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ABSTRACT OF THE DISSERTATION 

 

The Effects of Aerosols From the Salton Sea Basin 
 on Pulmonary Health 

 
by 

Trevor Alexander Biddle 

Doctor of Philosophy, Graduate Program in Biomedical Sciences 
University of California, Riverside, June 2023 

Dr. David D. Lo, Chairperson 
 

The Salton Sea is a large inland lake located in California on the border 

between Riverside and Imperial Counties. The communities surrounding the 

Salton Sea have unusually high rates of asthma. In this dissertation, I explain 

how different aerosol sources play a role in pulmonary inflammation. We used a 

specially designed environmental exposure chamber that allows mice to be 

exposed to a controlled and consistent dose of aerosols for up to 7 days without 

having to open the chamber. Once mice were exposed, we collected 

bronchoalveolar lavage fluid and lung tissue and analyzed whole lung tissue 

gene expression, inflammatory cell infiltration, performed histological analysis, 

and determined changes in airway hyperreactivity. We found that aerosolized 

Salton Sea Water, selected to mimic the effects of aerosolized sea spray, 

resulted in a minor change in inflammatory gene regulation without overt 

inflammatory cell infiltration. This was in stark contrast to a T2-like response to 

the fungal allergen Alternaria alternata and Alternaria tenuis. To understand if 
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there was a link between these, we exposed mice to the water followed by 

Alternaria sp. We found that there was no sensitization from pre-exposure to the 

water, which suggests that the primary aerosol driving the pulmonary 

inflammation is not the sea spray from the Salton Sea. To investigate other 

avenues of potential pulmonary inflammation, we exposed mice to aerosolized 

dust extract collected from around the Salton Sea. This produced a neutrophilic 

response with substantial upregulation of genes related to innate immune 

response. This was greater at 48-hours than at 7-days, mimicking the kinetics of 

acute, innate inflammation. This closely matched the response to TLR2/4 

agonists LTA and LPS, providing insight into a potential mechanism for dust-

related pulmonary inflammation.   
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Chapter 1: Introduction 

The Salton Sea  

The Salton Sea is the largest inland sea in California at 343 mi2 and is 

located on the border between Riverside and Imperial counties. The Salton Sea 

Basin comprises both the Coachella Valley and Imperial Valleys, with the Eastern 

Coachella Valley (ECV) and Imperial Valley (IV) directly contacting the sea. 

While the current iteration of the Salton Sea formed due to a break in a canal 

from the Colorado River, which caused flooding for over two years before being 

fixed. Since then, the Salton Sea has been maintained primarily due to 

agricultural runoff from farming in the ECV and IV, which are major agricultural 

centers for California. 

Even though the Salton Sea was a relatively recent phenomenon, the 

Salton Sea basin has intermittently been home to a saline lake called Lake 

Cahuilla, which had been an important staple for the native communities for 

thousands of years. The modern Salton Sea community consists of over 177,000 

people, with major population centers at the northwest and southeastern points 

of the Salton Sea. This is a predominantly Latino community and is especially 

vulnerable due to the immigrant status of many of the individuals along with high 

levels of poverty. The median household income of $35,000 is a little over half 

the California average of $61,400 (Marshall, 2017), and the community has 

among the worst socioeconomic burdens in the state (CalEnviroScreen 4.0). This 

vulnerability translates into poor health outcomes, as detailed in the next section. 
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The Salton Sea provides an important ecological niche in the modern 

world. It serves as a major stopover point for the Pacific Flyway, a migratory path 

for over 1 billion birds yearly (Bradley and Yanega, 2018). The Salton Sea is or 

has been home to a diverse population of fish, though due to worsening 

ecological health, tilapia are among the only fish still capable of living within the 

sea due to their uniquely high salt tolerance (Lorenzi and Schlenk, 2014). 

Additionally, the sea is home to a diverse microbial community, particularly 

archaea which are more able to tolerate extreme conditions, with Euryarchaeota 

and Crenarchaeota being especially common (Swan et al, 2010). Among the 

bacterial populations, Proteobacteria and Bacteroidetes were the most common 

(Hawley et al., 2014). 

Due to increasing levels of salinity and abundant pollution, the Salton 

Sea’s ecological health is worsening. The Salton Sea does not receive enough 

water to maintain current levels and increasing temperatures due to climate 

change exacerbate this issue. As the Salton Sea evaporates, salinity levels 

continue to rise, with current levels eclipsing 70 ppt (Bureau of Reclamation, 

2022). The extreme temperatures also result in poor mixing of the water during 

the summer, creating an anoxic layer that results in massive fish kills during 

autumn as this anoxic layer begins to mix with the oxygenated surface layer 

(Reese et al., 2008). This causes a cascading effect that ends up hurting the 

migratory bird population as they lack a consistent food source. The remaining 
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bird populations also tend to have periodic die-offs due to bioaccumulation of 

pollutants in their prey (Carmichael and Li, 2006). 

The rapid drying of the Salton Sea was exacerbated by a recent diversion 

of water from agricultural sources to San Diego in 2018. As the lake is relatively 

shallow, even a small decline of 3 ft in elevation will expose over 11,000 acres of 

lakebed (Johnston et al., 2019). Current estimates predict an 11% increase in 

exposed lakebed, also known as playa, between 2018 and 2030 (Parajuli and 

Zender, 2019). Playa currently makes up an average ~9% of particulate matter 

under 10 μm in size (PM10) at population centers on the eastern and western 

shores of the Salton Sea (Frie et al., 2017), with peaks near the sea of up to 47% 

on the beach itself (Frie et al., 2019). Playa emissions will become an increasing 

concern in the future as more playa is exposed, which will likely exacerbate 

community health issues as in other communities exposed to high levels of 

exposed playa, such as those near the Aral Sea (Doede and DeGuzman, 2020). 

 

Community Health 

 With the ecosystem in disarray, it should come as no surprise that there 

are serious health issues in the communities surrounding the Salton Sea. Of 

particular concern is respiratory illness. In 2011 and 2012, Imperial County, 

located on the southern border of the Salton Sea, was plagued by some of the 

highest rates of emergency room (ER) visits for children due to asthma in the 

state of California (Doede and DeGuzman, 2020). These levels have remained 
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high and are still among the worst in the state (CalEnviroscreen 4.0). Childhood 

diagnosis for asthma is also quite high, at 20-22.4% (Farzan et al., 2019), with 

even higher levels of respiratory symptoms such as wheezing, allergies, 

bronchitis symptoms, and dry cough. 

 Not only are respiratory illnesses common, but locals also suffer from high 

rates of cardiovascular ER visits (Miao et al., 2022). These diseases are 

compounded by the extreme socioeconomic vulnerability of the population, which 

is within the 90th percentile statewide (Miao et al., 2022). This vulnerability 

manifests as poor access to preventative healthcare, particularly in rural regions 

where the closest hospitals are between ~50 and ~61 minute away (Juturu 

2021). The need to spend long periods of time outside, where individuals are 

exposed to potentially toxic dust and fumes from the Salton Sea, also likely 

contributes to a variety of health concerns. 

 Exacerbating community health issues is poor working and living 

conditions. Community surveys indicate that workers are poorly trained, exposed 

to harsh conditions without adequate safety precautions, and have little recourse 

to improve their conditions. As many of these individuals are immigrant workers, 

they fear deportation, and are worried that speaking up will cost them their jobs 

(Cheney et al., 2022). 

 An additional factor in community health concerns is the increasing levels 

of dust in the region. Increasing levels of playa exposure are linked to worsening 

pulmonary health outcomes, with more ER visits during times with poor air mixing 
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over the Salton Sea (Doede et al., 2021) Current models indicate that for each 

one-foot drop in the Salton Sea, are linked to an additional 0.68 deaths per 

100,000 people at the county level (Jones and Fleck, 2020). This is likely 

underestimating the concern for people living in proximity to the sea, as the 

model used county level information, while only the most eastern portion of 

Riverside County is frequently exposed to the Salton Sea. 

 Based on other drying lakes in arid regions, the drying Salton Sea is likely 

to increase dust levels to potentially catastrophic levels such as those seen in the 

Aral Sea in Centra Asia (Doede and DeGuzman, 2020) and Owens Lake in 

California (Johnston et al., 2019). If conditions reach those extremes, dust from 

the newly exposed playa could easily threaten individuals who live outside of the 

Salton Sea Basin. 

 

Salton Sea Pollutants 

 While the exact components of the Salton Sea that could be leading to 

poor community health are not known, there are many candidate components. 

As a stressed ecosystem, the Salton Sea contains many potentially harmful 

microbial communities. As previously mentioned, there are large number of both 

gram-positive and gram-negative bacteria in the Salton Sea (Hawley et al., 

2014). These could contribute to the ambient levels of endotoxin in the dust, 

which could have some adverse health effects, particularly in larger dust 

fractions, which are shown to cause pulmonary inflammation (D’Evelyn et al., 
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2021; Burr et al., 2021). While this is unlikely to be the only toxic factor in the 

dust, it could be a contributing factor. 

 Other potential microbial toxins include cyanotoxins such as microcystin, 

which has been detected in the Salton Sea. As the Salton Sea has nutrient 

loading from agricultural runoff and year-round sunlight, it is primed for algal 

blooms. This leads to elevated levels of microcystins in the environment, though 

detected levels are generally less than those known to cause acute lethal toxicity 

(Carmichael and Li, 2006). The high levels of selenium in the sea also cause 

increased levels of microcystin production while the high salinity can cause 

increased release of microcystin due to damaging cyanobacteria such as 

Microcystis aeruginosa (Zhou et al., 2017). 

 Selenium alone is another potentially toxic pollutant. When selenium is in 

its ionic forms of selenate and selenite and its organo-selenide form of Se(-II), it 

can easily bioaccumulate and become toxic (Kausch and Pallud, 2013). 

Selenium levels in the sea and sediment are quite high (Saiki et al., 2012; Xu et 

al., 2016), and due to bioaccumulation often reach dangerous levels in higher 

organisms such as fish and birds (Ohlendorf and Marois, 1990; Riedel et al., 

2002). 

 Levels of sulfide in the Salton Sea are also exceptionally high, with levels 

exceeding the toxicity threshold for tilapia (Reese et al., 2008). This translates to 

high levels of hydrogen sulfide in the air above the Salton Sea, over 5 times that 

of background levels and urban areas (Reese et al., 2008). 
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 One of the greatest concerns for the area is the heavy use of pesticides. 

While some pesticides such as DDT have been banned for use in the United 

States, there are still detectable levels in the water, sediments, and organisms 

(Ohlendorf and Marois, 1990; Riedel et al., 2002; Sapozhnikova et al., 2004; Xu 

et al., 2016). Other pesticides such as pyrethroids are also detectable at 

concerning levels in the area (Phillips et al., 2007; Xu et al., 2016). 

Polychlorinated biphenyls, an industrial contaminate similar to organochlorine 

pesticides such as DDT, are also detectable in waters and organisms around the 

Salton Sea (Riedel et al., 2002; Sapozhnikova et al., 2004; Xu et al., 2016). 

 More work must be done to link specific pollutants with specific community 

health issues, but overall, there are many potentially dangerous pollutants in the 

area. As the sea dries and more playa is exposed, these pollutants will continue 

to be released into the air in the form of windblown dust. Thus, it is critical for 

more research to be done to link the pollution to the community health issues. 

This will allow for more targeted and detailed remediation and policy guidelines. 

 

Immunology and Inflammation 

Inflammation is the process by which infections and/or tissue damage is 

cleared, and homeostasis is restored (Kotas and Medzhitov, 2015). This is a 

complex process, involving many types of cells, cytokines (small proteins which 

facilitate cell-to-cell communication in immune responses), and other secreted 

factors. 
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Generally, inflammation starts either through infection or tissue damage. 

Pathogen-associated molecular pattern molecules (PAMPs) are components of 

microorganisms and viruses that are recognized by pattern recognition receptors 

(PRRs) found on the surface of many types of cells (Zindel and Kubes, 2020). 

When tissue is damaged, damage-associated molecular pattern molecules 

(DAMPs) are released, which are also recognized by PRRs (Murao et al., 2021). 

Interactions between PAMPs/DAMPs and PRRs trigger an inflammatory 

response, which is characterized by the recruitment of leukocytes and the 

release of various proinflammatory molecules (Mack, 2018). 

Inflammation relies on the two primary branches of the immune system, 

the innate and adaptive responses. These are detailed in the following sections. 

 

Innate Immunity: 

Innate immunity is the first line of defense against pathogens. At its most 

basic, innate immunity can include both hematopoietic and nonhematopoietic 

cells. The primary purpose of nonhematopoietic cells, primarily skin and epithelial 

cells, in innate immunity is to serve as barriers to keep out pathogens (Kaur and 

Secord, 2019). However, epithelial cells can also have sensing functionality via 

expression of PRRs (Kaur and Secord, 2019).  

Hematopoietic cells involved in innate immunity include mononuclear and 

polymorphonuclear cells (Beutler, 2004). The most important mononuclear cells 

involved in innate immunity is the macrophages/monocytes, while 
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polymorphonuclear cells include neutrophils, and eosinophils among other cell 

types (Beutler, 2004). 

A critical part of innate immunity is PAMP/PRR interactions. PAMPs are 

necessary and conserved elements from pathogens, including components of 

microbial membranes and walls such as lipopolysaccharide (LPS), peptidoglycan 

(PGN), and lipoteichoic acid (LTA). Other common indicators of infection, 

including dsRNA, are also recognized by PRRs (Tang et al., 2012). 

PRRs can be either membrane associated, or cytoplasmic. Examples of 

membrane associated PRRs include toll-like receptors (TLRs) and C-type lectin 

receptors (McKernan, 2020). TLRs are particularly important in recognizing 

pathogenic components, as the family contains 10 variations in humans that can 

recognize the aforementioned pathogenic molecules such as LPS, PGN, LTA, 

dsRNA, etc (Dolasia et al., 2017). TLRs can work through a MyD88-dependent or 

independent pathway. The MyD88-dependent pathway results in the 

translocation of NF-κB, an important inflammatory transcription factor, to the 

nucleus (Takeda and Akira, 2004). The MyD88-independent pathway results in a 

strong type-I interferon response (Takeda and Akira, 2004). 

Cytoplasmic PRRs include nucleoside-binding and oligomerization domain 

like receptors (NLRs), retinoic acid-inducible gene-I-like receptors (RLRs), and 

absent-in-melanoma like receptors (ALRs) (McKernan, 2020). NLRs are a critical 

part of inflammasome formation, which is a component of cytokine production 

and caspase activity in inflammation (Kelley et al., 2019). 
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Once PAMP/PRR interactions occur, cytokines and chemokines 

(chemotactic cytokines) are released, directing the recruitment and activation of 

hematopoietic cells (Tang et al., 2012). Generally, neutrophils are the first cells 

recruited to the site of infection/damage (Liew and Kubes, 2019). These cells 

follow a gradient of chemoattractant molecules released by epithelial, endothelial, 

or other resident cells such as tissue macrophages (Kolaczkowska and Kubes, 

2013). Once neutrophils reach the site of infection/damage, they enter the tissue 

through the leukocyte adhesion cascade. This involves the neutrophils slowing 

via interactions between selectin ligands on the neutrophil surface and E- and P-

selectin on epithelial cells (Ley et al., 2007). The neutrophils then bind tightly via 

integrin interactions and enter the tissue (Ley et al., 2007). Once there, 

neutrophils clear pathogens and cellular debris, followed by release of growth 

factors to promote healing (Zindel and Kubes, 2020). After this, neutrophils either 

undergo apoptosis and are then cleared by macrophages via a process called 

efferocytosis, which results in macrophages polarizing towards an anti-

inflammatory, tissue-repair state known as M2 (Yunna et al., 2020), or by leaving 

the tissue through reverse transmigration (Xu et al., 2022). These macrophages 

secrete various anti-inflammatory molecules, further promoting inflammation 

resolution and wound healing (Yunna et al., 2020).  

Innate immunity also contains a humoral component. Circulating 

molecules such as mannose-binding protein, lipopolysaccharide binding-protein, 

and secreted CD14 can bind to microbes and microbial components to aid 
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recognition of PRRs by serving as ligands (Beutler, 2004). Other molecules, such 

as lysozyme, lactoferrin, and antimicrobial peptides, are capable of directly killing 

microbes (Riera et al., 2016). The complement cascade is another critical aspect 

of the humoral response, and leads to the activation of C3b, which binds to 

microbes to enhance opsonization, the generation of C5a, which is an 

inflammatory and chemotactic molecule, and the generation of a membrane 

attack complex, which creates a pore in microbes, killing them (Noris and 

Remuzzi, 2013). 

Under normal conditions, inflammation is an acute process, resolving in a 

matter of hours to days (Aristizábal and González, 2013). However, under certain 

pathogenic conditions, inflammation can become a chronic condition (Zhao et al., 

2016). This is a key factor in several major diseases such as atherosclerosis, 

COPD, and asthma (Leuti et al., 2020). 

 

Adaptive Immunity: 

While innate immunity relies upon recognition of conserved molecular 

patterns, adaptive immunity can recognize a functionally unlimited number of 

antigenic epitopes. However, this breadth of response takes time, with the usual 

timeline being 1-2 weeks to mount a response to a new antigen (Janeway et al., 

2001). This response is primarily driven by T and B lymphocytes and relies on 

the development of receptors that are specific for the antigen. 
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The adaptive immune response relies on the innate immune response to 

develop. Two critical ways that the innate immune response drives adaptive 

immunity is through antigen presentation and secretion of cytokines. In order for 

T lymphocytes to recognize antigen, it must be presented in either major 

histocompatibility complex class I (MHC class I) or class II (MHC class II) (Rock 

et al., 2016). Almost every cell expresses MHC class I, which is used to present 

intracellular antigens, such as in the case of viral infection (van Endert, 2016). 

MHC class II is expression is more limited. Only certain cells, such as 

macrophages and dendritic cells, upregulate major histocompatibility complex 

class II (MHC class II) upon activation (Kashem et al., 2017). Other innate cells, 

such as innate lymphoid cells (ILCs) secrete regulatory cytokines upon activation 

and help direct the T and B lymphocyte response to the specific pathogen 

(Sonnenberg and Hepworth, 2019). 

T lymphocytes develop in the thymus. These rely upon the T cell receptor 

(TCR) for their antigen recognition capabilities (Courtney et al., 2018). The TCR 

undergoes germline recombination prior to expression, resulting in combination 

of a variable (V) and a joining (J) segment, with the TCR sometimes also having 

a diversity (D) segment (Krangel et al., 1998). These segments are joined 

together randomly by recombinase-activating genes 1 and 2 (RAG1/2) (Neihues 

et al., 2010). Additional diversity is acquired by repairing DNA damaged by the 

joining process (Bonilla and Oettgen, 2010). Once the TCR is expressed they 

then undergo positive and negative selection. Positive selection requires low 
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avidity to self-MHC, while negative selection occurs when there is very high 

avidity to self-MHC or peptides (Klein et al., 2014). If T lymphocytes fail either 

selection, they undergo apoptosis and never leave the thymus (Klein et al., 

2014). During this process, T lymphocytes also commit to a CD4+ or CD8+ 

lineage (Taniuchi, 2018) 

Once they leave the thymus, T cells migrate to lymphoid tissues where 

they undergo maturation (Masopust and Schenkel, 2013). This involves TCR 

binding to MHC presented antigens in the presence of other co-stimulatory 

signals, such as cytokines and secondary receptor-ligand binding between the T 

lymphocytes and antigen presenting cell (Geurder and Flavell, 1995). CD4+ T 

lymphocytes recognize antigens in MHC class II, while CD8+ T lymphocytes 

recognize antigens in MHC class I (Bonilla and Oettgen, 2010). CD4+ T 

lymphocytes undergo maturation into one of several T helper (Th) subtypes, 

each of which is specialized in dealing with specific types of infections. These 

include Th1, Th2, Th9, and Th17 (Bonilla and Oettgen, 2010). The primary role of 

these cells is to secrete cytokines and direct the immune response (Zhu et al., 

2010). CD8+ T lymphocytes rely on cell-cell interactions to control infection. 

When CD8+ T lymphocytes bind MHC class I, they trigger apoptosis in the MHC 

class I expression cell (Gulzar and Copeland, 2004). This is important in 

controlling viral infections and diseases such as cancer (Philip and Schietinger, 

2022). 
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B lymphocytes arise in the bone marrow and develop their B cell receptor 

(BCR) in a manner analogous to TCR development. The BCR is comprised of 

heavy and light chains (Pieper et al., 2013). Every heavy chain has a V, D, and J 

segment, along with a constant region (C), while the light chain has a V, J, and C 

region (Pieper et al., 2013). There are 9 heavy chain constant regions, 

corresponding to the 9 types of immunoglobulins (IgM, IgD, IgG1-4, IgA1-2, and 

IgE), while there are 2 types of light chain constant regions (κ and λ) (Bonilla and 

Oettgen, 2010). When B cells leave the bone marrow, they express IgM and IgD 

(Pieper et al., 2013). 

B lymphocytes are primarily activated through a T-cell dependent manner 

(Bonilla and Oettgen, 2010). B lymphocytes are responsible for antibody 

production, which can aid in opsonization and inactivation of antigens. B 

lymphocytes bind and internalize antigens ligated to their BCR (Tanaka et al., 

2020). These are then presented on MHC class II and can interact with a T 

lymphocyte via their TCR (Tanaka et al., 2020). When this occurs in the 

presence of a CD40/CD40L interaction, the B cell is activated (Karnell et al., 

2019). These activated B cells may immediately become plasma cells and 

secrete low affinity IgM or enter a follicle to establish a germinal center (Bonilla 

and Oettgen, 2010). While in a germinal center, the B cells can undergo class-

switching, which involves changing the constant region to one more suited for the 

specific infection, and somatic hypermutation (SHM) (Mesin et al., 2016). SHM 

relies upon the accumulation of point mutations in the variable regions of the 
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heavy and light chains (Mesin et al., 2016). B cells with mutations that result in 

better binding to the antigen undergo greater expansion, and through this 

process antibodies with higher affinity for the antigens propagate (Victora and 

Nussenzweig, 2022). 

T and B lymphocytes can become memory cells, which allow for rapid 

expansion of antigen specific T and B lymphocytes in secondary exposure to 

pathogens (Cancro and Tomayko, 2021). This provides a more targeted and 

effective immune response than innate immunity alone. 

 

Dust 

 Respirable dust comes in several different forms. These are generally 

broken up by size fraction, with typical categories being PM10, PM2.5, and PM0.1. 

These stand for particulate matter under 10μm in aerosol diameter, under 2.5 μm 

in aerosol diameter, and under 0.1μm in aerosol diameter respectively. While 

PM10 can be used to describe PM2.5, it is usually used to describe particulate 

matter smaller than 10μm but greater than 2.5μm. The same concept can be 

applied for PM2.5, but this will depend on the paper in question. These size 

categories are also often referred to as coarse (PM10), fine (PM2.5), or ultrafine 

(PM0.1). These different PM sizes are thought to penetrate the airways differently, 

with PM10 usually being filtered out in the nasal passages (Mo, 2019), PM2.5 

penetrating to the bronchioles and alveoli, and PM0.1 directly reaching the 

bloodstream (Nelin et al., 2011. Thus, the size of the respiratory particles likely 
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matters with regards to inflammatory potency. However, this is not the only factor 

that matters, as the identity of the particulate matter dramatically changes the 

pulmonary inflammatory phenotype, as covered in the next section. 

 

Effects of Desert Dust on Pulmonary Health 

 The composition of particulate matter can vary wildly depending on the 

location, such as cities typically having particulate matter heavy in small organics 

generated by combustion compared to other locations. As the studies done in 

this paper were done using aerosols from a desert location, this section will focus 

specifically on the role that desert dusts play in pulmonary inflammation and 

human health, rather than particulate matter from all sources. 

 One of the best studied types of desert dust is Asian Sand Dust (ASD). 

This dust originates in the deserts in the northwestern portions of China and 

Mongolia before being carried eastward to regions such as Japan, Taiwan, and 

South Korea (Hasunuma et al., 2021). This particulate matter passes through the 

large cities along the Chinese coastline, potentially gaining toxic pollutants from 

the cities in addition to the toxins from the original desert source. These include 

microbial components such as b-glucan, lipopolysaccharide (LPS), and other 

TLR agonists (Fussel and Kelly 2021). These dusts cover the range from 0.5-

10μm, with a peak of around 4 μm (Kanatani et al., 2010), meaning that they can 

penetrate deep into the airways. Levels of dust during ASD events can be 2 or 

more times the normal levels (Yang et al., 2005). 
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 There is strong epidemiological and laboratory-based research 

documenting the effects of ASD on a population and mechanistic level. These 

dusts have been correlated with increased hospital admission due to respiratory 

illness on the day of and following dust days (Kanatani et al., 2010; Watanabe et 

al., 2011). These effects can be further broken down on population subsets, with 

pregnant women have increased risk of asthma-symptoms (such as weezing, 

nose and eye irritations, coughing) on dust days (Kanatani et al., 2016). 

