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ABSTRACT 
 
 Systemic lupus erythematosus (lupus) is a chronic, debilitating autoimmune disease that 

predominantly afflicts women of childbearing age and women of color. While genetics plays a 

critical role in disease onset, environmental exposures to respirable toxicants such as crystalline 

silica (cSiO2) or Gram-negative bacterial lipopolysaccharide (LPS) have been implicated as 

triggers for lupus. Pre-clinical studies using lupus-prone mice have shown that pulmonary 

exposure to cSiO2 leads to unresolved inflammation in the lung, which serves as a nexus for 

systemic autoimmunity. Similar to what has been observed in human patients, respirable toxicant 

exposures in lupus-prone mice results in recruitment of auto-reactive B- and T-cells, production 

of autoantibodies (AAb) and Type-I Interferons (IFNs), and development of glomerulonephritis. 

Currently, there is no cure for lupus and one of the mainstay treatments is glucocorticoids (GCs). 

While GCs help quell chronic inflammation, long-term use is associated with many adverse side 

effects. Interestingly, previous studies from the Pestka lab have shown that dietary 

supplementation with the omega-3 polyunsaturated fatty acid (PUFA), docosahexaenoic acid 

(DHA), attenuates cSiO2-triggered autoimmunity and improves survivability in lupus-prone mice. 

Additionally, DHA treatment in a novel alveolar-like macrophage cell line hinders LPS-primed 

pro-inflammatory and Type-I IFN transcriptional responses. Given the promising anti-

inflammatory nature of DHA, this thesis builds upon previous in vivo and in vitro models to 

address the overarching hypothesis that DHA has steroid-sparing properties which can be 

harnessed to lower requisite doses of GCs needed to attenuate environmental triggered 

inflammation and autoimmunity.  

 In this dissertation, four aims were employed to uncover how inflammation and 

autoimmunity are altered based on therapeutic intervention, age, and environmental stimuli. In the 



 

first aim, thresholds were determined for the GC prednisone’s immunomodulatory effects on 

cSiO2-triggered autoimmunity and secondary toxicity in NZBWF1 lupus-prone mice. A reduction 

in cSiO2-induced inflammation and autoimmunity was observed at a moderate relevant human 

equivalent dose (HED) of prednisone. Yet, at this same dose, GC-induced toxicity was observed 

and there was no improved survivability in cSiO2-exposed mice. In the second aim, age was 

addressed as contributing factor in cSiO2-induced autoimmunity in NZBWF1 lupus-prone mice. 

When using adult mice that more appropriately model the age of cSiO2-exposed workers, we 

observed that cSiO2 exposure resulted in intensified pulmonary inflammation compared to what 

has been observed in published studies using juvenile mice. In the third aim, environmentally 

triggered autoimmunity in NZBWF1 lupus-prone mice was assessed using another relevant 

environmental toxicant, LPS. Here, it was demonstrated that repeated administration of LPS 

resulted in local unresolved inflammation and systemic autoimmunity in a route of exposure-

dependent manner. Lastly, in the fourth aim, the steroid-sparing potential of DHA was assessed in 

a novel alveolar-like macrophage cell line. In this study, LPS-stimulated proinflammatory and IFN 

transcriptional responses were reduced upon combination treatment with sub-optimal 

concentrations of DHA and the GC dexamethasone. Combination treatment was more effective in 

reducing LPS-induced responses compared to individual treatment with either DHA or the GC 

alone.  

 Taken together, each of the present studies has provided novel insights into how 

therapeutics (e.g., GC and DHA), age, and unique environmental triggers influence inflammation 

and autoimmunity. Furthermore, these studies demonstrate DHA has the potential to be used as a 

steroid-sparing adjunct therapy to attenuate environmental-triggered lupus.   
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INTRODUCTION 

 Systemic lupus erythematosus (lupus) is a chronic autoimmune disease that predominantly 

afflicts women of childbearing age and women of color. Lupus is characterized by recurring bouts 

of autoimmunity driven by unresolved inflammation, autoreactive lymphoid cells, and systemic 

autoantibody (AAb) and Type-I Interferon (IFN) production (1-3). Unattenuated systemic 

inflammation leads to irreparable damage in the kidney resulting in development of 

glomerulonephritis and eventually end-stage renal failure (4). While genetic predilection is a major 

determinant of lupus, environmental toxicants are also linked to onset of autoimmunity (2, 5-7). 

Occupational exposures to toxicants such as respirable crystalline silica (cSiO2) (8-11) or Gram-

negative bacterial lipopolysaccharide (LPS) (12-15) have been implicated as triggers for lupus. 

Using a preclinical animal model that emulates onset and progression of environmental-triggered 

lupus, previous studies from our lab have shed light on how pulmonary exposure to cSiO2 leads to 

autoimmune-mediated glomerulonephritis. In this mouse model, repeated exposure to cSiO2 led to 

unresolved inflammation in the lung resulting in recruitment of auto-reactive B- and T-cells, 

perivascular and peribronchiolar ectopic lymphoid tissue (ELT) formation, pathogenic 

autoantibody (AAb) production, and glomerulonephritis (16-19) (Figure 1.1). In line with 

overactive, aberrant Type-I IFN signaling, which is commonly observed in lupus patients, cSiO2-

exposed mice displayed increased Type-I IFN gene expression in pulmonary and renal tissues (20, 

21).  

 As there is no cure for lupus, one of the mainstay treatments utilized to quell chronic 

inflammation is glucocorticoids (GCs) (22). While GCs are potent anti-inflammatory agents, long-

term use is associated with several adverse side effects such as diabetes, muscle wasting, bone 

loss, and increased susceptibility to infections (22-26). Interestingly, previous studies from our lab 
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have shown that dietary supplementation with the omega-3 polyunsaturated fatty acid (PUFA) 

docosahexaenoic acid (DHA), attenuates cSiO2-triggered autoimmunity and improves 

survivability in lupus-prone mice (16, 18, 21, 27, 28). Additionally, LPS-triggered pro-

inflammatory and Type-I IFN transcriptional responses observed in a novel alveolar-like 

macrophage cell line were impeded when treated with DHA-supplemented medium (29). Based 

on the findings from these in vivo and in vitro studies, DHA shows great potential to be used as a 

cost-effective adjunct therapy in treating environmental-triggered autoimmunity. Together these 

findings warrant further investigation into whether DHA can be used to lower requisite doses of 

GCs to quell inflammation while also negating toxicity in models that emulate environmental-

triggered lupus. 

CHAPTER SUMMARIES 

 Chapter 1. This introductory chapter contains a brief synopsis of the material found within 

each section of this dissertation. Additionally, this chapter contains a literature review that provides 

relevant background information about major topics addressed in this dissertation such as: 1) the 

underlying mechanisms of lupus, 2) environmental exposures and triggers of autoimmunity, 3) 

glucocorticoids (GCs) as a cornerstone treatment in lupus, and 4) the anti-inflammatory properties 

of omega-3 PUFAs.  

  Chapter 2. While GCs are a cornerstone treatment in lupus, the dosing thresholds 

necessary for attenuation of inflammation, and conversely where toxicity is observed, have not 

been elucidated in a preclinical model of lupus. In this chapter, we characterized the dose-

dependent immunomodulation and toxicity of the GC prednisone in a preclinical model that 

emulates onset and progression of cSiO2-triggered lupus. Two cohorts of juvenile female 

NZBWF1 lupus-prone mice were fed either control AIN-93G diet or one of three AIN-93G diets 
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containing prednisone at 5, 15, or 50 mg/kg diet which span human equivalent oral doses (HED) 

currently considered to be low (PL; 5 mg/d HED), moderate (PM; 14 mg/d HED), or high (PH; 46 

mg/d HED), respectively. Mice were intranasally instilled with either saline vehicle or 1 mg cSiO2 

once weekly for 4 wk. The experimental plan was to 1) terminate one cohort of mice 14 wk after 

the last cSiO2 instillation for pathology and autoimmunity assessment and 2) to maintain a second 

cohort to monitor glomerulonephritis development and survival. High dose prednisone treatment 

resulted in hyperglycemia, muscle wasting, weight loss, and deteriorating health which 

necessitated early removal of this group from the study. Results from the first cohort revealed that 

consumption of PM but not PL diet significantly reduced cSiO2-induced pulmonary ectopic 

lymphoid structure formation, nuclear-specific AAb production, and inflammation/autoimmune 

gene expression in the lung, splenomegaly, and glomerulonephritis in the kidney. Relative to GC-

associated toxicity, PM but not PL diet elicited muscle wasting, but these diets did not affect bone 

density or cause glucosuria. Finally, neither PM nor PL diet improved latency of cSiO2-accelerated 

death in the second cohort of mice. Taken together, this preclinical study demonstrates that 

prolonged dietary administration of prednisone at clinically relevant doses falls short of offering 

complete protection from cSiO2-induced autoimmunity and can cause significant secondary 

toxicity at moderate to high doses. 

 Chapter 3. Published studies from our lab have demonstrated that repeated intranasal 

exposure to cSiO2 triggers early onset and progression of autoimmunity in the lungs and kidneys 

of female juvenile NZBWF1 lupus-prone mice. Furthermore, dietary supplementation with the 

omega-3 fatty acid, DHA, prevented cSiO2-induced lupus in this experimental model. However, it 

is unknown how cSiO2 exposure and DHA intervention affect adult lupus-prone mice that more 

appropriately model the age of cSiO2-exposed workers. To address this gap in knowledge, we fed 
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female adult NZBWF1 mice either purified AIN-93G control diet or AIN-93G diet containing 

DHA at a HED of 5 g/d. Mice were intranasally instilled with either saline vehicle or 1 mg cSiO2 

once per wk for 4 consecutive wks and sacrificed at 1 or 5 wks after the last instillation (PI). Here, 

cSiO2 exposure led to marked pulmonary pathology and autoimmunity at 5 wk PI. Moderate 

inflammation and IgG deposition were observed in the kidneys of cSiO2-exposed mice at this same 

timepoint. Dietary DHA dramatically attenuated cSiO2-triggered responses in both the lung and 

kidney at 5 wk PI. Overall, we demonstrated that a relevant human dose of the omega-3 fatty acid 

DHA effectively suppresses cSiO2-triggered pulmonary inflammatory/immune responses in an 

adult mouse model that more appropriately emulates human occupational exposures. 

 Chapter 4. Repeated intraperitoneal (IP) exposure to Gram-negative bacterial LPS has 

been shown to trigger early onset of glomerulonephritis and mortality in lupus-prone mice, yet 

pulmonary exposure to LPS in preclinical models of lupus has yet to be evaluated. To address this 

knowledge gap, we assessed the effects of subchronic airway exposure to LPS via intranasal (IN) 

instillations on the induction of autoimmunity in NZBWF1 lupus-prone mice and related these 

findings to the effects of equivalent LPS dosing via IP route. Female juvenile NZBWF1 mice were 

exposed to either sterile saline vehicle or smooth E. coli LPS (0.8 µg/g bw) via IN instillation or 

IP injection twice weekly for 5 consecutive wks. Our findings demonstrated that short-term 

repeated LPS exposure resulted in local and systemic autoimmunity in a route of exposure-

dependent manner. IN exposure to LPS elicited intense lung inflammation and ectopic lymphoid 

neogenesis, whereas IP exposure drove inflammation that was primarily localized to the spleen 

and systemic circulation. IP LPS delivery was also more effective in inducing autoimmune-

mediated glomerulonephritis compared to the IN route of exposure. Taken together, this is the first 

study to demonstrate that E. coli LPS elicits local and systemic autoimmunity in female NZBWF1 
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lupus-prone mice through two unique routes of exposure. 

 Chapter 5. DHA and GCs are both potent anti-inflammatory agents that can be used to 

quell inflammation and autoimmunity, however DHA’s use as a steroid-sparing treatment has yet 

to be detemined. In this chapter, RNAseq was used to evaluate whether DHA could potentiate the 

anti-inflammatory effects of the GC dexamethasone (DEX) in LPS-stimulated fetal liver-derived 

alveolar-like macrophages (FLAMs) isolated from NZBWF1 lupus-prone mice. More specifically, 

FLAMs were treated were treated with suboptimal concentrations of either DHA alone, DEX 

alone, or DHA+DEX in combination prior to LPS stimulation for 4 or 8 hr. DHA+DEX co-

treatment reduced LPS-triggered proinflammatory and Type-I IFN gene expression in a 

combinatorial manner, leading to greater suppression of innate immune responses compared to 

individual treatments. Overall, this study provides compelling evidence that DHA potentiates the 

anti-inflammatory effects of DEX, and thus DHA can potentially be used to lower requisite 

amounts of GCs required to reduce inflammation. 

 Chapter 6. This final chapter discusses conclusions drawn from the present body of work 

in addition to potential future studies that can be used to build upon the data from this dissertation.  

LITERATURE REVIEW 

Lupus, demographics, and economic burden 

Systemic lupus erythematosus (lupus) is a heterogeneous, debilitating, chronic autoimmune 

disease that disproportionately afflicts women of child-bearing age and women of color (30, 31). 

Disease onset and progression are strongly influenced by gene-environment interactions (3). Lupus 

affects multiple organ systems such as the kidneys, lungs, skin, and central and peripheral nervous 

systems (1). The kidney is a primary endpoint of concern in lupus because chronic inflammation 

in the kidney (glomerulonephritis) leads to irreparable organ damage and eventual renal failure. 



7 
 

However, other organ systems affected by chronic inflammation and autoimmunity leave patients 

susceptible to developing comorbidities that can diminish quality of life (32), lead to increased 

health care costs (33), and lead to higher incidence of mortality (34). Physical comorbidities 

identified within lupus patient cohorts that are associated with decreased quality of life include 

thyroid and metabolic disorders, cardiovascular disease, and allergic disorders, and neurocognitive 

disorders (35). Patients may also exhibit increased incidences of psychological comorbidities such 

as depression and anxiety (35). As it pertains to mortality, during the years of 2000-2015, lupus 

was attributed to 28,411 female deaths and was identified as one of the top 20 leading causes of 

death in females aged from 5-64 years old (36). Among African American and Hispanic women, 

lupus has been shown to be among the top 10 leading causes of death among those aged 15-44 

(36).  

 In addition to increased morbidity and mortality, the devastating nature of lupus also 

extends to the economic burden placed upon patients. In 2016, it was estimated that annual patient 

costs related to treatment expenses ranged between $15,171-$88,445 (37). Differences in total 

annual costs for management and treatment of lupus is often dependent upon disease severity (37, 

38). Those experiencing mild symptoms incur average annual costs of $27,937 in hospital 

admission-related care and $10,396 in outpatient care. In comparison, those with severe 

manifestations incur average annual costs of $49,474 in hospital admission-related care and 

$23,468 in outpatient care (38). While disease activity dictates annual treatment costs, 

socioeconomic factors have a determinant role in disease severity, highlighting the complex 

interplay between health outcomes and potential financial barriers. Socioeconomic factors such as 

financial status, education level, and health insurance coverage compound each other to influence 

disease outcomes in lupus patients (31).  
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Underlying mechanisms of lupus 

Lupus is a prototypical autoimmune disease characterized by inflammation and a loss of self-

tolerance. Disease activity is driven by B- and T-cells that are activated by self-antigens (1, 2). 

Additionally, autoreactive B-cells can differentiate plasma cells that secrete large amounts of 

autoantibodies (AAbs) which target and bind to autoantigens (AAgs) originating from nuclear 

material and glomerular, phospholipid, or thyroid-related proteins (1, 2, 39, 40). AAb-AAg 

complexes are distributed via the systemic circulation and deposit in organs such as the spleen or 

kidney (4). In lupus, this sequence of events continuously reoccurs throughout a patient’s lifetime, 

manifesting in increased measurable disease activity, known as flares (3). These cyclical bouts of 

autoimmunity lead to increased renal deposition of immunoglobulin complexes, development of 

glomerulonephritis, and irreparable organ damage that precipitates into end-stage renal failure 

(41). 

 Consistent with the diagnostic techniques used to diagnose lupus, disease activity or flaring 

is monitored through evaluation of organ-specific or non-organ-specific biomarkers (1, 42). Organ-

specific biomarkers include urinalysis, which is used to test for elevated levels of protein/creatine 

or proinflammatory chemokines, which can be indicative of decreased renal function and 

glomerulonephritis progression (42). Non-organ-specific biomarkers include testing for elevated 

levels anti-nuclear antibodies, anti-complement antibodies, and Type-I Interferon (IFN) inducible 

genes and chemokines in the serum (1, 42). It is common for lupus patients to develop aberrant 

Type-I IFN signaling, sometimes referred to as interferonopathies, where normal IFN-mediated 

viral responses can longer distinguish between self versus non-self (43). Elevated Type-I IFN 

signatures are present in approximately 60-80% of lupus patients and lead to increased disease 

activity (44, 45). Approximately 40 distinct genotypes have been identified and linked to 
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dysregulated Type-I IFN signaling, suggesting that genetics play a putative role in 

interferonopathies observed in lupus (43, 46).  

 Genetic susceptibility plays an essential role in the development of lupus, however, disease 

onset can also be influenced by external factors such as environmental exposures, hormones, and 

lifestyle. Currently, over 80 genes considered to be susceptibility loci in humans, have been 

identified due to their association with incidences of lupus (47). Many of these genes found to be 

dysregulated in lupus are associated with antigen presentation, maintenance of autoreactive 

lymphocytes, clearance of intracellular debris, and innate immune response (47, 48). Disease onset 

is predominantly associated with polygenic traits, meaning either (i) multiple genes considered to 

be risk alleles are defective in function and together drive a phenotype that results in autoimmunity, 

or (ii) one or more genes that have defective function are exacerbated by environmental stimuli 

resulting in autoimmunity (48). While it is rare that an individual gene mutation will result in 

pathogenic autoimmunity, cases of monogenic lupus do exist (49, 50). These incidences of lupus 

are predominantly identified in juvenile patients or due to familial history with lupus, however, the 

mechanisms underlying monogenic cases is still poorly understood (50).   

Environmental triggers of lupus 

Although genetics highly influence an individual’s propensity to develop lupus, environmental 

factors also play an important role in disease onset. Environmental factors such as medications, 

UV radiation, infections, occupational exposures, and lifestyle/nutrition can work cooperatively 

with genetic susceptibility to trigger autoimmunity (51). Some occupational exposures and 

infections can lead to unresolved inflammation in organs such as the lung or spleen, leading to 

germinal center formation and increased numbers of autoreactive B-cells, thus prompting a 

systemic autoimmune response. 
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 Opportunistic pathogens and viruses are recognized by innate immune cells such as 

monocytes and macrophages as pathogen-associated molecular patterns (PAMPs) which bind to 

pattern recognition receptors (PPRs) such as toll-like receptors (TLRs) (52, 53). For example, 

viruses such as Epstein-Barr virus (EBV) activates intracellular TLR3 receptors to initiate a Type-

I IFN response (51). Alternatively, pathogens such as bacterial lipopolysaccharide (LPS) can 

activate TLR4 to elicit proinflammatory cytokine/chemokine and Type-I IFN gene and protein 

expression in monocytes/macrophages (54, 55). In the case of LPS, autoimmunity can be initiated 

through multiple routes of exposure. Increased intestinal permeability resulting in a leaky gut 

syndrome leads to the escape of opportunistic or benign Gram-negative bacterial species into the 

systemic circulation (13). Alternatively, LPS exposure can occur through respirable sources found 

in occupations such as agriculture or waste management (13, 14, 52, 56, 57). In vivo studies in 

lupus-prone mice have demonstrated that intraperitoneal exposure to Salmonella derived strains 

of LPS leads to germinal center formation in secondary lymphoid tissues like the spleen and is 

complemented by increased infiltration of autoreactive B-cells and IgG deposition (58, 59). 

Furthermore, rheumatoid arthritis (RA)-prone mice exposed to respirable organic LPS-containing 

dust mixtures develop marked lung pathology, increased Type-I IFN gene expression in pulmonary 

tissue, and elevated autoreactive IgG AAbs in the serum (54, 60, 61). Taken together, these clinical 

and preclinical studies provide considerable evidence implicating LPS as a relevant environmental 

toxicant in autoimmune disease. 

 Another relevant environmental toxicant that has been linked to autoimmunity in humans 

is respirable crystalline silica (cSiO2). Occupational cSiO2 exposure has been associated with onset 

of lupus, RA, scleroderma, ANCA-associated vasculitis (8, 51). According to the Occupational 

Safety and Health Administration (OSHA), approximately 2.3 million Americans are exposed to 
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respirable cSiO2 through occupations such as stone cutting, construction, ceramics, and ceramics 

(62, 63). Due to the small size of cSiO2 (<5 µm), these particles travel down to the distal airways 

and deposit in the alveoli. In the alveolar airspaces, alveolar macrophages (AMs) serve as the first 

line of defense against cSiO2 particles and recognize this foreign material through binding of the 

macrophage receptor with collagenous structure (MARCO) (8). Phagocytosis of cSiO2 particles 

by AMs results in inflammasome activation, proinflammatory gene expression, and cell death (64-

66). Published studies from our lab have demonstrated that repeated intranasal exposure to cSiO2 

leads to unresolved pulmonary inflammation in female NZBWF1 lupus-prone mice (17, 18, 67, 

68). Moreover, unattenuated inflammation in the lung resulted in perivascular and peribronchiolar 

infiltration of autoreactive B- and T-cells and formation of ectopic lymphoid tissues (ELTs). As a 

result, systemic autoimmunity was observed in endpoints such as increased AAb levels detected 

in the bronchoalveolar lavage fluid (BALF) and plasma, in addition to autoimmune-mediated 

glomerulonephritis.  

 In summary, human epidemiological studies and preclinical experimental mouse models 

have demonstrated that the environmental toxicants LPS and cSiO2 are triggers of autoimmunity 

and can lead to increased morbidity and mortality in lupus patients (8, 18, 52). Therefore, studies 

aimed at better elucidating the mechanisms underlying environmentally-triggered lupus will aid in 

understanding how to better treat and attenuate autoimmunity. 

Glucocorticoids and other current treatments for lupus 

 While there are currently no cures for lupus, several treatment options are available that 

vary based upon mechanisms of action, off-target side effects, and cost. Each treatment, or 

combination of treatments, is prescribed with the overall goal of managing lupus flares, slowing 

disease progression, and reducing the risk of comorbidities that lead to decreased quality of life 
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and increased mortality. One of the most common treatments perscribed for lupus are 

glucocorticoids (GCs) such as prednisone (23). While GCs help quell disease activity and are more 

cost-effective compared to other treatments, prolonged use at moderate to high doses results in 

deleterious side-effects such as bone loss, muscle wasting, diabetes, cardiovascular disease, and 

increased risk of opportunistic infections (22-24). Unfortunately, due to the chronic nature of 

lupus, patients are often reliant on GC treatment for decades leaving them at greater risk of 

developing unwanted secondary toxicity (69). GCs are heavily utilized due to their fast-acting anti-

inflammatory properties, which is of particular importance when a patient is experiencing a flare. 

Patients who experience moderate to severe flares will often be treated with 125-1000 mg/d of 

methylprednisolone or prednisolone for ~3 days to achieve rapid immune suppression, followed 

by a tapered dosing regimen of oral prednisone (23). Doses of oral prednisone prescribed after a 

flare typically range between 10 to 30 mg/d, while those taken to maintain quiescent disease are 

<7.5 mg/d (70, 71). The unofficial threshold for GC-mediated toxicity stemming from long-term 

oral prednisone use is 7.5 mg/d (72-75). While it is recommended that maintenance doses do not 

exceed 7.5 mg/d in order to avoid adverse outcomes, uncertainty remains in regards to the correct 

way to taper patients off prednisone while keeping autoimmunity at bay (23).  

 One method clinicians use to help cut requisite doses of prednisone is to treat patients with 

a combination of GCs and other drugs such as hydroxychloroquine (HCQ) (76). 

Hydroxychloroquine is an antimalarial that inhibits B-cell receptor signaling and Type-I IFN 

production, which are central to lupus pathogenesis. However, HCQ takes up to 6-12 weeks to 

reduce clinical signs of lupus, which is extremely problematic in managing flares (77).  

Additionally, HCQ treatment can result in gastrointestinal problems, nausea, and in rare cases 

cardiomegaly or retinopathy (77). Other therapeutics utilized to manage lupus include 
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immunosuppressants (e.g., cyclophosphamide) and biologics (e.g., monoclonal antibodies) (76, 

78). Similar to HCQ, immunosuppressants and biologics work by suppressing facets of B-cell 

signaling, TLR signaling, and IFN production. However, these treatments are not always ideal 

candidates due to their delayed efficacy in reducing inflammation, adverse side effects associated 

with prolonged use, and increased cost (78, 79). For example, belimumab, a monoclonal antibody 

that inhibits autoreactive B-cell survival, costs up to $35,000 per year (79). Therefore, there lies a 

critical need for treatments that are efficacious in attenuating autoimmunity that are both cost-

effective and do not generate toxicity. 

Omega-3 Polyunsaturated Fatty Acids 

 Clinical and pre-clinical studies continue to provide mounting evidence that omega-3 

polyunsaturated fatty acids (PUFAs) possess potent anti-inflammatory and pro-resolving 

properties. Clinical trials in humans have shown that increasing intake of dietary omega-3 PUFAs 

improves pain and fatigue in lupus patients (80-82), in addition to reducing levels of 

proinflammatory cytokines such as TNF-α in the blood of RA patients (83). Furthermore, increased 

omega-3 PUFA intake has been shown to reduce omega-6 content in human erythrocytes (84-86). 

While metabolism of omega-3 PUFAs such as docosahexaenoic acid (DHA) and eicosapentaenoic 

acid (EPA) result in specialized pro-resolving mediators (SPMs) such as resolvins, protectins, and 

maresins, metabolites from omega-6 PUFAs like arachidonic acid (AA) include leukotrienes, 

thromboxanes, and cyclooxygenases and are considered to be proinflammatory (87). Therefore, in 

clinical studies in humans, by skewing the fatty acid content to favor anti-inflammatory PUFAs, 

and thereby lowering the omega-6:omega-3 ratio, patients had decreased proinflammatory C-

reactive protein (CRP) and IL-6 detected in the blood (84-86).  
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 In line with data from clinical trials, pre-clinical mouse models of lupus have illustrated 

the potent anti-inflammatory effects of the omega-3 PUFA DHA. Published studies from our lab 

have shown that dietary DHA administered at a human equivalent dose (HED) of 5 g/d was 

effective in attenuating inflammation and autoimmunity resulting from repeated intranasal 

exposure to cSiO2 in female juvenile NZBWF1 lupus-prone mice. More specifically, DHA reduced 

local pulmonary inflammation (ELT formation, lymphoid cell infiltration, BALF cellularity, AAbs 

in BALF, proinflammatory gene expression) and systemic autoimmunity (plasma AAbs, 

glomerulonephritis) (16, 18, 20, 21, 27, 28, 68, 88). Additionally, in female juvenile NZBWF1 

lupus-prone mice repeatedly exposed intraperitoneally to Gram-negative Salmonella-derived 

lipopolysaccharide (LPS), oral administration of DHA at 5 g/d HED resulted in reduced LPS-

triggered glomerulonephritis (58).  

GC and DHA mechanisms of action in monocytes/macrophage 

 Alveolar macrophages (AMs) are crucial to the detection, sequestration, and clearance of 

foreign particles in the alveoli. Respirable toxicants, some of which act as pathogen- or danger-

associated molecular patterns (PAMPs and DAMPs, respectively), activate AMs by binding to 

PRRs like TLRs. LPS is a well-characterized PAMP and ligand for TLR4, which activates the 

mitogen activated protein kinase (MAPK) and nuclear factor-κB (NF-κB) pathways in 

macrophages (89, 90). Activation of these pathways leads to the translocation of transcription 

factors (TFs), such as NF-κB or interferon regulatory factors (IRFs), which induce the transcription 

of proinflammatory genes and type-I IFNs (91). The GC-bound glucocorticoid receptor (GR) can 

exert anti-inflammatory effects via transrepression and transactivation (25). Transrepression refers 

to inhibition of a TF via protein-protein interactions to reduce proinflammatory gene expression 

(92, 93). For example, ligand-bound GR can inhibit TFs such as NF-κB through tethering 
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mechanisms (92, 93). Transactivation, in comparison, refers to gene expression initiated by 

protein-protein interactions (40). An example of transactivation is the upregulation of anti-

inflammatory mediators, such as dual-specificity phosphatase 1 (DUSP1) and glucocorticoid-

induced leucine zipper (GILZ), upon GR activation (94). 

 Increased expression of DUSP1 preferentially inhibits JUN N-terminal kinase (JNK) and 

p38 signaling in vitro (25, 95-97). Moreover, depletion of DUSP1 in vivo results in increased serum 

cytokine levels and decreased mortality upon LPS challenge (95, 98). Alternatively, GILZ 

promotes an anti-inflammatory phenotype by inhibiting NF-κB from binding to DNA, as well as 

inhibiting ERK1/2 signaling through repression of Raf by direct binding (95-101). GILZ 

expression in human leukocytes also negatively correlates with lupus disease activity (99). 

Furthermore, GCs such as Dexamethasone (DEX) used in vitro, have been shown to reduce 

proinflammatory and IFN-regulated gene and protein expression in RAW 264.7 macrophage-like 

cells and bone marrow-derived macrophages (BMDMs) (102-104). However, attenuation of LPS-

triggered proinflammatory responses in an AM cell model have yet to be characterized. 

 As a tissue-resident macrophage, the AM phenotype is distinct from monocyte-derived 

macrophages and most transformed in vitro macrophage models (105, 106). To circumvent this, 

the Pestka and Olive labs have optimized a novel, self-renewing AM-like cell model derived from 

fetal mouse liver. These cells, known as fetal liver-derived alveolar-like macrophages (FLAMs), 

maintain an AM-like phenotype across multiple passages, greatly reducing the exorbitant number 

of mice typically required to investigate AM-specific responses (107). Extensive characterization 

of these cells has confirmed that FLAMs adequately mimic AMs. Notably, FLAMs express both 

AM-identifying surface markers (Siglecf and CD11c) and genes (Marco, Fabp4, Car4, Pparg, and 

Il1a) (107). Consistent with published literature (108-110), AMs and FLAMs, but not BMDMs, 
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release IL-1α in response to cSiO2. Conversely, BMDMs, but not AMs and FLAMs, release IL-10 

in response to LPS (107). This example of distinct inflammatory responses between in vitro 

macrophage models highlights the importance of using a proper surrogate that accurately reflects 

the properties of AMs. 

 By using a combination of RAW-ASC 264.7 and alveolar-like macrophage cell lines, 

published studies from the Pestka lab have illustrated the anti-inflammatory effects of DHA 

treatment in vitro. DHA treatment of RAW-ASC 264.7 cells and alveolar-like macrophages 

impeded cSiO2-triggered inflammasome activation, IL-1α expression, and cell death, while also 

improving efferocytosis (111, 112). Moreover, DHA treatment hindered proinflammatory cytokine 

and Type-I IFN transcriptional responses in LPS-primed FLAMs (29). Correspondingly, predicted 

activity of NF-κB and Irf7 TF activity was shown to decrease with DHA treatment. Other in vitro 

studies have revealed that DHA can remedy inflammation through other mechanisms including: 

(i) alteration of lipid rafts and pro-inflammatory transmembrane receptors (113), (ii) activation of 

receptors (e.g., GPR120) (114) and transcription factors (e.g., PPARγ) (115) that are inhibitors of 

NF-κB activity (116), and (iii) production of specialized pro-resolving mediators (SPMs; e.g., 

resolvins, maresins, and protectins) (117). Based on the literature, it is evident that DHA and GCs 

work via overlapping, as well as independent, mechanisms of action to reduce proinflammatory 

gene and protein expression in monocytes/macrophages (Figure 1.2). Yet, studies evaluating the 

concomitant effects of DHA and GC used together in vitro to attenuate a proinflammatory alveolar-

like macrophage phenotype have yet to be performed.  

