that number to increase to 14 

million people by 2060 31,33. Particulate matter (PM) exposure is the leading cause of the 

development of CLDRs and has been recently linked to the increased risk of developing 

dementia, and agricultural PM contains particle sizes from sizes from 2.5 μm to 0.25 μm, 

microbes, and many other immunogenic compounds such as microbial components, endotoxins, 

and metals that contribute to the pulmonary immune response 22,155.  

A recent study linked agricultural organic dust exposure as the highest risk for 

developing dementia over all other PM exposures assessed 246. In surveys, COPD patients have 

reported increased depressive symptoms, confusion, memory loss, and mental functional decline 

as their disease progresses . A study of comorbidities of 8,094 patients diagnosed with CLRDs 

including chronic bronchitis, emphysema, and COPD found that 51.4% of patients with one 

more CLRD also presented with Alzheimer’s disease or dementia (p <0.001), with 27.4% 

diagnosed with depression (p=0.012), 7.7% diagnosed with multiple sclerosis, Parkinson’s 
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disease, or epilepsy (p= 0.020), and 11.7% diagnosed with other mental disorders (p=0.007) 232. 

The aggregated data revealed that 64.9% of patients with more CLRD experienced at least one 

mental or behavioral health disorder, and 11.6% experienced at least one nervous system 

disorder 232. Agriculture workers have reported experiencing higher levels of mental disorders 

including anxiety (males: 22% females: 39%, total: 31%) and depression (males: 35%, females: 

42%, total: 39%) 131.  Air pollution exposure has also been linked to neurological inflammation 

in animal models but agricultural organic dust exposure has not be explicitly assessed 27,105,180.  

Our laboratory has extensively studied the pulmonary immune effects of agriculture dust 

exposure in a mouse model, but there has been limited investigation into the neuroinflammatory 

effects of agriculture dust exposure. We previously established that three weeks of agriculture 

dust extract (DE) in a mouse model elicited a neuroinflammatory response characterized by the 

increase of microglia in the brain 216. We aimed to establish a link between agriculture dust 

exposure in mice with behavioral outcomes and neuroinflammatory pathology. 

 

4.2 Methods 

4.2.1 Dust Extract Preparation 

Dust was collected from hog confinement facilities in the Midwest, United States from 

surfaces at least 1 meter off the ground to represent the respirable fraction. Dust aliquots were 

stored at -20 °C until use. Dust extracts were prepared as previously described 137,219. Briefly, 

whole dust was combined with Hank’s balanced saline solution (HBSS) (HyClone Laboratories) 

at a ratio of 1 g dust to 10 mL HBSS on a magnetic stir plate for 1 hour at room temperature. The 

resulting mixture was centrifuged at 2500 rpm for 20 minutes at 4 °C. The supernate was 

collected, while the pellet was discarded. Supernate was transferred to a new tube and 
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centrifuged again at 2500 rpm for 20 minutes at 4 °C. Supernate was collected and filtered 

through 0.22 μm syringe filters to produce 100% dust extract (DE) and stored at -20 °C. The 

resulting extract contains predominantly gram-positive bacterial components, endotoxins, and 

trace metals 155. Complete analysis of dust extract can be found at Online Repository Methods at 

www.jacionline.org 155. 

 

4.2.2 Animal Husbandry and Care 

All animal protocols were reviewed and approved by the CSU Institutional Animal Care 

and Use Committee (Protocol Number 2887). C57BL/6J mice were purchased from Jackson 

Laboratories at 8 weeks of age and housed in the Colorado State University Painter Facility in a 

specific pathogen-free environment with free access to standard mouse feed and water. Animals 

were acclimated for at least 7 days before performing any procedures.  

 

4.2.3 In Vivo 8-Week Repetitive DE Exposure Model 

Mice were intranasally (i.n.) or oropharyngeally (o.p.) instilled with 50 μl 12.5% DE or 

sterile saline 5 days/week for 8 weeks under light isoflurane sedation. The concentration of DE 

was previously determined by a dose-response study, which was found to elicit a strong 

pulmonary inflammatory response without the risk of mortality 174. Sedation for instillations was 

achieved using a SomnoSuite Small Animal Anesthesia System (Kent Scientific Corporation) 

fitted with a small animal anesthesia box. Animals were placed into the box with a flow rate of 

100 mL/minute at 2.0-3.0% anesthesia. Animals were removed for instillations once breathing 

appeared slowed and even. Animals were held in a supine position and 50 μl of the appropriate 

exposure was loaded into a pipette tip and deposited at the tip of the animal’s nose one drop at a 
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time to allow natural inhalation. Afterwards, animals were returned to their enclosures in a 

supine position to encourage recovery and monitored for several minutes to ensure return of 

normal behaviors. Animals were allowed to recover for 72 hours past-last DE instillation before 

sacrifice (Figure 29).  

 
Figure 29. 8-Week Repetitive DE Exposure Model Timeline. 

Sample sizes: Saline i.n. (15 Female/15 Male); Dust i.n. (15 Female/15 Male); Saline o.p. (15 
Female/15 Male); Dust o.p. (15 Female/15 Male). 
 