Depending on the study, these have been associated with hourly concentration 

of NO2 (Watanabe et al., 2012), and pollen levels (Watanabe et al., 2011), but 

these studies have been limited in scope. Some studies have suggested that 

these symptoms may be most prominent during time with low pollen, with the 

dust serving as an adjuvant and enhancing the effect of low pollen doses (Ogi et 

al., 2014). The strongest correlations are between ASD and asthma-like 

symptoms rather than a decrease in respiratory measurements such as peak 

expiratory flow (PEF) (Watanabe et al., 2015). However, children may be more 

vulnerable, as there is evidence that ASD can decrease in %maxPEF in children 

with and without asthma, though this is attenuated by standard inhaler treatment 

(Hasunuma et al., 2021) 

 Studies using intranasal administration of ASD indicate that ASD can 

trigger significant recruitment of inflammatory cell, particularly neutrophils to the 

airways (He et al., 2016). This is accompanied by secretion of inflammatory 

cytokines such as IL-6, -12, TNF-α, MIP-1α, and MCP-1. This effect appears to 
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be due to TLR signaling, as MyD88ko mice had dramatically reduced 

inflammation. Individual TLR2ko and TLR4ko models had attenuated responses, 

with TLR4ko having a more dramatic effect than TLR2ko. Interestingly, research 

indicates that the inflammatory effect is likely due to pollutants entrained on the 

dust, as ASD that was heated at 360 °C for 24 hours (H-ASD) had diminished 

effectiveness (He et al., 2016). The inflammatory phenotype was restored when 

administering H-ASD with either an organic extract from ASD (Ren et al., 2014), 

ultrapure LPS, or peptidoglycan (PGN) (Sadakane et al., 2022). The combination 

of H-ASD and these pollutant/TLR agonists had a stronger response than either 

alone (Ren et al., 2014; He et al., 2019). These inflammatory cytokine secretions 

are also consistent in macrophage, human bronchial epithelial, and human 

epidermal keratinocyte cell lines, possibly indicating broad reactivity for ASD 

(Shin et al., 2013; He et al., 2016; Choi et al., 2019). 

Notably, these results did not seem to suggest that ASD alone can trigger 

asthma development. Several studies address this concern and offer a plausible 

link between allergies and ASD. When mice are given a mixture ASD and 

ovalbumin (OVA) intranasally, they develop an allergic reaction to OVA (Fussell 

and Kelley 2021). The most extreme synergistic effect requires both entrained 

pollutants and ASD. Studies using an H-ASD + OVA + dust pollutant/TLR agonist 

have high levels of eosinophil recruitment and allergy associated cytokines, 

along with OVA specific IgE and IgG production (Ren et al., 2014a; Ren et al., 

2014b; He et al., 2019; Ren et al., 2019; Sadakane et al., 2022). This synergistic 
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effect may require oxidative stress, as addition of NAC, an oxidative stress 

scavenger, eliminated this response (He et al., 2019). Co-exposure to a more 

common real-world allergen, house-dust mite (HDM), also triggered a synergistic 

response (Ichinose et al., 2006). Together these studies suggest that ASD may 

serve as an adjuvant that enhances allergic development. 

While not as well studied as ASD, several other regions of desert dust 

have been linked to poor pulmonary health. The Sahara and Sahel regions of 

North Africa are another large source of desert dust. This dust primarily effects 

Europe and Turkey, but it can also be transported across the Atlantic Ocean and 

has been linked to asthma exacerbations in the Caribbean (Akpinar-Elci et al., 

2015). Studies in Europe and Anatolia indicate that day’s high in desert dust from 

North Africa leads to increase levels of ER visits due to pulmonary diseases such 

as asthma, COPD, and respiratory infections (Samoli et al., 2011; Yitshak et al., 

2015; Soy et al., 2016; Trianti et al., 2017; Lorentzou et al., 2019), as well as 

worsening of ischemic heart disease (Dominguez-Rodriguez et al., 2020). This 

effect correlates with PM10 levels, with particularly high levels of PM10 during 

severe dust storm days triggering an increase in ER visits that last several days. 

As dust storms and high levels of indoor PM10 occur at the same time, it is likely 

that individuals living in the region are constantly being exposed to potential 

pulmonary inflammatory agents (Sahin et al., 2022). 

The interplay between indoor and outdoor aeroallergens may be important 

to understanding the ways that desert dust relates to asthma. Studies from the 
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Middle East indicate that the dust in the region has mild toxicity (Wilfong et al., 

2011; Fussell and Kelley, 2021). Despite this, rates of asthma and allergies have 

been increasing since at least the 1980’s (Strannegård and Strannegård, 1987; 

Strannegård and Strannegård, 1990). This has been linked to importation of non-

native pollinating plants and the proliferation of household cooling systems such 

as air conditioning increasing levels of allergens, all of which commonly show up 

in skin prick tests (Dowaisan et al., 2000; Ezeamuzie et al., 2000; Bener et al., 

2002; Hijazi et al., 2002; Sattar et al., 2003; AlKhater et al., 2017). Of particular 

note are mold allergens, which are associated with asthma among children 

(Ezeamuzie et al., 2000). While older studies did not find a link between dust 

storms and ER visits due to respiratory illnesses (Strannegård and Strannegård, 

1987; Strannegård and Strannegård, 1990), newer studies indicate increased 

admissions on dust storm days (Thalib and Al-Taiar, 2012). The exact reason for 

this discrepancy has not been explored and may be due to new techniques to 

measure dust levels and better record keeping or due to increased levels of 

allergens carried on the dust due to aforementioned importation of plants and 

adoption of cooling systems. 

While other regions are less well-studied, there have been some 

documented effects of desert dust from other sources. Desert dust collected from 

desert regions in India were found to induce a decline in forced expiratory volume 

in 1 second (FEV1) in humans. The worst declines were when patients inhaled 

smaller, more adhesive PM (Gupta et al., 2012). Asthma in Utah was linked to 
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arid desert regions, particularly those with a history of mining activity and poor 

socioeconomic parameters (Vowles et al., 2020). Much like in the Middle East, 

there is likely a connection between the desert environment and exposure to 

indoor allergens, with individuals in homes with an evaporative cooler having 

much higher levels of fungal allergens (Lemons et al., 2017). In the Sonoran 

Desert region, pollens and indoor allergens dominated in skin prick test results 

(Buckley and Carr, 2017). Afghanistan dust was found to work in concert with 

HDM to increase airway hyperreactivity in mice, even when sensitization to HDM 

occurred a week after exposure to the Afghanistan dust (Berman et al., 2021). 

When put together, these studies indicate a role for desert dusts to 

exacerbate asthma symptoms during dust storm events, along with a role in 

sensitization when combined with indoor and outdoor allergens such as molds, 

dust mites, and pollen. While the Salton Sea Basin in particular has yet to be 

studied in detail, the ability of desert dusts from around the world to cause 

pulmonary distress indicates that it could be a critical component of the poor 

respiratory health in the region. Despite the similarities in overall response 

between different point sources of desert dust, each had a unique toxicity. Thus, 

it is critical to study the unique characteristics of dust in the Salton Sea Basin and 

how it specifically triggers pulmonary inflammation. The Coachella valley is 

already the dustiest region in the Mojave and Colorado Deserts and will only get 

worse as the Salton Sea dries. Other dried arid lakes in California have led to 

massive dust storms, with Owens Lake and Mono Lake storms reaching highs of 
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40,620 and 65,112 μg/m3 for PM10 (Goudie, 2014). With the potential for massive 

dust storms on the horizon, and knowledge of how dust storms in other regions 

can exacerbate and even lead to asthma, understanding the characteristics of 

particulate matter near the Salton Sea is of the utmost importance.  

 

Dust Generation from Playa 

 When reviewing dust from the Salton Sea Basin, it is important to 

understand the unique characteristics of dust generation from playa in a desert 

environment. While deserts can generate dust from non-playa sources, the vast 

majority of desert surfaces are not susceptible to wind erosion, and thus dust 

generation. The exact amount depends on several factors, primarily whether the 

land is cultivated, as that can increase the amount of surface susceptible to wind 

erosion. 

 Playa is uniquely suited to generate dust compared to other desert 

sources. Firstly, arid lakes and playa can serve as sinks for dust, as fine silts are 

either carried to the lakes by input streams and rivers, or through settling in the 

lakes and playa (Gill, 1996). These fine silts are more easily aerosolized 

compared to larger, coarse particles. Second, playa is particularly susceptible to 

salt weathering. During this process, salt breaks apart the playa surface and 

helps release any trapped fine silt- or clay-size particles (Gillette, 1979). This is 

perhaps the most important mechanism in dust generation from playa, 

particularly in arid lakes such as Owens Lake (Cahill et al., 1994; Cahill et al., 



23 
 

1996). Finally, playa tends to be a flat, friable surface, which increases the rate of 

wind erosion (Blackwelder 1931). Unlike cultivation of arid regions leading to an 

increase in desert dusts, this is not an anthropogenic process. However, this 

process can and has been sped up by diverting water sources and increasing 

temperatures due to climate change.  

 

Chronic Respiratory Disease 

 Chronic respiratory disease is one of the largest burdens on human health 

globally. Every year, an estimated 4 million people die due to respiratory 

diseases such as asthma, chronic obstructive pulmonary disorder (COPD) and a 

myriad of other chronic respiratory diseases such as interstitial lung disease and 

sarcoidosis (WHO). This is particularly prevalent among children and is one of 

the more common causes of death in children under the age of 5 (Burney et al., 

2017). Additionally, chronic respiratory disease is a massive burden on the 

healthcare system, costing hundreds of billions yearly in treatment and 

workhours lost (European Respiratory Society, 2018). 

 As recently as 2017, approximately 554.9 million people, or 7.1% of the 

global population, had some form of chronic respiratory disease. By far the most 

common are asthma and COPD, which make up approximately 50% and 55% of 

individuals with chronic respiratory diseases (GBD Chronic Respiratory Disease 

Collaborators, 2020). Asthma is more common among children, with it being 

skewed towards males in children under 10 and towards females in the 10+ age 
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range. COPD is more common among older individuals, with a slightly higher 

rate in men. It is also more deadly than asthma on the global scale (GBD Chronic 

Respiratory Disease Collaborator, 2020). As these are the two major chronic 

respiratory diseases, asthma and COPD will be the focus of the following 

sections. 

 

Asthma 

 Traditionally, asthma has been defined as an atopic disease driven by Th2 

cells, eosinophils, and allergen specific IgE production (Kuruvilla et al., 2019). 

However, this definition has been called into question over the past decade as 

more has been discovered about the presentation of asthma. Now, asthma is 

recognized as a heterogeneous disease with many possible causes, all of which 

present as increased airway hyperreactivity (Gans and Gavrilova, 2020).  

 Currently, asthma is divided into two broad categories, type-2-high (T2-

high) and type-2-low (T2-low) (Fitzpatrick et al., 2020). Traditional atopic asthma 

falls into the T2-high category and is the most well understood of the multitude of 

ways asthma presents. T2-low asthma is less well understood and is broken 

down into neutrophilic and paucigranulocytic subtypes, which are characterized 

by high neutrophil counts in sputum or no elevation in either neutrophil or 

eosinophil levels in sputum respectively (Sze et al., 2020). Generally, T2-high 

asthma presents earlier, with symptoms often emerging in childhood or young 

adulthood, while T2-low asthma presents later, often when the patient is solidly in 
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adulthood (Hudey et al., 2020). T2-low asthma also tends to be corticosteroid 

resistant, and thus has limited treatment options (Ricciardolo et al., 2021). 

 As previously mentioned, T2-high asthma is better understood and has a 

well-defined pathway. When under allergen challenge, epithelial cells produce 

several key alarmins, which prime the immune system towards a T2 response. 

These include thymic stromal lymphopoietin (TSLP), and interleukins (IL) -25 and 

-33 (Kubo, 2017). This process likely depends on damage to the tight junction 

between epithelial cells, as asthmatics usually have the loss of E-cadherin and 

claudin-18, which are key components in the tight junction (Yang et al., 2019). 

Several allergens have direct protease-cleaving abilities, and can directly cleave 

these tight junction proteins, which may aid in their ability to induce allergic 

reactions (Chevigné and Jacquet, 2018). 

 Once released, these alarmins begin to activate several downstream 

processes that promote an allergic response. IL-33 binds to receptor ST-2, which 

is highly expressed on Group 2 Innate Lymphoid Cells (ILC2s) (Salimi et al., 

2013). Once activated, ILC2s undergo expansion and begin to produce high 

levels of T2 cytokines IL-5 and -13 (Maggi et al., 2021). This is a critical 

component of early, acute allergic response, particularly in protease-containing 

allergens (Gold et al., 2014). IL-5 drives eosinophil production in the bone 

marrow (Menzies et al., 2003) and acts as a potent eosinophil recruiter 

(Kandikattu et al., 2019) while IL-13 promotes goblet cell hyperplasia and mucus 

hypersecretion (Pelaia et al., 2022). 
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 TSLP binds to and activates dendritic cells, which present antigen to naïve 

T cells and promotes differentiation into CD4+ Th2 T cells (Soumelis et al., 

2002). Additionally, TSLP plays a role in basophil recruitment to sites of allergic 

inflammation (Lv et al., 2018). 

 Th2 cells produce cytokines such as IL-4, -5, -9, and -13 (Romagnani, 

2000). IL-4 is a key regulatory cytokine that drives B cell class switching to IgE+ 

B cells (Kashiwada et al., 2010) and promotes their further development into 

immunoglobulin E+ (IgE+) plasma B cells, which are the primary secretors of 

allergen specific IgE (Saito et al., 2008). IL-9 promotes mast cell (MC) 

hyperplasia (Tete et al., 2012). 

 Eosinophils are the critical cell type associated with T2-high asthma. 

Clinical determination of T2-high asthma relies on detecting high levels of 

eosinophil in the sputum of patients (Coverstone et al., 2020). These cells are 

recruited to the site of inflammation primarily by eotaxin and IL-5 (Nussbaum et 

al., 2013). Once eosinophils reach the site of inflammation, they are activated by 

the multitude of T2 cytokines such as IL-4, IL-5, and IL-13 and begin to secrete a 

variety of inflammatory molecules (Ravin and Loy, 2016). These have a variety of 

downstream effects, including activation of bronchial fibroblasts (Dolgachev et 

al., 2008), increased airway smooth muscle contractility (Janulaityte et al., 2021), 

increased bronchoconstriction (Dimova-Yaneva and Helms, 2003), and 

increased ILC2 activation (Badrani et al., 2021). 
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 Mast cells (MC) and basophils have similar functions in T2-high asthma, 

as they are both cells that secrete histamines and lipid mediators in response to 

IgE binding and crosslinking FcεR1 on their surfaces (Holgate, 2014). However, 

there are several key differences between the cell types. MCs are tissue-based 

cells, while basophils are bloodborne (Marone et al., 2005). MCs appear to be 

critical for IgE driven airway hyperreactivity (Sawaguchi et al., 2012), while 

basophils appear to be necessary for protease allergen-mediate acute lung 

inflammation (Motomura et al., 2014). When these cells are activated, they 

degranulate and release a variety of inflammatory mediators, among which are 

histamines and prostaglandin D2 (PGD2) (Kabashima et al., 2018). These are 

potent vasoactive substances that can induce anaphylactic reactions in patients 

(Nguyen et al., 2021). 

 As previously mentioned, T2-low is not as well understood as T2-high 

asthma. Despite this, T2-low asthma may account for almost half of asthma 

cases and over 60% of severe asthma cases (Kuruvilla et al., 2019). 

 For the T2-low neutrophilic asthma, there have been some studies linking 

the response to both Th1 and Th17. Th1 cells are known secretors of IFN-γ 

(Zygmunt et al., 2018). In approximately 50% of patients with severe asthma, 

IFN-γ production is dysregulated, and this correlates with airway resistance and 

corticosteroid refractoriness (Raundhal et al., 2015). This has been confirmed in 

animal models of severe asthma, which have high levels of IFN-γ production and 
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low secretory leukocyte protease inhibitor (SLPI), which may be the primary 

driver of the airway hyperreactivity (Raundhal et al., 2015).  

 Neutrophilic Th17 asthma depends on the secretion of IL-17A, -17F, and -

22 by Th17 cells (Sugaya, 2020). High levels of IL-17A and IL-17F have been 

found in patients with neutrophilic asthma (Ramakrishnan et al., 2019). IL-17A 

and -22 contribute to airway remodeling via increased smooth muscle cell 

proliferation (Chang et al., 2012) and collagen deposition (Sisto et al., 2019). IL-

17A and -17F promote the secretion of neutrophil chemokines CXCL1 and 

CXCL8 (IL-8) from airway epithelial cells (Cao et al, 2011). Additionally, IL-17 

triggers IL-6 secretion (Ning et al., 2005), which is correlated with worse lung 

function (Peters et al., 2020). 

 The direct role that neutrophils may play in neutrophilic asthma is currently 

unknown. There is some research that suggests that neutrophil extracellular 

traps (NETs) may play a role, as patients with severe asthma have higher levels 

of airway neutrophil-derived sputum extracellular DNA levels (Lachowicz-

Scroggins et al., 2019). Neutrophils also mediate persistent inflammation, which 

could play a role in damaging the airways (Sze et al., 2020). 

 Paucigranulocytic asthma is currently thought to be due to dysregulation 

of neural mediators and sphingolipids (Hudey et al., 2020). Airway hyperreactivity 

relies upon airway smooth muscle contraction. Asthmatics tend to have greater 

cholinergic nerve density in bronchial biopsies (Dragunas et al., 2020). While this 

may play a role in other forms of asthma, it has been shown that administration 
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of nerve growth factor (NGF) alone was capable of inducing airway 

hyperreactivity to a similar degree as allergen sensitization without promoting 

airway inflammation (Braun et al., 2001). 

Sphingolipids are mediators that play a role in a wide range of cellular 

functions including roles in cell growth, cell death, inflammation, and immune 

response (Gomez-Larrauri et al., 2020). Studies with mice that overexpress 

ORMDL3, which inhibits sphingolipid synthesis, have increased airway 

hyperreactivity and airway remodeling without airway inflammation, indicating 

that dysregulation of this pathway may be sufficient to cause paucigranulocytic 

asthma (Millet et al., 2014). This is corroborated by the finding that T2-low 

asthmatic children tend to have lower serum sphingolipid levels compared to T2-

high and non-asthmatic children (Ono et al., 2020). 

As can be seen, asthma is a truly heterogeneous disease with 

mechanisms that need further elucidation. While T2-high asthma is relatively well 

understood, T2-low asthma is poorly defined and lacks effective treatments. To 

advance the field of asthma research, it is important to keep an open mind on 

potential mechanisms and examine the potential for both T2-high and T2-low 

responses. 

 

Chronic Obstructive Pulmonary Disorder (COPD) 

 Chronic obstructive pulmonary disorder is a disease characterized by fixed 

airflow obstruction as measure by spirometry, with a forced expiratory volume in 
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1 second (FEV1)/forced vital capacity (FVC) ratio of <70% (Barnes PJ, 2019). 

This disease often presents with small airway disease with peribronchiolar 

fibrosis and emphysema with alveolar destruction (Fazleen and Wilkinson, 2020). 

Smoking is the most important environmental factor for development of COPD 

(Christenson et al., 2022). Mechanistically, COPD is thought to be driven by 

oxidative stress, imbalance in protease/anti-protease levels, and chronic 

inflammation (Guo et al., 2022). 

 Oxidative stress markers are elevated in patients with COPD (Stanojkovic 

et al., 2011). Pollutants such as cigarette smoke (CS) or biomass burning can 

supply exogenous sources of oxidative stress, aiding in COPD progression (Faux 

et al., 2009). Increased oxidative burden directly ties into several other facets of 

COPD. In addition to exogenous sources of oxidative stress, activated 

neutrophils and macrophages produce and secrete reactive oxygen species 

(ROS) such as superoxide anions and H2O2 (Dominic et al., 2022). These ROS 

have a multitude of damaging effects in the lung. The xanthine/xanthine oxidase 

system increases epithelial mucus secretion (Hiraishi et al., 1991). ROS can 

directly damage the lung tissue, leading to secretion of alarmins that can 

enhance inflammation (Ryter et al., 2007). Additionally, ROS can directly 

enhance inflammation through activation of redox-sensitive transcription factors 

such as NF-κB, AP-1, ERK, JNK, and p38MAPK (Barnes PJ, 2020). ROS can 

lead to lipid peroxidation and protein carbonylation, which can create 

neoantigens and enhance CD8+ T cell-driven cytotoxicity and lung tissue 
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damage (Kirkham et al., 2011). α1-antitrypsin, a key antiprotease, can be directly 

inactivated by ROS (Siddiqui et al., 2016). It can also increase expression of 

proteases such as MMP-9 (Bernard et al., 2008). Oxidative stress also reduces 

the activity and expression of histone deacetylase-2 (HDAC2) (Osoata et al., 

2009). HDAC2 is required for inflammatory gene suppression by corticosteroids 

(Barnes, 2010), and this interaction may explain the insensitivity of COPD to 

corticosteroids (Barnes, 2009). The TGF-β signaling pathway, which is involved 

in airway remodeling, is also activated by oxidative stress (Liu and Gaston 

Pravia, 2010). This pathway also has an inhibitory effect on Nrf2, which is a 

transcription factor involved with antioxidant gene expression, exacerbating 

oxidative stress (Wang et al., 2020). 

 Protease/anti-protease imbalance is thought to lead to emphysema in 

COPD (Abboud and Vimalanathan, 2008). The primary producers of proteases in 

the lungs of COPD patients are activated neutrophils and macrophages (Wang et 

al., 2018). The two major categories that are implicated in COPD are serine 

proteases and metalloproteinases (MMPs) (Tetley et al., 2002). MMPs, such as 

MMP-9, promote vascular remodeling and proliferation of smooth muscle and 

endothelial cells (Grzela et al., 2016). Neutrophil elastase (NE), a major serine 

protease in neutrophils, can degrade structural components of the extracellular 

matrix (ECM) (Voynow and Shinbashi, 2021). NE can additionally enhance 

fibroblast proliferation and mucus secretion (Voynow and Shinbashi, 2021), 

playing a role in airway remodeling. The combined effects of MMPs and serine 
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proteases degrade the extracellular matrix, releasing alarmins and enhancing 

inflammation (Burgess and Harmsen, 2022). 

 Chronic neutrophilic inflammation is a hallmark of COPD (Liang et al., 

2020). NF-κB signaling is enhanced in COPD patients, along with TNF-α, IL-1β, 

and IL-6 (Wang et al., 2020). These inflammatory cytokines and their signaling 

pathways trigger neutrophil and macrophage recruitment and retainment in the 

lung tissue (Pettersen and Adler, 2002). Once recruited and activated, 

neutrophils and macrophages are major producers of proteinases and ROS 

(Wang et al., 2020). These cells additionally produce inflammatory cytokines and 

chemokines such as IL-8, IL-1β, which further recruit inflammatory cells and 

enhance the inflammatory cascade (Wang et al., 2018). 

 Even with the current mechanistic understanding of COPD, much remains 

to be elucidated. As COPD is primarily a late-onset disease (Raherison and 

Girodet, 2009), there is a need to understand early signs of COPD. Thus, it is 

important to keep the pathogenesis of COPD in mind when examining an 

unknown trigger of pulmonary inflammation, as the phenotype observed may 

relate to COPD development in the future. 

 

Conclusion 

 As the communities surrounding the Salton Sea are experiencing a 

pulmonary health crisis, it is critical to begin to answer questions about the 

potential triggers and mechanisms. Desert dusts around the world play a role in 
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causing and exacerbating chronic pulmonary diseases such as asthma. As 

pulmonary diseases such as asthma and COPD can be displayed in a multitude 

of ways, it is important to keep an open mind in the potential pathogenic 

mechanisms of aerosols around the Salton Sea. The work outlined in this 

dissertation begins to answer the ways that these aerosols may relate to chronic 

pulmonary disease, keeping in mind the heterogeneous ways that these chronic 

pulmonary diseases may present.  
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Glossary of Terms 

Aerosol: A suspension of solid or liquid particles in gas. 

Airway hyperreactivity: Increased response to bronchoconstrictive stimuli.  

Allergen: A substance capable of causing an allergic reaction. 

Anaphylaxis: A severe allergic reaction that may be life-threatening. 

Anthropogenic: A human caused effect. 

Antibody: A protein secreted by B cells that can directly bind an antigen and can 

neutralize pathogens. 

Antigen: A substance that can induce an immune response. 

Asian sand dust (ASD): Dust originating in the deserts of Mongolia, Kazakhstan, 

and northwestern China. 

Atopic asthma: IgE-mediated allergic asthma. 

B cell receptor (BCR): A transmembrane protein found on B cells that is capable 

of recognizing antigens. Composed of a heavy and light chain. 

Bronchoconstriction: Tightening of smooth muscle around the bronchi, resulting 

in the narrowing of airways. 

Caspase: Protease enzymes that are essential in apoptosis. 

Chemokine: Cytokines that recruit cells to the site of infection/inflammation. 

Cholinergic: Substances that act on, or mimic, acetylcholine or butyrylcholine. 

Corticosteroid: Steroid hormones with anti-inflammatory properties. 

Cyanotoxin: Toxins produced by cyanobacteria. 

Cytokine: A small molecule that has an effect on the immune system. 
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Damage-associated molecular pattern (DAMPs): Molecules released under 

conditions of cellular stress or tissue damage that are capable of eliciting an 

immune response. 

Emphysema: A disease characterized by the destruction of the alveoli. 

Endotoxin: Another term for lipopolysaccharide.  

Epithelial: Tissue that lines the body’s surfaces, canals, and other hollow 

structures. 

Epitopes: The portion of an antigen recognized by an antibody 

Fibrosis: The deposition of fibrous connective tissue in response to an insult or 

injury. 

Forced expiratory volume in 1 second (FEV1): The maximum amount of air that a 

person can forcibly expel in one second following maximal inhalation. 

Forced vital capacity (FVC): The maximum amount of air that a person can 

forcibly expel from their lungs after maximal inhalation. 

Germinal center: Site of antibody affinity maturation. 

Gram-negative: Bacteria that are characterized by a thin peptidoglycan cell wall 

and an outer membrane containing lipopolysaccharides 

Gram-positive: Bacteria that are characterized by a thick peptidoglycan cell wall 

with lipoteichoic acid. 