 

 



17 
 

FIGURES 

Figure 1.1: Respirable cSiO2-induced inflammation and autoimmune-mediated 
glomerulonephritis. Upon respiration, cSiO2 particles travel down to the distal airways and 
deposit in the alveoli due to their small size (<1.5-2 µm). In the alveoli, phagocytosis of cSiO2 by 
tissue resident alveolar macrophages (AMs) leads to both aberrant proinflammatory cytokine and 
Type-I IFN signaling in addition to cell death and expulsion of nuclear antigens. Presentation of 
nuclear antigens to B- and T-cells recruited to the lung prompts the formation of perivascular and 
peribronchiolar ectopic lymphoid tissue (ELT). ELT contains large numbers of auto-reactive 
lymphoid cells, including immunoglobulin-secreting plasma cells, creating a nexus of pathogenic 
autoantibody (AAb) production in the lung. Once bound to cognate self-antigens, AAb-antigen 
complexes are distributed via systemic circulation and deposit in other organs such as the kidney. 
Chronic deposition of immune complexes and inflammation results in glomerulonephritis and 
eventual renal failure. 
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Figure 1.2: DHA and GC reduce inflammation through overlapping mechanisms of action. 
Immune cells, such as monocytes/macrophages, are activated by binding of DAMPs and 
proinflammatory cytokines to their respective receptors. Downstream signaling leads to the 
sequestration and degradation of IkB, which frees NF-kB to translocate into the nucleus and drive 
proinflammatory gene expression (118, 119). Similarly, interferon regulatory factors (IRFs) are 
activated and recruited to the nucleus leading to increased IFN gene and protein expression (120). 
Without breaks in this feed forward loop, continuous unresolved inflammation encourages lupus 
pathogenesis. Omega (ω)-3 PUFAs inhibit NFkB through activation of GPR120 and PPARγ. GCs 
also inhibit NFkB, in addition to IRFs, through activation of the GC receptor (GR). 
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ABSTRACT  

Autoimmune diseases can be triggered by environmental toxicants such as crystalline silica dust 

(cSiO2). Here, we characterized the dose-dependent immunomodulation and toxicity of the 

glucocorticoid (GC) prednisone in a preclinical model that emulates onset and progression of 

cSiO2-triggered lupus. Two cohorts of 6-wk-old female NZBWF1 mice were fed either control 

AIN-93G diet or one of three AIN-93G diets containing prednisone at 5, 15, or 50 mg/kg diet 

which span human equivalent oral doses (HED) currently considered to be low (PL; 5 mg/d HED), 

moderate (PM; 14 mg/d HED), or high (PH; 46 mg/d HED), respectively. At 8 wk of age, mice 

were intranasally instilled with either saline vehicle or 1 mg cSiO2 once weekly for 4 wk. The 

experimental plan was to 1) terminate one cohort of mice (n=8/group) 14 wk after the last cSiO2 

instillation for pathology and autoimmunity assessment and 2) to maintain a second cohort 

(n=9/group) to monitor glomerulonephritis development and survival. Mean blood concentrations 

of prednisone’s principal active metabolite, prednisolone, in mice fed PL, PM, and PH diets were 

27, 105, 151 ng/ml, respectively, which are consistent with levels observed in human blood ≤ 12 

h after single bolus treatments with equivalent prednisone doses. Results from the first cohort 

revealed that consumption of PM but not PL diet significantly reduced cSiO2-induced pulmonary 

ectopic lymphoid structure formation, nuclear-specific AAb production, and 

inflammation/autoimmune gene expression in the lung, splenomegaly, and glomerulonephritis in 

the kidney. Relative to GC-associated toxicity, PM but not PL diet elicited muscle wasting, but 

these diets did not affect bone density or cause glucosuria. Importantly, neither PM nor PL diet 

improved latency of cSiO2-accelerated death. PH-fed mice in both cohorts displayed robust GC-

associated toxicity including body weight loss, reduced muscle mass, and extensive glucosuria 7 

wk after the final cSiO2 instillation requiring their early removal from the study. Taken together, 
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our results demonstrate that while moderate doses of prednisone can reduce important pathological 

endpoints of cSiO2-induced autoimmunity in lupus-prone mice such as upstream ectopic lymphoid 

structure formation, these ameliorative effects come with unwanted GC toxicity and, crucially, 

none of these three doses extended survival time. 

IINTRODUCTION 

Systemic lupus erythematosus (lupus) is a devastating chronic human autoimmune disease that 

primarily affects women of childbearing age. Lupus affects multiple organs and is associated with 

unresolved inflammation and inadequate clearance of dying cells that precipitates loss of 

immunological tolerance and production of autoantibodies (AAb). These AAb form immune 

complexes with autoantigens (AAg) that deposit in tissues provoking recruitment of inflammatory 

cells, cytokine release, complement activation, and cell death in multiple organ systems (78, 121, 

122). Lupus typically involves recurrent, intermittent increases in disease activity known as flares 

that collectively promote irreversible organ damage often manifesting in glomerulonephritis and 

end-stage renal disease. While genetic predisposition is a major contributor to an individual’s 

propensity to develop lupus, environmental triggers such as toxicants, UV radiation, infections, or 

drugs can play critical roles in disease onset, flaring and progression (78, 123-126).  

Exposure to respirable crystalline silica (cSiO2) dust particles in occupations such as 

construction, mining, and stonecutting is etiologically associated with the occurrence of lupus and 

other autoimmune diseases (125, 127-130). Consistent with epidemiologic investigations, our 

laboratory has developed a novel preclinical model that emulates gene x environment interaction 

in cSiO2-triggered lupus. This model  employs chronic airway exposure to cSiO2  of lupus-prone 

female NZBWF1 mice and expresses key lupus hallmarks including unresolved inflammation, loss 

of immunological tolerance, local/systemic autoantibody production, and glomerulonephritis that 
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are not evident in similarly treated wild-type mice without lupus predilection (27, 131). 

Additionally, repeated exposure to cSiO2 in female lupus-prone NZBWF1 mice leads to 

accelerated AAb production and immune complex-mediated glomerulonephritis approximately 2-

3 months earlier (~24 weeks of age) compared to their wild-type counterparts (~32-34 weeks of 

age) (12). In brief cSiO2 induces in the lung, production of proinflammatory cytokines and 

chemokines, and Type 1 interferon-regulated gene expression immunogenic macrophage death, 

and AAg release that together promote early loss of immunological tolerance. This loss is heralded 

by development of pulmonary ectopic lymphoid structures (ELS) containing follicular dendritic, 

T, and B-cells that foster development of germinal centers and AAb-producing plasma cells. 

Resultant AAbs enter the systemic circulation, form immune complexes, and can deposit in the 

kidney, eliciting glomerulonephritis, and early death (131, 132). We have extensively used this 

preclinical model to demonstrate that dietary intervention with the omega-3 fatty acid 

docosahexaenoic acid (DHA) is extremely effective in ameliorating environmental-triggered lupus 

onset and progression (27, 132-135). 

Glucocorticoids (GC) have been a mainstay treatment for autoimmune diseases since the 

1950’s (136). Prolonged GC treatment can lead to many deleterious side-effects such as muscle 

and bone loss, diabetes, cardiovascular disease, and increased risk of secondary infection (25, 26, 

136-138). Patients with lupus often rely on GCs for the remainder of their lives, putting them at 

greater risk for GC-induced toxicity (69). The GC prednisone is often used to treat lupus flares and 

maintain remission due to its potent anti-inflammatory properties, and because it is cost-effective 

compared to other treatments such as biologics (139).  Prednisone doses for treatment of human 

rheumatological diseases have been classified as low (≤7.5 mg/d), moderate (>7.5 mg ≤30 mg/d), 

and high (>30 mg ≤ 100 mg/d) (140). Typical prednisone dosing regimens for patients with lupus 
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range between 10 to 30 mg/d for treating active flaring and 5 mg/day for maintaining clinically 

quiescent disease (71). Chronic clinical usage of prednisone doses ranging from 6 to 7.5 mg/day 

are suggested thresholds for preventing adverse effects and organ damage (72, 141-143).   

Much of what is known about prednisone is derived from clinical studies of lupus 

evaluating i) their effectiveness in alleviating disease flaring and reducing organ damage, and ii) 

their capacity for eliciting untoward side effects. However, there is a surprising lack of preclinical 

studies elucidating underlying mechanisms for quelling lupus flaring and progression or 

identifying toxic thresholds for this potent drug. Moreover, little is known about the formation of 

pulmonary ELS in the context of lupus and how GCs can regulate ELS when they act as a nexus 

for autoimmunity. Therefore, the purpose of the present investigation was to test the hypotheses 

that administration of oral prednisone via the diet would dose-dependently 1) suppresses cSiO2-

induced inflammation and autoimmunity and 2) produce secondary GC-induced toxicity in the 

pre-clinical NZBWF1 lupus-prone mouse model.  

MATERIALS AND METHODS 

Animals and Diets 

Experimental animal procedures were approved by MSU Institutional Animal Care and Use 

Committee (AUF #PROTO201800113) in accordance with the guidelines of the National Institute 

of Health. Female 6-week-old NZBWF1 mice were obtained from Jackson Laboratories (Bar 

Harbor, ME), and upon arrival were randomly divided into two cohorts, Cohort A (n=40, 8 per 

group) and Cohort B (n=45, 9 per group), and housed 4 per cage or 3 per cage, respectively (Figure 

2.1A). Mice were kept under a 12-hr light/dark cycle, with free access to both food and water, and 

at constant temperature and humidity (21°C-24°C and 40-55%, respectively).  

Purified, powdered American Institute of Nutrition (AIN)-93G diet containing 70 g/kg oil 
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was prepared as previously described (135). All diets contained 60 g/kg food-grade high-oleic 

safflower oil and 10 g/kg food-grade corn oil to supplement essential fatty acids (Table A2.1). 

Unamended AIN-93G was used as control (P0) diet.  For treatment diets, prednisone (USP-grade, 

anhydrous, micronized, Spectrum Chemical) was first dissolved in warm ethanol, then added to 

250 g of CON diet. After mechanical mixing and drying overnight in the chemical fume hood, the 

concentrate was mixed with an additional 750 g CON diet to yield a concentrated prednisone-

amended diet stock of 500 mg/kg. This concentrated working stock was then mixed thoroughly 

with CON AIN-93G using a Kitchen Aid Mixer to achieve low (PL, 5 mg/kg diet), medium (PM, 

15 mg/kg diet), and high (PH, 50 mg/kg diet) concentrations. These are estimated to achieve human 

equivalent doses (HED) of 5, 14, and 46 mg/d, respectively, using an average body weight of 77 

kg for women ≥ 20 years of age in the U.S. (143). Prednisone content was verified in representative 

experimental diets by LC-MS/MS (Table 2.1). Diets were prepared bi-weekly and stored at -20°C 

and provided ad libitum in feed jars designed to minimize spillage during the study. Diet intake 

for Cohort A mice was measured each week to determine dietary intake/mouse/24 h to determine 

if prednisone caused hyperphagia or hypophagia (Figure A2.1) (144). These measurements 

indicated each mouse consistently consumed approximately 3-4 grams of diet per 24 h.  

Experimental Design 

Figure 2.1A depicts experimental design employed for this study. Briefly, 6 wk old NZBWF1 

mice were acclimated to P0 diet for 3 days, then groups from Cohorts A and B were administered 

P0, PL, PM, or PH diet for the duration of the study. Two weeks after initiating experimental diets, 

mice were anesthetized with 4% isoflurane and intranasally instilled with either with 1.0 mg cSiO2 

(Min-U-Sil-5, 1.5-2.0 µm average particle size, Pennsylvania Sand Glass Corporation, Pittsburgh, 

PA) in 25 µl sterile phosphate buffered saline (PBS) or with 25 µL PBS vehicle (VEH) once per 
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wk for 4 wk as described previously (131). Starting at 8 wk post final instillation (PI), urine was 

collected bi-weekly and evaluated for proteinuria (defined as ≥ 300 mg/dL) and glucose using 

reagent dipsticks (Cortez Diagnostics, Calabasas, CA). Blood was collected via saphenous vein on 

all Cohort B mice at 7, 9, and 11 wk PI between 8:30 and 11:30 AM for prednisone and 

prednisolone analysis. All Cohort A mice were sacrificed at 14 wk PI, while Cohort B mice were 

maintained until they displayed moribund criteria (Table A2.2).  

Animal Necropsy and Tissue Selection 

Mice were euthanized via intraperitoneal injection with sodium pentobarbital at 56 mg/kg body 

weight. Using heparinized syringes, blood was collected from the abdominal aorta and centrifuged 

at 3500 x g for 10 min at 4°C to separate the erythrocytes from plasma, and then stored at -80°C. 

Plasma was later used to analyze blood urea nitrogen (BUN) levels using a colorimetric detection 

kit (Thermo Fisher Scientific, Wilmington, DE). Bronchoalveolar lavage fluid (BALF) was 

collected from the lung as described previously (145). The left lung lobe was fixed in 10% neutral 

buffered formalin (NBF) (Fisher Scientific, Pittsburgh, PA) at a constant pressure of 30 cm H2O 

for a minimum of 1 h, then immersed in a large volume of the fixative until further routine 

processing for light microscopic examination and morphometric analyses described below. 

Spleens were weighed, then half was stored in NBF along with one kidney until processed for 

histology. The caudal lung lobe and half a kidney were stored individually in RNAlater (Thermo 

Fisher Scientific, Wilmington, DE) at 4°C. The remainder of the right lung, half kidney, and half 

spleen were snap-frozen in liquid nitrogen and stored at -80°C.  

Prednisone and Prednisolone Analyses 

Experimental diets were analyzed to verify prednisone concentrations and whole blood was 

evaluated for prednisone and its active metabolite prednisolone by LC-MS/MS at the MSU 
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Veterinary Diagnostic Laboratory as described in Supplementary Methods.   

EchoMRI for Muscle and Fat Composition 

An EchoMRI™ (Echo Medical Systems LLC, Houston, TX) was used to measure live body lean 

muscle and fat composition at 21, 23, and 25 wk of age as described previously (146). Mice were 

weighed just prior to live body measurement. Random errors in measurements were minimized by 

using a 4 min scan duration and thereby increasing the number of primary accumulations per body 

scan. 

Inflammatory Cells in BALF 

Total leukocytes in the collected BALF were determined using a hemacytometer. Cytological 

slides were prepared by centrifuging BALF at 400 x g for 10 min using the Shandon Cytospin 3 

(Shandon Scientific, PA) and stained with Diff-Quick (Fisher Scientific). Differential cell counts 

for macrophages/monocytes, neutrophils, lymphocytes, and eosinophils in BALF were assessed 

using morphological criteria from a total of 200 total cells. Remaining BALF was centrifuged at 

2400 x g for 15 min, and supernatant was stored at -80 °C for subsequent autoantibody (AAb) 

assays. 

Tissue Selection for Lung Histology  

Randomly selected, transverse tissue blocks were selected from inflation-fixed left lung lobes. 

Tissues were paraffin embedded, sectioned at a thickness of 5 microns, and were stained with 

hematoxylin and eosin (H&E) for light microscopic examination. Tissue sections were semi-

quantitatively scored for histopathology (lesion severity) by a board-certified veterinary 

pathologist (JRH) using the following criteria (% of total lung tissue section affected): (0) no 

lesions associated with exposure; (1) minimal (<10%); (2) mild (10 < 25%); (3) moderate (25 < 

50%); (4) marked (50 < 75%); (5) severe (>75%). Lungs were evaluated for the following lung 
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lesions: (a) ectopic lymphoid tissue (ELS); (b) alveolar proteinosis, and (c) inflammation 

(alveolitis). 

Lung Immunohistochemistry and Morphometry 

Formalin-fixed, paraffin embedded lung sections were immunohistochemically stained to identify 

B and T lymphocytes, and plasma cells, using CD45R, CD3, and IgG antibodies (Table A2.3), 

respectively, as previously described in detail (135). Slides were digitally scanned using the VS110 

virtual slide system (Olympus, Hicksville, NY). Two hundred scanned images at 20x 

magnification were randomly sampled using systematic random sampling NewCast software 

(Visiopharm, Hoersholm, Denmark). Using the STEPanizer 1.8 Stereology Tool (147), pulmonary 

CD45R+, CD3+, and IgG+ lymphoid cells were counted by overlaying a point grid on randomly 

sampled images (147). Total cell densities were calculated by dividing the number of grid points 

overlayed with positively stained cells by reference tissue area to get a percentage of total lung 

area showing positive staining. 

Kidney Histopathology 

Kidney tissue sections (5 µm) were histochemically stained with periodic acid Schiff and 

hematoxylin for microscopic examination for renal histopathology. Sections were semi-

quantitatively scored (JRH) based on a modified International Society of Nephrology/Renal 

Pathology Lupus Nephritis Classification system (148) as follows: (0) no tubular proteinosis, 

normal glomeruli; (1) mild tubular proteinosis with multifocal segmental proliferative 

glomerulonephritis and occasional early glomerular sclerosis and crescent formation; (2) moderate 

tubular proteinosis with diffuse segmental proliferative glomerulonephritis, early glomerular 

sclerosis and crescent formation; (3) marked tubular proteinosis with diffuse global proliferative 

and sclerosing glomerulonephritis.   
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Autoantibody Microarray Profiling 

BALF and plasma IgG AAb profiling was performed using a high-throughput autoantigen (AAg) 

microarray at the Microarray and Immune Phenotyping Core Facility at the University of Texas 

Southwestern Medical Center as we described previously (134). Briefly, BALF and plasma 

samples were pre-treated with DNAse I to remove free-DNA, then diluted at a 1:25 or 1:50 

dilution, respectively. Samples were added and hybridized to protein array plates containing 122 

different antigens and 6 controls. Antibody-antigen binding occurring on the plate was detected 

using Cy3-conjugated anti-mouse IgG (1:2000, Jackson ImmunoResearch Laboratories, PA). 

Fluorescent images were captured using a Genepix 4200A scanner (Molecular Devices, CA) and 

were transformed to signal intensity values using GenePix 7.0 software. Signal intensity values for 

each AAb were first normalized by subtracting the background and normalizing to IgG internal 

controls, then reported as an antibody score (Ab-score). This Ab-score was calculated based on 

the normalized signal intensity (NSI) and signal-to-noise ratio (SNR) using the formula: 

𝐴𝐴𝐴𝐴 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑙𝑙𝑙𝑙𝑙𝑙2(𝑁𝑁𝑁𝑁𝑁𝑁 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆 + 1) 

Normalized and unit variance-scaled Ab-score values were visualized using ClustVis software 

(149). Data were clustered using unsupervised hierarchical co-clustering (HCC). Rows were 

clustered using Euclidean distance and Ward linkage. Imputation was applied for missing value 

estimation. Selected AAb-scores were reported as violin plots, generated using Prism 9 (GraphPad 

Prism v 9.2, San Diego, CA).  

NanoString Autoimmune Gene Profiling 

RNA was extracted from lungs and kidneys of Cohort A mouse groups with RNeasy Mini Kits 

with DNase treatment (Qiagen, Valencia, CA). RNA was dissolved in nuclease-free water, 

quantified with Qubit (Thermo Fisher Scientific), and integrity verified with a TapeStation 
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(Agilent Technologies). Samples (RNA integrity >8) were analyzed with NanoString Autoimmune 

Gene Expression assay (XT-CSO-MAIP1-12, NanoString Technologies, Seattle, WA) at the MSU 

Genomics Core. Assays were performed and quantified on the nCounter MAX system, sample 

preparation station, and digital analyzer (NanoString Technologies) according to the 

manufacturer’s instructions. 

Raw gene expression data were analyzed using NanoString’s software nSolver v3.0.22 

with the Advanced Analysis Module v2.0. Background subtraction was performed using the eight 

negative controls included with the module. Genes with counts below a threshold of 2σ of the 

mean background signal were excluded from subsequent analysis. Data normalization was 

performed on background-subtracted samples using internal positive controls and selected 

housekeeping genes that were identified with the geNorm algorithm (https://genorm.cmgg.be/) 

(Figure A2.2). 

Differential gene expression analyses were performed as previously described (150, 151) 

using the nSolver Advanced Analysis Module, which employs several multivariate linear 

regression models (mixture negative binomial, simplified negative binomial, or log-linear model) 

to identify significant genes (Figure A2.3).  Resulting p values were adjusted using the Benjamini-

Hochberg (BH) method to control the false discovery rate (Supplementary File 2.1). A 

statistically significant difference in gene expression was defined as 1.5-fold change in expression 

(log2 >0.58 or <-0.58) with BH q <0.05.  Four pairwise comparisons within each time point for 

each tissue examined were determined a priori, as follows: cSiO2/P0 vs VEH/P0, cSiO2/PL vs 

cSiO2/P0, cSiO2/PM vs cSiO2/P0, and cSiO2/PM vs cSiO2/PL. Expression data for lung, kidney, 

and blood samples are available as normalized linear counts in Supplementary File 2.2. Venn 

diagrams of significant differentially expressed genes were generated using BioVenn (152).   

https://genorm.cmgg.be/
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To assess the impact of experimental diets on annotated gene sets, global and directed 

significance scores were calculated for each pathway at each time point, as previously described 

(151). The global score estimates the cumulative evidence for the differential expression of genes 

in a pathway.  Directed significance scores near zero indicate that a pathway may have many highly 

regulated genes, but no apparent tendency for those genes to be over- or under-expressed 

collectively.  As a complementary method for comparing pathways and discriminating between 

experimental groups, pathway Z scores were calculated as the Z-scaled first principal component 

of the pathway genes’ normalized expression. ClustVis (149) was used to perform unsupervised 

hierarchical cluster analyses (HCC) and principal components analyses (PCA) using log2 

transcript count data for DEGs. Spearman rank correlations were performed to examine overall 

patterns in the gene expression profiles using the pathway Z score compared to other biomarkers 

of disease in lung or kidney tissues at 14 weeks PI.  A significant correlation was inferred when ρ 

>0.5 or <-0.5 and p<0.05. Network analyses for interactions among significant genes were 

performed using STRING database version 11.5 (http://string-db.org/), with a minimum 

interaction score > 0.05 and cluster identification using the Markov Cluster (MCL) algorithm with 

inflation parameter of 1.5. Networks generated by STRING were visualized with Cytoscape v. 3.9.   

The NanoString nSolver Advanced Analysis software employs the method described by Danaher 

(153) to measure the abundance of various immune cell populations using marker genes that are 

expressed stably and specifically in particular cell types. Cell type scores were calculated as the 

average log-scale normalized expression of their characteristic genes. Relative cell type 

measurements were based on the total population of infiltrating lymphocytes, which is useful in a 

sample of heterogenous mix of cell types. Only cell types that exceeded the quality control analysis 

for correlation of marker gene expression are reported. 

http://string-db.org/
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Micro-computed Tomography Bone Analysis 

Femurs previously fixed in NBF were scanned using the GE Explore Locus micro-computed 

tomography system (GE Healthcare, Piscataway, NJ) as previously described (154). Analysis is 

based on the femoral trabecular region defined as 10 % of the total bone length proximal to the 

distal growth plate extending towards the diaphysis, excluding cortical bone. A fixed threshold of 

700 was used (determined by autothreshold and isosurface visualization tools) and all scans 

included both experimental groups and controls as well as a calibration phantom to normalized 

grayscale values. Trabecular bone volume fraction (BV/TV%) was obtained using GE Healthcare 

MicroView Software and was subsequently corrected for body weight (BV/TV/BW) (Figure 

A2.4). 

Statistical Analysis 

All data were analyzed, and statistical tests were performed using Prism 9 (GraphPad Prism v 9.2, 

San Diego, CA) except for the NanoString gene expression data discussed above. Data were 

assessed for outliers using the Grubb’s outlier test (with Q=1%) and for normality using the 

Shapiro-Wilk test (p<0.01). Data of histopathological endpoints were analyzed using an unpaired 

one-tailed t-test to detect cSiO2-induced inflammation and autoimmunity in lupus-prone mice 

(VEH/P0 vs cSiO2/P0) and a One-Way ANOVA with Dunnett’s post-hoc test to address our 

hypothesis that dietary prednisone would dose-dependently suppress cSiO2-triggered responses 

(cSiO2/P0 vs cSiO2/PL or cSiO2/PM). Non-normal and semi-quantitative data were analyzed using 

the nonparametric Mann-Whitney U test (for VEH/P0 vs cSiO2/P0) and the nonparametric 

Kruskal-Wallis test with a Dunn’s post-hoc test (cSiO2/P0 vs cSiO2/PL or cSiO2/PM). Data are 

presented as mean ± standard error of the mean (SEM), with a p-value ≤ 0.05 being considered as 

statistically significant.  
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RESULTS  

Prednisone-amended diets dose-dependently increased blood levels of prednisone and 

prednisolone 

LC-MS/MS revealed that consumption of the three prednisone-amended diets dose-dependently 

increased blood concentrations of prednisone and its active metabolite prednisolone at 19 wk of 

age in cSiO2-instilled mice (Figure 2.1B,C).  Mean prednisone and prednisolone concentrations 

in PL-fed mice were 1.2 ± 0.03 ng/ml and 22.6 ± 0.8 ng/ml, respectively, in PM-fed mice were 4.0 

± 0.04 ng/ml prednisone and 79.8 ± 2.55 ng/ml prednisolone, respectively, and in PH-fed mice 

were 9.2 ± 0.2 ng/ml and 151 ± 22 ng/ml prednisolone, respectively. Mice fed CON diet had no 

detectable prednisone and prednisolone in the blood.  Prednisone and prednisolone concentrations 

in the blood remained consistent at 21 and 23 weeks of age for PL- and PM-treated mice (Figure 

A2.5). However, PH-treated mice were terminated at 19 wk of age because of GC-associated 

toxicity as described in the next section.  

Prednisone dose-dependently induced GC-associated toxicity  

Mice consuming PH exhibited reduced body weights compared to mice fed P0 beginning at age 8 

wk (Figure A2.6A) that presaged additional GC-induced toxic effects. PH-fed mice began to lose 

body weight beginning at age 16 wk (4 wk PI) and displayed a significant reduction of lean muscle 

mass at age 17 wk (Figure A2.6B). By age 19 wk, these mice had high levels of glucose (760 

mg/dl) present in their urine indicating that they were extremely hyperglycemic (Figure A2.6C). 

Due to this evidence of deteriorating health, PH-fed mice in Cohorts A and B were euthanized, 

approximately 7 wk prior to the scheduled necropsy for Cohort A and were not included in further 

analyses.  

Ingestion of PM, but not PL, also impaired body weight gain prior to cSiO2 instillations 
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starting at age 8 wk and lasted for the duration of Cohort A and B studies (Figure A2.6A). Reduced 

body weights in PM-fed cSiO2-instilled mice corresponded with significant reductions in lean 

mass, but not fat mass, at age 21 wk (9 wk PI), 23 wk (11 wk PI), and 25 wk (13 wk PI), as 

compared to cSiO2/CON mice (Figure 2.2A,B). cSiO2 did not impact the amount of lean muscle 

or fat mass measured in CON- or prednisone-fed mice compared to VEH-treated CON-fed mice. 

Unlike muscle wasting, neither PL nor PM diet affected bone density in cSiO2-exposed mice 

(Figure A2.4). Finally, glycosuria was not detected in to VEH/P0, cSiO2/P0, cSiO2/PL, or 

cSiO2/PM groups at 19, 21, or 23 wk of age (Figure A2.6C).  

Prednisone intake did not improve survival time in cSiO2-treated mice 

In accordance with a previous study (132), median survival time of Cohort B cSiO2/P0 mice (32 

wk of age) was reduced compared to VEH-treated CON-fed mice (>32 wk of age) (Figure 2.2C). 

PL and PM intake reduced median survival times of cSiO2-exposed mice to 26 wk and 29 wk of 

age, respectively, suggesting that oral prednisone intake was not effective in enhancing the lifespan 

of cSiO2-exposed lupus-prone mice. 

Moderate prednisone intake suppressed cSiO2-induced pulmonary ELS formation  

Consistent with prior studies (27, 131, 132), intranasal instillation with cSiO2 induced conspicuous 

perivascular and peribronchiolar lymphoplasmacytic infiltration (ELS) compared to VEH/P0 mice 

(Figure 2.3A.i-ii). Semi-quantitative severity scoring of pulmonary tissues demonstrated marked 

ELS formation in cSiO2-instilled mice fed control diet (cSiO2/P0) compared to VEH/P0 mice 

(Figure 2.3A.v). Reflective of the histopathology (Figure 2.3A.iv), PM treatment significantly 

reduced lung severity scores. cSiO2 instillation elicited significant increases in inflammatory cells 

(neutrophils, lymphocytes, monocyte/macrophages) in BALF of cSiO2/P0 as compared to VEH-

instilled mice fed CON diet (Figure A2.7). PL and PM consumption did not attenuate cSiO2-
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induced increases of inflammatory cell numbers in the BALF. Interestingly, lymphocytic cell 

numbers significantly increased in BALF of the cSiO2/PM group as compared to the cSiO2/P0 

animals. 

IHC and morphometry were used to further characterize ELS lymphoid cell populations 

affected by cSiO2 and prednisone treatments. PM but not PL consumption significantly reduced 

cSiO2-induced CD45R+ B-cell accumulation in pulmonary perivascular and peribronchiolar 

regions (Figure 2.3B) but neither treatment affected cSiO2-triggered CD3+ T-cell infiltration 

(Figure 2.3C). PM consumption modestly reduced cSiO2-induced increases in pulmonary IgG+ 

plasma cell density (Figure A2.8A) but not overall IgG deposition (Figure A2.8B) whereas PL 

diet had no effect on either of these responses (Figure A2.8A,B). 

Prednisone intake selectively inhibited cSiO2-induced nuclear AAbs in the BALF  

Consistent with our prior reports, AAg microarray analysis indicated cSiO2 instillation triggered 

significant increases in IgG AAbs in both the BALF (Figure 2.4A) and plasma (Figure A2.9A) 

of cSiO2/P0 mice compared to VEH/P0 mice, which was further reflected in AAb summation 

scores (Figure 2.4B; Figure A2.9B). Prednisone consumption did not significantly reduce AAb 

summation scores in both the BALF and plasma; however, PL and PM diets were effective at 

reducing AAbs specific for nuclear AAgs detected in the BALF (Figure 2.4A,C) but not the 

plasma (Figure A2.9C).  

Moderate prednisone consumption reduced cSiO2-induced splenic lymphoid hyperplasia 

and splenomegaly 

cSiO2/P0 mice exhibited extensive lymphoid hyperplasia in the splenic white pulp that was not 

observed in the VEH/P0 group (Figure 2.5A.i, ii). Hyperplasia was less prominent in cSiO2/PL 

mice (Figure 2.5A.iii) and conspicuously less so in cSiO2/PM mice (Figure 2.5A.iv). 
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Correspondingly, cSiO2/P0 exhibited higher spleen weights than VEH/P0 mice and, furthermore, 

PM treatment suppressed cSiO2-induced splenic weight increases (Figure 2.5A.v). 

Moderate prednisone intake inhibited cSiO2-induced glomerulonephritis 

Consistent with previous studies (131, 135), histopathological analysis revealed cSiO2 induced 

glomerulonephritis and protein accumulation in kidneys of cSiO2/P0 mice compared to VEH/P0 

mice (Figure 2.5B.i, ii). These responses were significantly reduced by PM intake (Figure 

2.5B.iv).  Likewise, the PM significantly reduced cSiO2-induced increases in kidney severity 

scores (Figure 2.5C). cSiO2 treatment resulted in a significant increase in plasma BUN levels 

(Figure 2.5D) and proteinuria (Figure 2.5E). PM treatment was effective in significantly reducing 

plasma BUN values but not protein levels in the urine. 

Moderate prednisone intake influenced cSiO2-induced immune pathway transcriptional 

changes in lung and kidney tissues 

NanoString analysis revealed that, in the lung, cSiO2 exposure resulted in 324 differentially 

expressed genes, and 103 differentially expressed genes with PM treatment. In the kidney, cSiO2 

induced 267 differentially expressed genes in P0-fed mice and 20 in PM-fed mice (Figure 2.6A). 

Principal component analyses (PCA) showed distinct gene profiles between VEH/P0 and cSiO2/P0 

mice in both lung and kidney tissues (Figure 2.6B). Gene profiles were less distinguishable 

between cSiO2/P0 and cSiO2/PM groups in both tissues.  