4.2.2 Behavioral Assays 

Open field (OF) and novel object recognition (NOR) behavioral assays were performed 

on all animals. OF testing was performed every two weeks following the first saline or dust 

instillation and NOR testing was performed every 4 weeks following the first saline or dust 

instillation. Testing for both tests occurred in the same room under the same lighting conditions 

between 9am and 5pm. Since animals were transferred to an alternate testing room, animals were 
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transferred to the room and acclimated one hour prior to the start of testing. The order each 

animal was tested was randomized each time and the order was tracked to limit variability.  

 

4.2.3 Open Field Test 

For OF testing, each animal was habituated to a circular container approximately 25 cm 

in diameter for 5 minutes 24 hours prior to the test, then placed in the same container on the day 

of the test for 5 minutes and video was recorded of the animals using a 4K digital camera. The 

videos were analyzed using ANYMaze Software version 7. Time spent immobile was used to 

determine animal anxiety 100.  

 

 

4.2.4 Novel Object Recognition Test 

Novel object recognition testing was performed in three phases each separated by 24 

hours. Phase one consisted of habituating the animals to a circular container approximately 25 

cm in diameter for 5 minutes. The second phase habituated the animals to the container for 5 

minutes before the addition of two identical objects which the animals were left to explore for 10 

minutes. The third phase was the testing phase, each animal was habituated to the contained for 5 

minutes before being presented with one of the objects from the previous day (familiar object) 

and one novel object they had not seen before (novel object) and were recorded for 10 minutes 

while they explored both objects. The videos were analyzed by laboratory personnel by manually 

tracking the amount of time each animal spent directly interacting with each object such as 

sniffing, climbing, or biting. The times were recorded, and the discrimination index was 
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calculated by subtracting from the time spent with the novel object from the time spent with the 

familiar object, divided by the time spent with both objects 

 

4.2.5 Animal Sacrifice and Sample Collection 

Animals were euthanized in accordance with the American Veterinary Medical 

Association guidelines by isoflurane overdose immediately followed by cervical dislocation, 72 

hours following the final DE instillation and AT-RvD1 injection. The right lung lobes were 

extracted along with the heart and tracheal tissue, then inflated with 10% neutral-buffered 

formalin (NBF) (Cancer Diagnostics Inc.) before hanging under 20 cm of pressure and 

submerged in 10% NBF overnight. They were then transferred to cassettes and  stored in 10% 

NBF for at least 48 hours before further processing. Brains were extracted en bloc and 

immediately fixed whole in tissue cassettes in 10% NBF for at least 48 hours before further 

processing. All tissues were submitted to the Colorado State University Veterinary Diagnostic 

Laboratory Experimental Pathology Facility (EPF) for paraffin embedding and sectioning at 5 

μm. 

 

4.2.4 Lung Histopathology  

Whole right lung coronal sections, collected as previously described above, were stained 

with hematoxylin and eosin (H&E) following deparaffinization and rehydration with xylene and 

graded EtOH solutions (xylene, 100% EtOH, 95% EtOH, 80% EtOH, 50% EtOH, and finally 1X 

PBS). Slides were scanned at 40X on a Vectra Polaris scanning microscope. Images of lungs 

from animals administered weekly AT-RvD1 injections were blinded and manually scored using 

a well-established semiquantitative scoring method 48,137,220,221,229. Images from animals 
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administered daily AT-RvD1 injections were imported into VisioPharm version 2023.09.3.15043 

x64 and processed through an artificial intelligence (AI) workflow for quantitative assessment of 

alveolar space, alveolar septa thickness, peribronchiolar inflammation, perivascular 

inflammation, total alveolar septa nuclei, and percentage of inducible bronchus-associated 

lymphoid tissue (iBALT) formations relative to tissue area. AI quantification was performed on 

the whole lung tissue with output measurements including area, percentages of parameters to 

total tissue area or total parameter counts. VisioPharm is one of the leading AI histopathology 

analysis software available. Our workflow and applications were designed, annotated, trained, 

and verified by a board-certified veterinary anatomic pathologist to identify our desired readouts 

and ensure accurate results. The workflow is then trained through a large set of sample images 

by a board-certified veterinary anatomic pathologist where structures are identified by the 

software and confirmed by the pathologist, allowing the software to “learn” how structures are 

organized and are identified in the experimental images. Briefly, the workflow consisted of 

multiple stepwise applications of increasing specificity, starting with identification of the lung 

tissue, followed by identification of airways and vessels, then inflammation and iBALT, and 

finally identification of airways epithelial cells and alveolar nuclei. During each step of the 

workflow, the results are confirmed manually to ensure accurate detection of structures. All 

parameters are normalized to tissue area to mitigate size and artifact skewing. 

