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ABSTRACT OF THE DISSERTATION
Pulmonary Inflammation, Aerosol Exposure, and Health Impacts
by
Keziyah Yisrael-Gayle
Doctor of Philosophy, Graduate Program in Biomedical Sciences
University of California, Riverside, September 2024
Dr. David D. Lo, Chairperson
The work described in this dissertation delves into the intricate relationship

between environmental exposures, inflammation, and pulmonary health, with a
focus on the impact of chronic exposure to environmental particulate matter from
the Salton Sea, TGF-f signaling in allergic asthma, and the therapeutic potential

of antimicrobial peptides.

The Salton Sea is California’s largest inland lake, bordering Riverside and
Imperial Counties. The impoverished communities surrounding the lake have
been documented to suffer from abnormally high rates of asthma. My studies
investigated the effects of aerosolized particulate matter from the Salton Sea on
pulmonary health. Using a novel aerosol exposure chamber system, | generated
murine models to understand the health impacts of chronic particulate matter
exposure. My research revealed that exposure to Salton Sea dust elicited distinct
inflammatory and gene expression profiles in the lungs. Mice exposed to the dust

showed elevated levels of pro-inflammatory cytokines and significant gene

Vi



expression changes. My studies identified the bacterial toxin, Lipopolysaccharide
(LPS), in the dust, linking environmental degradation to public health issues. |
found that endotoxins produced by bacteria entrained in the dust triggered

severe neutrophilic inflammatory responses in the respiratory system.

In my research on TGF- signaling, | demonstrated that Vactosertib, a
TGF-B Rl antagonist, significantly reduces eosinophil recruitment and lung tissue
fibrosis. Mice treated with Vactosertib exhibited reduced airway
hyperresponsiveness and inflammation compared to untreated controls. These
findings underscore the potential of targeted molecular therapies in managing
chronic inflammatory diseases and suggest that Vactosertib could be a promising

treatment for severe allergic asthma.

Finally, my exploration of antimicrobial peptides from the HLB-resistant
Australian Finger Lime revealed their potential as a sustainable alternative to
traditional antibiotics. My research showed that these peptides exhibited
promising bacteriostatic effects against pathogens such as Salmonella
typhimurium and Pseudomonas aeruginosa. By disrupting bacterial cell
membranes and affecting biofilm formation, these peptides demonstrated
significant bacterial growth inhibition, offering a new avenue for combating

resistant pathogens.
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Chapter 1: Introduction

Lung Anatomy and Physiology

The primary function of the lung is respiration. This process of
respiration involves the inhalation of oxygen and exhalation of carbon dioxide,
the byproduct of converting oxygen into energy. In humans, the lung has two
main lobes, the left and the right lobes. Although the structural organization of
each lobe is similar, they differ in their anatomical arrangement. The right lung is
divided into 3 segments, the right upper, right middle, and right lower lobes.
While the left lung is only composed of two lobes, the upper and the lower
segments’. While the lungs serve as the centerpiece of the respiratory system,
this system also includes additional organs. This complex system is divided into
two tracts, with the upper respiratory tract consisting of the nose, nasal cavity,
mouth, sinuses, throat, and the trachea.

The nasal cavity is typically the first to interact with inspired air2. As air
passes through the nasal cavity, it is humidified, warmed and filtered. This
filtering that takes place in the nasal cavity, is the respiratory immune systems
initial clearance of debris. It is lined with ciliated pseudostratified columnar
epithelium and mucosal cells responsible for mucus secretion to facilitate
mucociliary clearance of microscale aerosolized particles that become trapped in
the nasal passages. Mucociliary clearance is the lungs’ first line of defense in the
upper respiratory tract. The ciliated epithelium of the nasal cavity assists in

expelling inhaled particles out of the respiratory system?®. This mechanism also


https://www.ncbi.nlm.nih.gov/books/NBK470197/
https://www.ncbi.nlm.nih.gov/books/NBK544232/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5378048/#:~:text=Mucociliary%20clearance%20(MCC)%20is%20the,the%20surface%20of%20ciliated%20cells

takes place directly within the lungs as the ciliated pseudostratified epithelium
and mucus producing goblet cells line the respiratory tract, trapping particulate
matter and/or pathogens that have made it past the nasal passages and
propelling these particles from the respiratory system by coughing to stimulate
phlegm expulsion®.