Immunological pathways significantly affected by cSiO2 and prednisone treatments were 

identified based on global and directed significance scores (Figure 2.6C). cSiO2 exposure led to 

broad activation of immune pathways in both the lung and kidney. Alternatively, repression of 

certain nutrient sensing (autophagy and mTOR) and growth factor signaling pathways occurred in 

the lung, specifically, in response to cSiO2. Prednisone treatment at both low and moderate doses 
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modestly reduced cSiO2-induced effects on most immune pathways in both tissues. PM treatment 

demonstrated greater inhibition of cSiO2-stimulated pathways such as those pertaining to 

cytotoxicity, MHC Class II antigen presentation, T-cell checkpoint signaling, and T-cell receptor 

signaling. These findings corresponded with calculated Z scores derived from expression values 

for specific genes assigned to representative immune pathways in the lung (Figure A2.10A) and 

kidney (Figure A2.10B). In the lung, network mapping revealed genes associated with innate and 

adaptive immunity (interleukins, cytokines, IFN), lymphocyte and macrophage function (antigen 

presentation and MHC), complement, and nuclear proteins were significantly affected by PM 

treatment (Figure A2.10C). Genes associated with inflammation (interleukins, chemokines, 

cytokines), cell adhesion, apoptosis, lymphocyte and macrophage function (antigen presentation 

and MHC), and endothelial cell function were most affected by PM treatment in the kidney (Figure 

A2.10D).  

Prednisone modulated cSiO2-induced autoimmune-related gene expression in lung and 

kidney tissues  

Heatmaps and bar graphs of representative genes from cSiO2-impacted autoimmune pathways 

illustrate those most highly influenced by prednisone treatment (Figure 2.7-8; Figure A2.11). In 

accordance with intranasal cSiO2 exposure, the expression of genes coding for nuclear material 

(e.g., Hist1hao, Hist1h3b, Sp100) and associated with AAb production were upregulated in the 

lung of cSiO2/P0 mice compared to VEH/P0 mice (Figure 2.7A). Consistent with previous studies 

(133, 150), cSiO2 upregulated genes contained in pathways such as MHC II antigen presentation 

(Figure 2.7B), B-cell signaling (Figure 2.7C), Fc receptors and phagocytosis (Figure 2.7D), 

lymphocyte tracking (Figure A2.11A), oxidative stress (Figure A2.11B), cytotoxicity (Figure 

A2.11C), and T-cell checkpoint and receptor signaling (Figure 2.8A,B) in both the lung and 
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kidney.  PM treatment markedly reduced some cSiO2-induced autoimmune-related gene 

expression in the lung and kidney tissues while others remained upregulated (Figure 2.7-8; Figure 

A2.11).  

Immune pathways enriched due to cSiO2 exposure, and conversely suppressed by PM 

treatment, correlated with pathological endpoints evaluated in the lung and kidney (Figure 2.9; 

Figure A2.12). Immune cell type profiling, which was determined based on gene expression data 

to identify various cell types, revealed significant increases in B- and T-cell infiltration in the lung 

following cSiO2 exposure (Figure A2.13A). Interestingly, B-cell but not T-cell morphometric 

analysis (Figure 2.3B.v, 2.3C.v) was consistent with PM-induced decreases in immune cell 

scoring. cSiO2 exposure caused B- and T-cells to comprise a large fraction of total infiltrating 

leukocytes (TILs), which was reduced with PM administration (Figure A2.13C). In contrast, PL 

and PM treatment led to an increase in the fraction of macrophages that comprise TILs. In the 

kidney, cSiO2 led to significant increases in cytotoxic cells and macrophages (Figure A2.13B). 

Scoring for cytotoxic cells was significantly decreased with PM administration. Prednisone had 

negligible influence on cSiO2-induced changes in cell fractions of TILs (Figure A2.13D). When 

considering overall TILs, PM treatment effectively suppressed cSiO2-triggered increases in both 

the lung and kidney tissues (Figure A12.3C,D).   

cSiO2 and prednisone had modest effects on blood mRNA signatures 

NanoString profiling of mRNA isolated from whole blood samples revealed limited effects on 

immune pathway enrichment and cell type scoring when comparing VEH/P0 vs cSiO2/P0 and 

cSiO2/P0 vs cSiO2/PL or PM groups (Figures A2.14-18). Limited cSiO2-induced transcriptomic 

changes were observed in blood taken 11 wk PI, whereas prednisone-modulated genes were 

observed primarily at 7 wk PI (Figure A2.15A). cSiO2 exposure had a significant effect on genes 
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involved in lymphocyte trafficking and stimulation (e.g., CD3, IL-17r, Ccr7) and interferon 

response (e.g., Irf7, Ifitm3) (Figure A2.16). Similar to what was observed in lung and kidney 

tissues, genes related to antigen presentation (e.g., H2-Ob, H2-Dmb2) and B- and T-cell signaling 

(e.g., Cd19, Cd74, Btla) were significantly modulated by moderate prednisone compared to 

cSiO2/P0 mice (Figure A2.16B, A2.17A-B). However, it is important to note cSiO2 did not 

significantly upregulate these genes compared to VEH/P0 mice at this same timepoint. At 11 wk 

PI cSiO2 significantly upregulated genes that factored into immune cell scores for macrophages 

and neutrophils while decreasing those for cytotoxic cells and T-cells (Figure A2.18A). The 

scoring of these individual immune cell types corresponded with their respective fraction of TILs 

(Figure A2.18B). Only cytotoxic and T-cell fractions of TILs were modulated by PM treatment at 

this timepoint. Taken together, these data suggest that moderate prednisone offers incomplete 

protection systemically but does offer significant inhibition of adaptive immune pathways 

localized to lung and kidney tissues in cSiO2-exposed mice.  

DISCUSSION 

Major goals in lupus treatment are to achieve drug-free remission in patients, where there is little 

to no disease activity for 5 or more years, and to slow the progression of organ damage (45). Often, 

patients with lupus are given bolus IV doses of prednisolone, the active metabolite of prednisone, 

ranging from 250-1000 mg/d for 3 days to provide quick relief from flaring through non-genomic 

pathways before starting a tapering regimen of prednisone to maintain inhibition of the 

inflammation (2, 18, 46). Unfortunately, there are inconsistencies when it comes to tapering and 

questions surrounding how much prednisone is needed to help patients achieve remission. Thus, 

tapering regimens can range from lower doses of ≤7.5 mg/d, to medium doses of >7.5-30 mg/d, 

and finally higher doses of 30-100 mg/d (19). The investigation described herein is the first to 
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evaluate the dose-dependent response of prolonged prednisone dietary administration on the 

induction of GC toxicity and the onset/progression of environmental-triggered autoimmunity in a 

preclinical lupus mouse model. Several novel observations were made. First, we demonstrated the 

dietary incorporation was a simple and efficient way to deliver clinically relevant prednisone doses 

to rodents.  Second, we found that PH caused significant weight loss, muscle wasting, glucosuria, 

and mortality, thus necessitating early removal of this experimental group from the study. PM but 

not PL intake caused muscle wasting and weight loss, however, neither treatment influenced 

urinary glucose or bone density. Third, PM but not PL was effective in reducing cSiO2-triggered 

peribronchiolar and perivascular ELS neogenesis, B- and plasma-cell accumulation, and AAb 

production against nuclear related autoantigens in the lung. However, neither moderate nor low 

dose prednisone affected cSiO2-induced macrophage, neutrophil, or lymphocyte increases in the 

BALF, pulmonary and perivascular T-cell accumulation, or plasma AAb responses. Fourth, PM 

but not PL attenuated cSiO2-induced glomerulonephritis and plasma BUN.  Fifth, consistent with 

the pathological findings, PM significantly reduced cSiO2-triggered gene expression in several 

inflammation- and autoimmunity-associated pathways in both lung and kidney tissues. Finally, 

despite the significant inhibition of autoimmunity and glomerulonephritis, PM did not prolong 

survival of cSiO2-treated mice. Therefore, while GC-associated toxicity endpoints from this study 

are important to consider, PM was effective in attenuating cSiO2-triggered ELS formation in the 

lung which importantly serves as the nexus for downstream autoimmunity and resultant 

glomerulonephritis.  

Despite the wide usage of prednisone to manage lupus, there have been limited 

investigations regarding its therapeutic and toxic properties in preclinical models. These studies 

have varied in terms of mouse strain, duration of exposure, and route of administration. Relevant 
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to the present study, the  lupus-prone MRL/lpr mouse strain has been used to evaluate suppression 

of spontaneous autoimmunity following intragastric administration of a prednisone solution daily 

for 13 weeks (155) or oral administration of a prednisolone solution daily for 4 weeks (156). 

Alternatively, others have used non-lupus-prone strains such as Crl:CD-1(ICR) (144), C57BL/6 

(157), or Dmdmdx (158) mice to evaluate prednisone or prednisolone toxicity in the context of 

carcinogenicity, insulin resistance, and muscle wasting, respectively. While these studies have 

provided valuable insights into the anti-inflammatory and toxic effects of oral prednisone and 

prednisolone exposure, none have assessed both outcomes simultaneously as done here.  

A central question arising from our use of prednisone-amended diets relates to their 

relevance to human intake of the drug in a clinical setting. Oral prednisone has a half-life of 3 to 

4 h in humans (41) and is typically prescribed in an immediate release form as a single daily dose 

or 3 to 4 divided doses/day, or, alternatively, in a delayed release form taken once per day (42). 

When mice are housed under a standard 12 h light/ 12 h dark cycle, as employed in this study, 

nearly all their food consumption occurs during the dark cycle, with short episodic feeding 

occurring during the light cycle (43). Thus, most prednisone ingestion likely occurs during the 

dark feeding cycle, mimicking intake of the immediate release form of the drug in divided doses 

with meals throughout the day. Importantly, we found the mice efficiently converted prednisone 

consumed via the diet to its biologically active metabolite, prednisolone. Mean prednisolone 

concentrations in blood of mice fed PL, PM, and PH diets were 27, 105, 151 ng/ml, respectively. 

These results compare favorably to those of Rose et al (41), who gave 5, 20, or 40 mg oral 

prednisone to healthy human males and observed plasma concentrations of prednisolone between 

10-40 ng/ml, 24-80 ng/ml, and 75-200 ng/ml, respectively between 6 and 12 h post-administration.  

In another study (159), adolescent and young adult patients with lupus were given between 5 and 
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40 mg of prednisone (mean ± SEM =19.5 ± 11.5) their average prednisolone concentrations were 

200, 150, 90, and 50 ng/ml at 2, 4, 6, and 9 h, respectively. Recently, Mangin et al (160) assessed 

prednisone pharmacokinetics in 107 patients with inflammatory/autoimmune diseases following 

oral dosing with 5 to 20 mg prednisone and reported 50th percentile levels of approximately 300, 

150, and 50 ng/ml at 2, 5, and 9 h after dosing, respectively. Collectively, these reports support the 

contention that prednisolone concentrations stably attained in blood through feeding prednisone 

diets in our model are highly consistent with those that might be expected in humans given 

therapeutic doses of this prodrug. 

Consistent with previous studies from our lab, repeated intranasal exposure to cSiO2 

beginning at 8-wks of age was effective in initiating unresolved inflammation in the lung leading 

to a loss of self-tolerance and the development of glomerulonephritis (27, 131, 132, 135). Repeated 

cSiO2 exposure also led to the production of AAbs corresponding to certain nuclear antigens such 

as SM, RNP, histone, and DNA-related nucleoproteins which have been commonly implicated in 

lupus (121, 161, 162). The extent to which prednisone effectively reduced cSiO2-induced 

inflammation, as demonstrated by the pathological findings, was consistent with mRNA signatures 

in the lung and kidney. NanoString analysis showed that cSiO2-responsive genes differed based 

on whether the tissue had direct contact with the cSiO2 particles (lung) or was responding to the 

systemic autoimmunity initiated by AAbs and immune complexes (kidney). Proinflammatory gene 

expression initiated by cSiO2 exposure was effectively brought down with the moderate dose of 

prednisone. Prednisone demonstrated limited efficacy in suppressing cSiO2-induced AAb 

production detected in the BALF, as it only significantly reduced pathogenic AAbs specific to 

nuclear and glomeruli-specific antigens. These data were consistent with our NanoString analysis 

where many of the prednisone-responsive genes under the autoantigen and MHC class II antigen 
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presentation pathways in the lung were specific to nuclear material (e.g., Hist1hoa, Hist1h3b, H2-

Ob). Immune cell type enrichment using nSolver analysis indicated cSiO2-dependent increases in 

macrophages and B-cells in the lung, similar to what was observed via differential cell counts in 

the BALF and morphometric analysis, respectively. Interestingly, lymphocyte numbers detected 

in the BALF were significantly increased with moderate prednisone treatment compared to cSiO2 

control mice. This suggests that prednisone may exacerbate the upregulation of certain lymphoid 

cell populations already set in motion by cSiO2. Additionally, prednisone did not reduce overall 

pulmonary CD3+ T-cell counts as determined with morphometry but did significantly reduce T-

cell counts in immune cell profiling using NanoString. It is possible that prednisone promoted T-

cell differentiation and replaced inflammatory T-cell populations with those involved in 

maintaining peripheral tolerance. It has been reported by others that GCs inhibit the differentiation 

of proinflammatory T-helper cells and enhance the differentiation of anti-inflammatory T-reg cells 

(163), which could explain the high number of T-cells still present with prednisone treatment in 

immunohistochemically stained tissues. However, more research is necessary to explain 

prednisone’s preferential inhibition of pulmonary B- rather than T-cell recruitment in our model.  

It is well-documented in the literature that prolonged use of GCs such as prednisone can 

lead to many deleterious side-effects such as cardiovascular disease, osteoporosis, myopathy, 

diabetes, and increased risk of secondary infection (18-22). It has been suggested that prednisone 

doses >30-40 mg/d cease to serve any further anti-inflammatory benefits due to saturation of the 

GC genomic pathway and is also the threshold for undesirable side-effects resulting from GC 

transactivation pathways (19). This can be extremely problematic for lupus patients considering it 

is extremely rare for them to achieve drug-free remission (45). Only 3-7% of lupus patients can 

achieve drug-free remission (47). Additionally, physicians are reported to be more likely to keep 
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patients on GCs indefinitely if there is evidence of past organ involvement despite decreases in 

disease activity (18). Due to the unlikelihood of lupus patients attaining drug-free remission, they 

will likely rely on GCs for the remainder of their lives, putting them at greater risk for GC-induced 

toxicity (23). Therefore, lower doses of ≤7.5 mg/d have been increasingly recommended as the 

standard for tapering (18, 19, 45). Our findings that since the PL diet (≈5 mg/day HED) was not 

toxic but the PM (≈14 mg/d HED) and PH (≈46 mg/d HED) diets were toxic, this suggests the 7.5 

mg/d threshold was equivalently relevant in our preclinical model. 

A central finding of this study is that while reducing the prednisone dose from PM to PL 

mostly removes short-term toxicity in our preclinical model, it also largely eliminates efficacy 

against inflammation and autoimmunity.  Equally important, even though the PM dose selectively 

diminished inflammation/autoimmunity in the lung, spleen, and kidney, it did not have any impact 

on plasma AAbs or life expectancy of cSiO2-treated lupus-prone mice. Therefore, our findings 

further highlight the critical need for identifying and developing potential cost-effective, steroid-

sparing therapeutics to improve the quality of life in lupus patients. Related to this goal, we have 

found in prior studies that diets enriched with clinically relevant doses of the omega-3 fatty acid, 

docosahexaenoic acid (DHA) were highly efficacious in preventing and/or treating cSiO2-induced 

autoimmunity in the female NZBWF1 mouse (27, 132-135). Unlike prednisone, DHA was 

effective in reducing both cSiO2-induced B- and T-cell infiltration in the lung. Additionally, DHA 

was effective in significantly reducing cSiO2-triggered pathogenic AAb in the plasma along with 

a broader repertoire of AAbs in the BALF compared to prednisone. While prednisone effectively 

reduced some AAbs in the BALF that are associated with lupus (Smith antigens), DHA also 

suppressed most of those linked to other autoimmune diseases such as arthritis (fibrinogen), 

vasculitis (MPO, prednisone3), and myositis (MDA5, Mi-2) (134, 164). In a study by Yan et al. 
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(155) using MRL/lpr lupus prone mice, prednisone administered intragastrically at doses of 2.5 

and 5 mg/kg/d for 13 wks significantly reduced spontaneous production of anti-nuclear AAbs, but 

not anti-dsDNA AAbs in the serum. Even though we did not observe the same prednisone-induced 

reduction of AAbs in the systemic circulation, it is interesting to note that those investigators also 

saw inhibition of anti-nuclear AAbs specifically, similar to the AAb classes affected in our BALF 

samples. It is also possible that we did not see similar anti-nuclear AAb suppression in the systemic 

circulation due to our use of lower doses of prednisone.  

We conclude that the toxic effects of prednisone outweigh its ameliorative effects on lupus 

disease which is why there was no improvement in survival. While it was not within the scope of 

the present study to do a thorough investigation as to why prednisone-fed mice had decreased 

survivability, incomplete suppression of systemic autoimmunity is a likely factor. While the 

prednisone was effective in preventing inflammation in the kidney, it was not effective in 

significantly reducing proteinuria or level of pathogenic autoantibodies in the systemic circulation. 

So, it is probable that the incomplete protection of prednisone outside of the lung coupled with 

weight/muscle loss contributed to decreased survival.  

One limitation of this investigation is that since the large dose of cSiO2 used here is poorly 

cleared from lung after instillation, it causes unresolved inflammation that might overwhelm the 

ameliorative effects of dietary prednisone. It will therefore be useful in future studies to ascertain 

the dose response effects of dietary prednisone in the context of slower, spontaneous development 

of autoimmunity and glomerulonephritis in female NZBWF1 mice and other lupus-prone mouse 

strains. Another limitation of this study is that it focused on the preventive effects of prednisone 

rather than more clinically relevant therapeutic intervention after autoimmunity onset. It is possible 

that short term treatment with high dose prednisone, for example for 1 or 2 wk after cSiO2 dosing, 
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might be effective at reducing cSiO2-triggered autoimmunity with minimal GC-associated 

toxicity. Similarly, it would be of interest to ascertain whether treating mice with high bolus doses 

of prednisolone followed by a tapering regimen of prednisone-amended diet could achieve 

suppression autoimmunity in this model.  

Taken together, this preclinical study demonstrates that prolonged dietary administration 

of prednisone at clinically relevant doses falls short of offering complete protection from cSiO2-

induced autoimmunity and can cause significant secondary toxicity at moderate to high doses. 

While it was not within the scope of our study to investigate why prednisone-fed mice had 

decreased survivability, we can conclude that secondary GC toxicity likely outweighed the 

protection which was mainly localized to the lung. However, prednisone’s ability to quell 

inflammation stemming from ELS formation in the lung provides novel insights important to the 

utilization of prednisone in human lupus triggered by inhaled toxicants. Our findings from this and 

prior studies highlight the value of this preclinical model for investigating alternative safe, cost-

effective therapies for lupus, such as omega-3 fatty acid supplementation, which can lower 

requisite prednisone doses needed to suppress autoimmunity thereby improving the quality of life 

of lupus patients.  
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FIGURES 

Figure 2.1: Experimental design and confirmation of prednisone and prednisolone levels in 
whole blood. (A) Female NZBWF1 mice obtained at 6 wk of age were immediately placed on 
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Figure 2.1 (cont’d):  
either control AIN-93G diet containing no prednisone (P0) or prednisone-amended diets. Diets 
were maintained throughout the duration of the study. Beginning at 8 wk of age, mice were 
intranasally instilled with either saline vehicle (VEH) or 1 mg of cSiO2 once per week for 4 
consecutive weeks. Eight animals per treatment group (Cohort A) were sacrificed at 25 wk of age 
to evaluate relevant endpoints for onset of pulmonary and renal autoimmunity. The remaining 9 
mice per treatment group (Cohort B) were maintained until they met moribund criteria and were 
humanely sacrificed. Health and proteinuria were monitored following cSiO2 instillations to 
evaluate disease progression. Food intake, body weights, and fat/lean muscle mass composition 
were monitored as well to assess prednisone-induced toxicity. (B) Levels of and its active 
metabolite, prednisolone (C), were detected in whole blood samples taken from mice at 19 wk of 
age determined via LC-MS/MS. Samples were pooled within each cage (n=3/cage), with 3 cages 
per treatment group resulting in an n=3/group for analysis. Prednisone concentration detected in 
whole blood is predictable based on dietary prednisone concentrations. For regression analyses, 
R2 and p-values are reported. Shaded bands around regression lines represent 95% confidence 
intervals. 
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Figure 2.2: Medium dose prednisone treatment significantly reduced lean muscle mass and 
did not improve survivability. Mice were evaluated for lean muscle (A) and fat mass (B) using 
EchoMRI at 21 wk of age (9 wk PI), 23 wk of age (11 wk PI), and 25 wk of age (13 wk PI). PM 
treatment induced significant lean muscle mass loss compared to cSiO2 control mice. cSiO2 and 
prednisone had no effects on fat mass. *Indicates p<0.05 for VEH/P0 vs cSiO2/P0; #indicates 
p<0.05 for cSiO2/P0 vs cSiO2/PL or cSiO2/PM group as described in Materials and Methods. (C) 
Kaplan-Meier survival plot depicting survival of mice in cohort B which were evaluated weekly 
using moribund criteria. *Indicates p<0.05 for VEH/P0 group survival compared to cSiO2/P0, 
cSiO2/PL, or cSiO2/PM group survival as determined by the Mantel-Cox log-rank test.  No 
differences in survival between cSiO2/P0 and the cSiO2/PL or cSiO2/PM groups were observed. 
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Figure 2.3: Medium dose prednisone (PM) significantly reduced pulmonary peribronchiolar 
and perivascular formation of Ectopic Lymphoid Structures (ELS) and infiltration of 
perivascular CD45R+ B cells, but not CD3+ T cells. Light photomicrographs of 
photomicrographs of hematoxylin and eosin-stained lung tissue sections (A) from (i) VEH/P0, (ii) 
cSiO2/P0, (iii) cSiO2/PL, and (iv) cSiO2/PM mice. cSiO2 treatment resulted in formation of ELS 
in peribronchiolar and perivascular interstitium (A.ii). Graphic representation of semi-quantitative 
severity scores following assessment criteria of (1) minimal (<10% of lung tissue affected); (2) 
slight (10-25%); (3) moderated (26-50%), (4) marked (51-75%), (5) severe (>75%) of total area 
affected (A.v). PM, but not PL, significantly reduced the amount of ELS (A.iii-v). pa, pulmonary 
artery; ba, bronchiolar airway; pv, pulmonary vein; alveolar parenchyma; arrows, peri-
vascular/bronchiolar ectopic lymphoid structures. Photomicrographs of lung tissue  
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Figure 2.3 (cont’d): 
immunohistochemically stained for (B) CD45R+ B lymphoid cells and (C) CD3+ T cells in lungs 
from (i) VEH/P0, (ii) cSiO2/P0, (iii) cSiO2/PL, and (iv) cSiO2/PM mice. e, endothelium; v, venous 
lumen; IS, perivascular interstitial space; a, alveolus. cSiO2 treatment significantly triggered 
interstitial infiltration of CD45R+ B cells (B.ii) and CD3+ T cells (C.ii). PM treatment significantly 
reduced CD45R+ B cell infiltration (B.iv) but had no effect on CD3+ T cells (C.iii-iv). Graphical 
representation of morphometrically determined density of CD45R+ B cells (B.v), and CD3+ T 
cells (C.v) in lung tissue. *Indicates p<0.05 for VEH/P0 vs cSiO2/P0; #indicates p<0.05 for 
cSiO2/P0 vs cSiO2/PL or cSiO2/PM group. 
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Figure 2.4: Prednisone treatment is effective in reducing a subset of cSiO2-induced AAbs in 
the BALF. AAbs production was measured in BALF using Cohort A samples collected at time of 
necropsy (14 wk PI). (A) Heat map illustrates unsupervised clustering (Euclidian distance method) 
of 122 AAbs shown as Ab-score values for IgG expression in BALF. Scale bar values reflect the  
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Figure 2.4 (cont’d): 
range of variance-stabilized Ab scores, which were centered across rows. (B) Prednisone does not 
significantly reduce cSiO2-triggered increased total IgG levels in the BALF. (C) prednisone 
treatment was effective in significantly reducing certain classes of autoantibodies in the BALF 
compared to cSiO2/P0 positive control. *Indicates p<0.05 for VEH/P0 vs cSiO2/P0; #indicates 
p<0.05 for cSiO2/P0 vs cSiO2/PL or cSiO2/PM group. 
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Figure 2.5: Medium dose prednisone (PM) significantly reduced cSiO2-induced 
splenomegaly and glomerulonephritis. (A) Light photomicrographs of hematoxylin and eosin-
stained splenic tissue and (B) periodic acid Schiff (PAS) and hematoxylin-stained renal tissue from 
(i) VEH/P0, (ii) cSiO2/P0, (iii) cSiO2/PL, and (iv) cSiO2/PM mice. Splenic white pulp (wp) is 
increased (lymphoid cell hyperplasia) in A.ii and A.iii compared to A.i. WP is similar in VEH/P0 
(A.i) and cSiO2/PM (A.iv) mice. Glomeruli (g) in B.ii and B.iii are enlarged and hypercellular with  
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Figure 2.5 (cont’d): 
PAS-stained membranous tissue (arrows). Dilated renal tubules (rt) with luminal proteinaceous 
material are present in B.ii and B.iii, but not in B.i. PM treatment results in modest glomerular and 
renal tubular histopathology in B.iv. (C) Individual kidney sections were semi-quantitatively 
scored based on the modified International Society of Nephrology/Renal Pathology Lupus 
Nephritis Classification system described methods for lupus nephritis score. (D) PM treatment 
significantly reduced cSiO2-induced plasma BUN at time of necropsy (E) but was ineffective in 
significantly reducing urinary protein assessed at 12 wks of age. Statistical analyses were 
performed as described in Methods. *Indicates p<0.05 for VEH/P0 vs cSiO2/P0; #indicates p<0.05 
for cSiO2/P0 vs cSiO2/PL or cSiO2/PM group.   

Figure 2.6: Effect of prednisone treatment on cSiO2-induced transcriptional changes in lung 
and kidney tissues of mice 14 weeks post instillation. (A) Venn diagrams depicting overlap of 
genes differentially regulated in mice with cSiO2/P0 vs VEH/P0 treatment or cSiO2/PM vs 
cSiO2/P0 treatment (FDR q<0.05, 1.5-fold change).  The overlap regions indicate genes affected 
by silica exposure that were also differentially regulated with medium-dose prednisone.  No 
significant differentially expressed genes were identified when comparing cSiO2/PL to cSiO2/P0 
for either lung or kidney. (B) Principal components analyses of differentially expressed genes in 
lung and kidney tissues of mice with low- (cSiO2/PL) or medium-dose prednisone (cSiO2/PM) as 
compared to VEH/CON and cSiO2-exposed (cSiO2/P0) tissue-matched control diets. PC1 and PC2 
are shown with 95% confidence intervals (dashed ellipses).  (C) Directed significance scores for 
autoimmune pathways were determined using nSolver (see Materials and Methods) by comparing 
cSiO2/P0 to tissue-matched VEH/P0 control group or by comparing cSiO2/PL or cSiO2/PM 
treatments to tissue matched cSiO2/P0 treatment group.  Abbreviations:  cSiO2, crystalline silica; 
P0, zero prednisone; PL, low-dose prednisone; PM, medium-dose prednisone; VEH, vehicle 
control.    
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Figure 2.7: Comparison of prednisone-responsive genes associated with (A) autoantigen, (B) 
MHC class II antigen presentation, (C) B-cell receptor signaling, and (D) Fc receptors and 
phagocytosis pathways in lung or kidney tissues 14 weeks post instillation with cSiO2. Gene 
expression data were obtained using the NanoString Autoimmune Profiling gene panel and are 
shown as log2 ratios for cSiO2/P0, cSiO2/PL, and cSiO2/PM treatment groups with respect to the 
tissue-matched VEH/P0 control group (log2 ratio = 0). For each pathway, heatmaps with 
unsupervised hierarchical clustering (Euclidian distance method) by gene show log2 expression 
values for all genes identified as differentially expressed in response to either cSiO2 exposure or 
medium-dose prednisone (FDR q<0.05, 1.5-fold change) in either of the selected tissues. The mean  
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Figure 2.7 (cont’d): 
log2 ratio values + SEM for selected genes of interest are also shown for each pathway. For for 
cSiO2/P0 as compared to VEH/P0, *, FDR-corrected q<0.05; **, q<0.01; and ***, q<0.001.  For 
cSiO2/PL or cSiO2/PM vs cSiO2/P0, #, FDR-corrected q<0.05; ##, q<0.01; and ###, q<0.001. See 
Supplementary File 1 for test specifications and FDR-corrected q-values for all genes in the panel 
for all comparisons. Abbreviations:  cSiO2, crystalline silica; P0, zero prednisone; PL, low-dose 
prednisone; PM, medium-dose prednisone; VEH, vehicle control. 
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Figure 2.8: Comparison of prednisone-responsive genes associated with (A) T-cell 
checkpoint signaling and (B) T-cell receptor signaling pathways in lung or kidney tissues 14 
weeks post instillation with cSiO2. Gene expression data were obtained using the NanoString 
Autoimmune Profiling gene panel and are shown as log2 ratios for cSiO2/P0, cSiO2/PL, and 
cSiO2/PM treatment groups with respect to the tissue-matched VEH/P0 control group (log2 ratio 
= 0).  For each pathway, heatmaps with unsupervised hierarchical clustering (Euclidian distance 
method) by gene show log2 expression values for all genes identified as differentially expressed 
in response to either cSiO2 exposure or medium-dose prednisone (FDR q<0.05, 1.5-fold change) 
in either of the selected tissues.  The mean log2 ratio values + SEM for selected genes of interest 
are also shown. For cSiO2/P0 as compared to VEH/P0, *, FDR-corrected q<0.05; **, q<0.01; and 
***, q<0.001.  For cSiO2/PL or cSiO2/PM vs cSiO2/P0, #, FDR-corrected q<0.05; ##, q<0.01; and  
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Figure 2.8 (cont’d): 
###, q<0.001. See Supplementary File 1 for test specifications and FDR-corrected q-values for all 
genes in the panel for all comparisons. Abbreviations:  cSiO2, crystalline silica; P0, zero 
prednisone; PL, low-dose prednisone; PM, medium-dose prednisone; VEH, vehicle control. 

 

 

 

Figure 2.9: Correlation analyses of selected autoimmune pathways. For all treatment groups, 
spearman ⍴ values were calculated by correlating pathway Z scores with (A) lung severity score 
or the percent positive staining for CD45R+, CD3+, or IgG+ in lung tissue or IgG+ in lung tissue 
plasma cells; or (B) kidney severity score, kidney blood urea nitrogen (BUN), or kidney urinary 
protein. Significant correlation values (p<0.05) are represented as circles colored by the correlation 
value (blue, positive; red, negative); non-significant correlations are indicated by blank cells. 
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TABLES 

Table 2.1: Relation of prednisone concentrations in experimental diet to mouse and human 
daily doses. 

 

Experimental Dieta 

Prednisone 

Concentrationb 

(mg/kg diet) 

Mouse dosec 

(mg/kg bw/d) 

HEDd 

(mg/kg bw/d) 

HEDe 

(mg/d) 

P0 (CON) 0 (0) 0 0 0 

PL 5 (5.0) 0.75 0.06 5 

PM 15 (15.2) 2.25 0.18 14 

PH 50 (49.8) 7.5 0.6 46 

 
a Abbreviations: CON refers to control diet; PL, PM and PH correspond to low, moderate and high 
dose prednisone diets. 
b Values in parentheses refer to LC-MS analysis of a representative lot of experimental diets. 
c Mouse dose was calculated by multiplying dietary concentration by the FDA conversion factor 
of  0.15 (165). 
d Human equivalent dose was-calculated  by multiplying mouse dose by FDA drug interspecies 
conversion factor of 0.08 (166).  
e Daily human equivalent dose based on average body weight of 77 kg for women ≥ 20 years of 
age in the U.S. (143) 
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ABSTRACT 

Introduction: Occupational exposure to respirable crystalline silica dust (cSiO2) has been 

epidemiologically linked to the systemic autoimmune disease lupus. We have previously found 

intranasal cSiO2 instillation can trigger early onset and progression of autoimmunity in the lungs 

and kidneys of juvenile, 8-wk-old female NZBWF1 lupus-prone mice. Furthermore, we have 

demonstrated that dietary supplementation with the omega-3 fatty acid, docosahexaenoic acid 

(DHA), prevents cSiO2-induced lupus. However, it is unknown how cSiO2 exposure and DHA 

intervention affect adult lupus-prone mice that more appropriately model the age of cSiO2-

exsposed workers.  