Hematopoietic cells: Cells derived from hematopoietic stem cells that are found 

in the blood. Includes red blood cells, lymphocytes, and myeloid cells. 
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House dust mite (HDM): Common mites that are commonly associated with 

allergies. 

Hyperplasia: Excessive cell division. 

Immunoglobulin (Ig): Another name for antibodies 

Integrin: Transmembrane receptors that aid in cell-cell and cell-extracellular 

matrix adhesion 

Lipopolysaccharide (LPS): A component of the outer membrane of gram-

negative bacteria. 

Lipoteichoic acid (LTA): A major component of gram-positive bacterial cell walls. 

Major histocompatibility complex class I (MHC class I): Ubiquitous cell surface 

molecule where intracellular antigens are presented for recognition by immune 

cells. 

Major histocompatibility complex class II: Surface molecules present on antigen-

presenting cells where extracellular antigens are presented for recognition by 

immune cells. 

Microcystin: A cyanotoxin known to cause liver damage. 

Mononuclear cells: Blood cells with a single, round nucleus. Includes 

lymphocytes and monocytes. 

Neutrophil extracellular traps (NETs): Extracellular DNA fibers secreted by 

neutrophils that bind pathogens. 
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Nucleoside-binding and oligomerization domain like receptors (NLRs): A class of 

pathogen recognition receptors that are associated with inflammasome 

formation. 

Opsonization: The binding of opsonins to aid in phagocytosis. 

Ovalbumin (OVA): The major protein of chicken egg whites that is commonly 

used in immunologic studies. 

Particulate matter (PM): Solid and liquid droplets in air. Often categorized by 

size, with PM10 (particulate matter smaller than 10 μm in aerosol diameter), PM2.5 

(particulate matter smaller than 2.5 μm in aerosol diameter), and PM0.1 

(particulate matter smaller than 0.1 μm in aerosol diameter) being the most 

common categories. 

Pathogen-associated molecular patterns (PAMPs): Conserved pathogenic 

molecules that are recognized by pattern recognition receptors. 

Pattern Recognition Receptors (PRRs): Germline immune receptors capable of 

recognizing conserved pathogenic or tissue-damaged associated molecules. 

Paucigranulocytic: Lacking granulocytes. 

Peak expiratory flow (PEF): The maximum flow rate generated during a forced 

exhalation following a maximal inhalation. 

Peptidoglycan: A polysaccharide found in bacterial cell walls. 

Playa: Dried lakebed. 

Polymorphonuclear (PMN) cells: Immune cells with granules and a nucleus with 

multiples lobes. 
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Protease: An enzyme that breaks down proteins and peptides. 

Reactive oxygen species (ROS): An oxygen containing molecule that easily 

reacts with other molecules, causing damage. 

Selectin: Sugar-binding transmembrane proteins that aid in cell adhesion. 

Skin prick test: A test for allergies that involves scratching or puncturing the skin 

with a potential allergen and measuring the response. 

Somatic hypermutation (SHM): The accumulation of point mutation in the 

variable region of the heavy and light chain of antibodies. Necessary for affinity 

maturation. 

Sphingolipid: A class of lipids found in cell membrane. Their metabolites are 

important mediators in many signaling cascades. 

Spirometry: A common pulmonary function test that measures the amount and 

speed of air that can be inhaled and exhaled from the lungs. 

T cell receptor (TCR): A surface receptor found on T cells responsible for the 

recognition of antigens presented in MHC class I or MHC class II. 

Type 2 response (T2): An immune response towards parasitic helminth infection 

characterized by production of IL-4, -5, and -13. Also responsible for allergic 

responses. Alternatively known as the Th2 response. 

Toll-like receptors (TLRs): Membrane associated pattern recognition receptors 

responsible for recognition of a wide variety of pathogenic molecules. 

Type-I interferon (IFN): Cytokines that play an essential role in some types of 

inflammation, such as viral infection. 
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Vasoactive: Affecting blood vessel diameter.  
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Abstract  

In communities surrounding the Salton Sea, high rates of asthma are 

associated with high aerosol dust levels. However, the Salton Sea itself may play 

an additional role in pulmonary health. Therefore, to investigate a potential role of 

the Salton Sea on pulmonary health, we exposed mice to aerosolized Salton Sea 

water for 7 days and assessed tissue responses, including cellular infiltration and 

gene expression changes. For reference, mice were also exposed to aerosolized 
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fungal allergen (Alternaria sp.) and Pacific Ocean aerosols. Exposure to 

aerosolized Alternaria sp. induced dramatic allergic inflammation, including 

neutrophil and eosinophil recruitment to the bronchoalveolar lavage fluid (BALF) 

and lung tissue. By contrast, Salton Sea “spray” induced only B cell recruitment 

to the lung tissue without increased inflammatory cell numbers in BALF. 

However, there were consistent gene expression changes suggestive of an 

inflammatory response. The response to the Salton Sea spray was notably 

distinct from the response to Pacific Ocean water, which induced some B cell 

recruitment but without an inflammatory gene expression profile. Our studies 

suggest that soluble components in Salton Sea water promote induction of a 

unique inflammation-associated response, though any relationship to asthma 

remains to be explored. 

 

Abbreviations: BALF, bronchoalveolar lavage fluid; IgE, immunoglobulin E; 

PM, particular matter; SMPS, scanning mobility particle sizer; PCA, Principal 

Component Analysis; AMS, aerosol mass spectrometer; ROS, reactive oxygen 

species 

 

Introduction 

The Salton Sea is a 345 mi2 inland body of water located in California’s 

Riverside and Imperial counties. The Sea is primarily fed by agricultural runoff as 

well as inflow from the Alamo, New, and Whitewater rivers. In recent decades, 
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the Sea has been undergoing a rapid retreat, exposing dry lakebed (playa), and 

producing increased dusts, spreading throughout the region and influencing the 

surrounding population. The drying Sea has become hypersaline, at 

approximately 74 parts per thousand, over twice that of Pacific Ocean water 

(Bureau of Reclamation, 2020). The rapid change in the Sea’s ecology has 

resulted in periodic algal blooms, and fish and migratory bird die-offs (Carmichael 

and Li, 2006; Xu et al., 2016). Pesticide and herbicide use from agricultural areas 

located to the southeast and northwest of the Sea (Xu et al, 2016), as well as 

heavy metal contamination from elements such as selenium (Zhou et al., 2017), 

paint an overall picture of ill-health in the Sea itself. 

This ecosystem’s ill health is also reflected in the surrounding 

communities. The human population surrounding the Salton Sea includes a high 

proportion of migrant workers, with high rates of poverty and poor access to 

health care. Area residents suffer from one of the highest rates of childhood 

asthma in California at 20%-22.4%, compared to an average of 14.5% for the 

rest of the State (Farzan et al., 2019). Predictably, the surrounding area also has 

one of the highest rates of hospitalization for asthma (California Environmental 

Protection Agency, 2018), making it a serious health crisis in an already 

underserved community. 

Asthma is a disease of airway restriction, defined as an increase in airway 

hyperreactivity, and usually associated with allergies (referred to as “atopic” 

asthma), characterized by increased immunoglobulin E (IgE) production, Th2 
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cytokine secretion and the recruitment of eosinophils to the lungs (Bousquet et 

al., 2000). Atopic asthma exacerbations can occur in response to exposure to 

environmental or household allergens (Wark and Gibson, 2006). High levels of 

particulate matter (PM) have also been known to exacerbate asthma (Guarnieri 

and Balmes, 2014). Unfortunately for the communities surrounding the Salton 

Sea, there are many potential allergens and asthma exacerbating particles. The 

region has consistently high levels of particulate matter between 10μm and 

2.5μm in diameter (PM10) and under 2.5μm in diameter (PM2.5; Environmental 

Protection Agency, 2012; Evan, 2019; Frie et al., 2019). Indoor household 

allergens, such as Alternaria alternata, and other fungi, are also prevalent 

(Sinclair et al., 2018). Up to 70% of patients with fungal allergies show a positive 

skin test response to Alternaria (Bush and Prochnau, 2004). Additionally, 

household Alternaria exposure is linked to an increased odds ratio for developing 

asthma symptoms (Salo et al, 2006). 

However, the region’s rampant asthma may have more complex origins 

than simple dust levels, largely pointing to the Salton Sea itself. Studies have 

identified a variety of pesticides, including DDT, organophosphates and 

pyrethroid, in both the water and the sediment of sites around and within the Sea 

(LeBlanc and Kuivila, 2008). Organophosphates have been linked to increased 

risk of childhood asthma (Shaffo et al., 2018). Additionally, the Sea experiences 

periodic algal blooms and has been shown to contain low levels of microcystin-

LR and YR, cyanotoxins known to cause ill-health (Carmichael and Li, 2006). 
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These microcystins have been shown to cause damage to the lungs after chronic 

exposure (Li et al., 2016; Wang et al., 2016). Some algal blooms, such as red 

tides off the coast of Florida, have also been directly linked to the development of 

asthma and asthma exacerbations (Fleming et al., 2007; Zaias et al., 2011). 

Additionally, cyanobacteria, which make up a large part of algal blooms, may 

serve directly as sensitizing allergens, exacerbating the harmful effects of the 

algae (Bernstein et al., 2011). 

Despite suggestive associations between the Salton Sea and asthma, 

more direct mechanistic information on Salton Sea aerosols and their potential 

impact on pulmonary health is still needed. To address this issue, we began 

studies to simulate chronic aerosol exposures in a mouse model of pulmonary 

inflammation. In the present study, we focused on the direct effect of Salton Sea 

“spray” aerosols on lung responses.  

 

Materials and methods 

Water Sample Collection 

Two batches of Salton Sea water were collected at the edge of Salton 

City. The first was collected on March 2nd, 2019 (33°19'25.9"N 115°56'18.3"W) 

and the second was collected on May 13th, 2020 (33°19'53.2"N 115°56'30.0"W). 

Water samples were collected with a homemade raft. Four sampling ports were 

square distributed, sticking out of the bottom of the raft at a length of 2 inches, to 

ensure sampling surface water only and avoiding floating debris. Two 4.96 m 
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poles were installed and used to move the raft to places with large depth. Water 

samples were taken by a hand pump on the shore. The whole system was 

sterilized thoroughly by bleach solution and flushed by MilliQ water before being 

used on site. More than 2 L of water samples were taken before sample 

collection to rinse the system. The collected water was stored on ice while 

transported to the University of California, Riverside campus. Once there, water 

samples were stored at 4°C until processed. 

Pacific Ocean water was also collected in two batches. The first was 

collected at Torrey Pines on March 9th, 2019. The second was also collected at 

Torrey Pines on October 2nd, 2020 (32°55'51.4"N 117°15'37.7"W). Water was 

collected directly by containers without using the raft since ocean water is 

relatively well mixed due to tides. Samples were stored at 4°C until processed. 

 

Water Processing 

Before using for aerosolization studies, the water was filtered through an 

acid-washed, sterilized glass funnel using a sterile 0.2 μm filter (47-mm diameter; 

Pall Supor 200 Sterile Grid filters, Pall Corporation, Por Washington) into an acid-

washed sterilized collecting flask below via vacuum filtration. After filtration, 

filtrate was either stored at 4°C or as aliquots archived at -80°C for long-term 

storage. The pH of all filtrates was measured; all filtrates were approximately pH 

7.0 (±0.8%).  
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Animals 

Animal studies were performed in accordance with UCR institutional 

IACUC and NIH guidelines and approved protocols. Adult male and female (8-9 

weeks old) C57BL/6J mice were purchased from Jackson Labs, Sacramento. 

Mice were acclimated for one week in the University of California, Riverside SPF 

vivarium before being placed into the exposure chamber when they were 9-10 

weeks old. Mice were kept 3-4 to a cage and given food and water ad libitum, 

with bedding being changed at least once weekly. A 12-hour day/night cycle was 

provided.  

Exposure studies were performed in dual animal chambers (an exposure 

chamber and a control chamber) developed from the chamber described in 

Peng, 2019.23 When in the exposure chamber, mice were given a mixture of dry 

filtered air (0.5-1 lpm) and aerosolized spray (dried by silica gel, 3.5-4.5 lpm) with 

a total particle concentration of approximately 1,500 μg m-3. The three types of 

PM were generated from solutions of Alternaria alternata and Alternaria tenius 

filtrate (Greer Laboratories, Lenoir, NC, USA; 0.4g/L), Salton Sea water (133-

200x dilution), or Pacific Ocean water (40x dilution) with proper concentrations or 

dilution ratios, respectively. Example of typical exposure PM levels for different 

PM types are shown in Figure 2.1a with weekly averaged PM level being 1,425 

μg m-3 for Alternaria, 1,377 μg m-3 for Pacific Ocean spray, and 1,523 μg m-3 for 

Salton Sea spray. Sample aerosolization was accomplished by using a 

homemade nebulizer with silica-gel dryers (Peng et al., 2019). Mice in the control 
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chamber were given filtered dry air (5.0 lpm) only, with other conditions the same 

as the exposure chamber, including bedding replacement, food and water 

supplies, and corresponding day/night cycle. Particulate matter was only 

monitored within the exposure chamber by a scanning mobility particle sizer 

(SMPS, including Series 3080 Electrostatic Classifier and Ultrafine Condensation 

Particle Counter 3776, TSI) to assist in maintaining stable PM concentration of 

1500 μg m-3. Concentration was similar to our previous study in Peng et al 

2018,24 where 1500 μg m-3 of Alternaria was sufficient to generate neutrophil and 

eosinophil recruitment to the lungs. Relative humidity (40-60%) and ammonia 

(weekly averaged [NH4] < 25ppm) were selectively measured in some of the 

exposures to ensure consistent quality control. For each exposure, we used an 

equal number of male and female mice. Each exposure had a control air cohort 

that matched the number and sex of the exposure group. The number of mice for 

each exposure is as follows: 8 mice for the 3/2/2019 Salton Sea collection, 10 

mice for the 5/13/2020 Salton Sea Collection, 4 mice for the 3/9/2019 Pacific 

Ocean collection, 6 mice for the 10/2/2020 Pacific Ocean collection, 10 mice for 

the Alternaria exposure.  

After 7 days, the mice were removed from the chamber, anesthetized via 

isoflurane and sacrificed by cervical dislocation. The mice were then processed 

for either RNA extraction and flow cytometry or histological analysis. For the RNA 

extraction/flow cytometry mice, BALF was collected via 3 injections of 0.8 mL 

PBS, after which the right lung lobe was extracted and flash frozen in liquid 
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nitrogen and kept at -80°C until RNA extraction, while the left lobe was digested 

using 0.5 mg/mL collagenase D (Roche Diagnostics, Mannheim, Germany), 50 

U/mL DNAse I (Sigma Aldrich, St. Louis, USA) in RPMI 1640 (Gibco, Grand 

Island, USA) supplemented with 10% heat-inactivated FBS (Gibco, Grand Island, 

USA) preheated to 37°C. The lung was left to digest for 30 minutes at 37°C 

before being diced into small (~1-2mm) sections and pushed through a cell 

strainer (Corning, Corning, USA). The cell strainer was rinsed with RPMI 1640 

with 10% heat-inactivated FBS before being centrifuged and resuspended for 

use in Flow Cytometry. For the histological mice, the lung was inflated with 0.7 

mL of a 1:1 OCT:PBS mixture before being flash frozen via liquid nitrogen in an 

OCT block. 

 

Flow Cytometry 

BALF and post-digested lungs were centrifuged at 1500 rpm before being 

resuspended in 100 uL of a 1:50 dilution of Mouse BD FC block (BD 

Pharmingen, San Jose, USA; Clone 2.4G2) in FACS Buffer. Cells were stained 

using fluorescent antibodies: anti-CD45 FITC (BioLegend, San Diego, USA; 

Clone 30-F11), anti-CD19 PE-Cy5 (eBioscience, San Diego, USA; Clone MB19-

1), anti-CD3 Alexa Fluor 700 (BioLegend, San Diego, USA; Clone 17A2), anti-

Ly6G BV510 (BioLegend, San Diego, USA; Clone 1A8), anti-CD11b BV421 

(BioLegend, San Diego, USA; Clone M1/70), anti-CD11c PE-Cy7 (BioLegend, 

San Diego, USA; Clone N418) and anti-SiglecF APC (BioLegend, San Diego, 



72 
 

USA; Clone S17007L). Samples were run on a MoFlo Astrios (Beckman Coulter, 

Carlsbad, USA). Gating and analysis were performed using FlowJo (Version 

10.71, Ashland, USA).  

 

RNA Extraction 

RNA was extracted using TRIzol© (Ambion, Carlsbad, USA). Briefly, ~100 

mg of frozen lung tissue was placed in a mortar, covered with liquid nitrogen, 

then ground into dust using a pestle before adding to TRIzol©. Chloroform was 

added, mixed and centrifuged. The aqueous phase was removed and mixed with 

isopropanol and centrifuged, leaving a pellet which was then washed 3x with 

75% ethanol before drying at room temperature. The pellet was resuspended in 

DEPC-Treated water (Ambion, Austin, USA). Concentration and purity of RNA 

was checked via NanoDrop 2000 (Thermo Scientific, Carlsbad, USA). 

 

NanoString Analysis 

Purified RNA was analyzed using an nCounter® Sprint Profiler 

(NanoString Technologies, Seattle, USA) with the nCounter® Mouse 

Immunology Panel according to manufacturer protocols. Gene expression was 

analyzed using the nSolver® 4.0 software (NanoString Technologies, Seattle, 

USA). Statistical analysis was done using nSolver® Advanced Analysis 2.0 

(NanoString Technologies, Seattle, USA); false discovery rates (FDR) were 

calculated, using the Benjamini-Hochberg method. 
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Differences in lung immune gene expression profiles (from nCounter® 

Mouse Immunology Panel) for each mouse sampled were analyzed using 

Principal Component Analyses (PCA; Pielou 1984) using the “prcomp” function in 

R version 4.0.3 (R version 4.0.3; R Core Team 2020). Normalized and log 

transformed gene expression data matrices were constructed as data points 

were projected onto the 2-D plane, such that the variance is maximized. As 

dimensions were reduced, they spread out in two directions to explain most of 

the differences in the data. X-axes (labeled as PC1) in the ordination space 

represent the first principal component, which separates data points to represent 

the most variation in the dataset; y-axes (labeled as PC2) are orthogonal to PC1 

and separate data points to represent the next greatest amount of variation within 

these gene expression datasets, across exposure types. We used the ggplot2 

package (Wickham, 2009) and the “stat ellipse” function, with 95% confidence 

intervals, to visualize these PCA plots in R (R version 3.2.1; R Core Team 2017).  

 

Histology 

 OCT embedded lungs were sectioned at 20 μm in a Cryostat. Sections 

were stored at -80°C until staining. Before staining with H&E, slides were fixed 

with 4% PFA for 10 minutes. Histological images were taken using a Keyence 

BZ-X710 (Keyence Corporation of America, Itasca, USA). 
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Aerosol Mass Spectrometry 

Chemical composition of aerosolized particles were measured by an HR-

ToF-AMS (DeCarlo et al., 2006) Particles were generated using the same 

atomizer system as chamber exposures, as described by Peng et al., 2018. The 

outlet of our atomizer system was split into two ports, with one connected to the 

sampling inlet of the aerosol mass spectrometer (AMS) and the other venting 

through a HEPA filter. The Salton Sea and Pacific Ocean stock samples were 

diluted 10x with MilliQ water to generate particles at suitable concentrations. 

Alternaria solutions were the same concentrations as those used in chamber 

exposures. ToF-AMS Analysis Toolkit 1.57 and PIKA 1.16 on Igor Pro 6.36 were 

used in data processing. 

 

Statistical Analysis 

All statistical analysis was done using GraphPad Prism 6 (GraphPad, San 

Diego, USA). P-value was calculated using the Mann-Whitney U test for 

nonparametric data. We analyzed multivariate homogeneity of group dispersions 

(variances) using PERMDISP2 procedures in the R package vegan, with the 

function “betadisper” (Oksanen et al., 2016) in R. Euclidean distances between 

objects and group centroids were handled by reducing the original distances to 

principal coordinates. We used Tukey’s Honest Significant Difference methods 

as “TukeyHSD.betadisper” to create 95% confidence intervals on differences 
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between mean distance-to-centroids across exposures, as compared with mice 

in chambers containing control air.  

 

Results 

Control of exposure to aerosol particulate levels 

To ensure consistent levels of simulated chronic environmental aerosol 

exposures, our environmental chamber system was set up to continuously 

monitor suspended aerosols by particulate size as well as steady-state mass 

concentrations. In this study, we performed exposure studies using aerosolized 

suspensions generated from aqueous solutions of Alternaria filtrate, Salton Sea 

water, and Pacific Ocean water. Mass concentrations of PM generated from 

different sources were stable over 7 days, with averaged mass concentrations 

around 1,500 μg m-3 (± 10%; Figure 2.1a). Average size distributions of the 

different types of PM were generated using the same atomizer system, under 

identical conditions (Figure 2.1b). Only minor differences in average particle size 

were observed between samples; peak particle mobility diameter for Pacific 

Ocean PM was 79.1 nm; Alternaria PM was 88.2 nm, and Salton Sea PM was 

94.7 nm. Because the injection method was consistent between each exposure, 

minor differences in PM size distribution were primarily due to composition 

differences of each aerosolized solution. Moreover, differences in particle 

densities were seen with higher “salty” PM densities, as compared to the 

“organic” PM (Alternaria PM 1.36g cm-3 < Pacific Ocean PM 1.96 g cm-3 < Salton 
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Sea PM 2.07 g cm-3). Importantly, a majority of PM was either fine (PM with a 

diameter between 0.1 μm-2.5 μm) or ultrafine (PM with a diameter of less than 

0.1 μm), with the vast majority of PM under 1 μm in mobility diameter. This is 

critical to consistent exposure effects, as ultrafine PM is expected to be able to 

travel deep into lung tissue down to the alveoli. 

PM surface area has been proposed to be an important factor in studies 

on the health effects of PM on lungs. However, as all three types of PM used in 

this experiment were generated from aqueous solutions, with no inert 

components; the particles were – by their nature – highly water soluble. 

Accordingly, particle size could change within the lung due to the high relative 

humidity of the lung microenvironment (Löndahl et al., 2007); therefore, for 

comparability across different material exposures, we chose to control the total 

mass concentration of the different types of PM instead of total surface area.  

Due to the complexity of multiple factors, including particle size and depth 

of penetration into lung tissue, as well as the extent of animal activity, age, or 

relative humidity fluctuation, it is difficult to estimate the actual dose of material 

deposited in the lung of a mouse over the course of a 7-day exposure. Since we 

maintained a target mass concentration in the chamber, with similar particle size 

distributions across each of three aerosol suspensions, we expect that particle 

suspensions of all three materials were delivered in similar fashion. Moreover, 

since the particles were all generated using aqueous solutions, it is likely that all 

particles coming into direct contact with lung tissue (i.e., alveolar or airway 



77 
 

epithelium) will similarly fully dissolve and release their components to diffuse 

into the tissue. 

 

PM chemical composition analysis by aerosol mass spectrometer 

Since the aerosol suspensions of particles were all using aqueous 

solutions with no inert particulate matter, the biological impacts of the exposures 

are expected to be based on the release of soluble components of particulates 

into the tissue, rather than on the particulate physical properties. Thus, we 

determined the soluble composition of the aqueous solutions using AMS. There 

was a large difference in the organic fraction between PM from the Salton Sea 

(5.9-6.6%), Pacific Ocean (12-20%) and the Alternaria (82%). Additionally, 

Alternaria PM had a notable fraction of NO3 (10%) compared to the others (< 

0.1%). Detectable levels of NH4 (1.01%) were only measured for the Alternaria 

PM. There were also key differences between the “salty” PMs (Salton Sea and 

Pacific Ocean). The Salton Sea PM was lower in organic content than the Pacific 

Ocean PM. In contrast, the fraction of metal ions and other inorganics were 

higher in the Salton Sea PM than in the Pacific Ocean PM (Figure 2.1c).  

 

Alternaria elicited allergic immune cell recruitment to lungs 

To assess whether Salton Sea exposure can trigger allergic asthma, it 

was important to establish reference characteristics of a canonical allergic lung 

inflammation. Thus, we exposed C57BL/6J mice to Alternaria alternata and 
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Alternaria tenuis filtrate mixture (hereafter referred to as “Alternaria”) at a 

chamber mass concentration of approximately 1500 μg m-3 for 7 days. A group of 

mice were held in the exposure chamber, while a control group was 

simultaneously held in a parallel chamber that had only filtered air pumped into it. 

Following the exposure, BALF and lung tissues were assessed for inflammatory 

cell infiltration. H&E staining of the lung showed marked cellular infiltration 

around the airways compared to the controls (Figure 2.2a), indicating an 

inflammatory response to the Alternaria. Additionally, there was a significant 

increase in the number of cells in the BALF (1.7 x 106 + 2.7 x 105 vs. 2.5 x 105 + 

4.9 x 104 control, p<0.0001; Figure 2.2b) compared to the controls. 