  

4.2.5 Immunofluorescence  

Whole brain sagittal paraffin-embedded tissue sections, as previously described above, 

were deparaffinized by baking slides at 60 °C for 20 minutes, followed by rehydration through 

an EtOH gradient (xylene, 50% xylene/50% EtOH, 100% EtOH, 95% EtOH, 70% EtOH), and 
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then incubated in 1.0 M Tris buffered saline (TBS). Antigen retrieval was achieved using 1 nM 

EDTA buffer with 0.05% Tween20, pH 8.0 at 95 °C for 20 minutes in a Biocare Medical 

Decloaking Chamber™ NxGen (Biocare Medical). Tissues were washed three times for 10 

minutes each with 0.05M TBS and blocked using 2% donkey serum in 0.2% Triton-X in 1.0 M 

TBS for 1 hour at room temperature. Microglia were identified using rabbit anti-ionized calcium 

binding adaptor molecule 1 (Iba1) (1:1000; Abcam, Cat #: ab178846) diluted in 1.0 M TBS and 

incubated overnight at 4 °C. Astrocytes were identified utilizing a chicken anti-mouse -glial 

fibrillary acidic protein (GFAP) (1:1000 Aves Labs, Cat #: GFAP), a rabbit anti-mouse -S100 

calcium-binding protein β (S100β) (1:200, Abcam ab52642), and a rat anti-mouse C3 (1:200, 

Abcam ab11862) antibody diluted in 1.0 M TBS and incubated overnight at 4 °C. Tissues were 

then washed four times for 10 minutes each with 0.05 M TBS. A goat anti-rabbit Alexa Fluor 

647 secondary antibody (Invitrogen, Cat#: A21244) diluted 1:500 in 2% donkey serum in 1.0 M 

TBS, was applied and incubated for 1 hour at room temperature for microglia. For astrocytes, a 

goat anti-chicken Alexa Fluor 488 (Invitrogen, Cat #: A-11039), donkey anti-rabbit Alexa Fluor 

555 (Invitrogen, Cat #: A-31572), and goat anti-rat Alexa Fluor 647 (Invitrogen, Cat #: A-21247) 

were diluted 1:500 in 2% donkey serum in 1.0 M TBS, applied and incubated for 1 hour at room 

temperature. Sections were washed three times for 10 minutes each with 0.05 M TBS. Nuclear 

staining was achieved by incubation with Hoechst 33342, diluted 1:2000 in PBS (Invitrogen, Cat 

#: H3570), for three minutes, then washed three times for 10 minutes each with 0.05 M M TBS. 

ProLong Diamond Antifade Mountant (Fisher Scientific, Cat #: P36970) was then applied before 

mounting with glass coverslips. Slides were kept at room temperature, protected from light, for 

24 – 48 hours to cure mounting medium, then stored at 4 °C in the dark prior to imaging. Stained 

sections were scanned at 40X using a Vectra Polaris microscope, and the number of microglia 
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per area of each brain region of interest were quantified using QuPath Version 0.5.1. All sections 

were imaged on the same day with the same exposure settings for each channel. 

 

4.2.6 Statistical Analysis 

All statistical and graphical analyses were performed using GraphPad Prism Version 10. 

Outliers were tested for and removed from the datasets using ROUT analysis with Q=1%. 

Statistical significance was determined by performing 3-way ANOVA analyses with Benjamini, 

Krieger and Yekutieli post-hoc analysis for pairwise comparisons to reduce false discovery rate. 

A p-value of less than or equal to 0.05 was used to determine significance and a p-value of less 

than or equal to 0.1 was considered a trend. Individual animals are represented by a single 

symbol on figures, with filled shapes representing male animals and unfilled shapes representing 

female animals. On figures, significance is denoted by, * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 

0.001; **** = p ≤ 0.0001. 

 

4.3 Results 

4.3.1 Dust exposure does not alter novel object recognition behavioral outcomes 

Our behavioral testing revealed no significant differences between animals exposed to 

dust compared to animals exposed to saline, regardless of the route of administration (i.n. vs. 
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o.p.), however we did find several significant differences between female and male animals in 

our open field testing (Figure 30). 

 
Figure 30. Dust exposure does not alter novel object recognition testing 

(A) Baseline; (B) 4 weeks post-exposure; (C) 8 weeks post-exposure. Non-parametric one-way 
ANOVA with Benjamini, Krieger and Yekutieli post-hoc analysis, error bars = SEM, Sample 
sizes: Saline i.n. (15 Female/15 Male); Dust i.n. (15 Female/15 Male); Saline o.p. (15 Female/15 
Male); Dust o.p. (15 Female/15 Male). 
 

Open field testing revealed several sex differences in average speed, time spent mobile, 

and time spent immobile. At baseline, males exposed to saline i.n. were observed to have a trend 

of reduced speed compared to females exposed saline i.n. and males exposed to dust i.n. 

(p=0.0116) were shown to have reduced speed compared to females exposed to dust i.n. 

(p=0.0030). Dust o.p. females were also shown to have increased speed compared to dust o.p. 

males at 2 weeks (p=0.0179) and 4 weeks post-exposure (p=0.0058), and observed a trend 

between these data sets at 6 weeks post-exposure (p=0.0928). At 8 weeks post-exposure we 

again observed males exposed to saline i.n. exhibited reduced speed compared to females 
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exposed saline i.n. (p=0.0762) and males exposed to dust i.n. were shown to have reduced speed 

compared to females exposed to dust i.n. (p=0.0046) (Figure 31). 

 

4.3.2 Dust exposure alters open field behavioral outcomes in in a sex-specific manner 

 

 
Figure 31. Animals exposed to DE have mild changes in average speed during open field 

testing. 

(A) Baseline, prior to exposure; (B) 2 weeks post-exposure; (C) 4 weeks post-exposure; (D) 6 
weeks post-exposure; (E) 8 weeks post-exposure; (F) average speed over time. Non-parametric 
one-way ANOVA with Benjamini, Krieger and Yekutieli post-hoc analysis, error bars = SEM; * 
= p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: Saline i.n. (15 
Female/15 Male); Dust i.n. (15 Female/15 Male); Saline o.p. (15 Female/15 Male); Dust o.p. (15 
Female/15 Male). 
 