Methods: In the present study, we fed adult female 14-wk-old NZBWF1 mice either purified AIN-

93G control diet (CON) or AIN-93G diet containing DHA at a human equivalent dose (HED) of 

5 g/d. Beginning at 16-wk of age, mice were intranasally instilled with either saline vehicle (VEH) 

or 1 mg cSiO2 once per wk for 4 consecutive wks and sacrificed at 1 or 5 wks after the last 

instillation (PI). Lung and kidney tissues were processed for light microscopy, 

immunohistochemistry, and morphometric analysis. Bronchoalveolar lavage fluid (BALF) was 

collected for total and differential inflammatory cell counts.  

Results: VEH/CON mice had no pulmonary or renal pathology at either 1 or 5 wks PI. cSiO2/CON 

mice had mild pulmonary ectopic lymphoid tissue (ELT) formation at 1-wk PI, with a marked 

increase at 5 wks PI. Correspondingly, lungs of cSiO2/CON mice had increases in BALF 

cellularity, CD3+ T-cell, CD45R+ B-cell, and IgG+ plasma cell densities, and proinflammatory 

gene and protein expression at both timepoints compared to VEH/CON mice. Kidneys from 

cSiO2/CON mice had conspicuous glomerular IgG deposition compared to VEH/CON mice. 

Dietary DHA supplementation dramatically attenuated cSiO2-triggered lung pathology including 
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ELT formation, increases in CD3+ T-cell, CD45R+ B-cell and IgG+ plasma cell densities, and 

inflammatory cell counts in BALF at both 1 and 5 wk PI. Proinflammatory gene and protein 

expression was reduced in a time-dependent manner at one or both timepoints. cSiO2/DHA mice 

also had no IgG deposition in renal glomeruli.  

Discussion: Our findings demonstrate that repeated intranasal cSiO2 exposure in adult female 

NZBWF1 lupus-prone mice resulted in pulmonary pathology that was more severe compared to 

what has previously been observed in juveniles. Nevertheless, translationally relevant DHA 

supplementation markedly ablated cSiO2-triggered lupus pathology in adult mice, in a manner 

similar to that observed in juvenile mice.  

INTRODUCTION 

Systemic lupus erythematosus (lupus) is a chronic, heterogeneous, multi-organ autoimmune 

disease that primarily afflicts women of child-bearing age. Lupus is associated with unresolved 

inflammation and loss of tolerance to self-antigens leading to the recruitment of autoreactive B- 

and T-cells which perpetuates a robust pathogenic autoantibody (AAb) response (1, 2). Resulting 

AAbs bind their cognate autoantigens (AAgs) forming immune complexes that are distributed via 

the systemic circulation and deposit in various organs such as the kidney. This process chronically 

reoccurs, manifesting in cyclical bouts of inflammation and autoimmunity known as lupus flares 

(3). These flares negatively impact quality of life and increase morbidity and mortality in lupus 

patients (3). Importantly, repeated flaring promotes development of glomerulonephritis and 

irreparable damage to the kidney eventually leading to end-stage renal failure (4).  

Lupus onset, flaring, and progression is strongly influenced by gene-environment interactions (2). 

Disease susceptibility can be largely impacted by known genetic predispositions (5), yet 

environmental exposures to toxicants, infections, UV radiation, and certain medications have also 
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been linked to lupus onset and progression (6, 7). Exposure to the environmental toxicant, 

respirable crystalline silica (cSiO2), has been implicated in the development of autoimmune 

diseases such as lupus, rheumatoid arthritis, scleroderma, and ANCA-associated vasculitis (8-10). 

According to the Occupational Health and Safety Administration (OSHA), approximately 2.3 

million workers practicing occupations such as stonecutting, construction, ceramics, and mining 

are exposed to respirable cSiO2 dusts (https://www.osha.gov/silica-crystalline). Additionally, 

lupus risk has been shown to increase in accordance with duration of exposure for women of color 

in cSiO2-exposing occupations (11).  

Consistent with human epidemiological studies focused on the association between cSiO2 

exposure and autoimmunity, our lab has demonstrated that cSiO2 triggers autoimmune disease 

onset and progression in juvenile female NZBWF1 lupus-prone mice. Specifically, short-term 

repeated cSiO2 instillations (1 mg/wk for 4 consecutive wks) beginning at 8 wks of age accelerated 

disease onset with glomerulonephritis being observed at 20-22 wk of age (17). In comparison, 

unexposed female NZBWF1 mice spontaneously develop glomerulonephritis as they age into 

adults at approximately 32-34 wks of age (167). Prior to evident kidney disease, cSiO2 exposure 

triggers formation of pulmonary ectopic lymphoid tissue (ELT), robust AAb responses in 

bronchoalveolar lavage fluid (BALF) and plasma, and proinflammatory gene expression in lung 

and kidney tissues (17, 20, 88). Altogether, these juvenile mouse studies show that inhalation of 

cSiO2 leads to extensive pulmonary inflammation, creating a nexus for a local and systemic 

autoimmune response leading to downstream renal pathology. Although occupational exposures 

occur in adults (>25 years old), cSiO2 exposure in adult mice that more appropriately model the 

age of adult workers, and who also have underlying genetic susceptibility to autoimmunity, has 

yet to be studied. 

https://www.osha.gov/silica-crystalline
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Like environmental exposures, lifestyle choices such as diet can impact lupus disease 

progression. It has been shown in clinical and pre-clinical studies that increased consumption of 

polyunsaturated fatty acids, such as the ω-3 fatty acid (FA) docosahexaenoic acid (DHA), can 

reduce disease symptoms in lupus and RA patients (81, 82, 117, 168, 169). Our lab has previously 

shown in vivo that juvenile female NZBWF1 mice exposed to cSiO2 and fed DHA enriched diets 

exhibited blunted autoimmunity (18, 21, 67, 68, 88). More specifically, mice fed a human 

equivalent dose (HED) of 5 g/d DHA had significantly less pulmonary ELT formation, pathogenic 

AAb detected in the BALF and plasma, and glomerulonephritis compared to cSiO2-exposed mice 

non-DHA diets.  

A key limitation of the aforementioned preclinical studies focused on cSiO2-triggered lupus 

and omega-3 intervention was that they were conducted in juvenile mice with a human age 

equivalence of 12-17 years (Figure 1A) (170). In this study, we addressed this limitation by 

employing adult NZBWF1 mice that more appropriately model the age of cSiO2-exposed workers 

(20-30 years of age). Specifically, we tested two hypotheses: (i) adult female NZBWF1 mice 

receiving the same instilled dose of cSiO2 used in previous studies would develop similar or more 

severe pulmonary and renal pathology compared to that observed in juveniles, and (ii) DHA-

amended diet (HED 5 g/d) administered to cSiO2-exposed adult mice would significantly attenuate 

the systemic autoimmune response, similar to what has been previously observed in juveniles.  

MATERIALS AND METHODS 

Animals and diets 

All mouse experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) at Michigan State University (AUF# 201800113). Adult 14-wk-old female NZBWF1 

mice, which more appropriately model the age of cSiO2-exposed workers (Figure 1A), were 
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obtained from Jackson Laboratories (Bar Harbor, ME) were housed three per cage and given 

access to food and water throughout the course of the experiment. The animal facility was 

maintained at a constant temperature (21-24°C) and humidity (40-55%) with a 12-hour light/dark 

cycle.  

Control (CON) American Institute of Nutrition (AIN)-93G diet (171) or an AIN-93G diet 

containing DHA were prepared as described previously (67) (Table 1). Briefly, CON diet 

contained 70 g/kg of fat, 10 g/kg from food-grade corn oil and 60 g/kg from high-oleic safflower 

oil (LouAna, Brea, CA), to provide sufficient basal essential fatty acids. For DHA-supplemented 

diet, safflower oil was partially replaced with 25 g/kg microalgal oil containing 40% DHA 

(DHASCO; provided by Dr. Kevin Hadley, DSM Nutritional Products, Columbia, MD). This 

supplementation yielded a diet containing 10 g/kg DHA which is calorically equivalent to a human 

equivalent dose (HED) of 5 g/d (16). Diets were prepared weekly to prevent oxidation of fatty 

acids and were stored at -20°C. Mice were given fresh food every day.  

Experimental Design 

Upon arrival, 14-wk-old female NZBWF1 mice were randomly sorted into experimental groups 

and fed either CON or DHA-supplemented diets. Beginning at 16 wks of age, mice were 

intranasally instilled once weekly for 4 consecutive wks with either 25 µL PBS vehicle (VEH) or 

1.0 mg of cSiO2 (Min-U-Sil-5, 1.5-2.0 µm average particle size, Pennsylvania Sand Glass 

Corporation, Pittsburgh, PA) suspended in PBS (Figure 1B). Therefore, there were a total of 3 

experimental groups as follows: (i) VEH treated mice fed CON diet (VEH/CON, n = 12), (ii) 

cSiO2-instilled mice administered CON diet (cSiO2/CON, n = 12), and (iii) cSiO2-instilled mice 

administered DHA-supplemented diet (cSiO2/DHA, n = 12). For instillations, mice were 

anesthetized with 4% isoflurane. Following the final cSiO2 instillation (19 wks of age), urine was 
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collected weekly until the time of necropsy and evaluated for proteinuria (≥300 mg/dL protein) 

using reagent dipsticks (Cortez Diagnostics, Calabasas, CA). One cohort of mice (n = 6) from each 

experimental group was sacrificed 1 wk post-instillation last cSiO2 instillation (PI) while the 

remaining mice were sacrificed at 5 wk PI.  

Animal Necropsy, Tissue Selection and Lung Lavage 

Prior to death by exsanguination via the abdominal aorta, mice were anesthetized with an 

intraperitoneal injection of sodium pentobarbital (56 mg/kg). Abdominal cavity was exposed, and 

blood was collected from the abdominal vena cava for analysis of plasma and RBCs as described 

below. Immediately after death, the trachea was exposed and cannulated, and the heart and lungs 

were excised en bloc from the carcass. A volume of 0.8 mL saline was intratracheally instilled in 

the lung and withdrawn to recover bronchoalveolar lavage fluid (BALF). A second saline lavage 

was performed and the collected BALF was combined with the first sample for analysis. The left 

lung lobe was inflation fixed via the trachea with 10% neutral buffered formalin (NBF) (Fischer 

Scientific, Pittsburgh, PA) at a constant pressure of 30 cm H2O for a minimum of 1 hr. The lung 

lobe was immersed in fixative for at least 48 hr prior to tissue processing for light microscopy. 

Collected venous blood was spun down by centrifuge at 3500 x g for 10 min at 4°C to separate the 

plasma and RBCs. Both plasma and RBCs were stored at -80°C for AAb microarray and fatty acid 

analysis, respectively. 

BALF Cytology 

A hemocytometer was used to determine total BALF leukocyte cell counts. Centrifugal forces (40 

x g for 10 min) were used to immobilize BALF cells onto glass slides (Shandon Cytospin 3) that 

were then air dried and stained with Diff-Quick (Fisher Scientific). Unused BALF was centrifuged 

at 465 x g for 15 min and resultant supernatant was stored at -80°C. BALF differential 
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inflammatory cell counts were performed based on morphological criteria to identify monocytes, 

neutrophils, lymphocytes, and eosinophils out of a total of 200 cells per cytological slide. 

Fatty Acid Analysis 

Fatty acid content of red blood cells (RBCs) was determined using gas liquid chromatography by 

OmegaQuant Analytics, LLC (Sioux Falls, SD). The RBC Omega-3 Index, a biomarker for tissue 

omega-3 content (172), was calculated by taking the sum of EPA and DHA (%EPA+DHA) as a 

percent of total fatty acids. 

Lung and Kidney Histopathology 

Formalin fixed left lung lobes were cut into 4 transverse tissue blocks (~2 mm each) and embedded 

in paraffin. Tissue sections (5 µm thickness) were deparaffinized and stained with hematoxylin 

and eosin (H&E) to be microscopically assessed for histopathology. A board-certified veterinary 

pathologist, without knowledge of individual animal exposure/diet (“blind analysis”), scored the 

severity of lung lesions that included (a) perivascular and peribronchiolar ectopic lymphoid tissue 

(ELT), (b) alveolar proteinosis, (c) alveolitis, (d) alveolar type II epithelial cell hyperplasia, and 

(e) mucous cell metaplasia in bronchiolar epithelium. Similarly, fixed kidney tissues were cut into 

3 transverse sections and processed for histopathology. Tissues sections were stained with Periodic 

acid-Schiff and hematoxylin (PASH) stain or immunohistochemically stained with IgG. Kidneys 

were also evaluated by a board-certified veterinary pathologist to assess tubular proteinosis and 

global proliferative and sclerosing glomerulonephritis using a modified International Society of 

Nephrology/Renal Pathology Lupus Nephritis Classification system (173) and for glomerular IgG 

deposition.  

Immunohistochemistry and Morphometric Analysis of Lung and Kidney  

Immunohistochemistry (IHC) was performed on formalin-fixed, paraffin embedded lung and 
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kidney tissue sections. In the lung, B-cells were identified using 1:600 rat anti-CD45R monoclonal 

antibody and T-cells were identified using 1:250 rabbit anti-CD3 polyclonal antibody (Table 

A3.1). IgG+ plasma cells in the lung and IgG deposition in the kidney were identified using goat 

anti-IgG polyclonal antibody (Table A3.1). Slides were scanned using the VS200 virtual slide 

system (Olympus, Hicksville, NY). Using NewCast software (Visiopharm, Hoersholm, Denmark), 

each whole glass slide was randomly subsampled to obtain at least 100 digital microscopic images 

from lung tissue sections captured at 20X magnification. Using the STEPanizer 1.8 Stereology 

Tool (147), pulmonary CD45R+, CD3+, and IgG+ lymphoid cells were counted by overlaying a 

point grid on randomly sampled images. Total cell densities were calculated by dividing the 

number of grid points overlayed with positively stained cells by reference tissue area to get a 

percentage of total lung area showing positive staining. 

Multiplex Analysis of Cytokines  

Right cranial lung lobes were weighed out and placed in appropriate amounts of 1X RIPA buffer 

(Thermo Fisher Scientific) and protease inhibitor (1:100 dilution; Thermo Fisher Scientific) to 

make 20% homogenates. Lung tissue was homogenized using the Qiagen TissueLyser bead mill, 

and a BCA assay was used to determine the protein concentration of each sample (Thermo Fisher 

Scientific). Protein concentrations were then normalized to 1000 ug/mL/sample and all samples 

were submitted to Eve Technologies Corp. (Calgary, Alberta) for multiplexed quantification of 

multiple mouse cytokines and chemokines using the Mouse Cytokine Multiplex Discovery 

Assay® (MilliporeSigma, Burlington, Massachusetts, USA). The multiplex contained MCP-5, IP-

10, MIP-1α, MIP-1β, MIP-3β, MIG, MCP-1, and KC. Assay sensitivities of these markers ranged 

from 0.3 – 30.6 pg/mL.  

 



72 
 

NanoString autoimmune gene profiling 

RNA was extracted from lung tissue (1 and 5 wk PI) with RNeasy Mini Kits with DNase treatment 

(Qiagen, Valencia, CA). RNA was dissolved in nuclease-free water, quantified with Qubit 

(Thermo Fisher Scientific), and integrity verified with a TapeStation (Agilent Technologies). 

Samples (RNA integrity >8) were analyzed with NanoString Autoimmune Gene Expression assay 

(XT-CSO-MAIP1-12, NanoString Technologies, Seattle, WA) at the MSU Genomics Core. 

Assays were performed and quantified on the nCounter MAX system, sample preparation station, 

and digital analyzer (NanoString Technologies) according to the manufacturer’s instructions. 

Gene expression data was analyzed as performed as previously described (19-21, 174). 

Briefly, raw gene expression data were analyzed using NanoString’s software nSolver v3.0.22 

with the Advanced Analysis Module v2.0. For differential gene expression, a statistically 

significant difference in gene expression was defined as 1.5-fold change in expression (log2 >0.58 

or <-0.58) with BH q <0.05. Two pairwise comparisons within each timepoint (1 and 5 wk PI) 

were determined a priori, as follows: cSiO2/CON vs VEH/CON and cSiO2/CON vs cSiO2/DHA.  

To assess the impact of cSiO2 exposure and experimental diets on annotated gene sets, 

global and directed significance scores were calculated for each pathway at each time point, as 

previously described (174). The global score estimates the cumulative evidence for the differential 

expression of genes in a pathway. As a complementary method for comparing pathways and 

discriminating between experimental groups, pathway Z scores were calculated as the Z-scaled 

first principal component of the pathway genes’ normalized expression. ClustVis (175) was used 

to perform unsupervised hierarchical cluster analyses (HCC) using log2 transcript count data for 

DEGs. Spearman rank correlations were performed to examine overall patterns in the gene 

expression profiles using the pathway Z score compared to other biomarkers of disease in lung 
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tissues at 1 and 5 wk PI. A significant correlation was inferred when ρ >0.5 or <-0.5 and p<0.05. 

Autoantibody microarray  

BALF and plasma samples were assessed for presence of AAbs by GeneCopoeia (Rockville, 

Maryland). Briefly, dilutions of plasma and BALF samples were incubated on microscope slides, 

each containing 16 identical OmicsArray™ panels of 120 known autoantigens adhered to 

nitrocellulose filters. One panel was reserved for a PBS negative sample control. Following 

incubation, the slides were washed, then incubated with Cy3-labeled anti-mouse IgG and Cy5-

labeled anti-mouse IgM secondary antibodies. Next the slides were washed, and fluorescent 

signals (532nm for Cy3/IgG, 635nm for Cy5/IgM) were detected using a GenePix™ 4000B two-

channel laser microarray scanner (Molecular Devices, San Jose, California). Fluorescent signal 

intensities were determined using GenePixPro™ 7.0 software (Molecular Devices, San Jose, 

California). Antibody scores were calculated using normalized signal intensities (NSI) and signal-

to-noise ratios (SNR), and by using the following equation: 

𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  log2(𝑁𝑁𝑁𝑁𝑁𝑁 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆 + 1) 

Normalized and unit variance-scaled Ab-score values were visualized using ClustVis software 

(175). Data were clustered using unsupervised hierarchical co-clustering (HCC). Rows were 

clustered using Euclidean distance and Ward linkage. Imputation was applied for missing value 

estimation. Selected AAb-scores were reported as violin plots, generated using Prism 9 (GraphPad 

Prism v 9.2, San Diego, CA).    

Statistical Analysis 

All data were analyzed, and statistical tests were performed using Prism 9 (GraphPad Prism v 9.2, 

San Diego, CA), excluding the NanoString gene expression data as discussed above. Data were 

assessed for outliers using the Grubb’s outlier test (with Q=1%) and for normality using the 
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Shapiro-Wilk test (p<0.01). Data of histopathological endpoints were analyzed using a One-Way 

ANOVA to address our hypothesis that dietary DHA would suppress cSiO2-triggered responses. 

Non-normal and semi-quantitative data were analyzed using the nonparametric Kruskal-Wallis 

test. Data are presented as mean ± standard error of the mean (SEM), with a p-value ≤ 0.05 being 

considered as statistically significant. 

RESULTS 

Body Weights and RBC Fatty Acid Composition 

The effects of intranasal cSiO2 instillation were compared in CON- and DHA-fed adult female 

NZBWF1 mice using the Experimental Design depicted in Figure 3.1B. Mean mouse body 

weights increased approximately 7 g from ages 14 to 23 wks of age across all experimental groups 

(Figure A3.1). cSiO2 exposure and experimental diets did not influence body weight increases. 

Consistent with previous studies (67, 68), replacement of high-oleic sunflower oil with DHA-

enriched algal oil in DHA-enriched diets corresponded with increased omega-3 PUFA content in 

RBCs from mice necropsied at both 1 and 5 wk PI (Table 3.2; Figure 3.2). Concomitantly, 

cSiO2/DHA mice had a significant reduction in the percentage of total omega-6 PUFAs in their 

RBCs compared to cSiO2/CON-fed mice (Table 3.2; Figure 3.2). DHA PUFA content in RBCs 

was significantly increased in DHA-fed mice compared to those on CON diet at the expense of 

arachidonic acid. Moreover, the omega-3 index, which describes the sum of the omega-3 PUFAs 

DHA and eicosapentaenoic acid (EPA) as a percentage of total fatty acids, was three times higher 

in cSiO2/DHA mice (17-19%) compared to either VEH/CON and cSiO2/CON mice (5-6%).  

DHA attenuated cSiO2-triggered pulmonary ELT formation  

The most conspicuous lung lesions in mice instilled with cSiO2 and fed CON diet were 

lymphoplasmacytic infiltrations in perivascular and peribronchiolar interstitial tissue (ectopic 
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lymphoid tissue, ELT) (Figure 3.3A). These cSiO2-instilled mice also had mild to moderate mixed 

inflammatory cell infiltrates in the alveolar parenchyma (alveolitis; composed of neutrophils, 

lymphocytes, and monocytes) that were associated with accumulations of extracellular 

proteinaceous material (proteinosis) and cSiO2 particles (extracellular and intracellular) 

throughout the alveolar airspaces. cSiO2 particle-laden alveolar macrophages with morphologic 

features of degeneration (vacuolation) and necrosis (cellular enlargement, cytoplasmic vacuolation 

and nuclear pyknosis or karyorrhexis) was another frequent finding in these cSiO2-instilled lungs 

at both 1- and 5-wks PI. The lungs of mice at 5 wks, but not 1 wk PI, also had widely scattered 

small granulomas, composed of macrophages, lymphocytes and cSiO2 particles, in alveolar septa.  

ELT onset was most severe in the lungs of mice 5 wks after the last cSiO2 instillation 

(Figure 3.3A), with significantly lesser amounts in mice 1 wk PI. No or minimal 

perivascular/bronchiolar lymphoid cell infiltrates were present in VEH/CON mice at both 

timepoints. VEH/CON mice were also devoid of any other lung histopathology (e.g., alveolitis). 

In contrast to the large amounts of ELT in cSiO2/CON mice, cSiO2-exposed DHA-fed mice had 

only small amounts of ELT in their lungs at both 1 and 5 wk PI (Figure 3.3A). Dietary DHA 

supplementation, however, had minimal to no apparent attenuation of other cSiO2-triggered 

pulmonary pathology including alveolar accumulation of amorphous protein, silica, macrophages, 

and inflammatory cells. Semi-quantitative severity scores of lung lesions supported 

histopathological observations that cSiO2 exposure led to significantly increased inflammation, 

ELT formation, and alveolar proteinosis at both timepoints (Figure 3.3B). Similarly, dietary 

supplementation with DHA markedly attenuated ELT formation, but only had modest to no effect 

on alveolitis and alveolar proteinosis (Figure 3.3B). 

cSiO2 exposure led to significantly elevated numbers of total leukocytes, monocytes, and 
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neutrophils at 1 and 5 wk PI in the BALF as compared to VEH/CON mice. In contrast, DHA 

reduced numbers of total leukocytes and monocytes in the BALF but resulted in increased 

neutrophil numbers at 5 wk PI as compared to cSiO2/CON mice (Figure 3.3C). 

Lymphoid cell populations in ELT were identified using IHC (Figure 3.4A) and quantified 

using standard morphometric techniques (Figure 3.4B). cSiO2-induced ELT was composed 

predominantly of CD3+ T-cells and CD45R+ B-cells, with lesser numbers of IgG+ plasma cells 

located in the margins of ELT. cSiO2-triggered lymphoid cell infiltration was significant at 1 wk 

PI and markedly increased at 5 wk PI. Dietary supplementation with DHA significantly reduced 

CD45R+ B-cell, CD3+ T-cell, and IgG+ plasma cell infiltration at 5 wk PI. 

Consistent with increased lymphoplasmacytic infiltrations in cSiO2-exposed mice, there 

was increased chemokine protein expression in lung tissue (Figure 3.5). More specifically, cSiO2 

exposure led to increased expression of monocyte chemoattractant proteins (MCP-5, MCP-1), 

macrophage inflammatory proteins (MIP-3β, MIP-1β, MIP-1α), IFN-induced proteins (IP-10), and 

chemokines (MIG, KC) at 1 or 5 wk PI. DHA supplementation attenuated cSiO2-triggered MCP-

5, IP-10, MCP-1, and KC protein expression in lung tissue.  

NanoString global and directed significance scores revealed immunological pathways were 

significantly altered in lung tissue by both cSiO2 exposure and diet (Figure 3.6). cSiO2 exposure 

led to the activation of autoimmune-related pathways such as MHC Class I antigen presentation, 

Nod-like receptor (NLR) signaling, and Type I/II IFN signaling at both 1 and 5 wk PI. DHA-fed 

cSiO2-exposed mice had significantly reduced enrichment of these pathways at 1 wk PI.  

cSiO2 exposure resulted in the upregulation of several genes associated with significantly 

enriched pathways at both 1 and 5 wk PI compared to VEH/CON mice (Figure 3.7 and 3.8). DHA 

significantly downregulated genes associated with NLR signaling (e.g., Cyld, Tlr4, Casp4) 
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(Figure 3.7A), MHC Class I antigen presentation (e.g., Fcgr1, Herc6) (Figure 3.7B, D), cytosolic 

DNA sensing (e.g., Ddx58, Zbp1) (Figure 3.7C), and Type I/II IFN signaling (e.g., Irf7, Mx1, 

Isg15) (Figure 3.8A-C) at 1 wk PI. 

cSiO2 exposure induced significant IgG AAb response in BALF 

Increased levels of total IgG (Figure 3.9) and IgM (Figure A3.2) AAbs detected in the BALF of 

cSiO2/CON mice compared to VEH/CON mice. DHA diet modestly reduced levels of total IgG 

AAbs in the BALF compared to cSiO2/CON mice (Figure 3.9), but levels of IgM AAbs remained 

unchanged (Figure A3.2). Significant differences were not detected among VEH/CON, 

cSiO2/CON, and cSiO2/DHA groups in regard to IgG AAbs in the plasma (Figure A3.3).   

cSiO2-induced kidney pathology and IgG deposition is suppressed by DHA 

Mild histopathological changes were observed in renal tissue from cSiO2/CON mice at 5 wk PI 

(Figure 3.10). These mice had modest glomerular hypertrophy (Figure 3.10B) and mild renal IgG 

deposition (Figure 3.10E) compared to VEH/CON mice (Figure 3.10A,D). Renal pathology and 

IgG immunohistochemical staining was absent in cSiO2/DHA mice (Figure 3.10C,F). Consistent 

with histopathological analysis, semiquantitative-severity scoring revealed increased glomerular 

hypertrophy and renal IgG deposition at 5 wk PI (Figure 3.10G-H). cSiO2-induced glomerular 

changes were attenuated in DHA-fed mice. Urinalysis revealed no evidence of proteinuria in mice 

exposed to cSiO2 (Supplemental Figure 3.4). 

DISCUSSION 

While our lab has previously used juvenile 8-wk old female NZBWF1 mice as a means of 

determining if cSiO2 exposure is capable of accelerating lupus onset, here we wanted to determine 

if increased age would prompt a heightened autoimmune response compared to juveniles when 

instilled with the same dose of cSiO2. Additionally, we wanted to evaluate whether age would 
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influence DHA’s efficacy in ameliorating cSiO2-triggered autoimmunity at the same HED. By 

utilizing adult female NZBWF1 mice that more appropriately model the age of cSiO2-exposed 

workers, we were able to draw comparisons between juvenile and adult mice regarding exposure 

and diet outcomes. First, repeated cSiO2 instillation in adult female NZBWF1 mice triggered 

increased pulmonary ELT formation, pulmonary lymphocyte infiltration of CD45R+ B- and CD3+ 

T-cells, BALF leukocyte cellularity, levels of IgG and IgM AAbs in BALF, and pro-inflammatory 

gene and protein expression in lung tissue. Second, dietary DHA orally administered at 5 g/d HED 

was effective in attenuating cSiO2-triggered pulmonary ELT formation, pulmonary CD45R+ B- 

and CD3+ T-cell infiltration, monocyte cellularity in the BALF, and pro-inflammatory gene and 

protein expression in the lungs of adult mice. Third, adult mice exposed to cSiO2 exhibited 

significantly more B- and T-cell infiltration around the perivascular and peribronchiolar airways 

compared to that previously observed in juveniles. By using data available from our lab’s previous 

studies which utilized the same mouse strain and exposure/treatment model (17, 67), we were able 

to draw indirect comparisons between juveniles and adults. Here, adult lupus-prone mice from the 

present study exposed to cSiO2 had significantly greater pulmonary CD45R+ B-cell and CD3+ T-

cell infiltration compared to juveniles from previous studies (Figure 3.11) (17, 27). Baseline levels 

of T-cells in VEH/CON adult mice were also significantly greater compared to juveniles. A 

significant difference was not detected between juvenile and adult cSiO2/DHA mice regarding 

CD45R+ B-cells, whereas adult cSiO2/DHA mice had significantly more CD3+ T-cells compared 

to their juvenile counterparts. 

In present study, repeated cSiO2 exposure resulted in an age-dependent response in the 

lungs of female NZBWF1 mice (Figure 3.12). Compared to juvenile mice of the same strain who 

were also exposed to the same repeated cSiO2 dosing regimen (16), at 5 wk PI we observed more 
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advanced pulmonary pathology and IgG AAb responses in the BALF of cSiO2/CON mice. 

Interestingly, adult cSiO2/CON mice sacrificed at 5 wk PI exhibited pulmonary inflammation 

comparable to juvenile cSiO2/CON mice sacrificed at much later timepoints such as 9 and 13 wk 

PI (16, 88). It is important to note that VEH-instilled adult mice sacrificed at 5 wk PI also had 

elevated pulmonary CD3+ T-cell densities and Σ IgG AAbs levels detected in the BALF compared 

to VEH-instilled juvenile mice sacrificed at 5 wk PI. Due to the advanced age of the adult mice at 

the time of first cSiO2-instillation it is likely that adult mice developed a baseline autoimmune 

response that primes them to develop more severe lung pathology in a shorter time frame following 

the last cSiO2 instillation.  

Contrary to the effects of cSiO2 exposure in this adult mouse model, the effectiveness of 

DHA-amended diets in ameliorating cSiO2-triggered lupus was not age-dependent. Based on the 

histopathological findings, morphometric analysis of lymphoid cell densities contained in ELT, 

and BALF monocyte counts, DHA demonstrated significant attenuation of cSiO2-induced 

responses in the lung at both 1 and 5 wks PI, similar to what has been observed in juveniles (16). 

Similarly, in line with previous juvenile mouse studies (21), DHA significantly reduced cSiO2-

triggered Type I/II IFN, innate, and adaptive immune response gene signatures in the lung. 

Interestingly, the 5 g/d DHA-enriched diet only modestly decreased IgG AAbs detected in the 

BALF at 5 wk PI, whereas IgG-related AAbs were significantly decreased in juveniles sacrificed 

at the same timepoint (88). Thus, apart from the pathogenic IgG AAb in the BALF, DHA 

effectively reduced a majority of cSiO2-triggered pulmonary pathology independent of age.  

While the pre-clinical adult mouse model described here was informative with regards to 

cSiO2-triggered endpoints in the lung, we only observed mild pathology in the kidney at 5 wk PI. 

Based on previous studies centred around cSiO2-triggered glomerulonephritis in juvenile 
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NZBWF1 mice, proteinuria develops at approximately 10-wks after cSiO2-exposure with 

concomitant renal pathology observed at 12 wk PI (17). While we hypothesized that these adult 

cSiO2-instilled mice would exhibit advanced systemic autoimmunity, pathology in the kidney did 

not follow an age-dependent response like the lung. Considering the lung serves as the nexus for 

respirable cSiO2-mediated autoimmune responses in this model, it is likely a threshold of recurring 

inflammation originating from the lung that is necessary for resultant downstream damage to the 

kidney was not met in this experimental model. Moderate changes in renal pathology were 

consistent with unaltered IgG AAb responses present in the plasma of cSiO2/CON mice. We 

speculate if cSiO2-exposed adult mice were terminated at a later timepoint (e.g., 9 wk PI) we would 

see more advanced glomerulonephritis. Therefore, this model illustrated that while cSiO2-induced 

lung pathology was age-dependent, downstream renal inflammation was relatively less 

pronounced. 