BALF cells were stained for analysis by flow cytometry to identify 

infiltrating inflammatory cells. The differential proportions of neutrophils (CD11b+, 

Ly6G+), eosinophils (CD11c-, Siglec F+), T cells (SSClow, CD3+), and B cells 

(SSClow, CD19+) were quantified as a proportion of CD45+ cells, with the 

remaining cells mainly being alveolar macrophages. Similar to our previous 

studies (Peng et al., 2018), the BALF of Alternaria exposed mice showed an 

expected increase in neutrophils (72.1 + 11.1% vs. 0.2 + 0.1% control, p<0.0001; 

Figure 2.2d) and eosinophils (8.3 + 1.7% vs. ~0% control, p<0.0001; Figure 

2.2c). T cells made up a higher, though small, percent of the BALF after 

Alternaria exposure (2.5 + 0.4% vs 0.2 + 0.1% control, p<0.0001; Figure 2.2f). B 

cells were essentially undetectable in the BALF (0.2 + 0.1% vs. 0.2 + 0.1% 

control; Figure 2.2e). 
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Infiltrating inflammatory cells may be limited to the interstitial compartment 

of the tissue, and so might not be detected among lung lavage cells. Differences 

in BALF versus tissue infiltrating cells may also reveal differences in the way 

inflammatory cells are recruited as well as differences in their impact on tissue 

remodeling, which has a critical impact on airway resistance. Thus, tissue 

infiltrating cells were also isolated by enzymatic digestion of lung tissues and 

stained for analysis by flow cytometry. Interestingly, we found that while there 

were some similarities in the types of cells detected, the proportions of different 

infiltrating cell types were notably different. For example, the proportion of 

neutrophils in Alternaria exposed lungs, while higher than in the control lungs 

(21.8 + 1.3% vs. 11.1 + 1.8% control, p<0.01; Figure 2.2d), was nonetheless 

smaller than the 70%+ proportion of neutrophils in the BALF. In the case of 

eosinophils, there also were low numbers of cells detected in controls; however, 

Alternaria-exposed lung actually showed a higher proportion in the digested 

tissue (12.3 + 1.0% vs. 3.6 + 0.3% control p<0.01; Figure 2,2c) compared to 

~8.3% in the BALF. These contrasting ratios of neutrophils and eosinophils in 

BALF versus digested tissue are consistent with the possibility that neutrophils 

may play a more important role in clearing microbes from alveolar and airway 

spaces, while eosinophils are more important in the interstitial spaces, where 

they may contribute to tissue remodeling.  

Lymphocytes were also more easily detected in lung digests compared to 

BALF. T cells were higher in digested tissue (13.6 + 0.9% vs. 13.9 + 1.4% 
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control) compared to BALF, but the Alternaria exposed lungs showed no 

significant difference compared to controls (Figure 2.2f); an expected increase in 

recruited CD4 T cells was likely diluted by the infiltrating granulocytes. The 

percentage of B cells was also higher in digests (8.8 + 0.6% vs. 17.4 + 1.0% 

control, p<0.01) than in BALF, but the proportion of B cells detected in exposed 

lungs was decreased relative to controls, also possibly due to the increased 

proportion of granulocytes (Figure 2.2e).  

 

Response to Salton Sea and Pacific Ocean water 

With the inflammatory response to Alternaria exposure as a reference, we 

exposed mice to filtered and aerosolized Salton Sea water. Exposures were 

performed using water samples collected at different times and sites at the Sea, 

but all exposures were performed at a similar mass concentration. Following the 

exposures, mice were analyzed in the same manner as the Alternaria exposure. 

In contrast to the picture in Alternaria exposed mice, the lungs from mice 

exposed to aerosolized Salton Sea water did not contain granulocyte recruitment 

in either the BALF or digested lung tissue. Moreover, H&E stained lung sections 

(Figure 2.3a) showed no evidence for cellular recruitment after exposure to 

aerosolized Salton Sea water. Total BALF cell counts also showed no differences 

between exposure and control (5.2 x 105 + 1.6 x 105 vs. 3.8 x 105 + 7.9 x 104 

control; Figure 2.3b). Flow cytometry analysis of digested lung tissue revealed 

minimal inflammatory cell recruitment: eosinophils (3.7 + 0.6% vs. 2.4 + 0.5% 
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control; Figure 2.3c), neutrophils (12.2 + 1.2 vs. 15.3 + 2.7% control; Figure 

2.3d), and T cells (10.7 + 0.7% vs. 10.2 + 0.8% control; Figure 2.3f) showed no 

significant differences. Interestingly, B cells in digested lung tissue were 

increased after exposure to the Salton Sea water (18.5 + 1.5% vs. 12.3 + 0.7% 

control, p<0.05; Figure 2.3e). All four cell types were essentially not present in 

the BALF (data not shown). 

To determine whether this response was due to unique characteristics of 

the Salton Sea spray particles or a general response to Sea spray, we exposed 

mice to aerosolized Pacific Ocean water, also collected at multiple dates. 

Communities living near the Pacific Ocean do not show the high asthma rates 

found near the Salton Sea, so any differences observed may provide clues to 

potential links between Salton Sea aerosols and asthma. Inflammatory cell 

recruitment from Salton Sea and Pacific Ocean exposures turned out to be very 

similar, as there was no difference in the BALF cell counts (3.8 x 105 + 7.6 x 104 

vs 2.6 x 105 + 3.3 x 104 control; Figure 2.3b) nor increase in the percentage of 

tissue digest eosinophils (2.6 + 0.3% vs. 2.8 + 0.3% control; Figure 2.3c), 

neutrophils (11.9 + 2.7% vs. 16.8 + 6.8% control; Figure 2.3d), or T cells (15.5 + 

1.3% vs. 10.7 + 1.4% control; Figure 2.3f). Moreover, there was a similar 

significant increase in B cell percentage (21.1 + 1.2% vs. 13.9 + 1.9% control, 

p<0.05; Figure 2.3e). Once again, all four cell types were essentially absent in 

the BALF (data not shown). 
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Gene expression changes in the response to aerosols 

While assays for cellular infiltrates and histological changes can reveal 

significant inflammatory responses to exposures, more subtle tissue responses 

were revealed from analyses of gene expression profiles. In these studies, we 

focused on a subset of immune-associated genes assayed using a panel of short 

sequence tag probes (NanoString). This method quantifies expressed genes by 

direct counting of hybridized tagged gene probes and includes a set of general 

“housekeeping gene” probes. As a set, this approach allowed broad internal 

normalization of the assayed gene expression profiles, which in turn enabled 

direct comparisons of different RNA profiles from different samples and studies. 

Principal Component Analysis (PCA) of gene expression profiles collapses the 

complex gene expression data sets and helps provide overall comparisons 

among individual mice in different treatment groups. 

Our reference allergic inflammatory response to Alternaria exposure 

illustrates a reproducible and characteristic gene expression pattern, as seen by 

the distance between centroids from the control air group to the Alternaria group 

(d=19.84) in this PCA ordination; we observed tight clustering within the control 

air group and Alternaria groups and clear differentiation between the groups in 

the PCA, despite multiple replicates (Figure 2.4a). We identified 213 differentially 

regulated genes (FDR < 0.10) of which 166 were significantly upregulated vs 47 

which were significantly downregulated (Figure 2.4b). These genes are diverse in 

function, but the strongest change in regulation falls into immune defense 
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responses and chemokine production, consistent with the observed recruitment 

of inflammatory cells into the lung. Among the top 20 regulated genes are Ig 

receptors (Fcgr2b, Pigr, Fcgr3), chemokines (Cxcl3, Ccl9, Ccl8, Ccl3 Ccl22), 

immune regulatory genes (Tgfbi, Lilrb4, IL33, Ctss, Ptafr, Ctsc) and innate 

immune genes (Cfb, Muc1).  

By contrast, analysis of gene expression profiles from exposures to 

aerosolized Salton Sea water revealed a distinctively different pattern (Figure 

2.5a). The PCA shows an overall distinction between control air and Salton Sea 

exposed groups; however, the extent of these orthogonal axes did not explain as 

much of the variance, nor did they illustrate as great of a separation as was 

detected for the Alternaria exposures. Euclidean distance between centroids of 

control air and Salton Sea exposed groups (d = 3.08) within the PCA ordination 

was shorter than was found in the PCA for the Alternaria exposures.  

This exposure triggered significant gene expression changes, with 151 

differentially expressed genes (Figure 2.5b). Of these, 146 genes were 

significantly upregulated while only 5 were significantly downregulated (FDR < 

0.10). The regulated genes were primarily associated with phosphorylation 

pathways (Jak1, Jak2, Jak3, Stat5b, Tnfrsf14), T cell activation (Ifnar1, Ifngr1), 

and NF-KB signaling (Ikbkb). Additionally, a preference toward MHC I/Th1 

response predominates (Ifnar1, Ifngr1, Tap1), although there were some Th2-

related receptors upregulated (Il6ra). It should be noted that the magnitude of 

gene expression changes, while statistically significant, were relatively small, with 
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the vast majority (134 of the 146 upregulated genes) showing less than 0.5 Log2 

fold change. Despite the lower magnitude changes, the regulated genes were 

consistent across replicate exposures and multiple Salton Sea samples, 

illustrated by the clustering of the Salton Sea data points relative to control data 

in the PCA. 

As noted above, both Salton Sea and Pacific Ocean exposures induced 

some recruitment of B cells into lung tissue. Interestingly, this similarity was not 

seen in the gene expression profiles; in replicate studies with different Pacific 

Ocean samples, aerosolized Pacific Ocean exposed mice showed no significant 

changes in gene expression compared to controls (Figure 2.S2). It is likely that if 

there were any induced genes related to B cell recruitment, they were not 

represented in the probe set used. More importantly however, these comparisons 

suggest that Salton Sea water exposures had a characteristic biological effect, 

unrelated to any general effect of exposure to sea water. 

Our analysis of gene regulation in response to Alternaria versus Salton 

Sea exposures showed that each induced a reproducible and characteristic set 

of gene expression changes, with tight clustering within the groups and little 

intergroup overlap. Additionally, both Salton Sea and Alternaria produced 

responses distinct from the Pacific Ocean exposed mice (Figure 2.6a). It is 

especially notable, however, that the Alternaria and Salton Sea exposures each 

induced strikingly different sets of genes (Figure 2.6b; Pacific Ocean excluded 

due to a lack of differentially expressed genes). Of the 166 upregulated genes in 
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Alternaria exposed mice and the 146 in the Salton Sea exposed mice, only 55 

are upregulated in both. Even more notable is that of the 47 downregulated 

genes in the Alternaria exposed mice and 5 downregulated genes in the Salton 

Sea exposed, only 1 was downregulated in both. Additionally, 13 genes which 

were upregulated in Salton Sea exposed mice were downregulated in Alternaria 

while 2 genes which were upregulated in Alternaria exposed mice were 

downregulated in mice exposed to aerosolized Salton Sea. Thus, while it 

appeared that both types of exposures regulated genes associated with at least 

some aspect of innate and adaptive immunity, their overall impacts were on 

rather different components of the immune or inflammatory response. 

 

Discussion 

The studies reported here were principally aimed at determining whether 

the aqueous components in Salton Sea water might have effects on pulmonary 

tissues in response to chronic delivery into the lung as aerosolized particles. We 

found that aerosolized Salton Sea water was able to induce a distinct 

inflammatory gene expression profile despite a lack of cell recruitment to the 

BALF as well as neutrophil and eosinophil recruitment to the lung tissue.  

To investigate the effect that Salton Sea spray may have on the 

communities surrounding the Sea, we exposed C57BL/6 mice to approximately 

1500 μg m-3 of aerosolized Salton Sea for 7 days. While this is meant to simulate 

a chronic exposure condition, there are still some limitations associated with our 
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model. Residents surrounding the Salton Sea are exposed to variable levels of 

aerosols over a period of years, unlike the consistent 7-day exposure in our 

study. As perfectly matching both the exposure time and aerosol concentration 

the residents are exposed to is impractical, we focused on a reasonable 

timeframe and aerosol concentration that showed demonstrable results. As this 

timeframe and concentration was sufficient to reliably induce large changes in 

Alternaria exposed mice and gene expression changes in Salton Sea exposed 

mice while the Pacific Ocean exposed mice showed no change, we believe our 

methodology is capable of providing real insights into the health effects of these 

aerosols. While direct measurement of airway hyperreactivity was beyond the 

scope of this study, our initial results call for future studies into this topic. 

For this study, we used aerosols generated from filtered aqueous 

solutions. While this excluded the potential effects of larger inert dust particles, it 

allowed us to specifically focus on the effects of the dissolved components in the 

water. Separating the effects of the dissolved aqueous components and inert 

dust particles is critical as inert dust particles can have their own biological 

effects, including triggering of airway irritant receptors (Sellick and Widdicombe, 

1971). Additionally, larger dust particles (e.g., 1 μm or larger) may affect the 

delivery of soluble components carried on their surface, since they would not be 

as capable of penetrating deep into alveolar spaces. Exclusion of these larger 

particles was also important for generating a consistent PM (all PM in the study 

had a mobility diameter well under 1 μm); thus, particle size was unlikely to be a 
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limiting factor for distribution. Effects due directly to minor differences in particle 

size are most likely negligible, as exposure to Pacific Ocean water failed to 

induce gene expression changes, indicating that the specific composition of the 

aerosol is the primary driving agent for gene expression changes and cell 

recruitment. Our AMS breakdown was unable to pinpoint a broad category for 

reactive agents, as there was no consistent ratio between the composition and 

the effects. Thus, future studies should focus on specific components that may 

be present in the Salton Sea water. As we found some aspects of the NF-KB 

pathway upregulated (Ikbkb, RelA), care should be taken to investigate sources 

of reactive oxygen species (ROS). In particular, pesticides (LeBlanc and Kuivila, 

2008) and heavy metal ions (Frie et al., 2019; D’Evelyn et al., 2021), both of 

which have been detected in the Salton Sea, should be investigated, as they are 

known to induce ROS (Abdollahi et al., 2004; Leikauf et al, 2020). 

The main observation reported here is that soluble components of Salton 

Sea water are able to induce a unique pattern of gene expression changes in 

chronically exposed lungs, and that this pattern is strikingly distinct from the 

characteristic allergic inflammation induced by the common household fungal 

allergens in Alternaria filtrate. In the context of the observed high incidence of 

asthma in the Salton Sea region, our findings suggest that the Salton Sea water 

soluble components by themselves appear to induce significant lung responses, 

but they are clearly distinct from the characteristic allergic inflammatory 

responses typified by Alternaria exposures.  
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However, the distinctive effect of Salton Sea exposures does not entirely 

rule out potential impacts on asthma. A number of receptors were significantly 

upregulated, including Il6r, CD97, Ifngr1 and Ifnar1. IL-6 is associated with IL-4 

production, which is critical for Th2 differentiation (Rincon and Irvin, 2012). The 

soluble form of Il6r has also been associated with asthma severity (Peters et al., 

2017). CD97 is a known costimulatory factor on CD4+ T cells (Capasso et al., 

2006). In contrast to the previous receptors, Ifngr1 and Ifnar1 are associated with 

Th1 response. However, Th1-polarization has been linked to nonallergic asthma 

(Zorrati et al., 2014). Additionally, our previous studies showed that Th1 

inflammatory responses could not only co-exist with allergic Th2 inflammatory 

responses, they could show additive effects (Li et al., 1998). Salton Sea 

exposures also induced a number of genes associated with signaling pathways, 

such Jak1, Jak2 and Jak3. As these signaling pathways are known to have 

critical roles in pulmonary eosinophilia, airway hyperreactivity and mucus 

hypersecretion (Hoshino et al., 2004), upregulation of these components could 

potentially provide additive or synergistic effects in the presence of other triggers, 

including environmental or household allergens. 

 

Conclusions 

Our results suggest two main points. First, Salton Sea exposure is unable 

to generate an inflammatory response similar to a potent allergen, as 

characterized in our study by Alternaria. However, aerosolized Salton Sea was 
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able to trigger an inflammatory response distinct from a potent allergen, unlike 

aerosolized Pacific Ocean water, which did not trigger an inflammatory response. 

Thus, while Salton Sea spray may not be sufficient to generate asthma alone, it 

could play a key role in the progression to asthma or other inflammatory 

diseases. Future studies should explore the role of this inflammatory response in 

the context of the full range of aerosols to which the communities surrounding the 

Salton Sea are exposed. 
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Figure 2.1 - Quantification of Alternaria (ALT), Pacific Ocean (PO) and 

Salton Sea (SS) aerosols 

PM mass concentration was measured by a scanning mobility particle 

sizer. Chemical composition was determined by AMS. (A) PM mass 

concentration during 7-day exposure of SS, PO and ALT. Dash line shows the 7-

day averaged mass concentration of PM. All units are in μg m-3. (B) Averaged 

mobility diameter distribution of different PM used in exposure experiments. (C) 

Chemical composition of dry particulate matters generated from different 

materials collected in different season (mm/yr). Other includes metals (sodium, 

calcium, magnesium), trace metals and other inorganics. (Key: SS0319, Salton 

Sea/March 2019; SS0520, Salton Sea/May 2020; PO0319, Pacific Ocean/March 

2019; PO1020, Pacific Ocean/October 2020; ALT, Alternaria filtrate). 
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Figure 2.2 - Inflammatory cell recruitment due to Alternaria aerosols 

Mice were exposed to either filtered control air or aerosolized Alternaria 

filtrate for 7 days in dual environmental chambers. Following exposure, 

bronchoalveolar lavage fluid (BALF) was collected and the left lobe was digested 

and analyzed via flow cytometry. (A) Lungs inflated with a 1:1 OCT:PBS solution 

and frozen in OCT blocks were sectioned and stained with H&E. (*, Interstitial 

infiltrate). (B) Total cells in the BALF were counted via hemocytometer (Left, 

Control air, n=9; Right, Alternaria, n=10). (C-F) Cells were represented as a 

percentage of CD45+ cells in digested lungs or BALF. Representative dot plots 

for control air and Alternaria exposed are shown. Eosinophils are CD45+CD11c-

SiglecF+ (Left diagram: Left, Control air BALF, n=9; Right, Alternaria BALF, n=10; 

Right diagram: Left, Control Air Lung, n=6, Right, Alternaria Lung, n=6). 

Neutrophils are CD45+CD11b+Ly6G+ (Left diagram: Left, Control air BALF, n=9; 

Right, Alternaria BALF, n=10; Right diagram: Left, Control air, n=6, Right, 

Alternaria, n=6). B cells are CD45+SSClowCD19+ (Left diagram: Left, Control air 

BALF, n=9; Right, Alternaria BALF, n=10; Right diagram: Left, Control air, n=6, 

Right, Alternaria, n=6). T cells are CD45+SSClowCD3+ (Left diagram: Left, Control 

air BALF, n=9; Right diagram: Right, Alternaria BALF, n=10; Left, Control air, 

n=6, Right, Alternaria, n=6). ** = p<0.01; **** = p<0.0001 
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Figure 2.3 - Inflammatory cell recruitment due to Salton Sea and Pacific 

Ocean aerosols 

Mice were exposed to filtered control air, filtered and aerosolized Salton 

Sea water, or filtered and aerosolized Pacific Ocean water for 7 days. BALF was 

collected and tissue was digested for flow cytometry. (A) Lungs were inflated with 

a 1:1 OCT:PBS mixture and frozen, sectioned and stained with H&E. (B) Total 

cells in the BALF were counted via hemocytometer (Left diagram: Left, Control 

air, n=8; Right, Salton Sea, n=9; Right diagram: Left, Control Air, n=4; Right, 

Pacific Ocean, n=6). (C-F) Digested lung was stained and analyzed via flow 

cytometry. Cells populations are represented as the percentage of CD45+ cells. 

Representative dot plots for the control air, Salton Sea exposed, and Pacific 

Ocean exposed mice are shown. Aerosolized Salton Sea and Pacific Ocean 

exposed mice are compared to their contemporaneous controls. Eosinophils are 

CD45+CD11c-SiglecF+ (Left diagram: Left, Control air, n=6; Right, Salton Sea, 

n=6; Right Diagram: Left, Control air, n=6; Right, Pacific Ocean, n=6). 

Neutrophils are CD45+CD11b+Ly6G+ (Left diagram: Left, Control air, n=6; Right, 

Salton Sea, n=6; Right Diagram: Left, Control air, n=6; Right, Pacific Ocean, 

n=6). B cells are CD45+SSClowCD19+ (Left diagram: Left, Control air, n=6; Right, 

Salton Sea, n=6; Right Diagram: Left, Control air, n=6; Right, Pacific Ocean, 

n=6). T cells are CD45+SSClowCD3+ (Left diagram: Left, Control air, n=6; Right, 

Salton Sea, n=6; Right Diagram: Left, Control air, n=6; Right, Pacific Ocean, 

n=6). * = p<0.05 
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Figure 2.4 - Gene expression changes due to Alternaria aerosol exposure 

After a 7-day exposure to either filtered control air (n=10) or Alternaria 

filtrate (n=10), lung RNAs were analyzed for gene expression using a defined 

immunology gene panel (NanoString); (A) PCA of the gene expression data with 

red squares representing mouse lung immune gene expression profiles from 

individual animals exposed to aerosolized Alternaria sp., as compared to green 

circles, which are from mouse samples exposed to control air. (B) Volcano plot 

depicting the differential expression profile of the Alternaria exposed mice 

compared to a baseline of control air. The X-axis depicts the log2 fold change 

while the Y-axis depicted the -log10 (Benjamini-Hochberg adjusted p-value). The 

40 most significant gene by Benjamini-Hochberg adjusted p-value are labeled.  
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Figure 2.5 - Gene expression changes due to Salton Sea aerosol exposure 

After a 7-day exposure to either filtered control air (n=18) or aerosolized 

Salton Sea water (n=17), lung RNAs were analyzed for gene expression using a 

defined immunology gene panel (NanoString). (A) PCA of the gene expression 

data with purple triangles representing mouse lung immune gene expression 

profiles from individual animals exposed to aerosolized Salton Sea water, as 

compared to green circles, which are from mouse samples exposed to control 

air. (B) Volcano plot depicting the differential expression profile of the aerosolized 

Salton Sea exposed mice compared to a baseline of control air. The X-axis 

depicts the log2 fold change while the Y-axis depicted the -log10 (Benjamini-

Hochberg adjusted p-value). The 40 most significant gene by Benjamini-

Hochberg (BH) adjusted p-value are labeled.  
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Figure 2.6 - Comparisons between Alternaria, Salton Sea and Pacific Ocean 

exposures 

Mice were exposed to either control air, Alternaria, or aerosolized Salton 

Sea for 7-days before lung tissue was collected. Extracted RNA was analyzed 

using a Mouse Immunology Panel (NanoString). (A) PCAs were generated using 

the “prcomp” function in R (version 4.0.3), to compare Pacific Ocean (blue stars), 

Salton Sea (purple triangles) and Alternaria (red squares) exposures, and 

visualized PCA as in Methods. Comparisons are made between Alternaria 

exposed mice (n=10) and their contemporaneous controls (n=10) or aerosolized 

Salton Sea exposed mice (n=17) and their contemporaneous controls (n=18). 

213 genes were differentially regulated in the Alternaria comparison (FDR < 

0.10), of which 166 were upregulated and 47 were downregulated. 151 genes 

were differentially regulated in the Salton Sea comparison (FDR < 0.10), of which 

146 were upregulated and 5 were downregulated. 55 genes were upregulated in 

both comparisons, 1 gene was downregulated in both comparisons, 13 were 

upregulated in the Salton Sea comparison but downregulated in the Alternaria 
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comparison while 2 were upregulated in the Alternaria comparison but 

downregulated in the Salton Sea comparison. 78 genes were uniquely 

upregulated, and 2 genes were uniquely downregulated in the Salton Sea 

comparison while 109 genes were uniquely upregulated and 33 were uniquely 

downregulated in the Alternaria comparison  
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Figure 2.S1 - Gating strategy for flow cytometry 

Lungs of mice were collected and digested after 7 days of a given 

exposure condition. The digested lungs were treated with BD FC Block in order 

to prevent nonspecific binding. Afterwards, the digested lung was stained with 

anti-CD45+ FITC, anti-CD19 PE-Cy5, anti-CD3 Alexa Fluor 700, anti-CD11b 

BV421, anti-Ly6G BV510 or anti-SiglecF APC. The gating strategy used to 

identify different immune cell subpopulations are shown above. First, debris is 

gated out using SSC and FSC height. Following that, doublets are gated out 

using SSC area and SSC height. Then CD45+ cells are selected. These CD45+ 

cells are then subdivided into B cells (SSClow, CD19+), T cells (SSClow, CD3+), 

neutrophils (CD11b+, Ly6G+) and eosinophils (CD11c-, Siglec F+).  
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Figure 2.S2 - Gene expression changes due to Pacific Ocean aerosols 

After a 7-day exposure to either filtered control air (n=10) or aerosolized 

Pacific Ocean exposed (n=10), lung RNAs were analyzed for gene expression 

using a defined immunology gene panel (NanoString). (A) PCA of the gene 

expression data with blue stars representing mouse lung immune gene 

expression profiles from individual animals exposed to aerosolized Pacific 

Ocean, as compared to green circles, which are from mouse samples exposed to 

control air. PCAs were generated as described in Methods. (B) Volcano plot 

depicting the differential expression profile of the aerosolized Pacific Ocean 

exposed mice compared to a baseline of control air. The X-axis depicts the log2 

fold change while the Y-axis depicted the -log10 (Benjamini-Hochberg adjusted 

p-value). The 40 most significant gene by Benjamini-Hochberg adjusted p-value 

are labeled.  
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Chapter 3: The Effect of Preexposure to Salton Sea Water on Asthma 

Development 

 Trevor A. Biddle11,4, Keziyah Yisrael1,4, Ryan Drover2,3, Diana Del 

Castillo1, Daniel Gonzales2,3, Malia L. Shapiro1, David R. Cocker III2,3, David D. 