Time spent mobile also displayed similar sex differences, with a trend of reduced speed 

in males exposed to saline i.n. compared to females exposed to saline i.n. (p=0.0634) and 
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reduced time spent mobile in males exposed to dust i.n. compared to females exposed to dust i.n. 

(p=0.0107) at baseline. At 2 weeks post-exposure we observed increased time spent mobile in 

males exposed to dust i.n. compared to males exposed to saline i.n. (p=0.0139). At 4 weeks post-

exposure, we also observed that males exposed to dust i.n. had increased time spent mobile 

compared to males exposed to saline i.n. (p=0.0252) (Figure 32). 

 

 
Figure 32. Animals exposed to DE have limited changes in time spent mobile during open 

field testing. 

(A) Baseline, prior to exposure; (B) 2 weeks post-exposure; (C) 4 weeks post-exposure; (D) 6 
weeks post-exposure; (E) 8 weeks post-exposure; (F) average speed over time. Non-parametric 
one-way ANOVA with Benjamini, Krieger and Yekutieli post-hoc analysis, error bars = SEM; * 
= p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: Saline i.n. (15 
Female/15 Male); Dust i.n. (15 Female/15 Male); Saline o.p. (15 Female/15 Male); Dust o.p. (15 
Female/15 Male). 
 

Testing for time spent immobile also revealed similar sex differences as the parameters 

for average speed and time spent mobile. At baseline, we observed that males exposed to saline 
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i.n. or dust i.n. displayed increased time spent immobile compared to females exposed to saline 

i.n. or dust i.n., respectively (p=0.0030), (p=0.0041). At 2 weeks post-exposure, we observed that 

males exposed to dust i.n. displayed decreased time immobile compared to males exposed to 

saline i.n. (p=0.0178). This observation was again seen at 4 weeks post-exposure (p=0.0140) 

(Figure 33).  

 

 
Figure 33. Animals exposed to DE exhibit limited changes in time spent immobile during 

open field testing. 

(A) Baseline, prior to exposure; (B) 2 weeks post-exposure; (C) 4 weeks post-exposure; (D) 6 
weeks post-exposure; (E) 8 weeks post-exposure; (F) average speed over time. Non-parametric 
one-way ANOVA with Benjamini, Krieger and Yekutieli post-hoc analysis, error bars = SEM; * 
= p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: Saline i.n. (15 
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Female/15 Male); Dust i.n. (15 Female/15 Male); Saline o.p. (15 Female/15 Male); Dust o.p. (15 
Female/15 Male). 
 

4.3.3 Sub-chronic dust exposure leads to limited lung pathology 

Following 8 weeks of dust exposure, we observed an increase in inducible bronchus-

associated lymphoid tissue (iBALT) in animals exposed to dust o.p. compared to animals 

exposed to saline o.p. (p=0.0116) and animals exposed to saline i.n. (p=0.0154). We also 

observed an increased in peribronchiolar/perivascular inflammation in animals exposed to dust 

i.n. only (p=0.0230). We observed a small trend of decreased alveolar space (p=0.0635) and 

alveolar septa (p=0.0271) in animals exposed to dust o.p. compared to animals exposed to dust 

i.n.. We also discovered that total alveolar nuclei counts were elevated in animals exposed to 

dust o.p. compared to animals exposed to saline o.p. (p=0.0495) but not between animals 

exposed to saline or dust i.n.. We also observed an increase in the bronchiolar epithelial cells to 

total bronchiolar epithelial area in animals exposed to dust o.p. compared to animals exposed to 

dust i.n. (p=0.0014). Analysis of fibrosis revealed a nonsignificant increasing trend in alveolar 

fibrosis in animals exposed to dust o.p. compared animals exposed to saline o.p. (p=0.0949), and 
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reduced airway fibrosis in animals exposed to dust o.p. compared to animals exposed to saline 

o.p. (p=0.0439), dust i.n. (p=0.0031), and saline i.n. (p=0.0168) (Figure 34). 

 

Figure 34. Sub-chronic dust exposure is associated with limited lung pathology. 

(A) Representative images of H&E and Masson’s staining at 40X magnification; (B) iBALT 
percentage; (C) combined peribronchiolar and perivascular inflammation percentage; (D) 
alveolar space percentage; (E) alveolar septa percentage; (F) total alveolar nuclei; (G) 



   
 

117 

bronchiolar epithelium area; (H) total fibrosis percentage in whole lung; (I) fibrosis percentage in 
alveolar area; (J) fibrosis percentage in airways. Scale bar = 50 μm. 3 way ANOVA with 
Benjamini, Krieger and Yekutieli post-hoc analysis, error bars = SEM; * = p ≤ 0.05; ** = p ≤ 
0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Sample sizes: Saline i.n. (15 Female/15 Male); Dust 
i.n. (15 Female/15 Male); Saline o.p. (15 Female/15 Male); Dust o.p. (15 Female/15 Male). 
 