Despite these minor limitations in experimental design, we have found that a relevant 

human dose of the omega-3 fatty acid DHA can effectively suppress cSiO2-triggered pulmonary 

inflammatory/immune responses in adult mice. Furthermore, oral administration of DHA at 5 g/d 

ameliorated the more pronounced age-dependent immune response in adult lupus-prone mice that 

more appropriately model the age of cSiO2-exposed workers. Currently, the most common drugs 

used for treating lupus are glucocorticoids (e.g., prednisone), antimalarials (e.g., 

hydroxychloroquine), immunosuppressants (e.g., cyclophosphamide), and monoclonal antibodies 

(76). Although treatment with these drugs have been shown to be effective in managing and 

slowing disease progression, their chronic use has also been associated with significant adverse 

effects (24, 176). While newer biologic therapies have not demonstrated similar off-target toxic 

effects, they are expensive and remain unaffordable for many lupus patients (79). Therefore, there 
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lies a critical need for non-toxic, cost-effective therapies to protect against environmental-triggered 

lupus. The findings of our present, and previous studies (16, 21, 67, 68, 88), provide substantial 

pre-clinical evidence to further investigate the use of DHA as a potential steroid-sparing 

therapeutic to prevent/treat lupus flares triggered by environmental/occupational exposures to 

toxic agents like airborne cSiO2 dust. 
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FIGURES 

Figure 3.1: Rationale for mouse age selection and experimental design. (A) Graphical 
depiction of approximate age comparisons between mice and humans. Mice between 3-6 months 
of age more appropriately model the age of adult humans, and by extension, cSiO2-exposed 
workers (170). (B) Female NZBWF1 mice were obtained at 14 wks of age and were initiated on 
either AIN-93G (CON) diet or diet enriched with 1% DHA (5 g/d HED). Beginning at 16 wks of 
age, mice were intranasally instilled with either saline (VEH) or 1 mg cSiO2 once a wk for 4  
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Figure 3.1 (cont’d): 
consecutive wks. Proteinuria was assessed weekly starting at 20 wks of age to monitor disease 
progression. Six animals per exposure/treatment group were sacrificed at 20 wks of age (1 wk PI), 
and the remaining 6 mice per group/treatment were euthanized at 24 wks of age (5 wk PI). At both 
timepoints, BALF was collected for differential cell counts and AAb microarray; plasma was 
collected for AAb microarray and fatty acid analysis; lung and kidney tissues were collected for 
histopathology, IHC, morphometric analysis, NanoString, and cytokine multiplex array. 

Figure 3.2: DHA supplementation skews long chain PUFA profile. In VEH/CON and 
cSiO2/CON mice total omega-6 fatty acids were more abundant than omega-3 fatty acids in RBC 
cell membranes at both 1- and 5-wk PI. In cSiO2/DHA mice, total omega-6 fatty acids were 
significantly reduced whereas total omega-3 fatty acids were significantly increased at both 
timepoints. p <0.05; * Significantly different from VEH/CON, # Significantly different from 
cSiO2/CON. 
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Figure 3.3: DHA suppresses cSiO2-induced pulmonary perivascular and peribronchiolar 
lymphoid cell infiltrate. (A) Light photomicrographs of hematoxylin and eosin-stained lung 
tissue sections from mice instilled with saline vehicle fed CON diet (VEH/CON), mice instilled 
with cSiO2 fed CON diet (cSiO2/CON), and mice instilled with cSiO2 fed DHA-enriched diet  
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Figure 3.3 (cont’d): 
(cSiO2/DHA). cSiO2 exposure resulted in perivascular and peribronchiolar infiltration of 
mononuclear lymphoid cells at 1 wk PI, with even greater infiltration (ectopic lymphoid tissue, 
ELT, arrows) at 5 wks PI. DHA attenuated ELT formation at both timepoints. b, bronchioles; v, 
blood vessel; a, alveolar parenchyma. (B) Graphic representation of semi-quantitative severity 
scores following assessment criteria of (1) minimal (<10%); (2) slight (10-25%); (3) moderate (26-
50%); (4) marked (51-75%); and (5) severe (>75%) amount of tissue affected. (C) cSiO2 
instillation caused significant increase in total leukocytes, monocytes, and neutrophils in the 
BALF. DHA significantly reduced total leukocyte and monocyte cellularity in the BALF but did 
not influence neutrophils. p<0.05; a, Significantly different from VEH/CON; b, Significantly 
different from cSiO2/CON. 
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Figure 3.4: DHA inhibits lung infiltration of perivascular CD45R+ B-cells, CD3+ T-cells, and 
IgG+ plasma cells. Light photomicrographs of perivenous ectopic lymphoid tissue (ELT)  
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Figure 3.4 (cont’d): 
immunohistochemically stained for CD45R+ B lymphoid cells, CD3+ T-cells, and IgG+ plasma 
cells in lungs of VEH/CON, cSiO2/CON, and cSiO2/DHA mice (A). cSiO2 treatment triggered 
interstitial infiltration of CD45R+ B-cells, CD3+ T-cells, and IgG+ plasma cells at 1 wk PI, with 
even greater lymphoid infiltrates at 5 wk PI. Arrows, lymphoid cell infiltrates; b, bronchioles; v, 
blood vessels; a, alveolar parenchyma. DHA treatment significantly attenuated lymphoid cell 
infiltration present at 1 and 5 wk PI. (B) Graphical representation of morphometrically determined 
density of CD45R+ B-cells, CD3+ T-cells, and IgG+ plasma cells in lung tissue. p <0.05; a, 
Significantly different from VEH/CON; b, Significantly different from cSiO2/CON. 

 

 

 

Figure 3.5:  DHA consumption suppressed cSiO2-induced chemokine protein expression in 
lung tissue. Proinflammatory cytokine production was measured in lung tissue homogenate using 
a multiplex cytokine discovery assay. Cytokine production significantly increased with cSiO2 
exposure and was attenuated with the DHA-enriched diets at either 1 or 5 wk PI. p<0.05; a, 
Significantly different from VEH/CON; b, Significantly different from cSiO2/CON.  
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Figure 3.6:  Effect of DHA-enriched diet on select autoimmune pathways in lung tissue 1- 
and 5-wks post-cSiO2 instillation. Pathway Z scores are presented as Tukey box-plots for select 
pathways of interest for lung tissue. Within a tissue type, different letters indicate that the treatment 
groups are significantly different (p<0.05) as described in Materials and Methods. cSiO2 exposure 
led to significant enrichment of MHC Antigen Presentation, NLR signaling, and Type I/II 
Interferon Signaling Pathways. DHA significantly reduced pathway Z scores for MHC Antigen 
Presentation and Type I/II Interferon Signaling at 1-wk PI and for NLR signaling at both 1 and 5 
wk PI. p <0.05; a, Significantly different from VEH/CON; b, Significantly different from 
cSiO2/CON. 
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Figure 3.7: Representative DHA-responsive genes associated with (A) NLR Signaling, (B) 
Cytosolic DNA Sensing, and (C) MHC Class I Antigen Presentation pathways in lung tissue 
1 and 5 wk PI with cSiO2. Gene expression data were obtained using the NanoString Autoimmune 
Profiling gene panel and are shown as log2 ratios for cSiO2/CON and cSiO2/DHA treatment groups 
with respect to the VEH/CON group (log2 ratio = 0). For each pathway, heatmaps with 
unsupervised hierarchical clustering (Euclidian distance method) by gene show log2 expression 
values for all genes identified as differentially expressed in response to either cSiO2 exposure or 
DHA-enriched diet (FDR q<0.05, 1.5-fold change). (D) The mean log2 ratio values + SEM for 
selected genes of interest are also shown for each pathway. For cSiO2/CON as compared to 
VEH/CON, *, FDR-corrected q<0.05; **, q<0.01; and ***, q<0.001. For cSiO2/DHA vs 
cSiO2/CON, #, FDR-corrected q<0.05; ##, q<0.01; and ###, q<0.001.  
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Figure 3.8:  Representative DHA-responsive genes associated with (A) Type I Interferon and 
(B) Type II Interferon pathways in lung tissue 1 and 5 wks post instillation with cSiO2. Gene 
expression data were obtained using the NanoString Autoimmune Profiling gene panel and are 
shown as log2 ratios for cSiO2/CON and cSiO2/DHA treatment groups with respect to the 
VEH/CON group (log2 ratio = 0). For each pathway, heatmaps with unsupervised hierarchical 
clustering (Euclidian distance method) by gene show log2 expression values for all genes identified 
as differentially expressed in response to either cSiO2 exposure or the DHA-enriched diet (FDR 
q<0.05, 1.5-fold change). (C) The mean log2 ratio values + SEM for selected genes of interest is 
also shown for each pathway. For cSiO2/CON as compared to VEH/CON, *, FDR-corrected 
q<0.05; **, q<0.01; and ***, q<0.001. For cSiO2/DHA vs cSiO2/CON, #, FDR-corrected q<0.05; 
##, q<0.01; and ###, q<0.001. 
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Figure 3.9: DHA feeding modestly affects cSiO2 induced IgG AAb responses in the BALF of 
adult mice at 5 wks PI. (A) AAb-score values for the expression of 120 IgG AAbs are illustrated  
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Figure 3.9 (cont’d): 
in a heatmap using unsupervised clustering (Euclidian distance method). Scale bar values reflect 
the range of variance stabilized AAb scores, which are centered across rows. (B) DHA did not 
significantly reduce cSiO2-triggered total IgG detected in the BALF. (C) cSiO2 exposure 
significantly increased various classes of autoimmunity-related AAbs detected in the BALF. A 
downward trend was observed in the same classes of cSiO2-triggered AAbs when mice were fed 
DHA. p <0.05; a, Significantly different from VEH/CON. 
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Figure 3.10: cSiO2-triggered membranoproliferative glomerulonephritis and glomerular 
IgG deposition at 5 wk PI and DHA-induced attenuation. Light photomicrographs of kidney 
tissue stained with periodic acid Schiff (PAS) and hematoxylin (A, B, C) and 
immunohistochemically stained for IgG with hematoxylin counterstain (D, E, F). VEH/CON (A, 
D), cSiO2/CON (B, E), and cSiO2/DHA mice (C, F). cSiO2-exposed mice (B, E) had modest 
increases in glomerular size, cellularity, size, and IgG deposition. No histopathology was observed 
in VEH/CON mice (A, D) and DHA-fed mice (C, F). Individual kidney sections were semi-
quantitatively scored based on the modified International Society of Nephrology/Renal Pathology 
Lupus Nephritis Classification system described methods for lupus nephritis score for 
hyperplasia/hypertrophy (G) and IgG deposition (H). cSiO2/CON mice had significantly increased 
severity scores for hyperplasia/hypertrophy and IgG deposition at 5-wk PI. DHA enriched diets 
attenuated renal hyperplasia and hypertrophy. g, glomeruli; arrow, IgG proteinaceous material. p 
<0.05; a, Significantly different from VEH/CON; b, Significantly different from cSiO2/CON. 
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Figure 3.11: cSiO2-triggered infiltration of lymphoid cells is greater in adult NZBWF1 mice 
compared to juveniles from previous studies. cSiO2 exposure induced significant infiltration of 
(A) CD45R+ B-cells at 5 wks PI in both juvenile and adult mice. cSiO2 exposure induced 
significant infiltration of (B) CD3+ T-cells at 5 wks PI only in adult mice and not in juveniles (16). 
CD45R+ B-cell and CD3+ T-cell density was significantly greater in adult mice compared to 
juveniles. DHA significantly reduced CD45R+ B-cell infiltration in both juvenile and adult mice, 
and CD3+ T-cell infiltration in adult cSiO2-exposed mice. Morphometric data from the present 
study and a previous study (16) was compared using a Two-Way ANOVA. p <0.05; a, 
Significantly different from VEH/CON; b, Significantly different from cSiO2/CON.; c, 
Significantly different from juvenile mice within same exposure/treatment group. 
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Figure 3.12: Age-dependent responses in cSiO2-triggered endpoints observed at 5 wk PI. 
Diagrammatical summary of severity of cSiO2-triggered endpoints in juvenile and adult female 
NZBWF1 mice necropsied at 5-wk PI. In a previous study from our lab, it has been demonstrated 
that cSiO2 exposure in juveniles leads to a mixture of modest to marked changes in the lung, and 
no observable changes regarding plasma AAbs and glomerulonephritis at 5 wk PI (16). In the 
present study, cSiO2 exposure in adult mice sacrificed at 5 wk PI resulted in more marked 
pulmonary pathology and modest renal pathology demonstrating the age-dependent response to 
cSiO2 in this experimental model. 
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TABLES 

Table 3.1: Formulation of experimental diets. 

 

 
Experimental Diet 

CON DHA 

Macronutrient (g/kg total diet) 

Carbohydrates 

Corn Starch 398 398 

Maltodextrin (Dyetrose) 132 132 

Sucrose 100 100 

Cellulose 50 50 

kcal (%total) 63.2 63.2 

Proteins 

Casein 200 200 

L-Cysteine 3 3 

kcal (% of total) 19.7 19.7 

Fats 

Corn Oil 10 10 

High-Oleic Sunflower Oil 60 35 

DHA-enriched Algal Oil 0 25 

kcal (% of total) 17.1 17.1 

Other 

AIN93G Mineral Mix 35 35 

AIN93G Vitamin Mix 10 10 

Choline Bitartrate 3 3 

TBHQ Antioxidant 0.01 0.01 

Values are shown as mass g/kg diet. Composition of diet based on manufacturer descriptions. Corn 
oil contained 612 g/kg linoleic acid and 26 g/kg oleic acid. High-oleic safflower oil contained 750 
g/kg oleic acid and 140 g/kg linoleic acid. Algal oil contained 395 DHA g/kg and 215 g oleic acid 
g/kg. 10 g/kg diet is calorically equivalent to a human equivalent dose of 5 g/d. 
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Table 3.2 Fatty acid content of RBCs at 1 and 5 wk post-instillation. 

 
  Experimental group   1 wk PI 5 wk PI   VEH/CON cSiO2/CON cSiO2/DHA VEH/CON cSiO2/CON cSiO2/DHA 

Common Name Chemical 
Formula (% of total fatty acid) 

Lauric Acid C14:0 0.16 ± 0.01 0.16 ± 0.00 0.26 ± 0.01*† 0.14 ± 0.00 0.16 ± 0.00 0.25 ± 0.01*† 
Palmitic Acid C16:0 28.38 ± 0.06 28.02 ± 0.09 31.85 ± 0.26*† 27.1 ± 0.07 26.37 ± 0.39 30.88 ± 0.35† 
Palmitelaidic Acid C16:1n7t 0.13 ± 0.03 0.09 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.12 ± 0.02 0.08 ± 0.01 
Palimitoleic Acid C16:1n7 0.51 ± 0.01 0.58 ± 0.02 0.53 ± 0.01 0.50 ± 0.01 0.58 ± 0.04 0.55 ± 0.30 
Stearic Acid C18:0 13.76 ± 0.21 13.45 ± 0.11 12.90 ± 0.16* 14.21 ± 0.02 14.12 ± 0.2 13.21 ± 0.14*† 
Elaidic Acid C18:1t 0.37 ± 0.12 0.20 ± 0.02 0.23 ± 0.04 0.29 ± 0.06 0.24 ± 0.05 0.21 ± 0.02 
Oleic Acid C18:1 ω-9 17.68 ± 0.44 17.56 ± 0.12 15.47 ± 0.15*† 18.33 ± 0.11 18.57 ± 0.07 16.30 ± 0.10*† 
Linoelaidic Acid C18:2 ω-6t 0.13 ± 0.02 0.07 ± 0.01* 0.08 ± 0.01 0.12 ± 0.02 0.08 ± 0.01 0.08 ± 0.00 
Linoleic Acid C18:2 ω-6 8.31 ± 0.08 9.16 ± 0.23* 10.94 ± 0.15*† 7.59 ± 0.07 8.77 ± 0.62 10.40 ± 0.24* 
Arachidic Acid C20:0 0.13 ± 0.02 0.10 ± 0.00 0.10 ± 0.01* 0.11 ± 0.00 0.11 ± 0.00 0.10 ± 0.00*† 
Gamma-Linolenic Acid C18:3 ω-6 0.05 ± 0.01 0.05 ± 0.00 0.02 ± 0.00*† 0.06 ± 0.00 0.06 ± 0.01 0.03 ± 0.00*† 
Eicosenoic Acid C20:1n9 0.32 ± 0.02 0.29 ± 0.00 0.19 ± 0.01*† 0.32 ± 0.01 0.33 ± 0.01 0.19 ± 0.01*† 
Alpha-Linolenic Acid C18:3 ω-3 0.02 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 
Eicosadienoic Acid C20:2 ω-6 0.26 ± 0.01 0.26 ± 0.01 0.20 ± 0.01*† 0.22 ± 0.01 0.22 ± 0.01 0.19 ± 0.01*† 
Behenic Acid C22:0 0.10 ± 0.01 0.09 ± 0.01 0.07 ± 0.00*† 0.12 ± 0.04 0.07 ± 0.00 0.08 ± 0.01 
Dihomo-gamma-linolenic 
Acid C20:3 ω-6 1.23 ± 0.02 1.27 ± 0.03 0.99 ± 0.05*† 1.27 ± 0.01 1.22 ± 0.03 1.11 ± 0.06* 
Arachidonic Acid C20:4 ω-6 19.35 ± 0.40 19.34 ± 0.20 7.32 ± 0.24*† 21.03 ± 0.13 20.84 ± 0.24 5.82 ± 0.20*† 
Lignoceric Acid C24:0 0.18 ± 0.02 0.19 ± 0.01 0.18 ± 0.02 0.17 ± 0.01 0.17 ± 0.01 0.17 ± 0.01 
Eicosapentaenoic Acid 
(EPA) C20:5 ω-3 0.25 ± 0.01 0.30 ± 0.02 3.65 ± 0.18*† 0.09 ± 0.01 0.10 ± 0.01 4.45 ± 0.16*† 
Nervonic Acid C24:1 ω-9 0.17 ± 0.03 0.17 ± 0.01 0.15 ± 0.02 0.18 ± 0.01 0.18 ± 0.01 0.19 ± 0.01 
Docosatetraenoic Acid C22:4n6 2.01 ± 0.02 1.82 ± 0.04* 0.42 ± 0.01*† 2.23 ± 0.03 2.02 ± 0.13 0.20 ± 0.01*† 
Adrenic Acid C22:4 ω-6 2.01 ± 0.02 1.82 ± 0.04 0.42 ± 0.01 2.23 ± 0.03 2.02 ± 0.13 0.2 ± 0.01 
Omega-6 
Docosapentaenoic Acid C22:5 ω-6 0.58 ± 0.02 0.55 ± 0.03 0.12 ± 0.00*† 0.95 ± 0.02 0.92 ± 0.04 0.05 ± 0.00*† 
Omega-3 
Docosapentaenoic Acid C22:5 ω-3 0.66 ± 0.01 0.65 ± 0.01 0.92 ± 0.02*† 0.32 ± 0.01 0.29 ± 0.02 0.9 ± 0.01*† 
Docosahexaenoic Acid 
(DHA) C22:6 ω-3 5.25 ± 0.08 5.60 ± 0.09 13.28 ± 0.22*† 4.53 ± 0.06 4.44 ± 0.11 14.52 ± 0.13*† 
Omega-3 Index: EPA + 
DHA 

C20:5 ω-3 + 
C22:6 ω-3 5.50 ± 0.09 5.90 ± 0.11 16.93 ± 0.36*† 4.62 ± 0.07 4.54 ± 0.12 18.97 ± 0.20*† 

 Σ SFA 42.71 ± 0.12 42.02 ± 0.13* 45.35 ± 0.18*† 41.85 ± 0.09 41.0 ± 0.35 44.69 ± 0.25*†  Σ MUFA 19.18 ± 0.65 18.90 ± 0.12 16.67 ± 0.18*† 19.72 ± 0.14 20.03 ± 0.13 17.53 ± 0.13*†  Σ PUFA (ω-3) 6.19 ± 0.10 6.57 ± 0.12 17.88 ± 0.36*† 4.96 ± 0.07 4.84 ± 0.14 19.90 ± 0.20*†  Σ PUFA (ω-6) 31.93 ± 0.43 32.52 ± 0.14 20.10 ± 0.39*† 33.46 ± 0.14 34.13 ± 0.40 17.89 ± 0.29*† 
Analysis of fatty acid profiles of RBCs from experimental groups 1 and 5 wk post-instillation as determined 
by OmegaQuant Analytics, LLC. p <0.05; * Significant compared to VEH/CON, † Significant compared to 
cSiO2/CON. 
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ABSTRACT 

Introduction: Systemic lupus erythematosus (lupus) is a chronic, prototypical autoimmune 

disease driven by a combination of heredity and exposures to environmental agents such as 

microbes and toxicants. While repeated intraperitoneal (IP) exposure to gram negative bacterial 

lipopolysaccharide (LPS) triggers early onset in autoimmune glomerulonephritis and mortality in 

lupus-prone mice, the effects of pulmonary exposure to LPS in this preclinical model of lupus has 

yet to be evaluated. To address this knowledge gap, we assessed the effects of subchronic airway 

exposure to LPS via intranasal (IN) instillations on the induction of autoimmunity in NZBWF1 

lupus-prone mice and related these findings to the effects of equivalent LPS dosing via IP route. 

Methods: Female 8-wk old NZBWF1 mice were exposed to either sterile saline vehicle (VEH) or 

smooth Escherichia coli (E. coli) LPS (0.8 µg/g bw) via IN instillation or IP injection twice per 

wk for 5 consecutive wks. Mice were necropsied 1 wk following the last LPS exposure and 

selected tissues were assessed for markers of inflammation/autoimmunity using conventional 

histopathology, immunohistochemistry, RT-PCR, and autoantigen protein microarray.  

Results: LPS/IN mice exhibited inflammatory cell influx in bronchioalveolar lavage fluid 

(BALF), pulmonary ectopic lymphoid tissue (ELT) formation, and inflammatory gene expression 

in lung tissue compared to VEH/IN mice. In addition to pulmonary pathology, IN exposure to LPS 

elicited robust increases in IgM and IgG autoantibodies (AAb) for diverse autoantigens (AAgs) in 

BALF and, to a much lesser extent, in the plasma. In comparison, LPS/IP mice did not exhibit 

pulmonary pathology or AAb responses in the BALF but did demonstrate robust IgM AAb and 

modest IgG AAb responses in the plasma. Both LPS/IN and LPS/IP groups had enlarged spleens 

with conspicuous IgG deposition compared to their respective VEH controls. In the kidney, there 

were signs of early glomerulonephritis (hypertrophy, hypercellularity, and IgG deposition) that 

was most prominent in LPS/IP mice.  
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Discussion: Our findings demonstrate that i) short-term repeated IN exposure to LPS elicits 

intense lung inflammation and ectopic lymphoid neogenesis concurrently with pulmonary and 

systemic autoimmunity, ii) responses to short-term repeated IP exposure to LPS is primarily 

localized to the spleen and systemic circulation, and iii) IP LPS delivery was more effective in 

inducing autoimmune-mediated glomerulonephritis than the IN route.  

INTRODUCTION 

Systemic lupus erythematosus (lupus) is a devastating chronic autoimmune disease that affects 

multiple organ systems and predominantly afflicts women of color and child-bearing age (30). 

Lupus is characterized by unresolved inflammation and a breakdown of self-recognition by 

autoreactive lymphoid cells (e.g., B- and T-cells) leading to robust production of autoantibodies 

(AAbs) (177). Resultant AAbs bind to cognate autoantigens (AAgs) which deposit in other organs 

such as the kidney, leading to glomerulonephritis and eventually renal failure (178).  

While genetic predilection plays an essential role in development of lupus, exposures to 

microbes and pathogen-associated molecular patterns (PAMPs) have been associated with lupus 

onset and increased morbidity and mortality (13, 52, 56, 57). Of high relevance, Gram-negative 

bacterial lipopolysaccharide (LPS) has been implicated in chronic inflammatory and autoimmune 

diseases (13-15, 177). Exposure to LPS can occur systemically as a result of Gram-negative 

bacterial infections such as salmonellosis or from the escape of opportunistic and benign Gram-

negative bacterial species from the large intestine via a leaky gut (13). LPS exposure leads to 

classical activation of innate immune cell populations through toll-like receptor 4 (TLR4) which 

stimulates proinflammatory cytokine/chemokine and Type-I IFN expression via the activation of 

NF-κB and IFN regulatory factors (IRFs), respectively (177). LPS can also further exacerbate 

autoimmunity through triggering immunogenic cell death with consequent stimulation of 
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autoreactive B- and T-cells and breaking of immunological tolerance (56).  

Consistent with the hypothesis that LPS is a trigger of autoimmunity, subchronic LPS 

exposure via the intraperitoneal route has been reported to induce autoimmunity in previous studies 

utilizing non-autoimmune C57BL/6 and BALB/c mice (179-182). Moreover, IP LPS treatment 

also accelerates autoimmune disease development in lupus prone NZBWF1, MRL/lpr (MRL) and 

BXSB mice (183-186). Autoimmune disease triggered by LPS has been linked to polyclonal B-

cell activation, decreased immune complex uptake by macrophages, impaired clearance of 

circulating immune complexes, and elevated renal immune complex deposition (179-188). 

In addition to systemic exposure, humans are also commonly exposed to LPS via 

inhalation, which can lead Gram-negative bacterial pulmonary infections (189, 190). Individuals 

can also inhale LPS when engaging in occupations centered around agriculture, textiles, and waste 

management (14, 191-193). Airborne LPS-containing organic dust mixtures, have been shown to 

incite inflammation with long-term exposure leading to diminished lung function (14). In vivo 

studies have likewise reported that inhalation exposure to LPS-containing organic dust mixtures 

leads to increased pulmonary pathology, proinflammatory and Type-I Interferon (IFN) gene 

responses in lung tissue, and induction of circulating AAbs present in the serum of rheumatoid 

arthritis (RA)-prone mice (54, 60).  

Several preclinical studies have demonstrated that LPS can accelerate autoimmunity in 

female NZBWF1 lupus-prone mice (58, 194-196). A consistent constraint of these investigations 

is that they focused only on the effects of systemic exposure via intraperitoneal (IP) injections, in 

addition to only assessing endpoints in the serum and kidney (58, 194, 196, 197). Moreover, these 

same studies utilized LPS from pathogenic Salmonella species as a trigger for glomerulonephritis 

rather than LPS derived from other clinically and environmentally relevant strains such as E. coli.  
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To address these limitations, we ascertained how subchronic airway exposure to E. coli LPS via 

intranasal (IN) instillation influences inflammation and autoimmunity in NZBWF1 mice, and 

further compared these findings to those elicited from systemic IP LPS exposure using an 

equivalent dosing regimen.   

MATERIALS AND METHODS 

Animals and experimental design 

Escherichia coli O55:B5 (Sigma Aldrich, Catalog #L2880) was dissolved into a solution for IP 

injections and IN instillations and were prepared fresh prior to each exposure. For both routes of 

exposure, stock LPS solutions were suspended in sterile phosphate buffered saline (PBS) and 

dissolved by sonication for 10 min and vortexed for 30 seconds. 

Animal experiments were approved by the Michigan State University (MSU) Institutional 

Animal Care and Use Committee (IACUC) (AUF# 201800113). Six-wk-old female NZBWF1 

mice (Jackson Laboratories, Bar Harbor, ME) were randomized into experimental groups 

following their arrival. Mice were housed three per cage and maintained at a constant temperature 

(21-24°C) and humidity (40-55%) with a 12-hr light/dark cycle throughout the study. For the 

entirety of the study, mice were fed modified American Institute of Nutrition (AIN)-93G diet (171) 

containing 70 g/kg of fat, 10 g/kg from food-grade corn oil and 60 g/kg from high-oleic safflower 

oil (LouAna, Brea, CA) which provided basal essential fatty acids. Diet was prepared biweekly, 

and mice were provided fresh food daily. Food reserves were stored at -20°C when not in use. 

Mice had access to food and water throughout the study. 

The experimental design for this study is depicted in Figure 4.1A. Beginning at 8 wks of 

age, mice were treated one of four ways as designated by their assigned experimental group: (i) 

injected IP with sterile phosphate buffered saline (PBS) vehicle (VEH) (VEH/IP, n = 6), (ii) 
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injected IP with LPS (0.8 µg/g) (LPS/IP, n = 6), (iii) instilled IN with 25 µL sterile PBS VEH 

(VEH/IN, n = 6), or (iv) instilled IN with 25 µL LPS (0.8 µg/g) (LPS/IN, n = 6). Injections and 

instillations took place twice a wk for 5 consecutive wks. Prior to both injections and instillations, 

mice were anesthetized using 4% isoflurane. Each wk of LPS treatment, urine was collected from 

all experimental groups to monitor proteinuria (≥300 mg/dL protein) using reagent dipsticks 

(Cortez Diagnostics, Calabasas, CA) to assess nephritis progression. All mice were sacrificed 

following the last wk of exposures at 13 wks of age.  

Necropsy  

All experimental groups were terminated 1 wk after the final exposure at 13 wks of age. Mice were 

first anesthetized with sodium pentobarbital (56 mg/kg) administered via IP injection, followed by 

euthanasia through exsanguination of the abdominal aorta. Heparinized syringes were used to 

collect the blood from the abdominal aorta. Plasma was isolated from blood samples spun down 

at 3500 x g for 10 min at 4°C. Plasma was stored at -80°C for AAb microarray analysis. 

Bronchoalveolar lavage fluid (BALF) was collected from the whole lung as described previously 

(198). After completing inflammatory cell quantification in the BALF, samples were spun down 

at 465 x g for 15 min at 4°C and the cell fraction was used to perform differential cell counts. 

Remaining supernatant was stored at -80°C for AAb microarray analysis. Left lung lobes were 

fixed in 10% neutral buffered formalin (NBF) (Fischer Scientific, Pittsburgh, PA) for 1 hr at a 

constant pressure of 30 cm H2O. Spleens were weighed prior to sectioning. The head of the spleen 

was fixed in 10% NBF, along with one whole kidney. The caudal lung lobe was stored in RNAlater 

at (Thermo Fisher Scientific, Wilmington, DE) at 4°C for 16 hr, then moved to -80°C. All tissues 

fixed in NBF remained in fixative for 48 hrs prior to being processed for histology. Remaining 

right lung lobes and half a kidney were snap frozen and stored at -80°C. 
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BALF cell quantitation and identification 

Total leukocyte cell counts in BALF were performed using a hemocytometer. In preparation of 

differential cell counts, BALF cells were immobilized on glass slides using centrifugal forces 

(Shandon Cytospin 3) and spun down at 40 x g for 10 min. Cytological slides were air dried and 

then stained using Diff-Quick (Fisher Scientific). The remaining BALF was centrifuged at 465 x 

g for 15 min and supernatant was collected and stored at -80°C for subsequent AAb analysis. 

Differential cell counts were performed by counting 200 cells total per cytological slide and 

morphological criteria was used to identify the number of macrophages/monocytes, neutrophils, 

and lymphocytes.  

Lung histopathology 

Left lung lobes were intratracheally fixed in formalin for 48 hrs at a constant gravimetric fluid 

pressure of 30 cm. Using random start, the lobe was sectioned into four transverse lung blocks (~2 

mm each). Tissue blocks were embedded in paraffin and tissues were cut at 5 µm thickness, 

deparaffinized, and stained with hematoxylin & eosin (H&E). Light microscopic examination was 

performed by a board-certified veterinary pathologist (JRH) without knowledge of individual 

animal exposure. 

Lung immunohistochemistry and morphometric analysis 

Formalin-fixed, paraffin embedded lung tissues were immunohistochemically stained for CD45R+ 

B-cells, CD3+ T-cells, and IgG+ plasma cells (Table A4.1). Slides were scanned using the VS200 

virtual slide system (Olympus, Hicksville, NY). Using NewCast software (Visiopharm, 

Hoersholm, Denmark), each whole glass slide was randomly subsampled to obtain at least 100 

digital microscopic images from lung tissue sections captured at 20X magnification. 

Morphometric analysis used to quantify CD45R+ B-cells, CD3+ T-cells, and IgG+ plasma cells in 
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the lung was performed using the STEPanizer 1.8 stereology tool (147). Briefly, lymphoid cell 

densities were quantified by overlaying a point grid on randomly subsampled images. The number 

of grid points overlayed with positively stained cells was divided by reference tissue area to obtain 

a percentage of the total lung area showing positive IHC staining.  