Lo1,4,5 

 

Abstract 

 Our previous study using aerosolized Salton Sea Water indicated a 

change in inflammatory gene regulation without inflammatory cell recruitment to 

the lungs or airways. This was distinct in both the types of genes and magnitude 

of inflammation when compared to a type-2-like response to Alternaria sp. In this 

study, we investigated if there exposure to aerosolized Salton Sea Water was 

capable of predisposing mice to allergic development. To do so, we exposed 

mice to 1500 μg/m3 of filtered and aerosolized Salton Sea Water for 7 days and 

then a subclinical 150 μg/m3 aerosolized dose of a mixture of Alternaria alternata 

and Alternaria tenuis. We found no change in inflammatory gene expression, 

inflammatory cell recruitment to the airways and lung tissue, and no significant 

 
1: Division of Biomedical Sciences, University of California, Riverside School of Medicine, 
Riverside, California, USA 
2: Division of Biomedical Sciences, University of California, Riverside School of Medicine, 
Riverside, California, USA 
3: College of Engineering-Center for Environmental Research and Technology (CE-CERT), 
University of California, Riverside, Riverside, California, USA 
4: BREATHE Center, University of California, Riverside, Riverside, California, USA 
5: Center for Health Disparities Research, University of California, Riverside, Riverside, California, 
USA 



110 
 

change in airway hyperreactivity compared to contemporaneous mice exposure 

to filtered house air. Our results indicate that Salton Sea Water is unlikely to be 

the primary culprit behind the elevated asthma rates in the regions surrounding 

the Salton Sea. 

 

Introduction 

 The Salton Sea is a terminal lake located on the borders of Riverside and 

Imperial Counties. This lake was formed from a breach in the Colorado River 

canal in 1905 and has since primarily been maintained by agricultural runoff. 

However, due to water diversion towards cities and away from agriculture, along 

with increasing temperatures due to climate change, the Salton Sea is rapidly 

drying. The Salton Sea has a current salinity of over 70 parts per thousand, 

which is approximately double the salinity of the Pacific Ocean (Bureau of 

Reclamation, 2020). This, along with pollution from agricultural activities, has 

dramatically changed the local ecology. The region is subject to frequent algal 

blooms, which can release deadly cyanotoxins which have been implicated in 

large fish and migratory bird die-offs (Carmichael and Li, 2006; Xu et al., 2016). 

Additionally, historical and current use pesticides, such as DDT, 

organophosphates, and pyrethroids, have been found at detectable levels in the 

waters and sediments of the Salton Sea (LeBlanc and Kuivila, 2008; Xu et al., 

2016). Due to the geochemical composition of the region, the Salton Sea also 

contains heavy metals such as selenium (Zhou et al., 2017). 
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 The communities surrounding the Salton Sea are in poor health, 

particularly with regards to asthma. This region suffers from one of the highest 

rates of childhood asthma in the state of California at 20%-22.4% (Farzan et al., 

2019), as well as emergency room visits due to asthma (CalEnviroScreen 4.0). 

The exact reasons remain to be elucidated, but there are several potential 

culprits. The region has high levels of particulate matter (California EPA, 2022), 

with Eastern Coachella Valley (the easternmost portion of Riverside County) and 

Imperial Counties being designated nonattainment areas for particulate matter 

between 10μm and 2.5μm (PM10), and particulate matter under 2.5μm (PM2.5). 

Particulate matter from other arid regions has been linked to asthma 

development when paired with an allergen (Kwon et al., 2002; Chen et al., 2004; 

Watanabe et al., 2011). Additionally, the aforementioned pollutants in the water, 

such as cyanotoxins and pesticides, have been independently linked to lung 

damage and the development and exacerbation of asthma (Fleming et al., 2007; 

Bernstein et al., 2011; Zaias et al., 2011; Li et al., 2016; Wang et al., 2016 Shaffo 

et al., 2018). 

 Our previous work showed that exposure to filtered and aerosolized 

Salton Sea Water was capable of upregulating several inflammatory genes 

without active inflammatory cell recruitment (Biddle et al., 2021). However, this 

inflammatory pattern did not appear to replicate a type-2 allergic response, unlike 

our Alternaria sp. exposed positive controls. Based on this, we sought to 

determine if prior exposure to Salton Sea Water primed mice for a type-2 allergic 
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response. To do so, we exposed mice to 1500 μg/m3 of filtered and aerosolized 

Salton Sea Water for 7 days followed by an exposure to a subclinical 150 μg/m3 

dose of an Alternaria alternata and Alternaria tenuis mixture. We found no 

significant change in inflammatory gene expression between mice pre-exposed 

to Salton Sea Water. There was also no significant change in inflammatory cell 

recruitment found in the bronchoalveolar lavage fluid (BALF) and in airway 

hyperreactivity between exposed mice and those given filtered house air. Taken 

together, these results indicate that aerosolized Salton Sea Water, such as that 

in the form of sea spray, is unlikely to sensitize patients to the development of 

asthma. 

 

Materials and Methods 

Sample Collection 

 Water samples were collected from the southeastern part of the Salton 

Sea near the Imperial Wister Wildlife Unit (33.2041600, -115.938574) on 

12/21/2022. Autoclaved glassware was used to skim water off the top of the 

Salton Sea. This was then transported back to the University of California, 

Riverside and kept at 4°C until further processing. 

 

Sample Processing 

Samples were centrifuged at 1500 rpm for 7 minutes to pellet large 

particulate matter. The supernatant was then filtered through a 0.22 μm sterile 
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filter to remove cells and other debris that would interfere with the aerosolization 

process. Processed samples were stored at 4°C until used. 

 

Animals 

 All experiments were performed following the University of California, 

Riverside’s institutional IACUC and NIH guidelines. Wild type C57BL/6J mice 

were purchased from Jackson Labs, Sacramento and acclimated for one week in 

the University of California, Riverside’s specific pathogen free (SPF) vivarium. 

Mice were kept 2-4 to a cage and allowed food and water ad libitum. Mice were 

provided a 12-hour day/night cycle. Mice were exposed to either aerosolized 

Salton Sea Water or filtered house air for 7 days before being exposed to either 

Alternaria sp or filtered house air for 7 additional days. Groups were distributed 

as follows: 4 female mice and 5 male mice were exposed to just filtered air; 4 

female and 8 male mice were exposed to filtered air followed by Alternaria sp.; 4 

female and 8 male mice were exposed to aerosolized Salton Sea Water followed 

by Alternaria sp. 

 

Chamber Operation 

 Exposure studies were performed in dual 540 L animal chambers, with 

one connected to an aerosolizer and silica driers as describe in Peng et al., 

2019, and one connected to filtered house air. Relative humidity, temperature, 

and atmospheric pressure were measured and kept at acceptable levels during 
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the exposure. Mice in the exposure chamber were continuously fed a mixture of 

dry filtered air (0.5–1 lpm) and aerosolized spray (dried by two in-line silica gel 

columns, 3.5–4.5 lpm). The PM was generated from solutions of Alternaria 

alternata and Alternaria tenuis filtrate (Greer Laboratories, Lenoir, NC, USA; 0.4 

g/L) and from Salton Sea Water that was diluted to give the appropriate aerosol 

mass concentration. The aerosol sources for the exposure were each tested in 

advance in order to determine chemical composition (high-resolution time-of-

flight aerosol mass spectrometer (HR-ToF-AMS), Aerodyne) and aerosol density 

(aerosol particle mass analyzer (APM), Kanomax) to prepare the solutions to 

yield the targeted particle mass concentration. Sample aerosolization was 

accomplished by using a homemade nebulizer with silica-gel dryers. Mice in the 

control chamber were given filtered dry air (5.0 lpm) only, with other conditions 

matching the exposure chamber, including bedding replacement, food and water 

supplies, and corresponding day/night cycle. Particulate matter was only 

monitored within the exposure chamber by a scanning mobility particle sizer 

(SMPS, including Series 3080 Electrostatic Classifier and Ultrafine Condensation 

Particle Counter 3776, TSI) to assist in maintaining stable PM concentration. The 

PM concentrations used in this study were 1500 μg/m3 for the Salton Sea Water 

(matching the dose from Biddle et al., 2021) and 150 μg/m3 for Alternaria sp. 

(which was determined to be a subclinical level of Alternaria based on a pilot 

experiment).  
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Animal Processing 

 After the two 7-day exposures, mice were removed from the 

environmental exposure chamber for processing. Mice were either set aside to 

recover overnight for FlexiVent analysis or were processed immediately for cell 

infiltrate and inflammatory gene expression analysis. 

 For the cell infiltrate and inflammatory gene expression processing, mice 

(n = 5-6) were anesthetized using isoflurane and euthanized by cervical 

dislocation. Bronchoalveolar lavage fluid (BALF) was collected by washing the 

lung with 0.8 mL of PBS 3 times. The lungs were then excised and used for 

either RNA extraction or for analyzing cell infiltrates. The right lobe was flash 

frozen in liquid nitrogen and kept at -80°C until RNA extraction. The left lobe 

minced into small (~1-2 mm) sections and digested using 0.5 mg/mL collagenase 

D (Roche Diagnostics, Mannheim, Germany) and 50 U/mL DNase I (Sigma 

Aldrich, St. Louis, USA) in RPMI 1640 (Gibco, Grand Island, USA) fortified with 

10% heat-inactivated FB (Gibco, Grand Island, USA) preheated to 37°C. The 

lung and digestion mixture incubated at 37°C for 30 minutes at 150 rpm prior to 

agitation using an 18-gauge needle. The lung and digestion mix was then 

incubate for 15 additional minutes under the same conditions. Following 

digestion, the lung was pushed through a 100 μm cell strainer (Corning, Corning, 

USA), which was then washed with the fortified RPMI 1640. This solution was 

then centrifuged and resuspended in PBS for use in flow cytometry. 
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Lung Measurements 

 Male mice (n = 2-3) were left to recover overnight from the two 7-day 

exposures. Prior to intubation on a FlexiVent (Scireq, Montreal, Canada), mice 

were anesthetized using intraperitoneal (IP) injection of an 80mg/kg ketamine 

12mg/kg xylazine mixture. Once intubated, mice were given an IP injection of 

1mg/kg Pancuronium Bromide as a paralytic agent to prevent interference with 

the mechanical ventilation. Lung measurements were recorded using the NPFE 

Mouse Mechanics program and the Dose Response program. Methacholine at 0, 

6.25, 12.5, 25, and 50 mg/mL were used for analysis of airway hyperreactivity. 

After the final measurement, mice were euthanized via cervical dislocation. 

3.2.7 Flow Cytometry: 

BALF and post-digested lungs were centrifuged at 1500 rpm before 

resuspension in 100 μL of a 1:100 dilution of Zombie Yellow™ dye (Biolegend, 

San Diego, USA). After staining, cells were washed in FACS Buffer, centrifuged, 

and resuspended in 100 μL of a 1:50 dilution of Mouse BD FC block (BD 

Pharmigen, San Joe, USA). Cells were then stained using the following 

fluorescent antibodies: anti-CD45 FITC (BioLegend, San Diego, USA; Clone 30-

F11), anti-CD19 Percp-Cy5.5 (eBioscience, San Diego, USA; Clone eBio1D3), 

anti-CD3 Alexa Fluor 700 (BioLegend, San Diego, USA; Clone 17A2), anti-Ly6G 

BV510 (BioLegend, San Diego, USA; Clone 1A8), anti-CD11b APC-eFluor 780 

(eBioscience, San Diego, USA; Clone M1/70), anti-CD11c PE-Cy7 (BioLegend, 

San Diego, USA; Clone N418), anti-SiglecF APC (BioLegend, San Diego, USA; 
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Clone S17007L), anti-CD4 BV711 (BioLegend, San Diego, USA; Clone RM4-5), 

anti-CD8 PE-CF594 (BD Biosciences, San Diego, USA; Clone 53-6.7), and anti-

IgE PE (BioLegend, San Diego, USA; Clone RME-1).   

 Cells stained with Zombie Yellow™ dye were excluded from further 

analysis. Cell populations were determined using the following surface markers: 

neutrophils were CD45+CD11b+Ly6G+SiglecF-CD11c-, eosinophils were 

CD45+CD11b+SiglecF+CD11c-, T cells were CD45+CD3+SiglecF-CD11c-, and 

were further divided based on CD4 and CD8 staining, and B cells were 

CD45+CD19+SiglecF+CD11c- and further divided based on IgE staining. 

Samples were run on a NovoCyte Quanteon (Agilent Technologies, Santa 

Clara, USA).  Gating and analysis were performed using FlowJo (Version 10.81, 

Ashland, USA). 

 

RNA Extraction 

RNA was purified from the frozen right lung lobes using a TRIzol© (Ambion, 

Carlsbad, USA) based method. ~100 mg of frozen lung tissue (half of the right 

lobe) was placed in a mortar, frozen with liquid nitrogen, and ground into dust 

using a pestle. After, the ground lung tissue was placed in TRIzol©. Manufacturer 

protocol was followed except the RNA pellet was washed 3 times with 75% 

ethanol rather than once. The pellet was resuspended in DEPC-Treated water 

(Ambion, Austin, USA). Concentration and purity of the RNA was checked via 

NanoDrop 2000 (Thermo Scientific, Carlsbad, USA). 
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NanoString Analysis 

 RNA was analyzed using an nCounter® Sprint Profiler (NanoString 

Technologies, Seattle, USA) with the nCounter® Mouse Immunology Panel 

according to manufacturer protocols. The nSolver® 4.0 software (NanoString 

Technologies, Seattle, USA) was used to normalize gene counts based on 

housekeeping genes and positive controls. Differential expression was calculated 

using the nSolver® Advanced Analysis 2.0 software (NanoString Technologies, 

Seattle, USA), and p-values were adjusted using the Benjamini-Hochberg 

method.  

 nSolver® 4.0 normalized log2 gene counts and nSolver® Advanced 

Analysis 2.0 software differential expression data was imported into R version 

4.2.2 (R Core Team, 2022) using readr (Wickham et al., 2022) and readxl 

(Wickham and Bryan, 2022) and visualized using ggplot2 (Wickham, 2016) and 

Khroma (Frerebeau, 2022). Principal component analyzed were calculated from 

the normalized log2 gene counts and the built-in “prcomp” function. This was 

visualized using ggfortify (Tang et al., 2016). 

 

Statistical Analysis 

 Statistical analysis for inflammatory cell infiltration and lung measurements 

was performed using GraphPad Prism 9 (GraphPad, San Diego, USA). For the 

inflammatory cell analysis: P-value was calculated using a one-way ANOVA with 
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Holm-Šídák's multiple comparisons test. For the lung measurements: A two-way 

ANOVA with Tukey’s correction was used to analyze the response for each 

group at each dose of methacholine. Results shown include all mice, along with 

the average + the standard error (SE). P-value for gene expression was 

calculated using nSolver® 4.0 and was false discovery rate (FDR) adjusted using 

the Benjamini-Hochberg method. A p-value of less than 0.05 and an FDR 

adjusted p-value of less than 0.1 were considered significant. 

 

Results 

Changes in Cell Profile of the BALF and Digested Lung Tissue 

To determine the extent to which Salton Sea Water may contribute to 

allergic development, we exposed mice to either filtered house air or filtered and 

aerosolized Salton Sea Water for 7 days, followed by a 7-day exposure to a 

subclinical dose of aerosolized Alternaria alternata and Alternaria tenuis. We 

ended up with three final groups: Mice exposed to filtered house air for both 7-

day exposures (control air mice), mice exposed to control air and then Alternaria 

sp. (Alternaria mice), and mice exposed to Salton Sea Water and then Alternaria 

sp. (Salton Sea Water mice). We used a flow cytometry-based analysis to obtain 

cell differentials in both the BALF and the digested lung tissue.  

We found that there was no significant difference in inflammatory cell 

profile in the BALF. The majority of cells in the BALF were alveolar macrophages 

(94.5% + 0.7% control air; 93.8% + 1.6% Alternaria; 94.4% + 2.1% Salton Sea 
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Water; Figure 3.1a) as measured by percentage of CD45+ cells. There were 

negligible numbers of eosinophils (0.04 + 0.02% control air; 0.2% + 0.1% 

Alternaria; 0.1% + 0.04% Salton Sea Water; Figure 3.1b) and neutrophils (0.6% 

+ 0.1% control air; 0.9% + 0.2% Alternaria; 0.7% + 0.2% Salton Sea Water; 

Figure 3.1c). 

There were minimal changes in the inflammatory cell profile in the lung 

tissue. Alveolar macrophages (12.6% + 1.6% control air; 9.9% + 1.0% Alternaria; 

10.3% + 0.5% Salton Sea Water; Figure 3.2a), eosinophils (4.5% + 0.3% control 

air; 4.2% + 0.4% Alternaria; 3.4% + 0.4% Salton Sea Water; Figure 3.2b), 

neutrophils (16.4% + 4.0% control air; 10.6% + 0.8% Alternaria; 9.4% + 0.9% 

Salton Sea Water; Figure 3.2c), and T cells (20.8% + 2.2% control air; 19.53% + 

1.4% Alternaria; 20.5% + 1.8% Salton Sea Water; Figure 3.2d) showed no 

significant difference between the control and exposure groups. Additionally, 

there was no significant difference between percentage of CD4+ (46.2% + 1.0% 

control air; 46.6% + 1.4% Alternaria; 46.5% + 0.8% Salton Sea Water; Figure 

3.2e) vs CD8+ (45.7% + 1.3% control air; 44.0% + 1.1% Alternaria; 43.4% + 1.0% 

Salton Sea Water; Figure 3.2f) T cells as percentage of total T cells. The only 

change detected in the lung tissue was an elevated percentage of B cells in the 

exposed mice (22.3% + 1.2% control air; 31.6% + 1.3% Alternaria; 28.9% + 1.6% 

Salton Sea Water; Figure 3.2g); however, there was no significant difference 

between mice pretreated with Salton Sea Water and those exposed to just 

Alternaria. There was also no significant difference in percentage IgE+ B cells as 
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percent of total B cells (0.6% + 0.1% control air; 1.4% + 1.0% Alternaria; 0.6% + 

0.04% Salton Sea Water; Figure 3.2h). 

 

Inflammatory Gene Expression Between Exposure Groups 

 To determine the potential differences in whole lung tissue gene 

expression between the different exposure groups, we ran the Salton Sea Water 

and Alternaria groups on an NanoString Sprint Profiler using their Mouse 

Immunology Panel. No genes reached our FDR adjusted significance threshold 

of 0.1 (Figure 3.3a). There was an overall trend towards lower inflammatory gene 

expression in mice pretreated with Salton Sea Water, but once again, no genes 

were significantly differentially regulation. The individual mice also tended to 

cluster together in PCA analysis (Figure 3.3b). Taken together, these indicate 

that there was no significant difference in inflammatory gene regulation to mice 

pre-exposed to Salton Sea Water. 

 

Changes in Airway Hyperreactivity 

 To test for changes in airway hyperreactivity in the different groups, we 

rested a set number of male mice overnight before measuring airway 

hyperreactivity on a FlexiVent. We found that there was no significant difference 

between the control and exposed groups at any dose of methacholine. However, 

we did detect a significant change at the 50mg/mL methacholine dose between 
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mice between the exposure groups, as mice pretreated with Salton Sea Water 

having lower reactivity compared to mice exposed to just Alternaria (Figure 3.4). 

 

Discussion 

 Based on the results from our previous paper (Biddle et al., 2021), we 

hypothesized that aerosolized Salton Sea Water may contribute to the high rates 

of asthma in the communities surrounding the Salton Sea by sensitizing 

individuals towards asthma development. However, based on our current 

experiment, that seems unlikely to be the case. We had minimal overall impact 

from pre-exposing mice to Salton Sea Water, with the only significant change 

between the Salton Sea Water and Alternaria groups being a reduction in airway 

reactivity to 50mg/mL of methacholine. Otherwise, we detected no change 

between the exposure groups and minimal changes between the control and 

exposure groups. 

 Our results indicate that the sea spray is unlikely to be the primary culprit 

behind the elevated asthma rates in the region. Based on these results, we 

believe that it is better to focus on other potential sources of pollution, such as 

dust, and the role they may play in asthma development. 

 Despite our findings, the Salton Sea may still serve as a reservoir for 

various pollutants. Previous studies have found that pollutants such as DDT, 

organophosphates, pyrethroids, heavy metals, and cyanotoxins are present in 

the Salton Sea (LeBlanc and Kuivila, 2008; Xu et al, 2016; Zhou et al., 2017). 
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These pollutants tend to be hydrophobic, and preliminary data collected from 

other labs at the University of California, Riverside, indicate that there may be an 

enrichment from the water to the sediment to the dust. Thus, the role of the 

Salton Sea in asthma development may be that it serves to concentrate 

pollutants into the sediments, which are exposed as playa as the Salton Sea 

dries. Playa has been linked to increased levels of particulate matter (Reheis, 

MC, 1997; Reynolds et al., 2007; Bullar et al., 2008; Hossein et al., 2018), and 

will be an increasing source of dust in the future. Based on this and our findings, 

we believe that it is more pertinent to focus on the health impacts of the dust in 

the region, as it is likely more relevant to the pulmonary health in the region. 

 

  



124 
 

References 

Biddle, T. A., Li, Q., Maltz, M. R., Tandel, P. N., Chakraborty, R., Yisrael, 

K., Drover, R., Cocker, D. R., & Lo, D. D. (2021). Salton Sea aerosol exposure in 

mice induces a pulmonary response distinct from allergic inflammation. Science 

of The Total Environment, 792, 148450. 

https://doi.org/10.1016/j.scitotenv.2021.148450 

Bullard, J., Baddock, M., McTainsh, G., Leys, J., 2008. Sub-basin scale 

dust source geomorphology detected using MODIS. Geophysical Research 

Letters 35. doi:10.1029/2008GL033928 

Bureau of Reclamation. Annual Report on the Salton Sea. (Online). 

February 2022. Available: https://saltonsea.ca.gov/wp-

content/uploads/2022/02/2022-Annual-Report_English_Feb-24-2022_Final.pdf. 

Referenced: March 10, 2023 

California Environmental Protection Agency, Office of Environmental 

Health Hazard Assessment, 2021, October 20. CalEnviroScreen 4.0. Retrieved 

from. https://oehha.ca.gov/calenviroscreen/report/calenviroscreen-40 

Carmichael WW, Li R. Cyanobacteria toxins in the Salton Sea. Saline 

Syst. 2006 Apr 19;2:5. doi: 10.1186/1746-1448-2-5. PMID: 16623944; PMCID: 

PMC1472689. 

Chen YS, Sheen PC, Chen ER, Liu YK, Wu TN, Yang CY. Effects of Asian 

dust storm events on daily mortality in Taipei, Taiwan. Environ Res. 2004 

Jun;95(2):151-5. doi: 10.1016/j.envres.2003.08.008. 

Environmental Protection Agency. (2022, August 31). Nonattainment 

Areas for Criteria Pollutants (Green Book). https://www.epa.gov/green-book 

Farzan, S. F., Razafy, M., Eckel, S. P., Olmedo, L., Bejarano, E., & 

Johnston, J. E. (2019). Assessment of respiratory health symptoms and asthma 

in children near a drying saline lake. International Journal of Environmental 

Research and Public Health, 16(20). https://doi.org/10.3390/ijerph16203828 

Fleming, L. E., Kirkpatrick, B., Backer, L. C., Bean, J. A., Wanner, A., 

Reich, A., Zaias, J., Cheng, Y. S., Pierce, R., Naar, J., Abraham, W. M., & 

Baden, D. G. (2007). Aerosolized red-tide toxins (brevetoxins) and asthma. 

Chest, 131(1), 187–194. https://doi.org/10.1378/chest.06-1830 

Frerebeau N (2022). khroma: Colour Schemes for Scientific Data 

Visualization. Université Bordeaux Montaigne, Pessac, 

https://saltonsea.ca.gov/wp-content/uploads/2022/02/2022-Annual-Report_English_Feb-24-2022_Final.pdf
https://saltonsea.ca.gov/wp-content/uploads/2022/02/2022-Annual-Report_English_Feb-24-2022_Final.pdf
https://oehha.ca.gov/calenviroscreen/report/calenviroscreen-40
https://doi.org/10.3390/ijerph16203828


125 
 

France. doi:10.5281/zenodo.1472077, R package version 

1.9.0, https://packages.tesselle.org/khroma/. 

Hossein Mardi, A., Khaghani, A., MacDonald, A. B., Nguyen, P., Karimi, 

N., Heidary, P., Karimi, N., Saemian, P., Sehatkashani, S., Tajrishy, M., & 

Sorooshian, A. (2018). The Lake Urmia environmental disaster in Iran: A look at 

aerosol pollution. The Science of the total environment, 633, 42–49. 

https://doi.org/10.1016/j.scitotenv.2018.03.148. 

Kwon, H. J., Cho, S. H., Chun, Y., Lagarde, F., & Pershagen, G. (2002). 

Effects of the Asian dust events on daily mortality in Seoul, Korea. Environmental 

Research, 90(1), 1–5. https://doi.org/10.1006/enrs.2002.4377 

LeBlanc, L. A., & Kuivila, K. M. (2008). Occurrence, distribution and 

transport of pesticides into the Salton Sea Basin, California, 2001-2002. 

Hydrobiologia, 604(1), 151–172. https://doi.org/10.1007/s10750-008-9316-1 

Peng, X., Maltz, M. R., Botthoff, J. K., Aronson, E. L., Nordgren, T. M., Lo, 

D. D., & Cocker, D. R. (2019). Establishment and characterization of a multi-

purpose large animal exposure chamber for investigating health effects. Review 

of Scientific Instruments, 90(3), 1–7. https://doi.org/10.1063/1.5042097 

R Core Team. (2022). R: A Language and Environment for Statistical 

Computing. Vienna, Austria. Retrieved from https://www.R-project.org/ 

Reheis, M. C. (1997), Dust deposition downwind of Owens (dry) Lake, 

1991–1994: Preliminary findings, J. Geophys. Res., 102( D22), 25999– 26008, 

doi:10.1029/97JD01967. 

Reynolds, R.L., Yount, J.C., Reheis, M., Goldstein, H., Chavez, P., Jr., 

Fulton, R., Whitney, J., Fuller, C. and Forester, R.M. (2007), Dust emission from 

wet and dry playas in the Mojave Desert, USA. Earth Surf. Process. Landforms, 

32: 1811-1827. https://doi.org/10.1002/esp.1515 

Shaffo, F. C., Grodzki, A. C., Fryer, A. D., & Lein, P. J. (2018). 