 

4.3.4 Sub-chronic dust exposure is associated with gliosis in animals exposed to DE i.n. 

Following 8 weeks of DE exposure, we observed increased microglia counts in the 

olfactory bulb, frontal cortex, and isocortex, as well as increased astrocyte counts in these 

regions in mice given DE i.n. only. Microglia counts followed a similar trend of increased counts 

in animals exposed to DE i.n. compared to animals exposed to saline i.n. in the olfactory bulb 

(p=0.0109), frontal cortex (p=0.0082), and isocortex (p=0.0025), but not in the hippocampus. We 

only saw increased astrocyte counts in animals exposed to DE i.n. compared to animals exposed 

to saline i.n. in the isocortex (p=0.0367) and hippocampus (p=0.0294). Overall, we did not see 

any increased cellular counts in animals exposed to DE o.p. compared to animals exposed to 

saline o.p. in any of the selected brain regions (Figure 35).  
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Figure 35. Sub-chronic dust exposure is associated with gliosis. 

(A) Representative images of olfactory bulb at 40X magnification; (B) microglia counts in 
olfactory bulb; (C) astrocyte counts in olfactory bulb; (D) Representative images of frontal 
cortex at 40X magnification; (E) microglia counts in frontal cortex; (F) astrocyte counts in 
frontal cortex; (G) Representative images of isocortex at 40X magnification; (H) microglia 
counts in isocortex; (I) astrocyte counts in isocortex; (J) Representative images of hippocampus 
at 40X magnification; (K) microglia counts in hippocampus; (L) astrocyte counts in 
hippocampus. Scale bar = 50 μm. 3 way ANOVA with Benjamini, Krieger and Yekutieli post-
hoc analysis, error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. 
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Sample sizes: Saline i.n. (3 Female/3 Male); Dust i.n. (3 Female/3 Male); Saline o.p. (3 Female/3 
Male); Dust o.p. (3 Female/3 Male). 
 

4.4 Discussion 

The pulmonary inflammatory response to ODE has been well characterized, however the 

neuroinflammatory response of this toxicant has not been well investigated  136,160,174. We 

previously established that 3 weeks of DE exposure in mice elicited an increase in microglia 

counts, which is classically associated with neuroinflammation 216. Other models of 

inflammatory lung disease such as infection with Mycobacterium tuberculosis was associated 

with gliosis including increase microglia and astrocyte counts, neuroinflammation, and 

misfolded proteins, all associated with the development of neurodegenerative disease 100. 

Agriculture dust exposure in workers is associated with increased incidence of chronic 

obstructive pulmonary disease (COPD) which has also been epidemiologically linked to 

increased incidence of dementia which symptoms include memory loss, depression, anxiety, and 

reduced quality of life 109,136,211,246. 

We assessed an increased exposure period from our previous work as well as additional 

behavioral testing to determine if the increased exposure elicited significant changes in 

behavioral outcomes in mice. Additionally, we tested two separate routes of exposure, our 

traditional intranasal (i.n.) exposure route we have used for this model previously, and a 

oropharyngeal route (o.p.) as there is evidence in other models that nasal exposure to organic 

dusts leads to more severe pathology in the frontal brain regions due to tracking of the dust along 
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the olfactory nerve.  We also assessed pulmonary and neurological pathological outcomes to 

determine how this exposure length affected pulmonary and neurological tissues. 

We chose to employ the novel object recognition test to determine if the mice exposed to DE 

either i.n. or o.p. would have impaired memory, as this has been epidemiologically linked in 

patients with COPD and with patients working or living near agricultural operations. We found 

no significant differences in the discrimination index of animals exposed to DE in either route of 

administration (Figures 30A-C), which may lead us to conclude that the 8-week exposure 

timeline may still not be long enough to contribute to enough neuroinflammation to elicit 

changes in memory. Our open field data also did not reveal many changes in the average speed, 

time spent mobile, and time spent immobile in animals exposed to DE, except for a few 

timepoints and only in the male animals (Figures 31A-F, Figures 32A-F, Figures 33A-F). A 

reduction in time spent mobile is an indicator of increased animal anxiety. We also found the 

reverse to be true in these groups: males exposed to DE i.n. had decreased time spent immobile 

compared to males exposed to saline i.n., an indicator of anxiety.  

The pulmonary pathological response to DE is well established and is typically associated 

with increased iBALT and peribronchiolar and perivascular inflammation 136,160,174. In our 

previous 3-week exposure model we saw increases in both parameters in mice expose to DE 216. 

However, in our 8-week exposure model we found that only the mice administered DE o.p. 

compared to those administered saline o.p. had increased iBALT percentage that reached 

significance (Figure 34A). We also saw an increase in perivascular inflammation in mice 

exposed to DE i.n. compared to mice exposed to saline i.n., but not in mice exposed to DE o.p 
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(Figure 34B). One possibility for these data are that the mice exposed for 8 weeks experience 

desensitization and acclimation to the exposure.  

Even though we observed reduced lung pathology, we again saw gliosis in animals 

exposed to DE. In animals exposed the i.n. route but not the o.p. route, we observed increased 

microglia in the rostral regions of the brain including the olfactory bulb, frontal cortex, and 

isocortex (Figure 35 A-I). We attribute this pattern to dust being transported across the olfactory 

nerve into the olfactory bulb and other frontal structures as has been previously investigated in a 

model of ultrafine particle inhalation 142. 