Quantitative PCR for lung tissue 

Total RNA was extracted from the caudal lung lobes using TissueLyser II and a RNeasy Mini Kit 

(Qiagen, cat. #74104) per manufacturer’s instructions. RNA was eluted using RNase-free water 

provided by the RNeasy kit and quantified using the Nanodrop ND-1000 spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA). High-Capacity cDNA Reverse Transcriptase Kit 

(Thermo Fisher Scientific, cat. #4368814) RNA was used to prepare cDNA. Taqman assays were 

run in technical triplicate using the TakaraBio smartchip real-time PCR system at the MSU 

Genomics Core to assess gene expression. Exposure-dependent gene expression was assessed for 

cytokines (Tnfa, Il1b, Il6, Ifng), chemokines (Ccl3, Ccl4, Ccl8, Cxcl1, Cxcl3, Cxcl9, Cxcl10, 

Cxcl13), IFN-regulated genes (Zbp1, Oas1a, Oasl1, Irg1), lymphocyte activation and 

differentiation (Ly6i, Bcl6, Il12b), cell death (Bax, Bcl2, Nlrp3, Casp1, Casp4), oxidative stress 

(Nos2, Lcn2, Keap1, Nrf2), and housekeeping genes (Actb, Gapd). ΔCt values were calculated by 

subtracting the average raw Ct value of the housekeeping genes from the raw Ct value for each 

gene of interest. ΔΔCt values were calculated by subtracting the average ΔCt value of the 

respective VEH group from the average ΔCt value of the corresponding route of exposure LPS 

group. ΔΔCt values are shown in units of fold increase relative to VEH control mice for each gene 

of interest. 

Autoantibody Microarray 

IgG and IgM AAb profiling was performed using a high-throughput autoantigen (AAg) microarray 



107 
 

at the Microarray and Immune Phenotyping Core Facility at the University of Texas Southwestern 

Medical Center as described previously (88) for BALF and plasma samples. Briefly, BALF and 

plasma samples were pre-treated with DNAse I to remove free-DNA and then diluted 1:25 or 1:50, 

respectively. Samples were added and incubated on protein array plates containing 122 different 

antigens and 6 controls. Antibody-antigen binding occurring on the plate was detected using Cy3-

conjugated anti-mouse IgG (1:2000, Jackson ImmunoResearch Laboratories, PA). Fluorescent 

images were captured using a Genepix 4200A scanner (Molecular Devices, CA) and were 

transformed to signal intensity values using GenePix 7.0 software. Signal intensity values for each 

AAb were first normalized by subtracting the background and normalizing to IgG internal controls, 

then reported as an antibody score (Ab-score). This Ab-score was calculated based on the 

normalized signal intensity (NSI) and signal-to-noise ratio (SNR) using the formula: 

Ab-score = 𝑙𝑙𝑙𝑙𝑙𝑙2 (𝑁𝑁𝑁𝑁𝐼𝐼 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆 + 1) 

Normalized and unit variance-scaled Ab-score values were visualized using ClustVis software 

(36). For heat maps, data were clustered using unsupervised hierarchical co-clustering (HCC) and 

rows were clustered using Euclidean distance and Ward linkage. Imputation was applied for 

missing value estimation. ClustVis was also used for Principal Component Analysis (PCA) to 

calculate and illustrate similarities between exposure groups. Prism 9 (GraphPad Prism v 9.2, San 

Diego, CA) was used to graph select classes of IgG and IgM AAbs (88). 

Kidney and spleen histopathology and immunohistochemistry 

Spleen heads fixed in formalin were placed into individual tissue blocks, embedded with paraffin, 

and cut at a 5 µm thickness. Deparaffinized splenic tissue was immunohistochemically stained for 

IgG (Table A4.1) and counterstained with hematoxylin. Light microscopic examination of 

germinal center formation and extracellular proteinaceous IgG deposition was assessed (JRH). 
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Kidney tissue sections (5 µm) were histochemically stained with H&E and light microscopic 

examination was performed by a board-certified veterinary pathologist (JRH) without knowledge 

of individual animal exposure. Glomerulonephritis severity scores were based on a modified 

Society of Nephrology/Renal Pathology Lupus Nephritis Classification system (173): (0) no 

tubular proteinosis, normal glomeruli; (1) mild tubular proteinosis with multifocal segmental 

proliferative glomerulonephritis and occasional early glomerular sclerosis and crescent formation; 

(2) moderate tubular proteinosis with diffuse segmental proliferative glomerulonephritis, early 

glomerular sclerosis, and crescent formation; (3) marked tubular proteinosis with diffuse global 

proliferative and sclerosing glomerulonephritis. Kidney tissue sections were also 

immunohistochemically stained for IgG and counterstained with H&E, and semi-quantitative 

scoring of renal IgG deposition was performed. 

Statistical analysis 

Data and statistical analyses were performed using (GraphPad Prism v 9.2, San Diego, CA). The 

Grubb’s test (Q=1%) and Shapiro-Wilk test (p<0.01) were used to test for outliers and normality, 

respectively. A One-Way ANOVA was used on all data to detect significant differences with LPS 

treatment relative to VEH (VEH/IP vs LPS/IP, VEH/IN vs LPS/IN) and between routes of 

exposure (VEH/IP vs VEH/IN, LPS/IP vs LPS/IN). Non-normal and semi-quantitative data were 

analyzed using the Kruskal-Wallis non-parametric test. Data are presented as the mean ± standard 

error of the mean (SEM), with a p-value ≤ 0.05 being considered statistically significant.  

RESULTS  

Mice in the four experimental groups did not exhibit evident signs of deteriorating health such as 

lethargy, rough coat, dyspnea, or decreased ambulation. However, weight gain was suppressed in 

the LPS/IN group compared to VEH/IN group, but not in the LPS/IP group (Figure 4.1B). 
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Intranasal LPS exposure led to a significant increase in total leukocytes, 

macrophages/monocytes, and neutrophils in the BALF compared to VEH controls (Figure 4.2A). 

Consistent with induction of BALF cellularity, histopathologic analysis revealed that mice in the 

LPS/IN group predominantly had a mononuclear cell bronchopneumonia, consisting mainly of 

lymphocytes, plasma cells, and macrophages/monocytes, with lesser numbers of neutrophils 

(Figure 4.2B). Lung lesions were most severe in the hilar region of the lung lobe. LPS-induced 

bronchiolitis/alveolitis consisted of conspicuous accumulations of T- and B-lymphoid cells in the 

interstitial tissue surrounding bronchioles and blood vessels (ELT) and alveolar accumulations of 

enlarged and often vacuolated macrophages. Hyperplasia of type 2 alveolar epithelial cells was 

occasionally present in the inflamed alveolar parenchyma as well as bronchiolar epithelial 

hypertrophy/hyperplasia in small diameter pre-terminal and terminal bronchioles. 

IP injections with LPS did not affect BALF cellularity (Figure 4.2A). Lung lesions were 

not present in VEH/IN mice, except for occasional small inflammatory foci randomly scattered in 

the alveolar parenchyma and composed of a mixed inflammatory cell infiltrate (neutrophils, 

monocytes, and macrophages) (Figure 4.2B). These small foci were often associated with a minute 

foreign body, e.g., inhaled bedding or food material. No exposure-related histopathology was 

microscopically evident in the lungs of mice exposed IP to LPS or VEH. 

IHC and morphometric analysis were used to quantify lymphoid cell populations in ELT 

in mice exposed via the IN route. LPS/IN mice exhibited significant infiltration of CD45R+ B cells 

(Figure 4.3A) and CD3+ T cells (Figure 4.3B) around the perivascular and peribronchiolar regions 

of the lung compared to VEH/IN mice. Correspondingly, mice subjected to LPS/IN exhibited 

increased numbers of IgG+ plasma cells located in ELT (Figure 4.4A-B). While mice exposed to 

LPS via IP injection did not have increased presence of IgG+ plasma cells, there was still noticeable 
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extracellular IgG+ proteinaceous material deposition in the lung compared to VEH/IP mice 

(Figure 4.4A-C). 

IN LPS exposure upregulated expression of genes in lung tissue pertaining to cytokines 

(Tnfa, Il1b, Il6, Ifng) (Figure 4.5A), chemokines (Ccl3, Ccl4, Ccl8, Cxcl1, Cxcl3, Cxcl9, Cxcl10, 

Cxcl13) (Figure 4.5B), and IFN response (Zbp1, Oas1a, Oasl1, Irg1) (Figure 4.5C). IN exposure 

to LPS also induced genes associated with lymphocyte activation and differentiation (Ly6i, Bcl6, 

Il12b), cell death (Bax, Nlrp3, Casp1, Casp4), and oxidative stress (Nos2, Lcn2) (Figure 4.6). 

Genes downregulated with IN exposure to LPS compared to VEH/IN mice were Bcl6 (germinal 

center T cells), Bcl2 (apoptosis), and Nrf2 and Keap1 (oxidative stress) (Figure 4.6). Of these, 

only Cxcl13, Oas1a, Casp1, and Casp4 were modestly induced by IP exposure to LPS (Figure 

4.5,6).  

LPS/IN mice exhibited robust increases of both IgM AAbs (Figure 4.7A,B) and IgG AAbs 

(Figure 4.8A,B) in BALF compared to their respective controls. In comparison, IgM and IgG 

AAbs were modestly elevated. PCA analysis revealed distinct clustering of VEH/IN samples from 

LPS/IN, VEH/IP, and LPS/IP groups for IgM AAb (Figure 4.7C) and IgG AAb (Figure 4.8C) 

responses in the BALF. Specificities for IgM and IgG AAbs in LPS/IN mice, and IgG AAbs in 

LPS/IP mice, were highly diverse and extended over a wide range of AAgs including DNA-related 

nucleoproteins, anti-DNA organization and nuclear membrane, phospholipid antigens, and 

complement and circulating proteins. (Figures 4.7D and 4.8D). Comparatively, only select classes 

of IgM AAbs demonstrated a significant LPS-response in the IP group compared to VEH/IP 

control mice (Figures 4.7 and 4.8).  

In the plasma, LPS/IP mice exhibited marked increases in IgM AAbs, while these 

responses were much more muted in the LPS/IN mice (Figure 4.9A-C). IgM AAbs in LPS/IP 
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mice reacted with most AAgs on the microarray, whereas IgM AAbs in LPS/IN mice reacted with 

a smaller subset of AAgs (Figure 4.9D). Both the LPS/IP and LPS/IN groups exhibited modest 

increases in IgG AAbs (Figure 4.10A-C). IP or IN LPS IgG AAbs reacted with approximately 

three quarters of microarray AAgs (Figure 4.10D). 

Both LPS/IP and LPS/IN groups had significant increases in spleen weights compared to 

their respective VEH controls, with spleen weights being greater in LPS/IP mice compared to 

LPS/IN mice (Figure 4.11A). LPS/IP mice had extensive formation of germinal centers, which 

were absent or less evident in VEH/IP, LPS/IN, and VEH IN mice (Figure 4.11B). LPS-exposed 

mice from both IP and IN groups had marked increases in IgG deposition in the spleen compared 

to their respective controls.  

LPS exposure resulted in glomerulonephritis for both routes of exposure compared to their 

respective VEH controls (Figure 4.12A). Mice exposed to LPS via IP injection, however, had 

marked glomerular hypertrophy/hypercellularity and mild IgG deposition compared to their VEH 

controls. In contrast, mice exposed to LPS intranasally exhibited only minimal to mild glomerular 

hypertrophy and scarce IgG deposition compared to VEH/IN mice (Figure 4.12B). Proteinuria 

was not detected in the urine of any experimental groups throughout the study. 

DISCUSSION 

While subchronic IP exposure to Salmonella LPS triggers accelerated glomerulonephritis in 

various lupus-prone mouse strains (179-181, 183-186, 188), it is unclear how pulmonary exposure 

impacts autoimmunity in these same preclinical models of lupus. Growing evidence from humans 

studies (177) and pre-clinical mouse models of RA (54, 60) suggest that pulmonary exposure to 

LPS is likely a trigger for autoimmunity. Here, we compared for the first time the effects of 

subchronic airway and systemic LPS-triggered inflammation and autoimmunity in female 
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NZBWF1 lupus-prone mice. As depicted in Figure 4.13, we found responses were highly 

dependent on the route of exposure. Specifically, IN exposure to LPS induced robust BALF 

leukocyte cellularity, pulmonary ELT formation, infiltration of CD45R+ B- and CD3+ T-

lymphocytes, IgG+ plasma cells, and pro-inflammatory gene expression in lung tissue which was 

not evident in LPS/IP and VEH-instilled mice. These responses in the lung were unique to LPS/IN 

mice and were not detected in LPS/IP mice. While both routes of LPS exposure triggered 

splenomegaly and splenic IgG deposition, splenic germinal center formation was evident only in 

LPS/IP mice. Furthermore, IgM and IgG AAb induction were more prominent in the BALF after 

IN LPS exposure, while more vigorous AAb responses in the plasma were evident after IP LPS 

exposure. Lastly, glomerulonephritis with IgG deposition was more prominent in LPS/IP mice 

than LPS/IN animals. 

Similar to what has been observed following subchronic IN exposure to crystalline silica 

in NZBWF1 mice (17, 18), IN LPS exposure drove unresolved inflammation and autoimmunity 

in the lung. Pulmonary ELTs likely served as a source for robust IgM and IgG responses in the 

BALF of mice intranasally exposed to LPS (Figure 4.13). IP LPS exposure, in comparison, did 

not lead to significant pulmonary pathology. Yet, IgG was immunohistochemically detected in 

lung vasculature, including alveolar capillaries, and in some alveolar airspaces. Likewise, small 

amounts of IgM and IgG AAbs were detected in the BALF of LPS/IP mice.  

In contrast to LPS IN delivery to the lung, IP exposure to LPS effectively triggered plasma 

AAb responses reflecting systemic autoimmunity that was likely driven by polyclonal B-cell 

activation and development of splenic germinal centers. Similar to ELT in the lung, germinal 

centers in the spleen contain large numbers of proliferating B-cells that could have been activated 

by either LPS or self-antigens (199, 200). Zhang et al. and coworkers (59) found that spontaneous 
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splenic germinal center formation in MLR/lpr lupus-prone mice led to significantly elevated serum 

IgG and IgM anti-dsDNA and splenic IgG deposition. These findings support the notion that IP 

delivery of LPS elicited splenic pathology which likely led to the robust IgM and IgG AAb 

responses in the plasma (Figure 4.13).  

Our preclinical mouse model exemplifies the importance of AAbs in driving lupus 

pathogenesis regardless of route of exposure to environmental toxicants such as LPS. Elevated 

levels of IgM and IgG AAbs detected in the BALF and plasma in IN and IP LPS-exposed mice, 

respectively, demonstrated that isotype switching continued to take place until termination of the 

study. Considering naïve B-cells produce IgM prior to maturation and isotype switching, this 

suggests that there were a significant number of immature B-cells at sites of inflammation still 

present in the lung and spleen in addition to mature IgG producing B-cells. Unresolved 

inflammation, in part attributed to B-cell activation, resulted in not only a broad repertoire of 

antibodies targeting self-antigens, but also increased IgG deposition in both the lung and spleen. 

Deposition of IgG pathogenic immune complexes are associated with increased tissue damage in 

lupus patients (178). Our results suggest that IP LPS exposure in female NZBWF1 mice resulted 

in IgG AAb-mediated responses that are consistent with those observed in humans. 

In addition to LPS-mediated inflammation in the lung, spleen, and plasma, IN and IP 

treatment with LPS resulted in moderate renal pathology compared to VEH control mice. In other 

studies where female NZBWF1 mice were exposed to Salmonella-derived LPS via IP injection 

using the same dose as in the present model, more severe glomerulonephritis and renal immune 

complex deposition was present compared to the LPS/IN mice in this study (58, 194, 196, 197). 

We have recently demonstrated that severity of glomerulonephritis is particularly dependent on 

the chemotype of Gram-negative bacteria used in the exposure model (58). Repeated IP injections 
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with rough Salmonella LPS induced advanced glomerulonephritis in NZBWF1 mice, whereas 

repeated IP injections with smooth Salmonella LPS elicited minimal renal pathology. Interestingly, 

although the E. coli LPS strain used in the present study is a smooth serotype, there was more 

robust renal pathology observed in mice treated IP with E. coli compared to mice injected with 

smooth Salmonella LPS in the aforementioned study. Thus, severity of LPS-accelerated 

autoimmune nephritis in NZBWF1 mice may not only be chemotype-dependent, but also 

influenced by the type of Gram-negative bacterium from which the LPS was derived.  

While severe glomerulonephritis did not develop in mice exposed to LPS either via the IN 

or IP route, we did observe some glomerular pathology with both routes of exposure. These 

findings support the idea that chronic LPS exposure, regardless of route of administration, was 

indeed capable of creating pathology in the kidneys of NZBWF1 mice due to unresolved 

inflammation and systemic autoimmunity. However, additional studies are needed to determine if 

LPS-induced glomerulonephritis progresses with additional exposures or time post-exposure in 

these NZBWF1 lupus-prone mice. Overall, this is the first study to demonstrate that exposure to 

the clinically relevant environmental toxicant E. coli LPS leads to local and systemic 

autoimmunity in female NZBWF1 lupus-prone mice through multiple routes of exposure. 
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FIGURES 

Figure 4.1: (A) Experimental design. Female NZBWF1 mice were obtained at 6 wks of age and 
were allowed to acclimate for 2 wks. Beginning at 8 wks of age, mice were treated with either 1) 
IP injection with saline vehicle, 2) IP injection with LPS, 3) intranasal instillation with saline 
vehicle, or 4) intranasal instillation with LPS. Mice were injected IP or intranasally instilled with 
the appropriate treatment twice per wk for 5 consecutive wks. Proteinuria was assessed weekly 
starting at 8 wks of age to monitor disease progression. All animals were sacrificed at 13 wks of 
age. At the time of necropsy, BALF was collected for differential cell counts and AAb microarray; 
plasma was collected for AAb microarray; lung and kidney tissues were collected for 
histopathology, IHC, morphometric analysis, and qRT-PCR. (B) Body weight changes were 
observed with intranasal LPS exposure treatment in female NZBWF1 mice. Animals were 
weighed twice per wk beginning at 8 wks of age. LPS/IN mice had significantly lower body 
weights throughout the duration of the study compared to VEH/IN mice and mice treated via IP 
injection. LPS/IP mice had no significant changes in body weight compared to VEH/IP mice. 
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Figure 4.2: Intranasal LPS exposure results in significant BALF cellularity and pulmonary 
ELT formation. (A) LPS intranasal instillation led to increased total leukocytes, monocytes, 
neutrophils, and lymphocytes in the BALF (B). p<0.05; a, Significantly different from VEH 
control within same route of exposure; b, Significantly different from LPS/IP group. (B) Light 
photomicrographs of hematoxylin and eosin-stained lung tissue sections from mice intranasally 
instilled with saline vehicle (VEH/IN), mice intranasally instilled with LPS (LPS/IN), mice 
injected IP with saline vehicle (VEH/IP), and mice injected IP with LPS (LPS/IN). Intranasal LPS 
exposure resulted in perivascular and peribronchiolar ELT formation at 13 wks of age compared 
to VEH/IN mice. Abbreviations: a, pulmonary airways; v, pulmonary vessels; ap, alveolar 
parenchyma; arrows, peri-vascular/bronchiolar ectopic lymphoid structures. 
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Figure 4.3: Intranasal LPS exposure increased lung infiltration of perivascular CD45R+ B-
cells and CD3+ T-cells. Light photomicrographs of perivenous ectopic lymphoid tissue (ELT) 
immunohistochemically stained for (A,B) CD45R+ B lymphoid cells and (C,D) CD3+ T cells in 
lungs from VEH/IN and LPS/IN mice. Abbreviations: pv, pulmonary vein; ba, bronchiolar airway; 
i, peribronchiolar and perivascular interstitium; a, alveolar parenchyma; arrows, peri-
vascular/bronchiolar ectopic lymphoid tissue; arrow, arrow, positively stained lymphoid cells. 
Intranasal LPS exposure triggered significant interstitial infiltration of CD45R+ B-cells (A) and 
CD3+ T-cells (C) compared to VEH/IN mice. Graphical representation of morphometrically 
determined density of CD45R+ B-cells (B) and CD3+ T-cells (D) in lung tissue. *** p<0.001, **** 
p<0.0001 for VEH/IN vs LPS/IN. 
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Figure 4.4: Intranasal LPS exposure triggered a significant increase in pulmonary IgG+ 
plasma cells in the lung. Light photomicrographs of perivenous ectopic lymphoid tissue (ELT) 
immunohistochemically stained for IgG+ plasma cells (arrows), and alveolar parenchyma 
immunohistochemically stained for extracellular IgG+ proteinaceous material (stippled arrows) in 
alveolar airspace (A). Zoomed in photomicrographs IgG+ stained tissue around pulmonary vessel 
in LPS exposed mice (B). Abbreviations: tb, terminal bronchiole; e, epithelium; v, pulmonary vein; 
a; alveolar parenchyma; els, ectopic lymphoid structure/tissue. Graphical representation of 
morphometrically determined lung density of IgG+ plasma cells (C). LPS/IP mice did not lead to 
increased IgG+ plasma cell infiltration, but extracellular IgG deposition in lung tissue was still 
present. Tissues counterstained with hematoxylin. p<0.05; a, Significantly different from VEH 
control within same route of exposure; b, Significantly different from LPS/IP group.  
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Figure 4.5: IN but not IP LPS exposure induced expression of cytokine (A), chemokine (B), 
IFN-regulated genes (C) the lung qRT-PCR was used to assess exposure-dependent changes 
in gene expression within the lung tissue. Letters: a, differs from VEH control within same route 
of exposure (p<0.05); b, differs from LPS/IP group (p<0.05). 
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Figure 4.6: IN but not IP LPS exposure influences gene expression associated with 
lymphocyte activation/differentiation (Ly6i, Bcl-6, Il12b) cell death (Bax, Bcl-2. Nlrp3, Casp1, 
Casp4), and oxidative stress (Nos2, Lcn2, Keap1, Nrf2). Letters: a, differs from VEH control 
within same route of exposure (p<0.05); b, differs from LPS/IP group (p<0.05). 
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Figure 4.7: LPS exposure resulted in significantly elevated IgM AAbs in the BALF. AAb  
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Figure 4.7 (cont’d): 
production was measured in BALF samples collected at the time of necropsy. (A) Heat map 
illustrates unsupervised clustering (Euclidian distance method) of 122 AAbs shown as AAb-score 
values for IgM expression in BALF. Scale bar values reflect the range of variance-stabilized AAb 
scores, which were centered across rows. (B) IP and intranasal LPS exposure increased total IgM 
levels in the BALF. (C) PCA of differentially expressed IgM AAbs in the BALF of VEH and LPS-
exposed mice for both routes of exposure. Ellipses illustrate 95% confidence intervals. (D) Both 
IP and intranasal LPS exposure led to increases in various classes of AAbs in the BALF compared 
to their respective VEH control mice. p<0.05; a, Significantly different from VEH control within 
same route of exposure; b, Significantly different from LPS/IP group. 
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Figure 4.8: LPS exposure resulted in significantly elevated IgG AAbs in the BALF. AAb  
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Figure 4.8 (cont’d): 
production was measured in BALF samples collected at the time of necropsy. (A) Heat map 
illustrates unsupervised clustering (Euclidian distance method) of 122 AAbs shown as AAb-score 
values for IgG expression in BALF. Scale bar values reflect the range of variance-stabilized AAb 
scores, which were centered across rows. (B) IP and intranasal LPS exposure increased total IgG 
levels in the BALF. (C) PCA of differentially expressed IgG AAbs in the BALF of VEH and LPS-
exposed mice for both routes of exposure. Ellipses illustrate 95% confidence intervals. (D) Both 
IP and intranasal LPS exposure led to increases in various classes of AAbs in the BALF compared 
to their respective VEH control mice. p<0.05; a, Significantly different from VEH control within 
same route of exposure; b, Significantly different from LPS/IP group. 
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Figure 4.9: LPS exposure resulted in significantly elevated IgM AAbs in the plasma. AAb  
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Figure 4.9 (cont’d): 
production was measured in plasma samples collected at the time of necropsy. (A) Heat map 
illustrates unsupervised clustering (Euclidian distance method) of 122 AAbs shown as AAb-score 
values for IgM expression in plasma. Scale bar values reflect the range of variance-stabilized AAb 
scores, which were centered across rows. (B) IP and intranasal LPS exposure increaseed total IgM 
levels in the plasma. (C) PCA of differentially expressed IgM AAbs in the plasma of VEH and 
LPS-exposed mice for both routes of exposure. Ellipses illustrate 95% confidence intervals. (D) 
Both IP and intranasal LPS exposure led to increases in various classes of AAbs in the plasma 
compared to their respective VEH control mice. p<0.05; a, Significantly different from VEH 
control within same route of exposure; b, Significantly different from LPS/IP group. 
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Figure 4.10: LPS exposure resulted in significantly elevated IgG AAbs in the plasma. AAb  
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Figure 4.10 (cont’d): 
production was measured in plasma samples collected at the time of necropsy. (A) Heat map 
illustrates unsupervised clustering (Euclidian distance method) of 122 AAbs shown as AAb-score 
values for IgG expression in plasma. Scale bar values reflect the range of variance-stabilized AAb 
scores, which were centered across rows. (B) IP and intranasal LPS exposure increased total IgG 
levels in the plasma. (C) PCA of differentially expressed IgG AAbs in the plasma of VEH and 
LPS-exposed mice for both routes of exposure. Ellipses illustrate 95% confidence intervals. (D) 
Both IP and intranasal LPS exposure led to increases in various classes of AAbs in the plasma 
compared to their respective VEH control mice. p<0.05; a, Significantly different from VEH 
control within same route of exposure; b, Significantly different from LPS/IP group. 
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Figure 4.11: LPS exposure resulted in splenomegaly and IgG deposition. Spleen weights from 
LPS/IP and LPS/IN mice were significantly greater compared to VEH/IP and VEH/IN mice, 
respectively (A). Light photomicrographs of splenic tissue immunohistochemically stained for 
extracellular IgG+ proteinaceous material and counterstained with hematoxylin (B). Splenic white 
pulp (wp) increased (lymphoid cell hyperplasia) in mice exposed to LPS IP and intranasally.  
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Figure 4.11 (cont’d): 
Germinal center formation was present in LPS/IP mice. Increased IgG deposition was present in 
mice exposed to LPS both IP and intranasally compared to the respective VEH controls. 
Abbreviations: wp, white pulp; rp, red pulp; gc, germinal center; arrows, IgG+ stained tissue. 
p<0.05; a, a, Significantly different from VEH control within same route of exposure; b, 
Significantly different from LPS/IP group. 
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Figure 4.12: LPS resulted in moderate renal pathology and elevated glomerulonephritis 
severity scores. Individual kidney sections were semi-quantitatively scored based on the modified 
International Society of Nephrology/Renal Pathology Lupus Nephritis Classification system  
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Figure 4.12 (cont’d): 
described methods for lupus nephritis score (A). Both IN and IP LPS exposure resulted in elevated 
glomerulonephritis scores compared to respective VEH controls. (B) Light photomicrographs of 
kidney sections histochemically stained with Periodic Acid Schiff stain (left panel) or 
immunohistochemically stained with IgG (right panel) and counterstained with hematoxylin. 
LPS/IN mice exhibited mild glomerular hypertrophy and little IgG deposition compared to 
VEH/IN mice, and LPS/IP mice had marked glomerular hypertrophy and mild IgG deposition 
compared to VEH/IP mice. p<0.05; a, Significantly different from VEH control within same route 
of exposure; b, Significantly different from LPS/IP group. 
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ABSTRACT 

Introduction: Glucocorticoids (GC) are one of the most common anti-inflammatory treatments 

for autoimmune diseases such as systemic lupus erythematosus (lupus). Chronic use of GCs leads 

to several deleterious side-effects and diminished quality of life, inciting a need for steroid-sparing 

therapeutics. Polyunsaturated fatty acids (PUFA), such as docosahexaenoic acid (DHA), have been 

shown to inhibit pro-inflammatory and Type I Interferon (IFN) gene signatures in macrophages, 

which are central to initiation of autoimmunity triggered by inhaled environmental toxicants such 

as bacterial lipopolysaccharide (LPS). The goal of the present study was to determine whether 

combination treatment with suboptimal concentrations of DHA and GC in LPS-primed alveolar-

like macrophages could potentiate the anti-inflammatory effects of DHA and GC individual 

treatment. 

Methods: RNAseq was used to evaluate whether DHA could potentiate the anti-inflammatory 

effects of the GC dexamethasone (DEX) in LPS-stimulated fetal liver-derived alveolar-like 

macrophages (FLAMs) isolated from NZBWF1 lupus-prone mice. FLAMs were treated with 

suboptimal concentrations of either DHA alone, DEX alone, or DHA+DEX in combination prior 

to LPS stimulation (20 ng/mL) for 4 or 8 hr.  

Results: LPS stimulation resulted in significant enrichment of innate immunity and Type I/II IFN 

pathways with corresponding upregulation of gene sets falling within these pathways at both 

timepoints. LPS-primed FLAMs treated in combination with suboptimal concentrations of DHA 

and DEX exhibited superior combinatorial affects compared those observed with DHA and DEX 

treatment alone. DHA+DEX cotreatment resulted in downregulation of innate immunity and Type 

I/II IFN pathways initially altered by LPS treatment. Lastly, DHA+DEX cotreatment exhibited 

superior downregulation of individual Type I/II IFN genes compared to individual treatments. 
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Discussion: Our findings demonstrate that while DHA and DEX can significantly alter LPS-

stimulated gene expression in alveolar-like macrophages when used in high enough concentrations 

alone, DHA can be used to potentiate the anti-inflammatory effects of DEX when both are used at 

lower concentrations. This study provides promising evidence that DHA can potentially be used 

to lower requisite amounts GCs required to reduce inflammation. 

INTRODUCTION 

The lung is host to a variety of immune cell types which aid in preservation of homeostatic 

functions as well as defense against harmful pathogens (201, 202). Many inhaled toxicants travel 

to the distal airways and alveoli where they interact with alveolar macrophages (AMs), which 

serve as the first line of defense against environmental insults (203). AMs, which arise from fetal 

liver monocytes, recognize various pathogen-associated molecular patterns (PAMPs) and damage-

associated molecular patterns (DAMPs) via pattern-recognition receptors (PRRs). Activation of 

AMs by various PAMPs and DAMPs elicits effector functions such as proinflammatory 

cytokine/chemokine production, secretion of Type I/II Interferons (IFNs), phagocytosis, and cell 

death (204-206). Proinflammatory AMs, classically referred to as the “M1” phenotype, have been 

implicated in the pathology of various autoimmune diseases (e.g., lupus, arthritis) (207-209) and 

pathogenic infections (e.g., Mycobacterium tuberculosis, influenza) (204).  

Systemic lupus erythematosus (lupus) is a debilitating, prototypical autoimmune disease 

that is characterized by chronic inflammation and a loss of self-tolerance (10). Lupus onset is 

dependent on a combination of genetic susceptibility and environmental exposures (2, 210). 

Epidemiologic studies have implicated environmental toxicants such as respirable crystalline silica 

(cSiO2) (8, 9) and bacterial lipopolysaccharide (LPS)-containing dusts (14, 191-193) in the 

development of lupus. LPS, a component of the outer membrane of gram-negative bacteria, is a 
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well-known, potent activator the innate immune system (55). Upon interaction with AMs 

following inhalation exposure, LPS acts by binding the TLR4 receptor which stimulates MAP 

kinases, NF-κB, and interferon regulatory factors (IRFs) (203). These events lead to the 

upregulation of various proinflammatory cytokines/chemokines and Type I/II IFNs. Type I IFNs 

have been identified as an important part of lupus pathogenesis, and interferon-stimulated gene 

(ISG) expression is present in approximately 60-80% of lupus patients (1, 44). Robust IFN 

responses detected in lupus patients is associated with more active disease states and is believed 

to contribute to perpetuation of autoimmunity through the recruitment and activation of 

lymphocytes (44). Thus, pro-inflammatory and IFN responses resulting from interactions between 

AMs and environmental toxicants are crucial elements of chronic inflammatory diseases.  

As it stands, one of the most common courses of treatment for lupus is glucocorticoids 

(GCs) such as prednisone. GCs are cost-effective anti-inflammatory agents that can quell chronic, 

cyclical bouts of increased disease activity (flares) (78). Yet, chronic use at moderate to high doses 

(≥7.5 mg/d) has been associated with several adverse side-effects such as osteoporosis, 

hyperglycemia, muscular atrophy, and cardiovascular disease (24-26). Additionally, a preclinical 

study conducted by our lab determined that cSiO2-exposed NZBWF1 lupus-prone mice treated 

orally with moderate to high human equivalent doses of prednisone exhibited significant muscle 

wasting, hyperglycemia, and  increased morbidity (19). Importantly, prednisone treatment also did 

not improve the survivability of cSiO2-exposed mice. Based on mounting evidence from clinical 

and preclinical studies, it is evident that there is a critical need for cost-effective, steroid-sparing 

treatments for lupus patients. 