Mechanisms of organophosphorus pesticide toxicity in the context of airway 

hyperreactivity and asthma. American Journal of Physiology - Lung Cellular and 

Molecular Physiology, 315(4), L485–L501. 

https://doi.org/10.1152/ajplung.00211.2018 

Tang Y, Horikoshi M, Li W (2016). “ggfortify: Unified Interface to Visualize 

Statistical Result of Popular R Packages.” The R Journal, 8(2), 474–485. 

doi: 10.32614/RJ-2016-060, https://doi.org/10.32614/RJ-2016-060. 

https://doi.org/10.5281/zenodo.1472077
https://packages.tesselle.org/khroma/
https://doi.org/10.1016/j.scitotenv.2018.03.148
https://doi.org/10.1007/s10750-008-9316-1
https://doi.org/10.1063/1.5042097
https://www.r-project.org/
https://doi.org/10.1029/97JD01967
https://doi.org/10.1002/esp.1515
https://doi.org/10.32614/RJ-2016-060
https://doi.org/10.32614/RJ-2016-060


126 
 

Wang, C., Gu, S., Yin, X., Yuan, M., Xiang, Z., Li, Z., Cao, H., Meng, X., 

Hu, K., & Han, X. (2016). The toxic effects of microcystin-LR on mouse lungs and 

alveolar type II epithelial cells. Toxicon, 115, 81–88. 

https://doi.org/10.1016/j.toxicon.2016.03.007 

Watanabe, M., Yamasaki, A., Burioka, N., Kurai, J., Yoneda, K., Yoshida, 

A., Igishi, T., Fukuoka, Y., Nakamoto, M., Takeuchi, H., Suyama, H., Tatsukawa, 

T., Chikumi, H., Matsumoto, S., Sako, T., Hasegawa, Y., Okazaki, R., Horasaki, 

K., & Shimizu, E. (2011). Correlation between Asian dust storms and worsening 

asthma in Western Japan. Allergology International, 60(3), 267–275. 

https://doi.org/10.2332/allergolint.10-OA-0239 

Wickham H (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-

Verlag New York. ISBN 978-3-319-24277-4, https://ggplot2.tidyverse.org. 

Wickham H, Bryan J (2022). readxl: Read Excel Files. 

https://readxl.tidyverse.org, https://github.com/tidyverse/readxl. 

Wickham H, Hester J, Bryan J (2022). readr: Read Rectangular Text Data. 

https://readr.tidyverse.org, https://github.com/tidyverse/readr. 

Xu EG, Bui C, Lamerdin C, Schlenk D. Spatial and temporal assessment 

of environmental contaminants in water, sediments and fish of the Salton Sea 

and its two primary tributaries, California, USA, from 2002 to 2012. Sci Total 

Environ. 2016 Jul 15;559:130-140. doi: 10.1016/j.scitotenv.2016.03.144. Epub 

2016 Apr 6. PMID: 27058132. 

Zaias, J., Fleming, L. E., Baden, D. G., & Abraham, W. M. (2011). 

Repeated exposure to aerosolized brevetoxin-3 induces prolonged airway 

hyperresponsiveness and lung inflammation in sheep. Inhalation Toxicology, 

23(4), 205–211. https://doi.org/10.3109/08958378.2011.558936 

Zhou, C., Huang, J. C., Liu, F., He, S., & Zhou, W. (2017). Effects of 

selenite on Microcystis aeruginosa: Growth, microcystin production and its 

relationship to toxicity under hypersalinity and copper sulfate stresses. 

Environmental Pollution, 223, 535–544. 

https://doi.org/10.1016/j.envpol.2017.01.056 

 

  

https://doi.org/10.2332/allergolint.10-OA-0239
https://ggplot2.tidyverse.org/
https://github.com/tidyverse/readxl
https://github.com/tidyverse/readr
https://doi.org/10.3109/08958378.2011.558936
https://doi.org/10.1016/j.envpol.2017.01.056


127 
 

Figures 

 



128 
 

Figure 3.1 - Inflammatory cell recruitment in bronchoalveolar lavage fluid 

(BALF) of control air, Alternaria exposed, and Salton Sea Water pretreated 

mice 

Control air mice (n = 5) were exposed to filtered house air for two 7-day 

exposures. Alternaria (n = 6) mice were exposed to filtered house air for 7 days 

followed by exposure to 150 μg/m3 of aerosolized Alternaria alternata and 

Alternaria tenuis for 7 days. Salton Sea Water (n = 6) mice were exposed to 1500 

μg/m3 of filtered and aerosolized Salton Sea Water for 7 days followed by 

exposure to 150 μg/m3 of aerosolized Alternaria alternata and Alternaria tenuis 

for 7 days. Number shown were determined by flow cytometry analysis and 

graphed as percentage of CD45+ cells in the BALF. Cells stained positive with 

the Zombie Yellow Live/Dead stain were excluded from further analysis. P-values 

were determined by using a one-way ANOVA with Holm-Šídák's multiple 

comparisons test. (A) Alveolar macrophages were defined as 

CD45+CD11c+SiglecF+. (B) Eosinophils were defined as CD45+CD11c-

CD11b+SiglecF+. (C) Neutrophils were defined as CD45+CD11b+Ly6G+.  Average 

+ the standard error. Exact P-values shown.  
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Figure 3.2 - Inflammatory cell recruitment in digested lung tissue of control 

air, Alternaria exposed, and Salton Sea Water pretreated mice 

Control air mice (n = 5) were exposed to filtered house air for two 7-day 

exposures. Alternaria (n = 6) mice were exposed to filtered house air for 7 days 

followed by exposure to 150 μg/m3 of aerosolized Alternaria alternata and 

Alternaria tenuis for 7 days. Salton Sea Water (n = 6) mice were exposed to 1500 

μg/m3 of filtered and aerosolized Salton Sea Water for 7 days followed by 

exposure to 150 μg/m3 of aerosolized Alternaria alternata and Alternaria tenuis 

for 7 days. Alternaria and Salton Sea Water groups had an even distribution of 

male and female mice. Control air had 2 male and 3 female mice. Left lung lobes 

were digested prior to staining. Number shown were determined by flow 

cytometry analysis and graphed as percentage of CD45+ cells in the lung tissue 

unless otherwise stated. Cells stained positive with the Zombie Yellow Live/Dead 

stain were excluded from further analysis. P-values were determined by using a 

one-way ANOVA with Holm-Šídák's multiple comparisons test. (A) Alveolar 

macrophages were defined as CD45+CD11c+SiglecF+. (B) Eosinophils were 

defined as CD45+CD11c-CD11b+SiglecF+. (C) Neutrophils were defined as 

CD45+CD11b+Ly6G+. (D) T cells were defined as CD45+CD3+SSClow. (E-F). 

CD4+ and CD8+ were determined by the presence of CD4 or CD8 on T cells. 

Numbers shown are percentage of T cells. (G) B cells were defined as 

CD45+CD19+SSClow. (H) IgE+ B cells were determined by presence of IgE on B 

cells. Average + the standard error. Exact P-values shown.  
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Figure 3.3 - Gene expression analysis comparing Alternaria exposed and 

Salton Sea Water pretreated groups 

RNA was extracted from right lung lobes. Alternaria (n = 6) mice were 

exposed to filtered house air for 7 days followed by exposure to 150 μg/m3 of 

aerosolized Alternaria alternata and Alternaria tenuis for 7 days. Salton Sea 

Water (n = 6) mice were exposed to 1500 μg/m3 of filtered and aerosolized 

Salton Sea Water for 7 days followed by exposure to 150 μg/m3 of aerosolized 

Alternaria alternata and Alternaria tenuis for 7 days. Each group has an even 

distribution of male and female mice RNA expression was determined by a 

NanoString Sprint Profiler using the Mouse Immunology Panel. Differential 

expression was calculated using the nSolver Advanced Analysis 2.0 software 

and compared the Salton Sea Water group compared to a baseline of Alternaria. 

P-values were adjusted using the Benjamini-Hochberg method. PCA was 

generated using the “prcomp” function built into R 4.2.2 using normalized log2 

gene counts calculated using nSolver 4.0. Data was visualized using ggplot2 for 

the differential expression data and ggfortify for the PCA data. (A) Volcano plot 

showing the differential expression between the Salton Sea Water and Alternaria 

Groups. (B) PCA plot showing the difference in overall gene expression between 

Salton Sea Water and Alternaria mice.  
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Figure 3.4 - Changes in airway hyperreactivity between the control air, 

Alternaria exposed, and Salton Sea Water pretreated mice 

All mice shown are male. Control air mice (n = 2) were exposed to filtered 

house air for two 7-day exposures. Alternaria (n = 3) mice were exposed to 

filtered house air for 7 days followed by exposure to 150 μg/m3 of aerosolized 

Alternaria alternata and Alternaria tenuis for 7 days. Salton Sea Water (n = 3) 

mice were exposed to 1500 μg/m3 of filtered and aerosolized Salton Sea Water 

for 7 days followed by exposure to 150 μg/m3 of aerosolized Alternaria alternata 

and Alternaria tenuis for 7 days. Measurements were collected using a FlexiVent 

and the dose-response script. Measurements shown are the max airway 

resistance after exposure to the given dose of methacholine. Points shown are 

the average with + the standard error. P-values were calculated using a two-way 

ANOVA with Tukey’s multiple comparison test. # p-value < 0.05 between 

Alternaria and Salton Sea Water groups.  
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Chapter 4: Aerosolized Aqueous Dust Extracts Collected Near a Drying 

Lake Trigger Acute Neutrophilic Pulmonary Inflammation Reminiscent of 

Microbial Innate Immune Ligands  
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Abstract 

Background: A high incidence of asthma is prevalent among residents 

near the Salton Sea, a large inland terminal lake in southern California. This arid 

region has high levels of ambient particulate matter (PM); yet while high PM 

levels are often associated with asthma in many environments, it is possible that 
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the rapidly retreating lake, and exposed playa or lakebed, may contribute 

components with a specific role in promoting asthma symptoms. 

 

Objectives: Our hypothesis is that asthma may be higher in residents 

closest to the Salton Sea due to chronic exposures to playa dust. Playa 

emissions may be concentrating dissolved material from the lake, with microbial 

components capable of inducing pulmonary innate immune responses. To test 

this hypothesis, we used a mouse model of aerosol exposures to assess the 

effects of playa dust. 

 

Methods: From dust collected around the Salton Sea region, aqueous 

extracts were used to generate aerosols, which were injected into an 

environmental chamber for mouse exposure studies. We compared the effects of 

exposure to Salton Sea aerosols, as well as to known immunostimulatory 

reference materials. Acute 48-hour and chronic 7-day exposures were compared, 

with lungs analyzed for inflammatory cell recruitment and gene expression. 

 

Results: Dust from sites nearest to the Salton Sea triggered lung 

neutrophil inflammation that was stronger at 48-hours but reduced at 7-days. 

This acute inflammatory profile and kinetics resembled the response to innate 

immune ligands LTA and LPS while distinct from the classic allergic response to 

Alternaria. 
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Conclusion: Lung inflammatory responses to Salton Sea dusts are similar 

to acute innate immune responses, raising the possibility that microbial 

components are entrained in the dust, promoting inflammation. This effect 

highlights the health risks at drying terminal lakes from inflammatory components 

in dust emissions from exposed lakebed. 

 

Introduction 

The Salton Sea, a 345 mi2 body of water located in California’s Coachella 

Valley and Imperial Valley, is a site of frequent high levels of dust. Already 

designated a nonattainment area for particulate matter smaller than 10 μm in 

aerosol diameter (PM10) and particulate matter under 2.5 μm in aerosol diameter 

(PM2.5), (Environmental Protection Agency, 2022) dust in the region may soon 

worsen. Due to increasing temperatures and ongoing drought conditions, along 

with a 2003 ordinance shifting water away from the Sea, it has been estimated 

that 105,000 acres of additional playa will be exposed between 2003-2045 

(Evan, 2019), with the shoreline having retreated substantially between 1985-

2020 (Fig. 4.1). Exposed playa has been linked to higher levels of dust in general 

(Reheis, 1997; Reynolds et al., 2007; Bullard et al., 2008; Hossein Mardi et al., 

2018), and, in particular, the dust in the Salton Sea Basin is estimated to 

increase by 11% between 2018-2030 (Parajuli and Zender, 2018) with changes 

in composition due to playa emissions (Frie et al., 2017). 
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Along with high levels of dust, the communities surrounding the Salton 

Sea have high levels of childhood asthma. Currently, the asthma rate among 

children is estimated at 20%-22.4%, which is among the highest in the state of 

California, and noticeably higher than the state average of 14.5% (Farzan et al., 

2019). Additionally, the communities surrounding the Salton Sea are among the 

top percentile for emergency room visits due to asthma (California Environmental 

Protection Agency and Office of Environmental Health Hazard Assessment, 

2021), though whether this is due to more severe asthma, lack of access to 

healthcare, high asthma rates, or a combination thereof is currently unknown. 

Worryingly little is known about how the dust in the Salton Sea Basin may 

contribute to asthma and pulmonary disease. Asthma is generally defined as a 

disease of airway restriction, with an increase in airway hyperreactivity due to an 

allergen, along with immunoglobulin E (IgE) production, Th2 cytokine secretion 

and eosinophil recruitment (Bousquet et al., 2000). Typically, asthma 

development is associated with childhood exposure to aeroallergens, which 

leads to the development of allergies (Simpson et al., 2010; Stoltz et al., 2013; 

Anderson and Jackson, 2017). However, the exact mechanism for asthma 

development remain elusive, with risk factors including microbial exposure (Ege 

et al., 2011; Lynch et al., 2014; Stein et al., 2016), genetic predisposition (Chang 

et al., 2012), and childhood viral and bacterial infections (Jackson et al., 2008; 

James et al., 2013). Other pulmonary diseases such as acute lung injury (ALI) 

instead preferentially recruit neutrophils (Blázquez-Prieto et al., 2018). Large dust 
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storms, such as those in East Asia, have been linked to increased prevalence of 

respiratory diseases such as asthma (Kwon et al., 2002; Chen et al., 2004; 

Watanabe et al., 2011), while organic dust from enclosed swine facilities has 

been shown to cause neutrophilic inflammation and oxidative stress (Poole and 

Romberger, 2012). Thus, dust can cause a variety of pulmonary disease; 

however, it is unclear how Salton Sea dust may be contributing, especially in a 

location which serves as a reservoir for agricultural runoff. Contaminants such as 

pesticides, herbicides, heavy metals, along with microbial toxins, have been 

found in the Salton Sea (Carmichael and Li, 2006; Xu et al., 2016; Zhou et al., 

2017). We previously showed that aerosolized Salton Sea water is capable of 

inducing gene expression changes indicating a mild inflammatory genotype 

without overt inflammatory cell recruitment (Biddle et al., 2021). However, in that 

paper we had not examined the potential contributions of dust in pulmonary 

disease.  

While there have been previous studies examining the toxic effects of dust 

from the Salton Sea Basin, these studies relied on a single collected site and 

either an in vitro model (D’Evelyn et al., 2021), or intranasal administration of 

whole dust without a control dust site (Burr et al., 2021). As our study used an 

environmental exposure chamber to examine the potentially harmful effects of 

dust from multiple sites, including a desert dust control site, using an in vivo 

model while mimicking natural inhalation, we believe it offers a more robust and 
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accurate look at dust as a source of pulmonary inflammation around the Salton 

Sea. 

 To understand the type of pulmonary inflammation caused by Salton Sea 

dust extracts, we used the aforementioned environmental exposure chamber, 

flow cytometry, and whole lung tissue gene expression. The inflammatory cell 

recruitment to the airways and lung tissue, along with changes in gene 

expression, were analyzed at either a 48-hour or 7-day timepoint. Dust exposed 

mouse samples were compared to well established acute, innate inflammatory 

agents lipoteichoic acid (LTA), lipopolysaccharide (LPS), and the chronic, 

adaptive inflammatory allergen Alternaria to determine where the dust extracts 

fall along these axes. 

 

Methods 

Sample Collection 

At each of four sites, we collected dust using passive collectors; our 

collectors consisted of a modified round bundt pan (Nordic Ware, Minneapolis, 

MN, USA) coated with Teflon (25.4 cm in diameter), which was lined with Kevlar 

mesh (Industrial Netting, Maple Grove, MN, USA), as described in Aciego et al. 

(Aciego et al., 2017) and Maltz et al. (Maltz et al., 2022). Glass marbles were 

suspended from the bottom and rested atop the mesh within the pan. Pans were 

fitted with overarching cross-braced strapping, which was covered in bird 

repellent (Bird-X, Elmhurst, IL, USA) to deter bird visitation or roosting. All pans, 
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marbles, and mesh were acid washed in 2 M HCl, with rinses of 18.2 M Ω water 

between each reagent cleaning step, prior to deployment or contact with any 

dust. We deployed each of our collectors atop wooden posts, 2 m above ground 

level, within open canopy locations at each field site; this minimized the 

contribution of local dust inputs from nearby vegetation and local saltation. 

On August 14th, 2020, we deployed these passive dust collectors at the 

“Boyd Deep” site, located in the Boyd Deep Canyon Reserve of the University of 

California (20 miles from the northwest border of the Salton Sea shoreline; see 

Table 4.1). On August 30th, 2020, dust collectors were deployed at the “Sonny 

Bono” site, Sonny Bono Salton Sea National Wildlife Refuge, the “Wister” site, in 

the Wister Unit of the Imperial Wildlife Area, and the “Dos Palmas” site, in the 

Dos Palmas Preserve of the Bureau of Land Management. There was a second 

deployment at the “Wister” site starting on September 18th, 2021. These three 

sites are located at distances of 0.6, 2.0, and 4.0 miles from the nearest border of 

the Salton Sea lakebed, respectively (Table 4.1; Fig. 4. 4.1). After 81 days (for 

2021 Wister dust), 55 days (for Boyd Deep Canyon dust), or 41 days (for Sonny 

Bono, 2020 Wister, Dos Palmas dust) these dust collectors were taken down, 

sealed in sterile Whirl-pak collection bags (Nasco, Madison, WI, USA), and 

transported to the University of California Riverside for further processing. The 

sampling duration varied due to environmental conditions preventing access to 

remote areas, and other factors. The Boyd Deep Canyon Site was chosen as a 

control site as the mountain range protected the site from winds blowing over the 
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Salton Sea. The Sonny Bono, Wister, and Dos Palmas sites were chosen based 

to give an idea of the dust over several geographic sites and based on availability 

of government permits and government lands on which to add the passive dust 

collectors. 

To sample playa, we used sterilized putty knives and flat spatulas to 

scrape the top layer (3.0 - 5.0 mm) of playa from the muddy exposed surface at 

1.0 m - 2.0 m distances from the Salton Sea shoreline at Corvina Beach. From a 

0.25 m2 plot, we slid large flat sterilized spatulas into playa material to sever the 

top layer of playa from the underlying sediment. We used the sterile putty knife to 

scrape this playa material into sterile Whirl-pak collection bags. Playa samples 

were frozen prior to subsequent transport and processing at the University of 

California Riverside. 

 

Sample Processing 

To recover and archive dust samples from collectors across each of these 

date ranges, we used 18.2 M Ω water to extract the dust. We rinsed the marbles, 

mesh, and inner pan from each collector, using sterilized gloves to dislodge dust 

from these surfaces into the water suspension; we then removed the mesh and 

marbles and transferred the remaining water and dust suspension to acid-

washed 1 L bottles (Nalgene Nunc International Corporation, Rochester, NY, 

USA; high density polyethylene; HDPE), for further processing and subsequent 

analyses.  
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All materials used for filtration and storage of samples were sterilized by 

acid washing, as described above. Frozen wet playa samples were weighed to 

100 g and suspended into 1 L of 18.2 M Ω water within a beaker. Playa 

suspensions were mixed at the lowest speed on a stir plate at ambient 

temperatures and then filtered through autoclaved cheese cloth. We then filtered 

our playa suspensions into glass funnels through autoclaved 5.0 μm filters 

(Millipore-Sigma, Burlington, MA, USA). 

We filtered all playa and dust suspensions into glass funnels through 

sterile 0.2 μm filters (47-mm diameter; Pall Supor 200 Sterile Grid filters, Pall 

Corporation, Port Washington, New York, USA) into collecting flasks. The 

remaining flow-through of playa (i.e., playa filtrate) was analyzed and 

subsequently used for mouse chamber exposures. Dust filtrates were frozen at a 

45 ° angle in Fast Freeze Flasks, prior to lyophilization on a Labconco FreeZone 

2.5 L -50 °C benchtop freeze dryer (i.e., lyophilizer, Labconco Corp., Kansas 

City, MO, USA). Lyophilized dust filtrate was subsequently normalized by dust 

mass (mg) in an aqueous suspension for use in mouse chamber exposures.  

 

Animals  

All animal studies were done following the UCR institutional IACUC and 

NIH guidelines. Both male and female 8–9-week-old C57BL/6J mice were 

purchased from Jackson Labs, Sacramento and acclimated for one week in the 

University of California, Riverside SPF vivarium. After acclimation, mice were 
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placed in an environmental exposure chamber for experimentation. Mice were 

kept 3-4 to a cage and allowed food and water ad libitum. A 12-hour day/night 

cycle was provided. Exposure lasted for either 48-hours or 7-days. The 48-hour 

timepoint was chosen to reflect an acute innate response, while the 7-day 

timepoint was chosen as we found that Alternaria was capable of generating an 

allergic-type response by 7-days (Biddle et al., 2021). 

  

Chamber operation 

Exposure studies were performed in dual 540 L animal chambers (an 

exposure chamber and a control chamber) developed as described in Peng et al. 

(2019) and as used in Biddle et al. (2021). The relative humidity, temperature, 

and atmospheric pressure were measured in both chambers, with ammonia 

selectively measured in some exposures to ensure consistent exposure 

conditions were maintained. Mice in the exposure chamber were continuously 

fed a mixture of dry filtered air (0.5–1 lpm) and aerosolized spray (dried by two 

in-line silica gel columns, 3.5–4.5 lpm). The PM was generated from solutions 

of Alternaria alternata and Alternaria tenuis filtrate (Greer Laboratories, Lenoir, 

NC, USA; 0.4 g/L), lipoteichoic acid (LTA) from Staphylococcus aureus (Sigma 

Aldrich, St. Louis, USA), Lipopolysaccharide (LPS) from Escherichia coli O55:B5 

(Sigma Aldrich, St. Louis, USA), and playa or dust collected from various sites in 

the region near the Salton Sea (0.025-0.100 g/L). The aerosol sources for the 

exposure were each tested in advance in order to determine chemical 
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composition (high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-

AMS), Aerodyne) and aerosol density (aerosol particle mass analyzer (APM), 

Kanomax) to prepare the solutions to yield the targeted particle mass 

concentration. Sample aerosolization was accomplished by using a homemade 

nebulizer with silica-gel dryers (Peng et al., 2019). Mice in the control chamber 

were given filtered dry air (5.0 lpm) only, with other conditions matching the 

exposure chamber, including bedding replacement, food and water supplies, and 

corresponding day/night cycle. Particulate matter was only monitored within the 

exposure chamber by a scanning mobility particle sizer (SMPS, including Series 

3080 Electrostatic Classifier and Ultrafine Condensation Particle Counter 3776, 

TSI) to assist in maintaining stable PM concentration. The target PM 

concentrations were as follows: 750 μg/m3 for the Alternaria mixture, 150 μg/m3 

for LTA, 1 μg/m3 for LPS, and 1500 μg/m3 for environmental samples. Alternaria, 

LTA, and LPS doses were set at levels that promoted inflammatory cell 

recruitment without an accompanying cytokine storm (data not shown). The 

environmental sample concentration was similar to our previous studies in Biddle 

et al. (2021), where 1500 μg m−3 of water from Salton City was capable of 

inducing differential gene expression in the lungs by 7-days of exposure. For 

each exposure (n = 6-12), we used an equal number of male and female mice. 

Each exposure had a control air cohort that matched the number and sex of the 

exposure group. Mice were kept in the chamber for either 48-hours or 7-days 

depending on the study. 
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Animal Processing 

After either 48-hour or 7-days, the mice were removed from the 

environmental exposure chamber. They were then anesthetized using isoflurane 

and euthanized by cervical dislocation. Bronchoalveolar lavage fluid (BALF) was 

collected by flushing the lungs 3 times with 0.8 mL of PBS. Afterwards, the lungs 

were dissected out for digestion or RNA extraction. The right lung lobes were 

flash frozen in liquid nitrogen and kept at --80°C until RNA extraction. The left 

lobe minced into small (~1-2 mm) sections and digested using 0.5 mg/mL 

collagenase D (Roche Diagnostics, Mannheim, Germany) and 50 U/mL DNase I 

(Sigma Aldrich, St. Louis, USA) in RPMI 1640 (Gibco, Grand Island, USA) 

fortified with 10% heat-inactivated FB (Gibco, Grand Island, USA) preheated to 

37°C. After incubating 30 minutes at 150 rpm in 37°C, the lung was agitated 

using an 18-gauge needle and incubate for another 15 minutes under the same 

conditions. Following digestion, the lung was pushed through a 100 μm cell 

strainer (Corning, Corning, USA). The cell strainer was then washed with RPMI 

1640 with 10% heat-inactivated FBS before centrifugation and resuspension for 

use in flow cytometry.  