In this model we established that prolonged exposure to DE in a mouse model elicits a 

neuroinflammatory response but does not alter behavioral outcomes. More investigation is 

warranted to determine if a longer exposure period would elicit changes in memory and to 

further characterize the neuroinflammatory response to organic dust. 

 
  



   
 

122 

CHAPTER 5: DISCUSSION AND FUTURE DIRECTIONS 

 
 
 

5.1 Discussion 

These studies aimed to explore the pharmacological applications of AT-RvD1 in the 

context of agricultural dust-induced chronic inflammation in both in vitro alveolar macrophage 

and microglia culture models and in vivo repetitive dust exposure murine models. 

It was predicted that treatment with AT-RvD1 in alveolar macrophages in vitro, would 

reduce the inflammatory response by decreasing production of pro-inflammatory cytokines IL-6 

and TNF-α and increasing production of anti-inflammatory, pro-resolution cytokines IL-10 and 

IL-22. In investigating how AT-RvD1 alters the inflammatory response to organic dust exposure 

the data demonstrated a modest effect of AT-RvD1 in reducing IL-6 and TNF-α production and 

increasing IL-22 production. Alveolar macrophages exposed to DE with or without AT-RvD1 

had a robust inflammatory response by producing high levels of IL-6 and TNF-α. This is 

consistent with previous data that show organic dust initiates an inflammatory response in 

resident immune cell populations62,179. In cells exposed to DE without AT-RvD1, secreted IL-10 

and IL-22 concentrations were significantly higher than their medium-only controls. This was 

not hypothesized but would be consistent with alveolar macrophages being basally polarized to 

an anti-inflammatory state to assist in protecting the tissues from immune-mediated injury55. 

Cells exposed to DE and treated with AT-RvD1 displayed decreased IL-6 and TNF-α production 

6 hours post co-exposure compared to their DE-only control. IL-10 concentrations were 

significantly elevated in DE-exposed cells treated with 100 nM AT-RvD1 compared to their DE 

only controls, indicating higher doses of AT-RvD1 influence increased production of this anti-

inflammatory/pro-resolution cytokine. IL-22 concentrations in cells exposed to DE and treated 
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with AT-RvD1 were significantly increased at 1 and 2 hours, with the peak occurring at 2 hours 

post co-exposure, compared to their DE-only controls. The temporal relationships between the 

peak of IL-22 production at 2 hours and the peak of IL-6 and TNF-α production at 6 hours may 

indicate IL-22 influences the inflammatory response to protect the tissues, and these parameters 

provide supporting evidence for this hypothesis. IL-22 secreted concentrations then stayed low in 

the subsequent timepoints investigated. Combined with previous data demonstrating IL-22 is 

Golgi-localized in macrophages following DE exposure, the data indicate it may participate in 

intracellular signaling or may be receptor bound by the macrophages for downstream 

signaling220. There appears to be variable outcomes between the 10 nM and 100 nM AT-RvD1 

doses, suggesting there may be an optimal dose between 10 nM and 100 nM to alter pro-

inflammatory cytokine concentrations, improve clearance of organic dust, and enhance the repair 

process. In vitro evidence suggests AT-RvD1 has a modest effect on the production of pro-

inflammatory cytokines in response to organic dust. Contrary to accepted evidence, alveolar 

macrophages were determined as a source of IL-22 production51. 

In our in vitro cultured microglia models, we predicted that agriculture dust would 

produce a strong inflammatory response via increased TNF-α production and that AT-RvD1 

treatment in cultured microglia would reduce TNF-α production as seen previously in our 

macrophage cultures. Our data revealed that exposure to DE elicited a strong immune response 

in the form of TNF- α production which was reduced with 10 nM of AT-RvD1 with the onset of 

DE exposure. These data demonstrated that there is a cellular response to DE and AT-RvD1 in 

microglia which may have contributed to the reduction of their numbers in our in vivo mouse 
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models of repetitive dust exposure. This established that agriculture dust exposure has an 

inflammatory effect on microglia, which had not yet been investigated. 

We hypothesized that in vivo exposure to agriculture dust would produce pulmonary 

inflammation in the form of increased alveolar cellular infiltration, pro-inflammatory cytokine 

production in BALF and lung tissue, formation of iBALT, and increased 

peribronchiolar/perivascular inflammation, as previously seen in this model 48,174,216. Evaluation 

of our DE exposure and AT-RvD1 treatment model, we observed strong genotype differences in 

most of the parameters investigated. We observed increased cellular infiltration, increased BALF 

and lung tissue cytokines, and increased pulmonary and neurological inflammatory markers in 

our KO animals compared to their WT controls. This is consistent with our previous work 

investigating IL-22 KO in DE exposure, as well as other literature describing increased disease 

severity in IL-22 KO models. In our KO animals, we observed increased IL-10 production in 

animals exposed to DE and treated with saline and KO animals exposed to DE treated with At-

RvD1 compared to their WT controls, respectively. This trend may be due to compensation by 

IL-10 for the lack of IL-22, but further investigation is needed to evaluate this hypothesis. As 

seen in the in vitro model, IL-10 is upregulated in response to agriculture dust. It is likely to be 

produced early to assist in the transition to resolution and repair. AT-RvD1 is known to increase 

immune activity and clearance by macrophages and neutrophils, accelerating the inflammatory 

response and allowing the transition to resolution sooner, which may account for the increased 

IL-10 concentrations as well43.  