Interestingly, omega-3 polyunsaturated fatty acids such as docosahexaenoic acid (DHA) 

have shown increasing promise as an anti-inflammatory therapeutic for autoimmune disorders 
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such as lupus and rheumatoid arthritis (83, 168, 172). Preclinical in vivo studies have demonstrated 

that dietary DHA supplementation effectively reduces environmental-triggered pulmonary 

inflammation and proinflammatory and ISG gene expression in NZBWF1 lupus-prone mice (16, 

21, 67). Furthermore, in vitro studies have revealed that DHA can mediate inflammation via 

several mechanisms including: (i) alteration of lipid rafts and proinflammatory transmembrane 

receptors (113), (ii) activation of receptors (e.g., GPR120) (114) and transcription factors (e.g., 

PPARγ) (115) that are inhibitors of NF-κB activity (116), and (iii) production of specialized pro-

resolving mediators (SPMs; e.g., resolvins, maresins, and protectins) (117). A recent study from 

our lab by Wierenga et al., demonstrated that DHA treatment was effective in attenuating LPS-

stimulated Type I IFN responses in a novel macrophage cell model (211). Taken together, results 

from these previous studies suggest that the anti-inflammatory properties of DHA could potentially 

be harnessed to lower requisite doses of GCs required by lupus patients. 

While previous in vitro studies have elucidated the anti-inflammatory mechanisms of 

action of DHA and GCs (e.g., dexamethasone, DEX) individually in macrophage-like cell lines, 

DHA and GC concomitant treatment has yet to be evaluated. Therefore, we designed a study to 

determine if DHA could potentiate the anti-inflammatory effects of the GC DEX in fetal liver-

derived alveolar-like macrophages (FLAMs) isolated from the NZBWF1 lupus-prone mouse 

strain. Here, we tested the hypothesis that cotreatment of LPS-primed FLAMs with sub-optimal 

concentrations of both DHA and DEX would additively suppress proinflammatory and Type I/II 

IFN gene responses compared to individual treatment.  

METHODS 

Animals and FLAM cultures 

NZBWF1 mice (Jackson Laboratories, Bar Harbor, ME) were housed at Michigan State 
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University’s animal facility which was maintained at a constant temperature (21-24°C), humidity 

(40-55%), and 12-hour light/dark cycle. Animal experimental protocols for the following study 

were approved by the Institutional Animal Care and Use Committee (IACUC) at Michigan State 

University (MSU; AUF# 201800113). After mice were bred, dams were euthanized between 14-

18 gestational days. Mice were euthanized via CO2 inhalation for 10 minutes to ensure death to 

neonates, and cervical dislocation was used as a secondary form of euthanasia for the dam. Fetuses 

were promptly removed from the dam, and the loss of access to the maternal blood supply served 

as the secondary form of euthanasia for the neonates.  

Fetal livers were excised from neonates and further processed to generate FLAM cell 

cultures as previously described (107, 108, 211). Briefly, fetal livers were dissociated in sterile 

phosphate buffered saline (PBS) to create a cell suspension. Suspensions were filtered through a 

70-micron filter and centrifuged at 220 x g for 5 min. Two wash steps were performed using sterile 

PBS before resuspending cells in modified RPMI media (mRPMI, Thermo Fisher) containing 10% 

fetal bovine serum (FBS, Thermo Fisher), 1% penicillin-streptomycin (P/S, Thermo Fisher), 30 

ng/mL murine granulocyte-monocyte colony stimulating factor (GM-CSF, PeproTech), and 20 

ng/mL recombinant human TGF-β1 (PeproTech). Cells were plated in 10 cm culture plates (1 

liver/plate). mRPMI media was replaced every ~2 days until cells created an adherent monolayer 

and exhibited a round AM-like morphology (~1 wk). Cells were then frozen down until needed 

for this study. FLAMs were thawed and cultured in mRPMI media for the duration of this 

experiment, and cells between passages 10 and 11 were used for all subsequent analyses. 

Experimental Design  

The experimental design for all experiments is described in Figure 5.1A. Briefly, FLAMs were 

seeded in 6-well plates at -48 hr in mRPMI media. At -24 hr, cells were gently washed, and media 
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was replaced with mRPMI containing 0 or 10 µM DHA (NuCheck Prep, Elysian, MN). Beginning 

at the DHA treatment step, mRPMI media containing 0.25% FBS was used to optimize DHA 

incorporation into the cell membrane by limiting competing fatty acids present in the media. At -

1 hr, FLAMs were treated with mRPMI media containing 0 or 100 nM DEX (Sigma-Aldrich). At 

0 hr, FLAMs were treated with mRPMI medium (CON Veh) or media containing 20 ng/mL LPS 

(LPS Veh; Salmonella enterica serotype typhimurium containing <1% impurities, Millipore 

Sigma). Cells were collected at either 4 or 8 hours depending on the designated endpoint. All 

treatment groups were as follows: (i) CON Veh (collected at 4 hr), (ii) LPS Veh (collected at 4 and 

8 hr); (iii) DHA (collected at 4 and 8 hr); (iv) DEX (collected at 4 and 8 hr); (v) DHA+DEX 

(collected at 4 and 8 hr).  

RNAseq 

Cells reserved for RNAseq analysis were lysed using RLT lysis buffer (Qiagen) and RNA was 

isolated from cells using RNeasy Mini Kits (Qiagen). RNA was quantified with Qubit (Thermo 

Fisher Scientific) and integrity was verified with TapeStation (Agilent Technologies). Samples 

(RNA integrity >8) were library prepped at the MSU Genomics Core using the Illumina Stranded 

mRNA Library Preparation, Ligation Kit with IDT for Illumina Unique Dual Index adapters 

following the manufacturer’s recommendations except that half volume reactions were used. 

Libraries were pooled in equimolar proportions and quantified using the Invitrogen Collibri 

Quantification qPCR kit. Samples were sequenced on the NovaSeq 6000 S4 flow cell in a 2x150bp 

paired end format using a NovaSeq v1.5, 300 cycle reagent kit. Base calling was done by Illumina 

Real Time Analysis (RTA) v3.4.4 and output of RTA was demultiplexed and converted to FastQ 

format with Illumina Bcl2fastq v2.20.0. RNAseq reads were trimmed using Trimmomatic v0.39 

(212) and evaluated for quality control using FastQC 0.11.7 
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(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were aligned to the mouse 

reference genome (GRCm39 release 109) using STAR v2.7.9a (213) in the GeneCounts 

quantMode. Genes with fewer than 10 reads in at least one sample were filtered out prior to 

differential expression using DESeq2 (214). Genes were considered differentially expressed when 

|fold-change| ≥ 2 and adjusted p-value ≤ 0.5. 

Enrichment Analyses  

Gene set enrichment analysis (GSEA) using the fgsea R package (v1.20.0) was performed on fold-

change ranked genes for the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) gene sets obtained from the Gene Set Knowledgebase (GSKB; http://ge-lab.org/gskb/). 

Pathway-level information extractor (PLIER) v0.99.0 was used to identify modules of gene co-

expression and collapse the patterns into latent variables (LVs) (Mao et al.). GO and KEGG gene 

sets obtained from GSKB were used as prior knowledge mapped to the identified LVs to identify 

putative changes in pathway activities. LVs were considered high confidence when area under the 

curve (AUC) ≥ 0.7 and false detection rate (FDR) ≤ 0.05. LV estimates were used to evaluate 

differences between treatment groups using a 3-way ANOVA (factors; DHA treatment, DEX 

treatment, Time) and Tukey HSD pairwise post-hoc test. Top contributing genes were extracted 

using the plotTopZ function. Inference of transcription factor (TF) activity was performed using 

the decoupleR R package (215). High confidence (level “A”) mouse TFs and their target genes 

were obtained from DoRothEA (216). 

Quantitative PCR 

Cells were treated in 12-well plates following the same experimental design depicted in Figure 

5.1A. Approximately 5x105 cells/well were collected for RNA extraction. Total RNA was 

extracted RNeasy Mini Kits (Qiagen) per manufacturer’s instructions. RNA was eluted using 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://ge-lab.org/gskb/
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RNase-free water provided by the RNeasy kit and quantified using the Nanodrop ND-1000 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Using a High-Capacity cDNA 

Reverse Transcriptase Kit (Thermo Fisher Scientific) RNA was used to prepare cDNA. Taqman 

assays were run in technical triplicate using the TakaraBio smartchip real-time PCR system with 

the assistance of the MSU Genomics Core to assess gene expression. Expression of IFN-stimulated 

genes (Mx1, Irf7, Ifit1, Isg15, Oasl1, Rsad2) and housekeeping genes (Actb, Hprt) were assessed. 

ΔCt values were calculated by subtracting the average raw Ct value of housekeeping genes from 

the raw Ct value for each gene of interest. To evaluate LPS proinflammatory gene induction, ΔΔCt 

values were calculated by subtracting average ΔCt value of the respective CON Veh group from 

the average ΔCt value of the LPS Veh treatment. ΔΔCt values are shown in units of fold increase 

relative to LPS Veh for each gene of interest. Similarly, to assess DHA/DEX treatment on LPS-

stimulated FLAMs, ΔΔCt values were calculated by subtracting average ΔCt value of the 

respective LPS Veh group from the average ΔCt value of the corresponding DHA/DEX treatment. 

ΔΔCt values are shown in units of fold increase relative to LPS Veh for each gene of interest. 

Fatty Acid Analysis  

Cell pellets from (i) CON Veh, (ii) LPS Veh, (iii) DHA, (iv) DEX, and (v) DHA+DEX groups 

(Figure 5.1A) were stored in 100% methanol at -80°C prior to fatty acid composition analysis 

preformed at OmegaQuant using gas chromatography (GC) with flame ionization detection. Cell 

pellets in solution were transferred into a screw-cap glass vials and dried in a speed vac. After 

drying methanol containing 14% boron trifluoride (Sigma-Aldrich, St. Louis, MO) was added.  

The vial was briefly vortexed and heated in a hot bath at 100˚C for 10 minutes. After cooling, 

hexane (EMD Chemicals, USA) and HPLC grade water were added sequentially.  The vials were 

recapped, vortexed and centrifuged help to separate layers. An aliquot of the hexane layer was 
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transferred to a GC vial. GC was carried out using a GC2010 Gas Chromatograph (Shimadzu 

Corporation, Columbia, MD) equipped with a SP2560, 100-m fused silica capillary column (0.25 

mm internal diameter, 0.2 um film thickness; Supelco, Bellefonte, PA).   

Fatty acids were identified by comparison with a standard mixture of fatty acids 

characteristic of RBC (GLC OQ-A, NuCheck Prep, Elysian, MN) which was also used to 

determine individual fatty acid calibration curves. The following 24 fatty acids (by class) were 

identified: saturated (14:0, 16:0, 18:0, 20:0, 22:0 24:0); cis monounsaturated (16:1, 18:1, 20:1, 

24:1); trans [16:1, 18:1*, 18:2* - see below for more details); cis n-6 polyunsaturated (18:2, 18:3, 

20:2, 20:3, 20:4, 22:4, 22:5); cis n-3 polyunsaturated (18:3, 20:5, 22:5, 22:6). Fatty acid 

composition was expressed as a percent of total identified fatty acids. The omega-3 index is defined 

as the sum of 20:5n-3 (EPA) and 22:6n-3 (DHA). The chromatographic conditions used in this 

study were sufficient to isolate the C16:1trans isomers and the C18:2 Δ 9t-12c, 9t-12t, and 9c-12t 

isomers, which is reported as C18:2n6t. However, each individual C18:1 trans molecular species 

(i.e., C18:1 Δ6 thru Δ13) could not be segregated but appeared as two blended peaks that eluted 

just before oleic acid. The areas of these two peaks were summed and referred to a C18:1 trans. 

Data visualization and statistics 

Visualization of RNAseq differential expression and functional enrichment analyses was 

performed using R v4.1.2. Visualization of individual gene graphs was performed using Prism 9 

(GraphPad Prism v 9.2, San Diego, CA). 

RESULTS 

Increased DHA incorporation in DHA-treated FLAMs 

DHA treatment of LPS-stimulated FLAMs resulted in approximately a 3-fold increase of DHA 

incorporated into the phospholipid membrane (Figure 5.1B and Table 5.1). Concurrent reductions 
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in oleic acid (OA) and arachidonic acid (AA) were observed in DHA-treated cells. Significant 

differences in DHA, OA, and AA content were not detected in LPS-primed FLAMs treated with 

DEX alone. Interestingly, DEX did not alter DHA incorporation, or conversely the displacement 

in OA and AA, in the phospholipid membrane of cells that were cotreated with DHA+DEX. 

Concentration-dependent suppression of IFN gene expression with DHA and DEX treatment 

LPS-treatment increased the expression of Type I IFN regulated genes in FLAMs compared to 

those treated with CON Veh (Figure 5.2A-C). DHA treatment alone resulted in decreased IFN 

gene expression at the 25 µM concentration (Figure 5.2A), but not at the 10 µM (Figure 5.2B) 

and 5 µM (Figure 5.2C) for all genes. LPS-primed FLAMs treated with varying concentrations of 

DEX alone demonstrated decreased IFN gene expression at the 1 µM concentration for all genes. 

Some, but not all, genes were affected by DEX treatment at 100 and 10 nM. LPS-primed FLAMs 

treated with both DHA and DEX at the same concentrations that were otherwise ineffective in 

reducing IFN gene expression when used alone, significantly altered gene expression when 

combined. 

LPS-stimulated enrichment of innate immunity pathways  

LPS treatment in FLAMs resulted in 3632 and 3572 differentially expressed genes (DEGs) at 4 

and 8 hr, respectively (Figure 5.3A) compared to CON Veh-treated FLAMs. Of these total DEGs, 

1772 were upregulated at 4 hr and 1574 were upregulated at 8 hr. Additionally, there were 1860 

and 1998 DEGs downregulated with LPS treatment at 4 and 8 hr, respectively. Gene set enrichment 

analysis (GSEA) performed to identify biological processes associated with gene expression 

revealed that LPS treatment at both 4 and 8 hr showed increased expression of genes involved in 

various innate immunity pathways such as response to lipopolysaccharide, cellular response to 

IFNγ, and cytokine and chemokine activity (Figure 5.3B). Using DecoupleR, the top 10 inferred 
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active transcription factors (TFs) in response to LPS treatment were identified for both 4 and 8 hr 

timepoints (Figure 5.3C). Several proinflammatory TFs, such as IRF1, STAT1/2, NFKB1, had 

increased predicted activity with LPS treatment. Although certain TFs were more positively 

enriched at either 4 or 8 hr, 9 out of 10 TFs were preserved as the most positively enriched TFs 

with LPS treatment.  

Suppression of LPS-induced proinflammatory response with DHA+DEX cotreatment  

DHA individual treatment in LPS-primed FLAMs resulted in 16 DEGs at 4 hr and 83 DEGs at 8 

hr (Figure 5.4A). DEX treatment alone resulted in 48 DEGs at 4 hr and 160 DEGs at 8 hr. Few to 

no DEGs were shared between DHA and DEX individual treatments at each timepoint. 

Interestingly, DHA+DEX co-treatment led to a greater number of DEGs being expressed at 4 and 

8 hr compared to DHA and DEX treatment alone. DHA+DEX co-treatment resulted in 247 DEGs 

in LPS-primed FLAMs at 4 hr and 347 DEGs at 8 hr. DHA+DEX treatment also resulted in greater 

overlap of DEGs shared between co-treatment and individual treatments.  

PLIER analysis identified 9 high confidence LVs representing groups of co-expressed 

genes associated with multiple pathways shown in the U matrix (Figure 5.4B). DHA+DEX 

cotreatment resulted in significantly altered LV estimates for LV2, which was broadly represented 

by genes associated with pathways involving cellular response to IFNγ, cellular response to IFNβ, 

and antigen processing and presentation (Figure 5.4B,C). This was further evidenced based on 

evaluation of the top 40 genes that contributed to LV2 (Figure 5.5). Genes identified within this 

list pertained to IFN and anti-viral response (e.g., Mx1, Mx2, Oasl1, Ifit1, Sp140, Gm5431), MCH 

I antigen processing and presentation (e.g., H2-dma, H2-ab1, H2-aa, H2-eb1), cytokine receptor 

signaling (e.g., CD74, Ccr5, Ccl2), and apoptosis and proliferation (e.g., Mxd1, Daxx, Zeb1). 

DHA+DEX cotreatment led to greater repression of these genes when compared to the DHA and 
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DEX treatments alone. 

Combinatorial downregulation of LPS-triggered proinflammatory gene expression with 

DHA+DEX treatment 

Of the total DEGs resulting from DHA+DEX treatment, 75 genes were downregulated with 

cotreatment at 4 hr and 291 were downregulated at 8 hr (Figure 5.6A). DHA+DEX treatment-

related effects on TF enrichment opposed those observed in FLAMs primed with LPS (Figure 

5.6B,C). DHA+DEX co-treatment resulted in decreased predicted activity of TFs that are drivers 

of inflammatory gene expression such as IRF1, STAT1/2/3, and NFKB1 at both 4 and 8 hr. 

Correspondingly, genes downstream of the same proinflammatory TFs altered by DHA+DEX 

treatment were also downregulated with cotreatment. Moreover, combinatorial affects were 

observed with DHA+DEX co-treatment compared to individual treatment. Individual DEGs 

pertaining to Type I/II IFNs (Figure 5.7A), cytokine signaling (Figure 5.7B), and antigen 

processing and presentation (Figure 5.7C) were downregulated compared to LPS treatment at 8 

hr. Downregulation of each gene was potentiated with cotreatment and DHA+DEX co-treated cells 

were significantly different compared to cells treated with DHA and DEX individually. 

Combinatorial effects were observed for some but not all genes at the 4 hr timepoint.    

Limited upregulation of genes with DHA+DEX cotreatment 

Combination treatment with DHA+DEX led to the upregulation 112 DEGs at 4 hr and 48 DEGs 

upregulated at 8 hr (Figure 5.8A). Of these genes, 39 DEGs at 4 hr and 22 DEGs at 8 hr are not 

currently annotated and their functions are unknown. Furthermore, only 12 genes at 4 hr and 1 

gene at 8 hr were shown to have co-treatment effects resulting in significant differences between 

DHA+DEX and DHA or DEX individual treatments. DHA+DEX co-treatment resulted in 

predicted increased activity of TFs that reduce inflammation (e.g., PPARG, YBX1, TWIST1), 
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proliferation (e.g., BCL6, E2F4), differentiation and development (e.g., MYC, GLI2, NFI, 

RUNX3), glucocorticoid signaling (NR3C1), circadian rhythm (CLOCK), and metabolism (e.g., 

ARNTL, SREBP2) (Figure 5.8B,C).  

DISCUSSION  

Alveolar macrophages are central to the detection, sequestration, and initiation of targeted immune 

responses towards respirable environmental toxicants. However, there are currently few cell 

models that (i) appropriately model and retain an alveolar macrophage phenotype or (ii) provide 

sufficient cell numbers to perform series of experiments. The FLAM cell model provided an 

opportunity carry out a series of novel experiments designed to elucidate the steroid-sparing 

potential of DHA in cells that closely resemble alveolar macrophages (107). Here, we made several 

novel observations by utilizing bulk transcriptomics in NZBWF1-derived FLAMs. First, RNAseq 

data revealed that LPS treatment led to the upregulation of several pathways involved in innate 

immunity such as cytokine/chemokine and IFN signaling. Correspondingly, inferred TF activity 

analysis revealed predicted upregulated activity of TFs involved in inflammatory signaling such 

as NFKB, STAT1, and IRF1. Second, DHA+DEX co-treatment in LPS primed FLAMs led to a 

greater total of DEGs compared to DHA and DEX treatment alone. Third, DHA+DEX co-

treatment downregulated several pathways also involved in innate immunity, such as cytokine, 

Type-I IFN (IFNβ), and Type-II IFN (IFNγ) signaling. TF activity, likewise, showed decreased 

predicted activity of the TFs NFKB, STAT1/2, and IRF1. Fourth, greater downregulation of 

individual IFN, cytokine, and antigen presentation and processing genes resulted from DHA+DEX 

cotreatment compared to individual DHA and DEX treatment. Lastly, while DEGs and TFs that 

were upregulated by DHA+DEX cotreatment were not as prominent in these analyses, cotreatment 

did demonstrate a modest impact TFs associated with proliferation, differentiation, and anti-
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inflammatory mediators such as PPARG.  

In line with what has been demonstrated in previous studies using alveolar like-

macrophages (211), LPS served as a potent activator of IFN-related gene signaling in FLAMs at 

multiple timepoints. Type-I IFNs are key mediators of lupus pathogenesis in human patients and 

are often associated with more severe disease activity (44, 217). In the context of environmental 

triggered lupus, preclinical studies have demonstrated that respirable toxicants such as crystalline 

silica and LPS-containing organic dust mixtures, elicit upregulated Type-I IFN gene signatures in 

lupus- and rheumatoid arthritis (RA)-prone mice, respectively (20, 21, 54). Interestingly, several 

of the IFN-related genes upregulated as a result of pulmonary silica or LPS exposure in the 

aforementioned in vivo studies were consistent with LPS-responsive IFN genes identified within 

the present dataset. Furthermore, RA-prone mice exposed to LPS demonstrated increased IFN 

gene expression within monocyte-macrophage populations isolated from the lung (54). 

Considering the overall importance of IFNs in lupus, in addition to their relevance concerning 

monocyte-macrophage populations in the lung, this experimental model provides important 

information about Type-I IFN gene responses specific to specialized pulmonary monocyte-

macrophage cell types such as the alveolar macrophage. 

While DHA or DEX treatments have been used individually elucidate potential 

mechanisms by which each reduces proinflammatory gene expression in various macrophage cell 

lines (102-104, 111, 211), cotreatment had yet to be evaluated prior to this study. Based on the 

amount of DEGs that were downregulated versus upregulated with DHA+DEX cotreatment, it was 

evident that repression of proinflammatory gene expression was the primary method by which 

DHA+DEX helped FLAMs return to an M2 anti-inflammatory phenotype. Here, not only was 

DHA+DEX co-treatment in LPS-primed FLAMs effective in reducing proinflammatory and IFN 



150 
 

gene signatures, but significant differences were detected between cotreatment and individual 

treatments. Though upregulated gene responses resulting from cotreatment were less prominent, 

several of the TFs predicted to have increased activity are associated with anti-inflammatory and 

differentiation pathways. Furthermore, many of these identified TFs work together to reduce either 

inflammation or differentiation. For example, Pparγ has been shown to inhibit inflammatory gene 

expression through interactions with with the LXR (218), but it has also been shown work in 

combination with Myc to create an M2 phenotype in monocytes (219). Similar to Pparγ and Myc, 

other combinations of TFs such as Ybx1 and Pgrn, Twist and Srebp, or Clock and Bmal2 can work 

cooperatively to reduce TNF-α binding (220), TNF-α production (221), and complement (222), 

respectively. Taken together, the DEGs specific to cotreatment work together to attenuate the 

proinflammatory phenotype of LPS-primed FLAMs. 

The evidence provided by the present study supports the idea that DHA has steroid-sparing 

properties whereby it can potentiate the anti-inflammatory effects of GCs, like DEX, to attenuate 

inflammation in the alveolar macrophage. Given that chronic use of GCs moderate to high doses 

can lead to significant toxicity and diminished quality of life in lupus patients, there is a critical 

need for interventions that can be used in conjunction with GCs to lessen toxicity while also 

reducing inflammation and autoimmunity. Overall, these findings support the need for further 

investigations in vtiro and in vivo to determine the full extent of DHA’s steroid-sparing effects in 

treating environmentally triggered inflammation and autoimmunity. 
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FIGURES 

 
 
 
Figure 5.1: Experimental design. (A) FLAMS were seeded in 6-well plates 48 hours prior to 
LPS stimulation in mRPMI media with 10% FBS and 1% P/S. 24 hours pre-stimulation, media 
was replaced with mRPMI containing either DHA or EtOH Veh containing 0.25% FBS and 1% 
P/S. 1 hour pre-stimulation media was replaced with mRPMI containing either DEX or EtOH Veh. 
At time 0, media was discarded, and cells were treated with mRPMI media containing either 20 
ng/mL LPS or PBS Veh. Cells were collected at either 4 or 8 hours post-LPS stimulation for 
RNAseq. (B) DHA supplementation resulted in increased phospholipid DHA with accompanied 
decreases in arachidonic acid and oleic acid. p<0.05; *Significant differences between VEH and 
LPS VEH were determined using a Student’s t-test; †Significant differences between LPS VEH 
and DHA/DEX treatments were determined using a One-Way ANOVA. 
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Figure 5.2: DHA+DEX combination treatment suppresses IFN-regulated gene expression.  
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Figure 5.2 (cont’d): 
qRT-PCR was performed on FLAMs stimulated with LPS (20 ng/mL) for 4 hr. Cells were pre-
treated with either VEH containing no DHA or RPMI media containing 25 µM (A), 10 µM (B), 
or 5 µM (C) DHA at -24 hr. Cells were then treated with VEH containing no DEX or varying 
concentrations of DEX (1 nM-1 µM) -1 hr prior to LPS treatment. Fold change is shown as DHA 
and/or DEX treatment relative to LPS VEH ± SEM. n=3 biological replicates. p<0.05; *Significant 
compared to LPS VEH; #Significant compared to DHA alone; †Significant compared to DEX 
alone. 
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Figure 5.3: LPS-induced transcriptional responses in FLAMs. (A) Differentially expressed  
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Figure 5.3 (cont’d): 
genes (DEGs) were determined using DESeq2 (214) filtering for genes exhibiting a |log2 fold 
change| >= 2 and adjusted p-value <= 0.05 between the LPS treatment group and vehicle control 
(CON) group. Venn diagrams for total DEGs, upregulated DEGs, and downregulated DEGs are 
shown for the 4 hr timepoint (left circle), 8 hr timepoint (right circle), and both timepoints 
(intersection). (B) Functional enrichment analysis using the GSEA method was used to identify 
the top 10 biological processes associated with up- and downregulated genes at each timepoint 
which was subsequently manually curated to focus on immune-related pathways. (C) Top 10 
inferred active transcription factors following LPS treatment were identified for both timepoints 
using DecoupleR (215). 
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Figure 5.4: DHA and DEX individual and co-treatment transcriptional responses in LPS-
stimulated FLAMs. (A) Differentially expressed genes (DEGs) were determined using DESeq2 
(214) filtering for genes exhibiting a |log2 fold change| >= 2 and adjusted p-value <= 0.05 between 
DHA, DEX, or DHA+DEX treatment relative to LPS control. Venn diagrams for the number of 
treatment-dependent unique gene symbols for 4 and 8 hr timepoints. (B) Functional enrichment 
analysis using the PLIER method was used to identify significantly enriched biological processes 
associated with DHA+DEX co-treatment. Pathway-level information extractor (PLIER) was used 
to identify high confidence latent variables (LVs; AUC >= 0.7 and FDR <= 0.05) mapped to Gene 
Ontology and KEGG gene sets. (C) LV estimates for high confidence LVs are shown for each 
treatment group. Treatment groups were assessed by 3-way ANOVA and different letters indicate 
significant differences (p <= 0.05). 
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Figure 5.5: Altered genes within antigen processing and presentation pathway with 
DHA+DEX cotreatment. Top 40 genes enriched by co-treatment were determined using 
pathway-level information extractor (PLIER). Color scale corresponds to scaled expression value 
with red being highly expressed genes and blue corresponding to downregulated genes. 
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Figure 5.6: Downregulated DEGs and decreased transcription factor activity with 
DHA+DEX cotreatment. (A) Downregulated differentially expressed genes (DEGs) were 
determined using DESeq2 (214) filtering for genes exhibiting a |log2 fold change| >= 2 and 
adjusted p-value <= 0.05 between the LPS treatment group and vehicle control (CON) group. Venn 
diagrams for downregulated DEGs are shown for the 4 hr timepoint (left circle), 8 hr timepoint 
(right circle), and both timepoints (intersection). Top 10 inferred transcription factors that 
experience a reduction in activity following DHA+DEX co-treatment relative to LPS Veh were 
identified for 4 hr (B) and 8 hr (C) timepoints using DecoupleR (215). 
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Figure 5.7: DHA+DEX combinatorial effects on suppression of innate immunity-related 
genes. Representative individual differentially expressed genes related to (A) Type I IFNs, (B) 
cytokine signaling, and (C) antigen processing and presentation that exhibited combinatorial 
affects compared to individual DHA or DEX treatment were isolated from RNAseq dataset. Log2 
fold change was determined relative to LPS Veh. p<0.05; *Significant compared to LPS VEH; 
#Significant compared to DHA alone within respective timepoint; †Significant compared to DEX 
alone within respective timepoint. 
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Figure 5.8: Upregulated DEGs and increased transcription factor activity with DHA+DEX 
cotreatment. (A) Downregulated differentially expressed genes (DEGs) were determined using 
DESeq2 (214) filtering for genes exhibiting a |log2 fold change| >= 2 and adjusted p-value <= 0.05 
between the LPS treatment group and vehicle control (CON) group. Venn diagrams for 
downregulated DEGs are shown for the 4 hr timepoint (left circle), 8 hr timepoint (right circle), 
and both timepoints (intersection). (B) Top 10 inferred transcription factors that experience a 
increase in activity following DHA+DEX co-treatment relative to LPS Veh were identified for 
both timepoints using DecoupleR (215). 
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TABLES 

Table 5.1: Fatty acid composition of FLAMs. 
 
Fatty Acid Chemical 

Formula 
% of total fatty acids, mean ± SEM 

  
VEH CON LPS VEH DHA DEX DHA+DEX 

Myristic acid C14:0 2.66 ± 0.02 2.40 ± 0.20 2.15 ± 0.28 1.85 ± 0.19 1.75 ± 0.33 

Palmitic acid C16:0 18.92 ± 0.42 23.61 ± 1.02* 28.46 ± 1.04† 24.96 ± 0.70 30.11 ± 0.88† 

Palmitelaidic acid C16:1n7t 0.24 ± 0.02 0.18 ± 0.01* 0.10 ± 0.01† 0.21 ± 0.01 0.12 ± 0.01† 

Palmitoleic acid C16:1n7 3.10 ± 0.03 3.04 ± 0.06 2.61 ± 0.03† 2.99 ± 0.06 2.46 ± 0.07† 

Stearic acid C18:0 13.83 ± 0.34 13.01 ± 0.14* 14.14 ± 0.14† 12.90 ± 0.04 13.95 ± 0.15† 

Elaidic acid C18:1t 0.41 ± 0.03 0.40 ± 0.02 0.25 ± 0.02† 0.43 ± 0.02 0.23 ± 0.02† 

Oleic acid C18:1n9 36.11 ± 0.36 34.67 ± 0.63* 22.24 ± 0.45† 34.57 ± 0.36 21.36 ± 0.54† 

Linoelaidic acid C18:2n6t 0.52 ± 0.02 0.47 ± 0.03 0.26 ± 0.01† 0.48 ± 0.03 0.26 ± 0.02† 

Linoleic acid C18:2n6  1.07 ± 0.02 0.97 ± 0.02* 0.84 ± 0.02† 0.97 ± 0.01 0.84 ± 0.00† 

Arachidic acid C20:0 0.87 ± 0.02 0.86 ± 0.04 0.85 ± 0.00 0.75 ± 0.02 1.02 ± 0.05† 

gamma-Linolenic acid C18:3n6 0.02 ± 0.00 0.01 ± 0.00* 0.01 ± 0.00 0.02 ± 0.01 0.01 ± 0.00 

Eicosenoic acid C20:1n9 0.50 ± 0.03 0.53 ± 0.03 0.23 ± 0.01† 0.49 ± 0.01 0.21 ± 0.01† 

alpha-Linolenic acid C18:3n3 0.02 ± 0.00 0.01 ± 0.00* 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 

Eicosadienoic acid C20:2n6 0.07 ± 0.01 0.06 ± 0.00 0.03 ± 0.01† 0.04 ± 0.00† 0.02 ± 0.01† 

Behenic acid C22:0 0.51 ± 0.04 0.47 ± 0.06 0.62 ± 0.04 0.46 ± 0.03 0.82 ± 0.06† 

Dihomo-g-linolenic acid C20:3n6 0.91 ± 0.03 0.79 ± 0.00* 0.90 ± 0.00† 0.84 ± 0.01† 0.98 ± 0.02† 

Arachidonic acid C20:4n6 8.33 ± 0.16 7.61 ± 0.07* 6.61 ± 0.12† 7.55 ± 0.03 6.34 ± 0.12† 

Lignoceric acid C24:0 0.53 ± 0.03 0.52 ± 0.03 0.54 ± 0.03 0.47 ± 0.02 0.67 ± 0.02† 

Eicosapentaenoic acid C20:5n3 0.55 ± 0.02 0.48 ± 0.02* 1.81 ± 0.08† 0.49 ± 0.01 1.87 ± 0.10† 

Nervonic acid C24:1n9 0.08 ± 0.00 0.09 ± 0.02 0.08 ± 0.02 0.07 ± 0.00 0.07 ± 0.00 

Docosatetraenoic acid C22:4n6 1.56 ± 0.03 1.50 ± 0.02 0.96 ± 0.02† 1.49 ± 0.01 0.89 ± 0.04† 

Docosapentaenoic - n6 C22:5n6 0.24 ± 0.00 0.21 ± 0.01* 0.13 ± 0.01† 0.22 ± 0.02 0.13 ± 0.01† 

Docosapentaenoic - n3 C22:5n3 4.03 ± 0.07 3.82 ± 0.13 4.00 ± 0.12 3.65 ± 0.02 3.99 ± 0.06 

Docosahexaenoic  C22:6n3 4.91 ± 0.10 4.31 ± 0.11* 12.17 ± 0.22† 4.10 ± 0.05 11.90 ± 0.18† 

Total SFA 
 

37.32 ± 0.73 40.86 ± 0.97* 46.76 ± 0.90† 41.38 ± 0.51 48.30 ± 0.68† 

Total MUFA 
 

40.45 ± 0.40 38.92 ± 0.72 25.52 ± 0.49† 38.75 ± 0.42 24.46 ± 0.60† 

Total n6 
 

12.72 ± 0.22 11.61 ± 0.11* 9.74 ± 0.16† 11.62 ± 0.07 9.47 ± 0.09† 

Total n3 
 

9.50 ± 0.18 8.61 ± 0.24* 17.99 ± 0.38† 8.25 ± 0.06 17.77 ± 0.30† 

Omega-3 Index 
 

5.45 ± 0.12 4.78 ± 0.11* 13.98 ± 0.27† 4.59 ± 0.06 13.76 ± 0.24† 
 
Fatty acid composition of FLAMs treated following experimental design detailed in Figure 1A.  
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Table 5.1 (cont’d): 
p<0.05; *Significant change in LPS VEH vs VEH CON group; †Significant change in DHA/DEX 
treatment groups vs LPS VEH. 
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

CONCLUSION 

The primary goal of this dissertation was to gain better insight into how different therapeutics, age, 

and environmental stimuli mediate inflammation and autoimmunity. This goal was achieved by 

employing multiple preclinical murine models that emulate environmental-triggered lupus. 