Some mice were set aside for histology. After being anesthetized and 

euthanized, the lungs were inflated using 0.7 mL of a 1:1 OCT: PBS mixture. The 

whole lungs were excised, placed into OCT, and flash frozen in liquid nitrogen 

before being stored at -80°C until further processing 
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Histology 

OCT embedded lungs were sectioned at 15 μm in a Cryostat. Sections 

were stored at -80°C until staining. Before staining with H&E, slides were fixed 

with 4% PFA for 10 minutes. Histological images were taken using a Keyence 

BZ-X710 (Keyence Corporation of America, Itasca, USA). 

 

Flow Cytometry 

BALF and post-digested lungs were centrifuged at 1500 rpm before 

resuspension in 100 μL of a 1:100 dilution of Zombie Yellow™ dye (Biolegend, 

San Diego, USA). After staining, cells were washed in FACS Buffer, centrifuged, 

and resuspended in 100 μL of a 1:50 dilution of Mouse BD FC block (BD 

Pharmigen, San Joe, USA). Cells were then stained using the following 

fluorescent antibodies: anti-CD45 FITC (BioLegend, San Diego, USA; Clone 30-

F11), anti-CD19 Percp-Cy5.5 (eBioscience, San Diego, USA; Clone eBio1D3), 

anti-CD3 Alexa Fluor 700 (BioLegend, San Diego, USA; Clone 17A2) or anti-CD3 

APC-Cy7 (BioLegend, San Diego, USA; Clone 17A2), anti-Ly6G BV510 

(BioLegend, San Diego, USA; Clone 1A8), anti-CD11b BV421 (BioLegend, San 

Diego, USA; Clone M1/70), anti-CD11c PE-Cy7 (BioLegend, San Diego, USA; 

Clone N418) and anti-SiglecF APC (BioLegend, San Diego, USA; Clone 

S17007L). 

 Cells stained with Zombie Yellow™ dye were excluded from further 

analysis. Cell populations were determined using the following surface markers: 
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neutrophils were CD45+CD11b+Ly6G+SiglecF-CD11c-, eosinophils were 

CD45+CD11b+SiglecF+CD11c-, T cells were CD45+CD3+SiglecF-CD11c-, and B 

cells were CD45+CD19+SiglecF+CD11c- 

Samples were run on a NovoCyte Quanteon (Agilent Technologies, Santa 

Clara, USA). Gating and analysis were performed using FlowJo (Version 10.81, 

Ashland, USA). 

 

RNA Extraction 

RNA was purified from the frozen right lung lobes using a TRIzol© 

(Ambion, Carlsbad, USA) based method. ~100 mg of frozen lung tissue (half of 

the right lobe) was placed in a mortar, frozen with liquid nitrogen, and ground into 

dust using a pestle. After, the ground lung tissue was placed in TRIzol©. 

Chloroform was added, and the solution was mixed and centrifuged. The surface 

aqueous phase was mixed with isopropyl alcohol and centrifuged. The RNA 

pellet was then washed 3 times with 75% ethanol before drying at room 

temperature. This pellet was then resuspended in DEPC-Treated water (Ambion, 

Austin, USA). Concentration and purity of the RNA was checked via NanoDrop 

2000 (Thermo Scientific, Carlsbad, USA). 

 

NanoString Analysis 

50 ng of purified RNA was analyzed using an nCounter® Sprint Profiler 

(NanoString Technologies, Seattle, USA) with the nCounter® Mouse 
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Immunology Panel according to manufacturer protocols. The nSolver® 4.0 

software (NanoString Technologies, Seattle, USA) was used to normalize gene 

counts based on housekeeping genes and positive controls. Differential 

expression was calculated using the nSolver® Advanced Analysis 2.0 software 

(NanoString Technologies, Seattle, USA), and p-values were adjusted using the 

Benjamini-Hochberg method.  

 Normalized log2 gene counts and differential expression data were 

imported into R version 4.1.2 (R Core Team, 2022) using readr (Wickham et al., 

2022) and readxl (Wicham and Bryan, 2022) and visualized using the ggplot2 

(Wickham, 2016) package and the Khroma (Frerebeau, 2022) package. Principal 

Component Analyses (Pielou,1984) were calculated using the normalized log2 

gene count and the “prcomp” function. This data was visualized using the 

ggforitify (Tang et al., 2016) package. Dendrograms were generated using the 

average log2 gene count for each type of exposure and the built-in hclust 

function using the Ward.D2 method. They were visualized as an unrooted 

dendrogram using the ape (Paradis and Schliep, 2019) package. 

 

Statistical Analysis 

Statistical analysis for inflammatory cell infiltration was done using 

GraphPad Prism 9 (GraphPad, San Diego, USA). P-value was calculated using 

the Mann-Whitney U test for nonparametric data. Results shown include all mice, 

along with the average + the standard error (SE). P-value for gene expression 
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was calculated using nSolver® 4.0 and was false discovery rate (FDR) adjusted 

using the Benjamini-Hochberg method. A p-value of less than 0.05 and an FDR 

adjusted p-value of less than 0.1 were considered significant. 

 

Results 

Pulmonary Inflammation due to Salton Sea Dust Extract Compared to a Desert 

Dust Extract Control 

To assess the biological effects of inhalation of these dusts in the Salton 

Sea region, we made aqueous extracts from collected dust, filtering out inert and 

larger particulate material. We injected suspensions of fine aerosols (~100nm 

diameter) into an environmental chamber for chronic exposures of mice. In 

previous studies on exposure to aerosols generated from Salton Sea water (“sea 

spray”), the exposed lungs showed induction of sets of genes associated with 

low level immune activation; however, no active tissue inflammation (i.e., 

recruitment of inflammatory cells such as neutrophils, eosinophils, lymphocytes) 

was detected above background (Biddle et al., 2021). In striking contrast, in mice 

exposed for 7 days to aerosolized extracts from Salton Sea dust collected at the 

Imperial Wister Unit, there was infiltration by granulocytes around the major 

airways (Fig. 4.1b). Additionally, there was dramatic recruitment of neutrophils in 

bronchoalveolar lavage fluid (BALF) (13.9% + 8.8% vs 0.08 + 0.04%; Fig. 4.1c). 

T cells were also preferentially recruited to the airways (2.4 + 0.7% vs 0.5 + 

0.2%; Fig. 4.1e), though B cells (Fig. 4.1f) and eosinophils (Fig. 4.1d) were not 
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detected above background levels. Moreover, gene expression patterns were 

consistent with activation of acute immune inflammation (Fig. 4.1h). The most 

highly expressed genes included several neutrophil chemokines (Cxcl3, Cf2rb), 

among other inflammatory chemokine (Ccl6, Ccl9). Additionally, several innate 

immune receptors (Cd14, TLR2) and inflammatory cytokine Il1a were 

upregulated in exposed mice.  

For comparison, exposure to extracts of dust collected at Boyd Deep 

Canyon, a site in the desert distant from the prevailing winds of the Salton Sea, 

showed no significant inflammation in either the lung tissue (Fig. 4.1a), BALF 

(Fig. 4.1c,d,e,f), nor a gene expression pattern indicative of active inflammation 

(Fig. 4.1g). While there were some inflammatory chemokines upregulated (Cxcl3, 

Ccl9), they were approximately 25-50% lower than in mice exposed to extract 

from around the Salton Sea. Additionally, control extracts failed to elicit 

upregulation in innate immune receptors or cytokines. 

 

Comparison of 48-Hour and 7-Day timepoints for Salton Sea Dust Extract and 

Reference microbial toxins LTA, LPS, and allergen Alternaria 

Interestingly, although communities near the sea appear to suffer from a 

high incidence of asthma, the inflammatory response seen here did not show 

eosinophil recruitment nor Th2 gene regulation, which are hallmarks of allergic 

inflammation. This is not a limitation of the relatively short term (7d) aerosol 

exposure, as similar exposure to aerosols of the fungal allergen Alternaria 
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produces robust allergic inflammation within 4 to 7 days (Peng et al., 2018; 

Biddle et al., 2021). Second, exposures of only 48 hours induced the strongest 

neutrophil recruitment (63.9 + 3.5% vs 0.1 + 0.03% in the airways; Fig2a; 41.2 + 

10.4% vs 8.6 + 0.6% in the digested lung tissue; Fig. 4.2c) with strong but slightly 

lower persistent inflammation present after 7 days of exposure (Fig. 4.2a) and no 

recruitment of eosinophils at either timepoint (Fig. 4.2b,d). Allergic stimuli such as 

Alternaria tend to have a stronger response at 7 days, as 48 hours does not 

appear to be enough to generate an adaptive response. Both neutrophilic and 

eosinophilic recruitment was greater at 7 days in Alternaria exposed mice (Fig. 

4.2a,b). Thus, material from dust at the Salton Sea induced strong pulmonary 

inflammation, but not the allergic profile more commonly associated with clinical 

asthma.  

The kinetics and types of inflammatory cells recruited matched 

conventional patterns of responses to innate immune triggers such as LPS and 

LTA, ligands for the innate receptors Toll-like receptor 4 (TLR4) and Toll-like 

receptor 2 (TLR2) respectively. These microbial components triggered strong, 

acute neutrophilic inflammation at 48-hours; however, over the course of chronic 

7-day exposure the inflammatory response was significantly attenuated. The 

attenuation over the course of 7 days for Salton Sea dust extracts and innate 

immune triggers vs the increasing response after exposure to allergen is also 

shown at the gene expression level. The average log2 fold change decreased in 

all three exposures, from 0.476 to 0.219 for Wister extract, 0.266 to 0.177 for 
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LPS, and 0.243 to 0.191 for LTA but increased from 0.226 to 0.683 for Alternaria. 

By the 7-day timepoint, the Salton Sea dust extracts, LPS, and LTA had 

attenuated to the point that their gene expression patterns clustered closer to the 

mice given only filtered air while the allergic inflammation gene expression 

patterns in mice exposed to Alternaria were clearly distinct at 7-days (Fig. 4.2e). 

This tendency towards resolution is not seen in an allergic model, as the 

Alternaria response matured over the course of 7 days. 

 

Gene Expression Comparison of Multiple Salton Sea Collection Sites 

To confirm that neutrophil recruitment and innate immune activation were 

representative of the entire Salton Sea basin rather than specifically the Imperial 

Wister Unit, we exposed mice to dust extract collect from two additional sites 

around the Salton Sea, the Dos Palmas Preserve and Sonny Bono. As the 

response was higher at 48-hours for dust extract from the Imperial Wister Unit, 

we used this timepoint for analysis. We found that dust extract from these 

locations triggered neutrophil infiltration to the BALF and gene expression 

profiles (Fig. 4.S1) consistent with dust collected from the Imperial Wister Unit. 

This gene expression profile clustered with the other innate immune triggers and 

the Alternaria mixture before maturation into a Th2 response (Fig. 4.3a). By 

contrast, mice exposed to extracts of playa (dry exposed lakebed), one of the 

major potential sources of dust, failed to recruit significant neutrophil responses 
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and showed few gene expression changes (Fig. 4.S2), with only Marco and Il1a 

being significantly upregulated. 

To better characterize the relationship between the chronic exposures, we 

performed a similar analysis using our 7-day exposures. We found that there was 

significant overlap between the control air and the Boyd Deep Canyon Dust 

extract exposed mice. LTA exposed mice, whom had the most significant 

attenuation of inflammation by 7-days, also overlapped heavily with the control 

air. The LPS and Wister Dust extract exposed mice were distinct from the 

controls, but not to the extent of the Alternaria exposed mice. Thus, while LPS 

and Wister Dust do not have a maturation of the immune response by 7-days, 

they appear to have not fully resolved, indicating a potential for low-level 

inflammation over a longer time course (Fig. 4.3b). It should be noted that LPS 

and Wister responses were distinct from each other, with minimal overlap. Thus, 

they are unlikely to be triggering inflammation through the same mechanism. 

The relationship between the different exposures is summarized in the 

dendrograms in Fig. 4.3c and Fig. 4.3d. For the 48-hour exposures, the response 

to playa is at one end, with the majority of exposures on the other branch. The 

Wister dust has the longest branch, as it has the strongest response and is 

unique among the other exposures. The others are closely related, with minor 

separation. For the 7-day exposures, Alternaria is entirely separated from the 

other exposures. The control dust extract is on the opposite side from the innate 

immune-like responses, which all have little distinction from each other. 
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Discussion 

The response to Salton Sea dust showed similarities to innate immune 

ligands LTA and LPS in the overall kinetics and patterns of gene induction. 

These responses started with high levels of neutrophil, but not eosinophil, 

recruitment to the airways before decreasing to nonexistent (LTA) or minimal 

(LPS) levels by 7 days of continuous exposure, along with an attenuation of 

inflammatory gene expression. This is wholly distinct from an adaptive immune 

Th2 response to the allergen Alternaria which started with a low level of 

neutrophil recruitment before maturing into a stronger response highlighted by 

high levels of neutrophils, eosinophils, and an increase in genes related to Th2 

responses. As the Salton Sea dust followed the kinetics of the innate immune 

ligands, it appears unlikely to be triggering an adaptive response. 

Yet the effects of Salton Sea dust did not strictly match reference innate 

ligands. Salton Sea dust triggered neutrophil recruitment that was persistent for 

at least 7 days, which was not the case in mice exposed to LTA. Additionally, we 

found upregulation of TLR2 in our Salton Sea Dust exposed mice, but not in LTA 

or LPS exposed mice, indicating potential for exacerbation after dust exposure, 

even in the case of selective tolerance to the dust. All Salton Sea dusts induced 

persistent upregulation of Il1a through 7 days of exposure; no other 7-day 

exposure in our study induced significant upregulation of Il1a. Il1a has been 

associated with neutrophil recruitment by cigarette smoke (Botelho et al., 2011), 

as well as promoting inflammatory cytokine release and inhibiting fibrotic 
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extracellular matrix (ECM) release and healing by lung fibroblasts (Suwara et al., 

2014; Osei et al., 2016). The persistent upregulation of Il1a could be a key culprit 

in the pattern of inflammation caused by chronic Salton Sea dust exposure and 

contribute to long term lung pathology without conforming to either microbial 

toxin-driven innate nor adaptive immune patterns of immunity. This is important 

as other innate immune triggers such as LPS tend to attenuate and provide 

immune tolerance (Natarajan et al., 2010), which may not be the case in Salton 

Sea dust exposure. 

It is important to clarify that the patterns of inflammation compared in this 

study are similar to familiar innate immune triggers composed of microbial 

components (cell wall, endotoxin, etc.) that are not by themselves directly toxic, 

and are mediated instead through innate immune receptors such as TLR2 and 

TLR4. These should be viewed as rather distinct from the effects of actual 

microbial toxins (e.g., cyanotoxins, microbicidins, etc.), produced by a variety of 

microbes including both bacteria and algae. The effects of these types of toxins 

on lung inflammation are not within the scope of this study, and while Salton Sea 

water is known to have detectable levels of some cyanotoxins (Carmichael and 

Li, 2006), it is not known if the cyanotoxins can aerosolize and cause pulmonary 

inflammation nor it is known whether Salton Sea dust contains harmful 

concentrations of these toxins. However, studies have cited the potential impact 

of microbial toxins in triggering or exacerbating asthma symptoms when present 

in red tides (Fleming et al., 2007; Zaias et al., 2011). 
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In addition to the ways that Salton Sea dust may directly cause pulmonary 

disease, the dust may interact with allergens to modify asthma development. 

Exposure to LPS during allergic sensitization to ovalbumin or house dust mite 

can worsen Th2 asthma or shift it towards a corticosteroid resistant Th17-type 

asthma (Li et al., 1998; Barboza et al., 2013; Yu and Chen, 2018; Sadakane et 

al., 2019; Thakur et al., 2019). As Salton Sea dust triggers inflammation similar to 

LPS, it may work in similar ways. This would have significant implications for the 

communities surrounding the Salton Sea, as different forms of asthma require 

different treatments. 

The similarity of the Salton Sea dust responses to innate immunity that 

can be triggered by “Pathogen-Associated Molecular Patterns” – that is, bacterial 

components such as endotoxin, cell wall, and other materials – raises the 

question of whether specific microbial species in the Salton Sea or 

accompanying playa dust are particularly pro-inflammatory in lungs. While a 

comprehensive microbiome analysis of the aeolian microbiota has yet to be 

published, several studies have analyzed the composition of the Salton Sea and 

the sediment. Proteobacteria, particularly Gammaproteobacteria and 

Alphaproteobacteria, make up the majority of the bacteria in the Salton Sea and 

in the sediment, followed by Bacteroidetes (Dillon et al., 2009; Swan et al., 2010; 

Hawley et al., 2014). These types of bacteria are known major contributors to 

LPS in the gut (d’Hennezel et al., 2017), and can be carried on dust particles 

over large distances (Tang et al., 2018), indicating a potential source of microbial 
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inflammatory substances, particularly LPS. Understanding the interplay between 

the water, playa and aeolian microbiota is likely critical to understanding the 

pulmonary inflammation due to Salton Sea Dust (Freund et al., 2022). 

As our preparation method filters out whole bacteria, our results would be 

due to the products produced by the bacteria rather than an immune response 

towards the bacteria itself. The diverse bacteria and other microorganisms in the 

dust and playa samples we processed for these exposures produce a wide and 

diverse range of primary and secondary compounds. While our induced 

pulmonary inflammation results from dust extracts were similar to LPS, there 

were clear differences. Thus, while LPS may be a contributing compound to dust-

driven pulmonary inflammation, it is unlikely to be the only factor.  

 

Conclusions 

In summary, our results provide insight into the pulmonary health effects 

of a drying terminal lake. The dust collected from around the Salton Sea was 

uniquely toxic when compared to desert dust collected from a location protected 

from the prevailing winds around the sea. While there is likely a unique ecology 

and contaminants to the Salton Sea Basin, we believe the more general features 

of the drying lake, associated aerosol dusts, and consequent health impact, has 

broad relevance to other regions plagued by chronic drought and drying lakes. 

These regions are unique as they have rapidly increasing levels of dust, which 

has the unique property of triggering high levels of pulmonary inflammation that 
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is likely to worsen the pulmonary health of already vulnerable nearby 

communities. By understanding the inflammation triggered by the dust, the 

mechanisms behind the inflammation, and how it interacts with allergens and 

allergic development, we may be better equipped to handle the negative health 

impacts of the dust and developed tailored strategies to address them. 

 

Acknowledgments 

TAB led experiments and was the primary author of the manuscript. KY, 

TMT, DDC and MLS helped with mouse dissections and processing. RD, QL, 

and DG ran and monitored environmental exposure chamber. HF, MPS, MRM 

collected and processed dust. JY assisted in creation of figure 1 JKB designed 

environmental dust collectors. EA and DRCIII helped with experimental design 

and processing. DDL assisted with experimental design and editing the 

manuscript. This research used the site and facilities of the University of 

California, Natural Reserve System, Philip L. Boyd Deep Canyon Desert 

Research Center, doi:10.21973/N3V66D. 

 

Funding Sources 

The research presented in this publication was supported by the National 

Institute On Minority Health And Health Disparities of the National Institutes of 

Health under Award Number U54MD013368. The content is solely the 



159 
 

responsibility of the authors and does not necessarily represent the official views 

of the National Institutes of Health. 

  



160 
 

References 

Aciego SM, Riebe CS, Hart SC, Blakowski MA, Carey CJ, Aarons SM, 
Dove NC, Botthoff JK, Sims KW, Aronson EL. Dust outpaces bedrock in nutrient 
supply to montane forest ecosystems. Nat Commun. 2017 Mar 28;8:14800. doi: 
10.1038/ncomms14800. 

Anderson, Halie M.; Jackson, Daniel J.. Microbes, allergic sensitization, 
and the natural history of asthma. Current Opinion in Allergy and Clinical 
Immunology: April 2017 - Volume 17 - Issue 2 - p 116-122. doi: 
10.1097/ACI.0000000000000338 

Barboza, R., Câmara, N. O. S., Gomes, E., Sá-Nunes, A., Florsheim, E., 
Mirotti, L., Labrada, A., Alcântara-Neves, N. M., & Russo, M. (2013). Endotoxin 
Exposure during Sensitization to Blomia tropicalis Allergens Shifts TH2 Immunity 
Towards a TH17-Mediated Airway Neutrophilic Inflammation: Role of TLR4 and 
TLR2. PLoS ONE, 8(6). https://doi.org/10.1371/journal.pone.0067115 

Biddle, T. A., Li, Q., Maltz, M. R., Tandel, P. N., Chakraborty, R., Yisrael, 
K., Drover, R., Cocker, D. R., & Lo, D. D. (2021). Salton Sea aerosol exposure in 
mice induces a pulmonary response distinct from allergic inflammation. Science 
of The Total Environment, 792, 148450. 
https://doi.org/10.1016/j.scitotenv.2021.148450 

Blázquez-Prieto J, López-Alonso I, Huidobro C, Albaiceta GM. The 
Emerging Role of Neutrophils in Repair after Acute Lung Injury. Am J Respir Cell 
Mol Biol. 2018 Sep;59(3):289-294. doi: 10.1165/rcmb.2018-0101PS. 

Botelho FM, Bauer CM, Finch D, Nikota JK, Zavitz CC, Kelly A, Lambert 
KN, Piper S, Foster ML, Goldring JJ, Wedzicha JA, Bassett J, Bramson J, 
Iwakura Y, Sleeman M, Kolbeck R, Coyle AJ, Humbles AA, Stämpfli MR. IL-
1α/IL-1R1 expression in chronic obstructive pulmonary disease and mechanistic 
relevance to smoke-induced neutrophilia in mice. PLoS One. 2011;6(12):e28457. 
doi: 10.1371/journal.pone.0028457.  

Bousquet J, Jeffery PK, Busse WW, Johnson M, Vignola AM. Asthma. 
From bronchoconstriction to airways inflammation and remodeling. Am J Respir 
Crit Care Med. 2000 May;161(5):1720-45. doi: 10.1164/ajrccm.161.5.9903102.  

Bullard, J., Baddock, M., McTainsh, G., Leys, J., 2008. Sub-basin scale 
dust source geomorphology detected using MODIS. Geophysical Research 
Letters 35. doi:10.1029/2008GL033928 



161 
 

Burr, A. C., Velazquez, J. V., Ulu, A., Kamath, R., Kim, S. Y., Bilg, A. K., 
Najera, A., Sultan, I., Botthoff, J. K., Aronson, E., Nair, M. G., & Nordgren, T. M. 
(2021). Lung inflammatory response to environmental dust exposure in mice 
suggests a link to regional respiratory disease risk. Journal of Inflammation 
Research, 14, 4035–4052. https://doi.org/10.2147/JIR.S320096 

California Environmental Protection Agency, Office of Environmental 
Health Hazard Assessment, 2021, October 20. CalEnviroScreen 4.0. Retrieved 
from. https://oehha.ca.gov/calenviroscreen/report/calenviroscreen-40 

Carmichael, W. W., & Li, R. H. (2006). Cyanobacteria toxins in the Salton 
Sea. Saline Systems, 2, 5. https://doi.org/10.1186/1746-1448-2-5 

Chen YS, Sheen PC, Chen ER, Liu YK, Wu TN, Yang CY. Effects of Asian 
dust storm events on daily mortality in Taipei, Taiwan. Environ Res. 2004 
Jun;95(2):151-5. doi: 10.1016/j.envres.2003.08.008. 

D’Evelyn, S. M., Vogel, C. F. A., Bein, K. J., Lara, B., Laing, E. A., Abarca, 
R. A., Zhang, Q., Li, L., Li, J., Nguyen, T. B., & Pinkerton, K. E. (2021). 
Differential inflammatory potential of particulate matter (PM) size fractions from 
imperial valley, CA. Atmospheric Environment, 244(January 2020). 
https://doi.org/10.1016/j.atmosenv.2020.117992 

d'Hennezel E, Abubucker S, Murphy LO, Cullen TW. Total 
Lipopolysaccharide from the Human Gut Microbiome Silences Toll-Like Receptor 
Signaling. mSystems. 2017 Nov 14;2(6):e00046-17. doi: 
10.1128/mSystems.00046-17. 

Dillon JG, McMath LM, Trout AL. Seasonal changes in bacterial diversity 
in the Salton Sea. Hydrobiologia. 2009. 632:49-
64. https://doi.org/10.1007/s10750-009-9827-4 

Ege MJ, Mayer M, Normand AC, et al. Exposure to environmental 
microorganisms and childhood asthma. N Engl J Med 2011; 364:701–709. 

Environmental Protection Agency. (2022, August 31). Nonattainment 
Areas for Criteria Pollutants (Green Book). https://www.epa.gov/green-book 

Evan, A. T. (2019). Downslope winds and dust storms in the salton basin. 
Monthly Weather Review, 147(7), 2387–2402. https://doi.org/10.1175/MWR-D-
18-0357.1 

Farzan, S. F., Razafy, M., Eckel, S. P., Olmedo, L., Bejarano, E., & 
Johnston, J. E. (2019). Assessment of respiratory health symptoms and asthma 

https://doi.org/10.1007/s10750-009-9827-4
https://www.epa.gov/green-book


162 
 

in children near a drying saline lake. International Journal of Environmental 
Research and Public Health, 16(20). https://doi.org/10.3390/ijerph16203828 

Fleming, L. E., Kirkpatrick, B., Backer, L. C., Bean, J. A., Wanner, A., 
Reich, A., Zaias, J., Cheng, Y. S., Pierce, R., Naar, J., Abraham, W. M., & 
Baden, D. G. (2007). Aerosolized red-tide toxins (brevetoxins) and asthma. 
Chest, 131(1), 187–194. https://doi.org/10.1378/chest.06-1830 

Frerebeau N (2022). khroma: Colour Schemes for Scientific Data 
Visualization. Université Bordeaux Montaigne, Pessac, 
France. doi:10.5281/zenodo.1472077, R package version 
1.9.0, https://packages.tesselle.org/khroma/. 

Freund* H, Maltz* M, Swenson M, Topacio T, Montellano V, Porter W, 
Aronson E. 2022. Microbiome interactions and their ecological implications at the 
Salton Sea. Calif Agr 76(1):16-26. https://doi.org/10.3733/ca.2022a0002. 