Total immune cell infiltrate counts in BALF from animals exposed to DE were increased 

compared to their saline controls, but AT-RvD1 treatment did not have a significant impact on 

immune cell infiltration. Previous data would suggest AT-RvD1-treated animals should have 
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decreased immune cell infiltration, which would contribute to the reduction of the total cell 

infiltrate counts206. Neutrophil counts in animals exposed to DE and treated with AT-RvD1 were 

not significant compared to animals exposed to DE and treated with saline, contrary to previous 

evidence43,48. This is most likely due to the neutrophilic response being activated early and 

dissipating during the 3-day recovery 160,166,174,175. Lymphocyte counts in BALF demonstrated no 

statistical significance in WT animals, but in KO animals, counts were significantly decreased in 

animals exposed to DE and treated with AT-RvD1 compared to animals exposed to DE and 

treated with saline with a recovery of 3 days. This is consistent with lymphocytes primarily being 

recruited later in the inflammatory response and would be expected to be increased in later 

timepoints134. They are also known to secrete IL-22 and be polarized to a Th17 state in response 

to organic dust so understandably would be highly involved in the repair process19,51. Treatment 

with AT-RvD1 is known to influence immune cell recruitment, and its role in lymphocyte 

recruitment would reduce the chronic inflammation typically seen in organic dust induced 

pathology48,220. Our lack of statistically significant findings in our pilot study may be due to the 

low sample size, and more animals are needed to reach statistical significance. 

In our larger study exploring DE exposure with AT-RvD1 treatment, we observed 

increased pulmonary pathological markers including iBALT formation and 

peribronchiolar/perivascular inflammation as previously seen in this model 136,160,174. We also 

observed increased microglia counts in animals exposed to DE, a novel parameter for this 

agriculture dust exposed model 136,160,174,216. Increased microglia counts have also been observed 

in other models of pulmonary and peripheral inflammation 100. We concluded from these data 

that agriculture dust exposure produced neurological inflammation, an important step to 

understanding how this toxicant produces the clinical signs observed in other studies 109,232,246. 
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We also observed increased pulmonary and neurological pathology in KO animals compared to 

WT controls, which is consistent with previous literature, further contributing to the hypothesis 

that IL-22 is an important player in the immune response to agriculture dust 19,46,207,216,220. In our 

DE-exposed and AT-RvD1 treated mice, we found that iBALT was significantly reduced 

compared to their dust-exposed saline-treated controls, confirming our hypothesis that AT-RvD1 

reduced pulmonary inflammation in response to agriculture dust exposure. We also observed a 

significant decrease in microglia counts in DE-exposed, AT-RvD1 treated animals compared to 

their DE-exposed, saline-treated controls. This is a key finding that indicates that AT-RvD1 may 

be an effective therapeutic for the neuroinflammation associated with agriculture dust exposure. 

More investigation is needed to understand the mechanisms by which IL-22 regulates 

inflammatory disease, but this study is an important step to establish the connections between 

agriculture dust exposure, IL-22, and neurological inflammation.  

Following our establishment of the connection between agriculture dust exposure and 

neurological inflammation, we aimed to understand the effects of prolonged dust exposure on 

behavioral outcomes, lung pathology, and neurological inflammation. We employed a longer 8-

week, sub-chronic agriculture dust exposure mouse model coupled with intermittent behavioral 

testing and end-point evaluation of pulmonary and neurological inflammation. We hypothesized 

that a longer exposure period would produce significant behavioral changes in the form of 

reduced memory and increased anxiety via novel object recognition and open field testing, as 

previously seen in other pulmonary inflammatory models 100. We observed limited behavioral 

changes in this model and hypothesized that 8 weeks of dust exposure may not be long enough to 

induce the required neurological damage to elicit behavioral changes. Interestingly, we also 

observed limited pulmonary inflammation, which was contrary to our previous observations in 
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this model, but may be due to acclimation by the mice at this timepoint, however further 

investigation is needed to confirm this hypothesis 104. Even though our observed pathological 

markers in our 3-week study were primarily absent in our 8-week study, we still observed 

increased microglia counts in animals exposed to DE, consistent with our previous findings 216. 

We also observed increased astrocyte counts in animals exposed to DE i.n., a novel target for our 

model.  

We concluded that agriculture dust exposure is associated with pulmonary and 

neurological inflammation and that AT-RvD1 may be an effective novel therapeutic for the 

treatment of inflammation associated with agriculture dust exposure. 

 

5.2 Limitations 

In vitro data sets display high variability and error, which could be corrected by 

normalizing treatment groups as fold change compared to the media controls. Culture plates 

incubated for 18 and 24 hours after treatment may have experienced slight media evaporation, 

resulting in the possibility of increased cytokine concentration due to water loss. In addition, 

cytokine levels at the 24-hour timepoint may be elevated due to cell proliferation or cytokine 

accumulation in the medium. In vitro studies were performed as a co-exposure, which may alter 

the kinetics of the cytokines produced compared to pre- or post-treatment investigations. Our 

microglia culture model had limited sample sizes and could benefit from increased replicates to 

confirm statistical significance. 