Furthermore, mechanistic studies looking at the intersection between LPS-primed inflammation 

and GC/DHA treatment were performed in a novel alveolar-like macrophage cell model. Overall, 

these studies provide a framework for future in vivo and in vitro studies aimed at further elucidating 

the steroid-sparing effects of DHA.  

PRIMARY FINDINGS AND FUTURE DIRECTIONS 

Utilization of adult female NZBWF1 lupus-prone mice  

As was seen in Chapter 3, we not only developed a more appropriate model that accounted for 

the age of cSiO2-exposed workers, but we also witnessed intensified cSiO2-induced pulmonary 

inflammation at 5 wk PI compared that observed in juveniles from previous studies (16). 

Consequently, adult female NZBWF1 lupus-prone mice serve as an appropriate model to evaluate 

cSiO2-triggered inflammation and autoimmunity in the lung. However, a limitation of this study 

was that we did not see increased AAb production in the plasma or severe glomerulonephritis at 5 

wk PI. These findings suggest that sacrificing mice at a timepoint between 9-13 wk PI would be 

more appropriate to evaluate systemic and renal endpoints. For future studies focused on cSiO2 

exposure in vivo, I would propose using the same experimental design detailed in Chapter 3, with 

the exception that mice would be necropsied at 9-wk PI. 

Evaluating the steroid-sparing effects of DHA in a murine model of cSiO2-triggered lupus 

Like previous studies from our lab which have detailed the dose-dependent attenuation of cSiO2-
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triggered autoimmunity by DHA (16, 18, 21, 27, 88), we have now elucidated the same thresholds 

for prednisone. As shown in Chapter 2, the moderate HED of prednisone (14 mg/d), but not the 

low HED (5 mg/d), was effective in reducing cSiO2-triggered inflammation in the lung and kidney. 

However, adverse side effects were observed at the moderate and high HEDs of prednisone. 

Therefore, these results support the need for a non-toxic, steroid-sparing therapy that can be used 

to sustain remission of autoimmunity while also offsetting toxicity.  

Consistent with previous studies (16, 18, 27), Chapter 3 of this dissertation demonstrated 

that DHA strongly attenuates cSiO2-triggered autoimmunity. Thus, an area of interest for future 

studies would be to address the hypothesis that DHA could be used in conjunction with prednisone 

to attenuate cSiO2-induced inflammation while reducing unwanted toxicity. One approach to 

address this hypothesis would be to use a combination of the high dose prednisone-amended diet 

and DHA-amended diets. In this study, I would intranasally instill 16-wk-old adult female 

NZBWF1 lupus-prone mice with either saline vehicle or 1 mg cSiO2 once weekly for 4 consecutive 

weeks. To more appropriately model treatment regimens found in clinic, I would wait to administer 

both prednisone and DHA-amended diets until after autoimmunity onset was triggered by cSiO2.  

Following the last cSiO2 instillation, I would start the mice on either a control AIN93-G diet or 

high dose prednisone diet (46 mg/d HED) for approximately 2 weeks. At the end of these 2 weeks, 

mice would be maintained on either a control AIN93-G or DHA-amended diet (5 g/d or 2 g/d 

HED) for the remainder of the study until mice were necropsied at 9 wk following the last cSiO2 

instillation. In previous studies from our lab, the high (5 g/d) but not the low (2 g/d) dose of DHA 

was effective in attenuating cSiO2-triggered inflammation (16, 18, 27). Therefore, it will need to 

be ascertained if these findings change with prior prednisone treatment. For this study, I would 

hypothesize that DHA-amended diets would be able to maintain suppression of cSiO2-triggered 
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autoimmunity initiated by short-term high dose prednisone treatment, while also avoiding toxicity 

due to the abbreviated duration of GC use.  

While this proposed experiment would provide answers to address the initial hypothesis, 

the parameters of this preclinical model could be adjusted to address additional questions in follow 

up studies. For example, mice could be maintained on DHA diets past the fixed necropsy timepoint 

to assess survivability. Alternatively, a second fixed timepoint could be added (e.g., 13 wk PI) to 

assess whether suppression of autoimmunity is maintained across a broader length of time. Lastly, 

if DHA is not able to maintain attenuation of disease in cSiO2-exposed mice, combination diets 

can be employed. More specifically, a combination diet that incorporates each respective 

suboptimal dose of prednisone (5 mg/d HED) and DHA (2 g/d), could be administered following 

short-term high dose prednisone treatment with the maintained goal of ameliorating autoimmunity 

while still avoiding secondary toxicity. 

Evaluating age and therapeutic interventions in a murine model of LPS-induced lupus 

As shown in Chapter 4, E. coli LPS triggers autoimmunity in female juvenile NZBWF1 lupus-

prone mice through both intranasal and intraperitoneal routes of exposure. While it would be of 

great interest to determine if GC and DHA combination treatment is effective in attenuating LPS-

induced autoimmunity, limitations of the study described in Chapter 4 would have to be 

addressed. These limitations include: (i) determining if, and when, severe glomerulonephritis 

develops in this model and (ii) if increased age leads to exaggerated inflammation and 

autoimmunity in LPS-exposed mice. The first limitation can be addressed by terminating mice at 

a later timepoint or by increasing the number of exposures (instillations/injections) to LPS. Similar 

to the experiment detailed in Chapter 3, female adult NZBWF1 lupus-prone mice can be used to 

determine if increased age intensifies local and systemic autoimmunity resulting from LPS 
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exposure. Additionally, using adult mice is likely a more relevant model when considering the age 

of LPS-exposed workers. Once these questions are answered, prednisone/DHA combination 

treatment, as described in the preceding cSiO2 experiment, can be used to ascertain if prednisone 

and DHA treatment quells LPS-triggered inflammation and autoimmunity. 

Further evaluation of GC+DHA combination treatment in vitro 

In Chapter 5, it was shown that combination treatment with suboptimal concentrations of DHA 

and the GC DEX was able to promote an anti-inflammatory phenotype in LPS-stimulated FLAMs. 

These results were mediated primarily though the concomitant repression of proinflammatory gene 

expression. However, additional follow-up studies can be performed to create an even more 

compelling story. While not included in Chapter 5, ATAC-seq was also performed to evaluate 

treatment-dependent changes in chromatin remodeling at 4 hr. However, major global changes in 

chromatin remodeling were not observed at this timepoint. Therefore, additional timepoints (e.g., 

30-60 minutes) will need to be assessed to determine when treatment-dependent chromatin 

remodeling occurs. In addition to looking at upstream regulation of gene expression, future studies 

can also evaluate the impact of individual and combination treatments on protein expression in 

LPS-stimulated FLAMs. Such analyses include measurement of proinflammatory protein 

expression by ELISA and Western blots, in addition to performing ChIPseq as validation of TF 

enrichment analysis. Furthermore, extra investigation into why certain genes, such as Dusp1 and 

Gilz did not exhibit increased gene expression with DHA/DEX treatment as previously 

hypothesized can be addressed in future experiments.  

SUMMARY 

In summation, each of the proposed studies is aimed at better elucidating the steroid-sparing effects 

of DHA in order to reduce requisite doses of GCs and thereby improve quality of life for lupus 
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patients.  
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APPENDIX A: CHAPTER 2 SUPPLEMENTAL MATERIAL 

 

 

 

 

 

Figure A2.1: Prednisone administration did not result in food refusal throughout the 
duration of the study. The amount of diet consumed between Monday morning and Tuesday 
morning (24 hr) was measured 14 out of 16 weeks prior to the Cohort A sacrifice date. Dietary 
intake per mouse for Cohort A was estimated by 1) calculating the difference between total food 
administered per cage Monday and total food remaining 24 hr later, then 2) dividing the difference 
by the number of mice per cage (n=4). Data points represent the estimated diet eaten per mouse 
for two separate cages (n=2) at each time point. Descriptive statistics represent the 14-week 
average dietary intake per mouse (g)/24 hr ± SEM for the VEH/P0, cSiO2/P0, cSiO2/PL, and 
cSiO2/PM groups, and the 9-week average ± SEM for the cSiO2/PH group. Significant differences 
were not detected between individual slopes for each treatment group based on nonlinear 
regression analysis. The combined slope of -0.09113 is shown with shaded bands around the 
regression line illustrating 95% confidence intervals. 
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Figure A2.2: Violin plots depicting distribution of normalized counts obtained using 
NanoString Autoimmune Profiling gene panel for lung (A) and kidney (B) tissues obtained 
14 weeks post cSiO2 instillation and (C) for whole blood obtained 7-, 9-, or 11-weeks post 
cSiO2 instillation.  Within the violin distribution polygon, bars represent the 25th to 27th percentile 
and the white circle indicates the median. Values are shown as the log2 transformation of 
normalized counts.  Values <20 counts (log2=4.32) were excluded from analyses. 
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Figure A2.3: Process flow for differential gene expression analysis using nSolver.  As outlined 
by the supplied user manual, the mean of the gene across all samples was compared against the 
threshold, which is set as 10 times the background signal. If the gene mean was below the 
threshold, the mixture negative binomial (MLE function in R, Wald test to calculate a p value) was 
applied; if model 1 did not converge, the simplified model in 2 (glm.nb function in R/Mass) was 
applied instead. If the gene mean was above the threshold, the mixture model in 1 was simplified 
to model 2. If model 2 did not converge, the log-linear model 3 was used (lm function in R). 1 
NanoString Technologies, Inc. (2018) nCounter Advanced Analysis 2.0 Plugin for nSolver 
Software User Manual, vers. Jan 2018 (MAN-10030-03).  Accessed at www.nanostring.com. 
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Figure A2.4: Prednisone does not significantly reduce bone density in cSiO2-exposed 
NZBWF1 mice. Dietary administration of prednisone did not induce trabecular bone loss. Femurs 
collected from mice at time of necropsy (25 wks of age) were analyzed using µCT. Box-plot 
whiskers represent the minimum and maximum levels of bone density. No significant differences 
were detected between VEH/P0 and cSiO2/P0 groups, or between cSiO2/P0 and prednisone-fed 
groups. BV/TV = bone volume/total volume; BV/TV/BW = bone volume/total volume/body 
weight. 
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Figure A2.5: Prednisone concentration detected in whole blood is predictable based on 
dietary prednisone concentrations at multiple timepoints. (A) Levels of prednisone and its 
active metabolite, prednisolone (B), were detected in whole blood samples taken from mice 19, 
21, 23 wk of age determined via LC-MS/MS. Samples were pooled within each cage (n=3/cage), 
with 3 cages per treatment group resulting in an n=3/group for analysis. For regression analyses, 
R2 and p-values are reported for each timepoint. Shaded bands around regression lines represent 
95% confidence intervals. 

 



195 
 

 

Figure A2.6: High dose prednisone treatment (PH) caused secondary toxicity in cSiO2-
instilled mice. (A) Mice from Cohort A and Cohort B were weighed weekly starting at 8 wk of 
age. Values are shown as mean ± SEM. Unlike PL and PM groups, mice in the PH group 
experienced weight loss starting at approximately 15-16 wk of age. Body weights were 
significantly lower in mice provided the PM and PH diets up to 25 wk of age (at time of first 
necropsy, dashed line) or 18 wk, respectively, as compared to the cSiO2/P0 group. (B) At 17 wk 
of age (5 wk PI) high dose prednisone treatment resulted in significant lean muscle loss compared 
to VEH/P0 mice. #Indicates p<0.05 as determined using a two-tailed Student’s t-test. (C) At 19 wk 
of age (7 wk PI) mice were evaluated for urine glucose using clinical dipsticks. High dose 
prednisone treatment resulted in elevated urine glucose levels compared to all other groups. 
#Indicates p<0.05 compared to cSiO2/P0 as determined by Kruskal-Wallis nonparametric test. 
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Figure A2.7: Low and medium dose Prednisone did not reduce cSiO2-triggered BALF 
inflammatory cell counts. SiO2 instillation caused significant increases in (A) total cells, (B) 
macrophages, (C) neutrophils, and (D) lymphocytes cellular inflammation in the BALF, but these 
responses were unaffected by PL or PM diets. *Indicates p<0.05 for VEH/P0 vs cSiO2/P0; 
#indicates p<0.05 for cSiO2/P0 vs cSiO2/PL or cSiO2/PM group. 
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Figure A2.8: Prednisone reduces pulmonary IgG+ plasma cells but not overall IgG 
deposition. Light photomicrographs of perivenous ectopic lymphoid structures (ELS) 
immunohistochemically stained for (A) IgG+ B plasma cells (arrows) and (B) alveolar 
parenchyma immunohistochemically stained for extracellular IgG+ proteinaceous material 
(arrows) in alveolar airspace (a) in (i) VEH/P0, (ii) cSiO2/P0, (iii) cSiO2/PL, and (iv) cSiO2/PM 
mice. e, endothelium; v, venous lumen; IS, perivascular interstitial space; a, alveolus. Graphical 
representation of morphometrically determined lung density of IgG+ plasma cells (A.v) and total 
IgG (B.v). PM treatment modestly reduces pulmonary IgG+ plasma cell density (A.v) but has no 
effect on extracellular IgG (B.v). Tissues counterstained with hematoxylin. *Indicates p<0.05 for 
VEH/P0 vs cSiO2/P0; #indicates p<0.05 for cSiO2/P0 vs cSiO2/PL or cSiO2/PM group. 
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Figure A2.9: Prednisone treatment is not effective in reducing cSiO2-induced AAbs in the 
plasma. AAbs production was measured in plasma using Cohort A samples collected at time of 
necropsy (14 wk pi). (A) Heat map illustrates unsupervised clustering (Euclidian distance method) 
of 122 AAbs depict Ab-score values for IgG expression in plasma. Scale bar values reflect the 
range of variance-stabilized Ab scores, which were centered across rows. (B) Prednisone did not 
reduce overall IgG levels in the plasma compared to cSiO2 controls.  (C) Prednisone did not alter 
reduce certain classes of AAbs in the plasma compared to the cSiO2/P0 positive control group. * 
p<0.05 for cSiO2/P0 compared to VEH/P0; # p<0.05 for cSiO2/PL or cSiO2/PM compared to 
cSiO2/P0 as described in Materials and Methods. 
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Figure A2.10: Effect of prednisone treatment on select autoimmune pathways in lung and 
kidney tissues of mice 14 weeks post instillation with cSiO2. (A-B) Pathway Z scores are 
presented as Tukey box-plots for select pathways of interest for lung (A) or kidney (B)  
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Figure A2.10 (cont’d): 
tissues. Within a tissue type, different letters indicate that the treatment groups are significantly 
different (p<0.05) as described in Materials and Methods. (C-D) Network visualizations of genes 
significantly affected by prednisone treatment in lung (C) or kidney (D) tissues. Network 
interactions for genes differentially regulated by medium-dose prednisone treatment were modeled 
using the STRING database (string-db.org) with a minimum required interaction score >0.7, and 
clusters were identified using the Markov Cluster (MCL) algorithm with inflation parameter of 
1.5. Networks were visualized in Cytoscape, and edge widths reflect the combined interaction 
score (thicker edge indicates higher score). Abbreviations: cSiO2, crystalline silica; P0, zero 
prednisone; PL, low-dose prednisone; PM, medium-dose prednisone; VEH, vehicle control. 
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Figure A2.11: Comparison of prednisone-responsive genes associated with (A) lymphocyte 
tracking, (B) oxidative stress, and (C) cytotoxicity pathways in lung or kidney tissues 14 
weeks post instillation with cSiO2. Gene expression data were obtained using the  
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Figure A2.11 (cont’d): 
NanoString Autoimmune Profiling gene panel and are shown as log2 ratios for cSiO2/P0, cSiO2/PL, 
and cSiO2/PM treatment groups with respect to the tissue-matched VEH/P0 control group (log2 
ratio = 0). For each pathway, heatmaps with unsupervised hierarchical clustering (Euclidian 
distance method) by gene show log2 expression values for all genes identified as differentially 
expressed in response to either cSiO2 exposure or medium-dose prednisone (FDR q<0.05, 1.5-fold 
change) in either of the selected tissues. The mean log2 ratio values + SEM for selected genes of 
interest are also shown for each pathway. For cSiO2/P0 as compared to VEH/P0, *, FDR-corrected 
q<0.05; **, q<0.01; and ***, q<0.001. For cSiO2/PL or cSiO2/PM vs cSiO2/P0, #, FDR-corrected 
q<0.05; ##, q<0.01; and ###, q<0.001. See Supplementary File 1 for test specifications and FDR-
corrected q-values for all genes in the panel for all comparisons. Abbreviations: cSiO2, crystalline 
silica; P0, zero prednisone; PL, low-dose prednisone; PM, medium-dose prednisone; VEH, vehicle 
control. 
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Figure A2.12: Correlation analyses of all pathways represented in the NanoString 
autoimmune profiling panel. For all treatment groups, spearman ⍴ values were calculated by 
correlating pathway Z scores with (A) lung severity score or the percent positive staining for 
CD45R+, CD3+, or IgG+ in lung tissue or IgG+ in lung tissue plasma cells; or (B) kidney severity 
score, kidney blood urea nitrogen (BUN), or kidney urinary protein. Significant correlation values 
(p<0.05) are represented as circles colored by the correlation value (blue, positive; red, negative); 
non-significant correlations are indicated by blank cells. 
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Figure A2.13: Profiling of immune cell types in lung or kidney tissues from mice 14 weeks 
post instillation with cSiO2. Data shown are the log2 raw scores (A-B) or relative scores with 
respect to total infiltrating leukocytes (TILs) (C-D) for the indicated cell types for lung (A,C) and 
kidney (B,D). Only those cell types passing quality control testing for correlation of marker gene 
expression for either tissue (p<0.05) are shown. Within a tissue type, different letters indicate that 
the treatment groups are significantly different (p<0.05) as described in Materials and Methods. 
Scores may be compared by treatment within a cell type, but comparisons across cell types are not 
appropriate for this method of quantitation.  
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Figure A2.14: Volcano plots depicting gene expression determined using the NanoString 
Autoimmune Profiling gene panel for (A) lung and (B) kidney tissues obtained 13 weeks post 
instillation with cSiO2 or whole blood samples obtained 7-, 9-, or 11-weeks post instillation. 
Values shown are the fold change (log2 ratio) for cSiO2/P0 treatment vs tissue-matched VEH/P0 
control group, or for low-dose (cSiO2/PL) or medium-dose (cSiO2/P0) prednisone versus tissue 
matched zero prednisone control (cSiO2/P0) plotted against the –log10 Benjamini-Hochberg FDR-
corrected q-value. A significant difference in gene expression was inferred with 1.5-fold change 
(log2 <-0.585 or >0.585) with q<0.05. 
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Figure A2.15: Effect of prednisone treatment on cSiO2-induced transcriptional changes in 
whole blood 7-, 9-, and 11-weeks post instillation. (A) Table indicating the number of 
differentially expressed genes (FDR q<0.05, 1.5-fold change) at each time point for each treatment 
comparison of interest. Venn diagrams and principal components analyses of whole blood sample 
data were not performed due to the low number of differentially expressed genes identified in 
blood samples. (B) Directed significance scores for select autoimmune pathways were determined 
using nSolver (see Materials and Methods) by comparing cSiO2/P0 to timepoint-matched VEH/P0 
control group or by comparing cSiO2/PL or cSiO2/PM treatments to timepoint-matched cSiO2/P0 
treatment group. 
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Figure A2.16:  Effect of prednisone treatment on select autoimmune pathways in whole blood 
obtained 7-, 9-, and 11-weeks post instillation with cSiO2. (A) Pathway Z scores ae presented 
as Tukey box-plots (n=3) for select pathways of interest.  Within each time point, different letters 
indicate that the treatment groups are significantly different (p<0.05) as determined by one-way 
ANOVA with Tukey HSD post-hoc test for multiple comparisons.  (B) Network visualization of 
genes significantly affected by medium-dose prednisone compared to control (cSiO2/PM vs 
cSiO2/P0) in blood at 7-weeks post instillation.  (C) Network visualization of genes significantly 
affected by cSiO2 exposure (cSiO2/P0 vs VEH/P0) at 11-weeks post-instillation. Networks were 
not considered for other comparisons or time points due to few or no identified differentially 
expressed genes.  Network interactions were modeled using the STRING database (string-db.org) 
with a minimum required interaction score >0.7, and clusters were identified using the Markov 
Cluster (MCL) algorithm with inflation parameter of 1.5. Networks were visualized in Cytoscape, 
and edge widths reflect the combined interaction score (thicker edge indicates higher score). 
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Figure A2.17: Comparison of prednisone-responsive genes associated with selected pathways 
of interest in whole blood obtained 7-, 9-, and 11-weeks post instillation with cSiO2. Gene 
expression data were obtained using the NanoString Autoimmune Profiling gene panel and are 
shown as log2 ratios for cSiO2/P0, cSiO2/PL, and cSiO2/PM treatment groups with respect to the 
7-week, VEH/P0 control group (log2 ratio = 0). (A) Heatmap with unsupervised hierarchical 
clustering (Euclidian distance method) by gene shows log2 expression values for all genes 
identified as differentially expressed in response medium-dose prednisone (FDR q<0.05, 1.5-fold 
change) at any time point. Membership in autoimmune pathways is indicated to the left (green 
bar). (B) The mean log2 ratio values + SEM for selected genes of interest are also shown. * 
Indicates FDR-corrected q<0.05 for cSiO2/PM vs cSiO2/P0. (No significant differences were 
observed for cSiO2/P0 vs. VEH/P0 or cSiO2/PL vs. cSiO2/P0 comparisons for these genes.) Main 
effects of the cSiO2/PL or cSiO2/PM treatments vs. cSiO2/P0 are also indicated, when significant 
(or trending). See Supplementary File 1 for test specifications and FDR-corrected q-values for all 
genes in the panel for all comparisons. 
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Figure A2.18: Profiling of immune cell types in whole blood from mice 7-, 9-, or 11-weeks 
post instillation with cSiO2. Data shown are the log2 raw scores (A) or relative scores with respect 
to total infiltrating leukocytes (TILs) (B) for the indicated cell types.  Only those cell types passing 
quality control testing for correlation of marker gene expression for either tissue (p<0.05) are 
shown. Within a tissue type, different letters indicate that the treatment groups are significantly 
different (p<0.05) as described in Materials and Methods. Scores may be compared by treatment 
within a cell type, but comparisons across cell types are not appropriate for this method of 
quantitation. 
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Table A2.1: Experimental diet formulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CON (P0) low PR (PL) medium PR (PM) high PR (PH)

Ingredient
Corn Starch 398 398 398 398
Maltodextrin (dyetrose) 132 132 132 132
Sucrose 100 100 100 100
Cellulose 50 50 50 50
Casein 100 100 100 100
L-Cysteine 3 3 3 3
Corn Oil 10 10 10 10
High-Oleic Safflower Oil 60 60 60 60
AIN93G Mineral Mix 35 35 35 35
AIN93G Mineral Mix 10 10 10 10
Choline Bitartrate 3 3 3 3
TBHQ Antioxidant 0.01 0.01 0.01 0.01

Prednsione 0 5 15 50

(g/kg total diet)

Experimental Diet

(mg/kg total diet)
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Table A2.2:  Criteria for defining moribund condition of silica-treated NZBWF1 micea. 

 
Criteria Method Response Score Assigned  

Proteinuria1,2 

Weekly monitoring <2000 mg/dl = negative (NEG) 0 
>2000 mg/dl = positive (POS) 1 

Note: proteinuria scoring is cumulative over time  
e.g., POS for proteinuria at 22 wks of age and POS at 23 wks of age = cumulative score 
of 2 

Weight Loss2,3,4,5 

Weekly body 
weight 

<10% loss = NEG 0 
10-14% loss = POS 2 
>15% loss = POS 4 

Note #1: loss of body weight will be calculated relative to body weight at onset of 
nephritis 
Note #2: onset of nephritis defined as = 300 mg/dl proteinuria (determined in above 
measurements) 

Dyspenia1,3,4,5,* Daily health check Qualitative - NO 0 
Qualitative - YES 1 

Ambulation3,4,5,* Daily health check Qualitative - NO 0 
Qualitative - YES 4 

Rough Coat3,4,5,* Daily health check Qualitative - NO 0 
Qualitative - YES 1 

a Table was reviewed by CAR Veterinarian Dr. Danielle Ferguson at Michigan State University.  
Mice receiving a score of 4 or more were euthanized.  References for criteria previously published 
indicated by superscripts and noted below. 
 
1Gardet et al. (2016) PLOS ONE. 11(10): e 0164423 
2Frese-Schaper et al. (2010) J Immunology 184 (4) 2175-2182 
3Toth, L. (2000). Journal of the Institute for Laboratory Animal Research (2000) 41 (2): 72-29 
4Toth, L. (1997). Contemp. Top Lab Anim Sci 36, 44-48 
5Tomasovic et al. (1988). Lab Animal 17:31-34,1998.  
*The IACUC Handbook (2014) CRC Press. 3rd Edition 
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Table A2.3: List of Kits, Reagents, and Chemicals. 
 
Reagent/Assay Vendor Catalog Number Lot Number 
Prednisone Spectrum 

Chemical  
PR103 4HF0028 

Prednisolone Toronto Research 
Chemicals 

    

Urine InstaTest Reagent 
Strips  

Cortez 
Diagnostics  

URS-2P 82721 

AIN-93G Purified Rodent 
Diet without Vitamin Mix 

Dyets Inc. 110700   

AIN-93VX Vitamin Mix  Dyets Inc. 310025   
LouAna Safflower Oil LouAna Oils     
Mazola Corn Oil Mazola     
Polyclonal Rabbit Anti-CD3 
Antibody 

Abcam ab5690   

Monoclonal Rat Anti-Mouse 
CD45R Antibody 

BD Pharmingen 550268   

Polyclonal Goat Anti-IgG 
Antibody 

Bethyl Labs - 
FORTIS Life 
Sciences 

A-90-100A   

Diff-Quick Fisher Scientific     
XT_Mm_AIProfiling_CSO NanoString 115000269 XT-CSO-MAIP1-12 
nCounter Master Kit NanoString 100054 NAA-AKIT-048 
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APPENDIX B: CHAPTER 3 SUPPLEMENTAL MATERIAL 

 

 

 

 

 

Figure A3.1: Body weights were not altered by exposure or diet. cSiO2/CON mice did not have 
significant alterations in body weight compared to VEH/CON mice throughout the study. 
Similarly, cSiO2/DHA mice did not have significant changes in weight compared to VEH/CON or 
cSiO2/CON mice. 

 

 

 

 

 

 

 



214 
 

Figure A3.2: cSiO2 exposure induces significant IgM AAb response detected in the BALF of 
adult mice necropsied at 5-wks PI. (A) Ab-score values for the expression of 120 IgM AAbs are 
illustrated in a heatmap using unsupervised clustering (Euclidian distance method). Scale bar 
values reflect the range of variance-stabilized Ab scores, which are centered across rows. (B) DHA 
does not significantly reduce the cSiO2-triggered increase of total IgM in the BALF. (C) cSiO2 
exposure significantly increases various classes of autoimmunity-related AAbs remain elevated in 
DHA-fed mice. p<0.05; a, Significant compared to VEH/CON. 
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Figure A3.3: cSiO2 exposure did not lead to increased IgG AAb levels detected in the plasma 
of adult mice necropsied at 5-wks PI. (A) Ab-score values for the expression of 120 IgM AAbs 
are illustrated in a heatmap using unsupervised clustering (Euclidian distance method). Scale bar 
values reflect the range of variance-stabilized Ab scores, which are centered across rows. (B) 
Exposure to cSiO2 and diet did not impact IgG AAb summation scores in the plasma, nor various 
classes of autoimmunity-related AAbs in the plasma (C). 
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Figure A3.4: cSiO2 exposure did not lead to elevated proteinuria indicative of 
glomerulonephritis. All experimental groups had trace amounts of protein detected in the urine 
using diagnostic dipsticks. 
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Table A3.1: List of Kits, Reagents, and Chemicals. 

 
Reagent/Assay Vendor Catalog Number Lot Number 
DHASCO microalgal oil 
containing 40% 
Docosahexaenoic Acid 

Martek 
Biosciences 
Corporation 

  

Urine InstaTest Reagent 
Strips  

Cortez 
Diagnostics  URS-2P 82721 

AIN-93G Purified Rodent 
Diet without Vitamin Mix Dyets Inc. 110700  

AIN-93VX Vitamin Mix  Dyets Inc. 310025  

LouAna Safflower Oil LouAna Oils   

Mazola Corn Oil Mazola   

Polyclonal Rabbit Anti-CD3 
Antibody Abcam ab5690  

Monoclonal Rat Anti-Mouse 
CD45R Antibody BD Pharmingen 550268  

Polyclonal Goat Anti-IgG 
Antibody 

Bethyl Labs - 
FORTIS Life 
Sciences 

A-90-100A  

Human Autoimmunity, 
Allergy, and Infection 
Autoantigen Panel 

GeneCopoeia PA010  

NanoString Autoimmune 
Profiling Panel - Master Kit  NanoString 100052  
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APPENDIX C: CHAPTER 4 SUPPLEMENTAL MATERIAL 

 

Table A4.1: List of Kits, Reagents, and Chemicals. 

 
Reagent/Assay Vendor Catalog Number Lot Number 

Lipopolysacchrides from 
Escherichia coli O55:B5 Sigma-Aldrich L2880 12190801 

Urine InstaTest Reagent 
Strips  

Cortez 
Diagnostics  URS-2P 82721 

AIN-93G Purified Rodent 
Diet without Vitamin Mix Dyets Inc. 110700 0260-1 

AIN-93VX Vitamin Mix  Dyets Inc. 310025 0210-A 
LouAna Safflower Oil       

Mazola Corn Oil       
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