Frie, A. L., Dingle, J. H., Ying, S. C., & Bahreini, R. (2017). The Effect of a 
Receding Saline Lake (The Salton Sea) on Airborne Particulate Matter 
Composition. Environmental Science and Technology, 51(15), 8283–8292. 
https://doi.org/10.1021/acs.est.7b01773 

Hawley ER, Schackwitz W, Hess M. Metagenomic sequencing of two 
Salton Sea microbiomes. Genome Announc. 2014. 2:2010-
1. https://doi.org/10.1128/genomeA.01208-13 

Hossein Mardi, A., Khaghani, A., MacDonald, A. B., Nguyen, P., Karimi, 
N., Heidary, P., Karimi, N., Saemian, P., Sehatkashani, S., Tajrishy, M., & 
Sorooshian, A. (2018). The Lake Urmia environmental disaster in Iran: A look at 
aerosol pollution. The Science of the total environment, 633, 42–49. 
https://doi.org/10.1016/j.scitotenv.2018.03.148. 

Jackson DJ, Gangnon RE, Evans MD, et al. Wheezing rhinovirus illnesses 
in early life predict asthma development in high-risk children. Am J Respir Crit 
Care Med 2008; 178:667–672. 

James KM, Gebretsadik T, Escobar GJ, et al. Risk of childhood asthma 
following infant bronchiolitis during the respiratory syncytial virus season. J 
Allergy Clin Immunol 2013; 132:227–229. 

Jen-Chieh Chang, Lin Wang, Rong-Fu Chen, Chieh-An Liu, "Perinatal 
Gene-Gene and Gene-Environment Interactions on IgE Production and Asthma 
Development", Journal of Immunology Research, vol. 2012, Article ID 270869, 9 
pages, 2012. https://doi.org/10.1155/2012/270869 

https://doi.org/10.5281/zenodo.1472077
https://packages.tesselle.org/khroma/
https://doi.org/10.3733/ca.2022a0002
https://doi.org/10.1128/genomeA.01208-13
https://doi.org/10.1016/j.scitotenv.2018.03.148
https://doi.org/10.1155/2012/270869


163 
 

Kwon, H. J., Cho, S. H., Chun, Y., Lagarde, F., & Pershagen, G. (2002). 
Effects of the Asian dust events on daily mortality in Seoul, Korea. Environmental 
Research, 90(1), 1–5. https://doi.org/10.1006/enrs.2002.4377 

Li, L., Xia, Y., Nguyen, A., Feng, L., & Lo, D. (1998). Th2-induced eotaxin 
expression and eosinophilia coexist with Th1 responses at the effector stage of 
lung inflammation. Journal of Immunology (Baltimore, Md. : 1950), 161(6), 3128–
3135. http://www.ncbi.nlm.nih.gov/pubmed/9743380 

Lynch SV, Wood RA, Boushey H, et al. Effects of early-life exposure to 
allergens and bacteria on recurrent wheeze and atopy in urban children. J Allergy 
Clin Immunol 2014; 134:593–601. 

Maltz, M. R., Carey, C. J., Freund, H. L., Botthoff, J. K., Hart, S. C., 
Stajich, J. E., Aarons, S. M., Aciego, S. M., & Meyer, K. M. (2022). Landscape 
Topography and Regional Drought Alters Dust Microbiomes in the Sierra Nevada 
of California. 13(June), 1–19. https://doi.org/10.3389/fmicb.2022.856454 

Natarajan S, Kim J, Remick DG. Chronic pulmonary LPS tolerance 
induces selective immunosuppression while maintaining the neutrophilic 
response. Shock. 2010 Feb;33(2):162-9. doi: 10.1097/SHK.0b013e3181aa9690. 

Osei, E. T., Noordhoek, J. A., Hackett, T. L., Spanjer, A. I. R., Postma, D. 
S., Timens, W., Brandsma, C.-A., & Heijink, I. H. (2016). Interleukin-1α drives the 
dysfunctional cross-talk of the airway epithelium and lung fibroblasts in COPD. 
European Respiratory Journal, 48(2), 359 LP – 369. 
https://doi.org/10.1183/13993003.01911-2015 

Paradis E, Schliep K (2019). “ape 5.0: an environment for modern 
phylogenetics and evolutionary analyses in R.” Bioinformatics, 35, 526-528. 

Parajuli, S. P., & Zender, C. S. (2018). Projected changes in dust 
emissions and regional air quality due to the shrinking Salton Sea. Aeolian 
Research, 33(June), 82–92. https://doi.org/10.1016/j.aeolia.2018.05.004 

Peng, X., Madany, A. M., Jang, J. C., Valdez, J. M., Rivas, Z., Burr, A. C., 
Grinberg, Y. Y., Nordgren, T. M., Nair, M. G., Cocker, D., Carson, M. J., & Lo, D. 
D. (2018). Continuous Inhalation Exposure to Fungal Allergen Particulates 
Induces Lung Inflammation While Reducing Innate Immune Molecule Expression 
in the Brainstem. ASN Neuro, 10, 175909141878230. 
https://doi.org/10.1177/1759091418782304 

Peng, X., Maltz, M. R., Botthoff, J. K., Aronson, E. L., Nordgren, T. M., Lo, 
D. D., & Cocker, D. R. (2019). Establishment and characterization of a multi-



164 
 

purpose large animal exposure chamber for investigating health effects. Review 
of Scientific Instruments, 90(3), 1–7. https://doi.org/10.1063/1.5042097 

Pielou, E.C. (1984) The Interpretation of Ecological Data: A Primer on 
Classification and Ordination. J. Wiley and Sons, New York. 

Poole, J. A., & Romberger, D. J. (2012). Immunological and inflammatory 
responses to organic dust in agriculture. Current Opinion in Allergy and Clinical 
Immunology, 12(2), 126–132. https://doi.org/10.1097/ACI.0b013e3283511d0e 

R Core Team. (2022). R: A Language and Environment for Statistical 
Computing. Vienna, Austria. Retrieved from https://www.R-project.org/ 

Reheis, M. C. (1997), Dust deposition downwind of Owens (dry) Lake, 
1991–1994: Preliminary findings, J. Geophys. Res., 102( D22), 25999– 26008, 
doi:10.1029/97JD01967. 

Reynolds, R.L., Yount, J.C., Reheis, M., Goldstein, H., Chavez, P., Jr., 
Fulton, R., Whitney, J., Fuller, C. and Forester, R.M. (2007), Dust emission from 
wet and dry playas in the Mojave Desert, USA. Earth Surf. Process. Landforms, 
32: 1811-1827. https://doi.org/10.1002/esp.1515 

Sadakane, K., Ichinose, T., & Nishikawa, M. (2019). Effects of co-
exposure of lipopolysaccharide and β-glucan (Zymosan A) in exacerbating 
murine allergic asthma associated with Asian sand dust. Journal of Applied 
Toxicology, 39(4), 672–684. https://doi.org/10.1002/jat.3759 

Simpson A, Tan VY, Winn J, et al. Beyond atopy: multiple patterns of 
sensitization in relation to asthma in a birth cohort study. Am J Respir Crit Care 
Med 2010; 181:1200–1206. 

Stein MM, Hrusch CL, Gozdz J, et al. Innate immunity and asthma risk in 
Amish and Hutterite farm children. N Engl J Med 2016; 375:411–421 

Stoltz DJ, Jackson DJ, Evans MD, et al. Specific patterns of allergic 
sensitization in early childhood and asthma & rhinitis risk. Clin Exp Allergy 2013; 
43:233–241. 

Suwara, M., Green, N., Borthwick, L. et al. IL-1α released from damaged 
epithelial cells is sufficient and essential to trigger inflammatory responses in 
human lung fibroblasts. Mucosal Immunol 7, 684–693 (2014). 
https://doi.org/10.1038/mi.2013.87 

Swan BK, Ehrhardt CJ, Reifel KM, et al. Archaeal and bacterial 
communities respond differently to environmental gradients in anoxic sediments 

https://www.r-project.org/
https://doi.org/10.1029/97JD01967
https://doi.org/10.1002/esp.1515
https://doi.org/10.1038/mi.2013.87


165 
 

of a California hypersaline lake, the Salton Sea. Appl Environ Microbiol. 2010. 
76:757-68. https://doi.org/10.1128/aem.02409-09 

Tang Y, Horikoshi M, Li W (2016). “ggfortify: Unified Interface to Visualize 
Statistical Result of Popular R Packages.” The R Journal, 8(2), 474–485. 
doi: 10.32614/RJ-2016-060, https://doi.org/10.32614/RJ-2016-060. 

Tang, K., Huang, Z., Huang, J., Maki, T., Zhang, S., Shimizu, A., Ma, X., 
Shi, J., Bi, J., Zhou, T., Wang, G., and Zhang, L.: Characterization of 
atmospheric bioaerosols along the transport pathway of Asian dust during the 
Dust-Bioaerosol 2016 Campaign, Atmos. Chem. Phys., 18, 7131–7148, 
https://doi.org/10.5194/acp-18-7131-2018, 2018. 

Thakur, V. R., Khuman, V., Beladiya, J. V., Chaudagar, K. K., & Mehta, A. 
A. (2019). An experimental model of asthma in rats using ovalbumin and 
lipopolysaccharide allergens. Heliyon, 5(11), e02864. 
https://doi.org/10.1016/j.heliyon.2019.e02864 

Watanabe, M., Yamasaki, A., Burioka, N., Kurai, J., Yoneda, K., Yoshida, 
A., Igishi, T., Fukuoka, Y., Nakamoto, M., Takeuchi, H., Suyama, H., Tatsukawa, 
T., Chikumi, H., Matsumoto, S., Sako, T., Hasegawa, Y., Okazaki, R., Horasaki, 
K., & Shimizu, E. (2011). Correlation between Asian dust storms and worsening 
asthma in Western Japan. Allergology International, 60(3), 267–275. 
https://doi.org/10.2332/allergolint.10-OA-0239 

Wickham H (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-
Verlag New York. ISBN 978-3-319-24277-4, https://ggplot2.tidyverse.org. 

Wickham H, Bryan J (2022). readxl: Read Excel Files. 
https://readxl.tidyverse.org, https://github.com/tidyverse/readxl. 

Wickham H, Hester J, Bryan J (2022). readr: Read Rectangular Text Data. 
https://readr.tidyverse.org, https://github.com/tidyverse/readr. 

Xu, E. G., Bui, C., Lamerdin, C., & Schlenk, D. (2016). Spatial and 
temporal assessment of environmental contaminants in water, sediments and 
fish of the Salton Sea and its two primary tributaries, California, USA, from 2002 
to 2012. Science of the Total Environment, 559, 130–140. 
https://doi.org/10.1016/j.scitotenv.2016.03.144 

Yu, Q. L., & Chen, Z. (2018). Establishment of different experimental 
asthma models in mice. Experimental and Therapeutic Medicine, 15(3), 2492–
2498. https://doi.org/10.3892/etm.2018.5721 

https://doi.org/10.1128/aem.02409-09
https://doi.org/10.32614/RJ-2016-060
https://doi.org/10.32614/RJ-2016-060
https://ggplot2.tidyverse.org/
https://github.com/tidyverse/readxl
https://github.com/tidyverse/readr


166 
 

Zaias, J., Fleming, L. E., Baden, D. G., & Abraham, W. M. (2011). 
Repeated exposure to aerosolized brevetoxin-3 induces prolonged airway 
hyperresponsiveness and lung inflammation in sheep. Inhalation Toxicology, 
23(4), 205–211. https://doi.org/10.3109/08958378.2011.558936 

Zhou, C., Huang, J. C., Liu, F., He, S., & Zhou, W. (2017). Effects of 
selenite on Microcystis aeruginosa: Growth, microcystin production and its 
relationship to toxicity under hypersalinity and copper sulfate stresses. 
Environmental Pollution, 223, 535–544. 
https://doi.org/10.1016/j.envpol.2017.01.056 

 
  

https://doi.org/10.1016/j.envpol.2017.01.056


167 
 

Figures 

 

Figure 4.1 - Collection Sites and Changes in Exposed Playa Over Time 

Map showing the 3 dust collection sites (Wister, Dos Palmas, Sonny 

Bono) from around the Salton Sea, along with the desert dust control collection 

site (Boyd Deep Canyon), playa collection site (Corvina Beach), and water 

collection site from Biddle et al., 2021 (Salton City). Map also shows the change 

in playa exposure between 1985-2020 due to evaporation of the Salton Sea.  
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Figure 4.2 - Pulmonary inflammation triggered by Salton Sea (Wister) Dust 

extract and by Desert (Boyd Deep Canyon) Dust extract 

(A) 20X magnification H&E stain of lung tissue from mice exposed to Boyd 

Deep Canyon Dust extract. Insets are 60X magnification. (B) 20X magnifcation 

H&E stain of lung tisue from mice exposed to Wister Dust extract. Insets are 60X 

magnification. (C) Neutrophilic infiltration into the bronchoalveolar lavage fluid 

measured as a percentage of total immune cells (CD45+) as determined by flow 

cytometry. Neutrophil were defined as CD45+CD11b+Ly6G+SiglecF-CD11c-. (D) 

Eosinophilic infiltration into the bronchoalveolar lavage fluid measured as a 

percentage of total immune cells (CD45+) as determined by flow cytometry. 

Eosinophils were defined as CD45+CD11b+SiglecF+CD11c-. (E) T cell infiltration 

into the bronchoalveolar lavage fluid measured as a percentage of total immune 

cells (CD45+) as determined by flow cytometry. T cells were defined as 

CD45+CD3+SiglecF-CD11c-. (F) B cell infiltration into the bronchoalveolar lavage 

fluid measured as a percentage of total immune cells (CD45+) as determined by 

flow cytometry. B cells were defined as CD45+CD19+SiglecF+CD11c-. All Boyd 

Deep Canyon Dust extract (n = 4) and Wister Dust extract (n = 6) exposed mice 

were compared to contemporaneous sex- and age-matched mice exposed to 

filtered house air. (G) Differential expression plot for Boyd Deep Canyon Dust 

extract exposed mice (n = 6) compared to contemporaneous sex- and age-

matched mice exposed to filtered house air (n = 6). (F) Differential expression 

plot for Wister Dust extract exposed mice (n = 9) compared to contemporaneous 



170 
 

sex- and age-matched mice exposed to filtered house air (n = 9). Gene 

expression was measured by a Nanostring Sprint Profiler using the mouse 

immunology panel; analysis was done using the accompanying nSolver software 

and visualized using ggplot2. Labeled genes have a log2 fold change greater 

than 1 or less than negative 1 and an Benjamini-Hochberg adjusted False 

Discovery Rate of < 0.01. * p < 0.05. ** p < 0.01. p-value determined using the 

Mann-Whitney U test for nonparametric data.  
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Figure 4.3 - Changes from 48-hour to 7-day timepoints for Salton Sea 

(Wister) Dust extract, Alternaria, LTA, and LPS exposed mice 

(A) Neutrophil infiltration at 48-hours and 7-days in the bronchoalveolar 

lavage fluid (BALF) as a percent of total immune cells (CD45+) for Wister Dust 

extract, Alternaria, LTA, and LPS exposed mice. (B) Eosinophil infiltration at 48-

hours and 7-days in the bronchoalveolar lavage fluid (BALF) as a percent of total 

immune cells (CD45+) for Wister Dust extract, Alternaria, LTA, and LPS exposed 

mice. (C) Neutrophil infiltration at 48-hours and 7-days in the lung tissue as a 

percent of total immune cells (CD45+) for Wister Dust extract, Alternaria, LTA, 

and LPS exposed mice. (D) Eosinophil infiltration at 48-hours and 7-days in the 

lung tissue as a percent of total immune cells (CD45+) for Wister Dust extract, 

Alternaria, LTA, and LPS exposed mice. Neutrophils were defined as 

CD45+CD11b+Ly6G+SiglecF-CD11c-, while eosinophils were defined as 

CD45+CD11b+SiglecF+CD11c-. All timepoint and exposure combinations were 

compared to contemporaneous sex- and age-matched mice exposed to filtered 

house air. n = 4-6 (E) PCA plot showing the changes from the 48-hour timepoints 

to 7-day timepoints for Wister Dust extract, Alternaria, LTA, and LPS exposed 

mice. PCA was generated using the prcomp function in R and visualized using 

ggplot2. Each point represents the average location of the specific timepoint and 

exposure combination on PC1 and PC2. Arrows highlight trend line from 48-hour 

to 7-day for each exposure. n = 6-9. * p < 0.05, ** p < 0.01. p-value calculated 

using the Mann-Whitney U test for nonparametric data.   
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Figure 4.4 - Gene expression comparisons for 48 hour and 7-day timepoints 

(A) PCA plot comparing Salton Sea Dust extract (Wister, Sonny Bono, 

Dos Palmas), Salton Sea Playa extract (Corvina Beach), LTA, LPS and 

Alternaria exposed mice at 48-hour (n=6). (B) PCA plot comparing Salton Sea 

Dust extract (Wister), Desert Dust extract (Boyd Deep Canyon), LTA, LPS and 

Alternaria exposed mice at 7-days (n = 6-9). PCA was generated using the 

prcomp function in R and visualized using ggplot2. (C) Dendrogram showing the 

relationship between Salton Sea Dust extract (Wister, Sonny Bono, Dos Palmas), 

Salton Sea Playa extract (Corvina Beach), LTA, LPS and Alternaria exposed 

mice at 48-hour (n = 6). (D) Dendrogram showing the relationship between 

Salton Sea Dust extract (Wister), Desert Dust extract (Boyd Deep Canyon), LTA, 

LPS and Alternaria exposed mice at 7-days (n = 6-9). Dendrograms were 

generated using the log2 value for each gene averaged by the exposure. This 

average was then used with the hclust function (method = Ward.D2) and 

visualized using the ape package.   
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Figure 4.S1 - Dos Palmas and Sonny Bono Cell infiltration and Gene 

expression 

(A) Neutrophilic infiltration into the bronchoalveolar lavage fluid in mice 

exposed to Dos Palmas Dust extract for 48-hours measured as a percentage of 

total immune cells (CD45+) as determined by flow cytometry. (B) Neutrophilic 

infiltration into the bronchoalveolar lavage fluid in mice exposed to Sonny Bono 

Dust extract for 48-hours measured as a percentage of total immune cells 

(CD45+) as determined by flow cytometry. Neutrophil were defined as 

CD45+CD11b+Ly6G+SiglecF-CD11c-. All Dos Palmas Dust extract (n = 4) and 

Sonny Bono Dust extract (n = 6) exposed mice were compared to 

contemporaneous sex- and age-matched mice exposed to filtered house air. (C) 

Differential expression plot for Dos Palmas Dust extract exposed mice (n = 6) 

compared to contemporaneous sex- and age-matched mice exposed to filtered 

house air (n = 6). (D) Differential expression plot for Sonny Bono Dust extract 

exposed mice (n = 6) compared to contemporaneous sex- and age-matched 

mice exposed to filtered house air (n = 6). Gene expression was measured by a 

Nanostring Sprint Profiler using the mouse immunology panel; analysis was done 

using the accompanying nSolver software and visualized using ggplot2. Labeled 

genes have a log2 fold change greater than 1 or less than negative 1 and an 

Benjamini-Hochberg adjusted False Discovery Rate of < 0.01. * p < 0.05. ** p < 

0.01. p-value determined using the Mann-Whitney U test for nonparametric data. 

Average + standard error shown.  
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Figure 4.S2 - Response to Corvina Beach Playa 

(A) Neutrophilic infiltration into the bronchoalveolar lavage fluid in mice 

exposed to Corvina Beach Playa extract for 48-hours Neutrophil were defined as 

CD45+CD11b+Ly6G+SiglecF-CD11c-. Corvina Beach Playa extract (n = 4) 

exposed mice were compared to contemporaneous sex- and age-matched mice 

exposed to filtered house air. (B) Differential expression plot for Corvina Beach 

Playa extract exposed mice (n = 6) compared to contemporaneous sex- and age-

matched mice exposed to filtered house air (n = 6). Gene expression was 

measured by a Nanostring Sprint Profiler using the mouse immunology panel; 

analysis was done using the accompanying nSolver software and visualized 

using ggplot2. Labeled genes have a log2 fold change greater than 1 or less than 

negative 1 and an Benjamini-Hochberg adjusted False Discovery Rate of < 0.01. 

* p < 0.05. ** p < 0.01. p-value determined using the Mann-Whitney U test for 

nonparametric data. Average + standard error shown.  
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Table 4.1 - Site and sampling characteristics 

Coordinates and deployment dates for each of five sites Salton Sea Basin 

of California. 

 

Site  Latitude 

(ºN)  

Longitude 

(ºW)  

Sampling 

dates 

Deployment 

(days)  

Sample 

type 

Corvina 

Beach  

 

33°28'36.5 115°53'31.3 

 

08/21/21 n/a playa 

Boyd Deep 

 

33°39'04.0 

 

116°22'22.9 08/14/20-

10/08/20 

55 dust 

Sonny 

Bono   

 

33°11'16.0 115°35'57.3 08/30/20-

10/10/20 

44 dust 

Wister 

 

33°17'01.7 115°36'00.3 08/30/20-
10/10/20, 

09/18/21-
12/08/21 

44, 

81 

dust 

Dos Palmas 

 

33°29'22.1 115°50'06.3 08/30/20-

10/10/20 

44 dust 
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Chapter 5: Conclusion 

 The aerosols generated around the Salton Sea are a complex mixture of 

various sources and pollutants that will take many years to fully describe. 

However, as the Salton Sea is rapidly drying and exposing the surrounding 

communities to more dust, rapid action is required. In order to aid the 

communities, it is important to understand how these aerosols can contribute to 

pulmonary inflammation even if we do not fully understand the composition. The 

research presented in this dissertation is the first step in describing how two 

potential sources of pulmonary inflammation contribute to pulmonary health in 

the region. 

 Salton Sea Water was capable of triggering minor changes in lung tissue 

gene expression. However, there was no significant change in inflammatory cell 

infiltration in the airways, and the gene expression profile did not match that of 

the T2-like allergen Alternaria. The water failed to predispose mice to Alternaria, 

indicating that it likely has little effect on asthma development even in 

combination with a potent allergen. Based on our results, the Salton Sea Water 

aerosols (sea spray) are unlikely to be the primary source of pulmonary 

inflammation and asthma, either directly or indirectly. 

 Particulate matter (PM) is an ongoing concern in the Salton Sea Basin, as 

the region is designated a nonattainment area for PM10 (Particulate matter 

between 2.5 μm and 10 μm in aerosol diameter) and PM2.5 (Particulate matter 

under 2.5 μm in aerosol diameter) (Environmental Protection Agency, 2022). As 
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the Salton Sea dries, the PM in the region is projected to worsen (Parajuli and 

Zender, 2018). This newly exposed playa (dried lakebed) likely contains a higher 

concentration of pollutants than the water, as levels of pollutants such as 

pesticides are elevated in the sediment (Xu et al., 2016). 

 Our results indicate that dust from around the Salton Sea is already 

capable of triggering neutrophilic pulmonary inflammation with high expression of 

acute inflammatory genes. While this response is greater at 48-hours than at 7-

days, we found persistent inflammation even at the 7-day timepoint. This 

response is similar to those of TLR2/4 agonists lipoteichoic acid (LTA) and 

lipopolysaccharide (LPS). However, this response still does not explain the high 

levels of asthma (Farzan et al., 2019) and asthma-related ER visits in the region 

(California Environmental Protection Agency and Office of Environmental Health 

Hazard Assessment, 2021). As epidemiological data from the region is scarce, 

there could be multiple explanations for this discrepancy. The people in the 

Salton Sea Basin may not have traditional T2 asthma, instead having chronic 

low-level inflammation due to dust exposure that manifests as asthma-like 

symptoms. The dust could also be predisposing individuals to asthma by 

modulating the inflammatory response, similar to other sources of desert dust 

such as Asian Sand Dust (Ren et al., 2014; He et al., 2016; He et al., 2019; 

Sadakane et al., 2022). If dust is modulating asthma development, it would be 

critical to understand the mechanisms, as other immunomodulatory agents such 

as LPS have been shown to exacerbate T2 asthma or convert T2 asthma to 
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Th17 asthma (Li et al., 1998; Barboza et al., 2013; Yu and Chen, 2018; 

Sadakane et al., 2019; Thakur et al., 2019). As Th17 driven asthma has been 

linked to corticosteroid resistance, a shift towards Th17 asthma would help 

explain the high rates of severe asthma in the region. 

 More work remains to be done to understand the mechanisms driving 

Salton Sea Dust related pulmonary inflammation and its effect on community 

health. While we know that the immune response to Salton Sea Dust mimics the 

response to LTA and LPS, we do not know if these rely on the same 

mechanisms. We also do not know if long-term exposure to Salton Sea Dust 

alone is sufficient to cause airway hyperreactivity. Despite other models of dust 

and TLR driven inflammation demonstrating the worsening or conversion of the 

T2 response when combined with a potent allergen, we do not yet know if Salton 

Sea Dust interacts the same way. Additionally, more work needs to be done to 

understand if there is substantial season variation in the Salton Sea Dust. While 

our results show year-to-year consistency in the general profile of Salton Sea 

Dust driven inflammation, our samples were exclusively collected in autumn.  

With a deeper understanding of how Salton Sea Dust drives pulmonary 

inflammation, healthcare professionals can be better informed on how to treat 

patients, and more targeted epidemiological studies can be performed. This 

information also allows for a more direct search into the causal agent(s) driving 

pulmonary inflammation. The results from the studies performed for this 
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dissertation are merely the first of many to transform our understanding of the 

Salton Sea basin and the health of the communities within. 
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