Our in vivo studies investigated two endpoint timelines, both with a 3-day recovery. This 

recovery period may be limiting our ability to evaluate the inflammatory response and the 

addition of a 5-hour recovery as previously explored may assist in understanding the acute 



   
 

128 

neurological inflammatory response to agricultural dust 47,48,174,220,221. Additionally, we only 

evaluated behavioral outcomes in our 8-week exposure model and observed limited results. This 

may be due to the exposure not being prolonged enough. We could increase our exposure period 

to 12 or 24 weeks and evaluate behavioral outcomes to see if a longer exposure period could 

elicit behavioral changes 48. 

Additionally, we did not have clearly tested baselines for various dosages of AT-RvD1 in 

our cellular and mouse models. It would have been beneficial to test multiple dosages of AT-

RvD1 in these models first to determine baseline activity before moving into our knockout 

model. We also used a different mouse stain than previous studies have utilized, which may lead 

to inconsistencies in our data compared to other datasets. We would need to perform previous 

studies on our specific strain of mice to better understand the pharmacokinetics of AT-RvD1 in 

our mouse models.  

We also did not test whether the therapeutic actions of AT-RvD1 in the brain was due to 

the direct transport of AT-RvD1 across the blood brain barrier (BBB) or due to a peripheral 

response. Other studies have utilized fluorescently tagged RvD1 and shown that it was 

transported across the BBB, so its plausible that AT-RvD1 could be transported as well but we 

would need to conduct our own studies in our mouse specific strain.  

 

5.3 Future Directions 

Macrophages express the IL-22 receptor which may contribute to the increases in lysate 

concentrations of IL-22 in vitro. There is also previous evidence that IL-22 is localized to the 

Golgi apparatus220. To evaluate the localization of IL-22 in this model, immunocytochemistry 

staining could be performed at the various timepoints. The timepoints could also be expanded. 
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Adding a 12 hour post exposure point to evaluate a broader range of the immune response, while 

expanding the incubation to 48 and 72 hours would assist in characterizing the repair process 

after dust exposure. Co-culture with mouse alveolar epithelial cells would be beneficial to 

determine how the production of  cytokines influences epithelial barrier integrity. Supernate 

could also be evaluated for amphiregulin, an epithelial repair marker to determine how AT-RvD1 

and IL-22 influence epithelial repair after dust exposure16,140. These models could be adjusted to 

include a post-DE exposure AT-RvD1 treatment to evaluate how AT-RvD1 as a pharmaceutical 

alters the immune response. Droplet digital polymerase chain reaction (ddPCR) could also be 

performed on lysed cells to assess the cytokine transcript alterations compared to their protein 

concentrations.  

Our in vivo model provided an important first step in understanding the connection 

between agriculture dust exposure and neurological inflammation, however more investigation is 

needed to fully understand the mechanisms by which the observed neurological inflammation is 

initiated. Previous studies investigating PM exposure and neurological inflammation provide a 

few hypotheses. First, that PM can travel along nerves in the nasal passages via the olfactory 

nerve to directly infiltrate the brain 141; second, that PM in the lungs can utilize the vagus nerve 

to translocate to the brain 92,228; and finally, that peripheral inflammation releases inflammatory 

markers into circulation that damage the blood brain barrier and activate microglia and 

astrocytes, producing neuroinflammation 92. Given this, we could evaluate tissues including the 

lung, nasal epithelium, vagus nerve, blood, and brain for particulates to track the trafficking of 

the instilled DE to determine if the observed neuroinflammation is due to direct translocation or 

indirect peripheral inflammatory markers. Additionally, we could evaluate peripheral 
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inflammatory markers such as serum IL-6 and c-reactive protein, as well as complete blood 

counts to determine the presence of a systemic inflammatory response 21,42,53,68,88,89,174. 

 

5.4 Conclusions 

The evidence obtained between both in vitro and in vivo studies suggest that AT-RvD1 

influences the production of IL-6, TNF-α, IL-10, and IL-22. It suggests that IL-22 may influence 

the immune response to organic dust exposure. The data support alveolar macrophages as a 

source of IL-22 in the pulmonary immune response to DE and that AT-RvD1 influences its 

production during inflammation.  

Our investigation of agriculture dust exposure in in vivo murine models revealed that 

agriculture dust exposure is associated with increased microglia and astrocyte counts, markers of 

neuroinflammation, confirming our hypothesis that agriculture dust exposure contributes to 

neuroinflammation. We also observed that IL-22 knock-out produced increased disease severity 

compared to our wildtype controls, also confirming our hypothesis that IL-22 is important in 

immune regulation in this exposure model. Additionally, we also demonstrated that AT-RvD1 

reduces both pulmonary and neurological inflammation and may be a viable therapeutic for 

individuals exposed to agriculture dust. 

The implications of this work are a greater understanding of the neurological effects of 

agriculture dust in the context of IL-22 knock-out and the possibility of the usage of AT-RvD1 as 

a novel therapeutic for patients with COPD and neurological disorders perpetuated by agriculture 

dust exposure. Agriculture dust is an interesting toxicant with many negative implications for 

public health as those who are exposed are not necessarily exclusively agricultural workers. Due 

to the nature of this exposure, it would be wise to increase public awareness of the risks of 
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exposure in other circumstances, such as residing near agricultural facilities. We should also 

consider and further investigate the neuroinflammatory implications of agriculture dust to better 

understand its risk to public health and to be proactive with developing therapeutics for 

individuals who may be exposed.   
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