The lower respiratory system is often split into two zones, the conducting
zone and the respiratory zone. The conducting zone is formed by the trachea, as
well as the bronchi and bronchioles, while the respiratory zone is formed by
respiratory bronchioles, alveolar ducts, and alveoli. As air passes from the nose
through the trachea, it travels through the two large primary right and left bronchi
branching off from the trachea. These bronchi branch into smaller airways known
as secondary bronchi which branch into tertiary bronchi and eventually
bronchioles®. Bronchioles terminate in tiny air sacs known as alveoli, whose
ultimate function is to facilitate gas exchange. While the structure of bronchi is
supported and maintained by smooth muscle encased by thick rings of hyaline
cartilage, as you progress through the respiratory tree, the amount of cartilage
and smooth muscle significantly decreases?. In fact, as you enter the bronchioles
and alveoli, structure and stability are solely reliant on elastic fibers as well as the
production of surfactant. Surfactant is a compound produced by cells in the lung
with the role of decreasing surface tension between the gaseous-aqueous

interphase within alveoli®.
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Encasing the lungs is a serous membrane known as the pleura. The
pleura is a multi-layered membranous sac, consisting of the outermost layer
known as the parietal pleura which attaches to the chest wall and the inner layer
called the visceral pleura which directly lines the lungs®. In between these two
membranes is pleural fluid which lubricates the pleural surface to allow for
smooth, unimpeded movement of the lungs. The pleural fluid also creates

surface tension to secure 4the visceral and parietal layers together.

Respiratory Mechanics

The anatomy of the lung is carefully designed to optimize its functional
properties. With extensive branching, the lung has optimal surface area to
maximize oxygen transport, respiration, and gas exchange’. This branching
structure creates distinct patterns of air flow within the lungs and its individual
regions. Air flows into the lungs due to pressure differences between the

atmosphere, intraalveolar, and intrapleural regions”.

The active process of respiration begins with inhalation. During
inhalation, the diaphragm contracts as the volume in the intrathoracic cavity
increases®. This increase in volume causes a decrease in intrathoracic pressure.
Expiration on the other hand is the passive process of respiration as the
diaphragm relaxes and the surrounding tissue undergoes elastic recoil,

decreasing the thoracic volume while increasing the intraalveolar pressure®.
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Due to the function of the lungs, its tissue must have elastic properties to
allow for expansion and contraction. The deposition of elastic and collagen fibers
within the connective tissue governs the mechanical ability of this organ.
Although widely distributed throughout the lungs, the highest concentrations of
elastin are found in the parenchyma, accounting for almost 30% of the lungs
connective tissue?. This network of elastic fibers allows the lungs to recoil in
order to expel carbon dioxide. Contrarily, collagen fibers are present in the
parenchyma to maintain shape due to persistent stretching and recoiling of the
tissue. Collagen is the most abundant protein in the connective tissue of the
lungs. The primary role of this fiber is to provide structure and stability to the
airways of the lungs. Many forms of collagen are found within the lungs, each
with a specific contribution to its function. While type | collagen is the major
contributor to respiratory mechanics, type Il collagen makes up a major
component of the hyaline cartilage surrounding the large airways. Type Il
collagen also facilitates the synthesis of extracellular matrix from chondrocytes
within the interstitium. Elastin fibers allow the lung to recoil upon exhalation while
collagen fibers are more rigid and prevent overextension during the process of
inhalation'®. In tandem, these fibers play crucial roles in the overall mechanics of
the respiratory system'?. The disruption of these fibrous networks can lead to
severe pathology, a concept which we will discuss in the upcoming sections of

this dissertation.
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The Immune System

A proper functioning immune system is fundamental for survival. The
immune system exists as a complex network of cellular and humoral interactions
and processes that protects nearly all organisms. The immune system is
predetermined and begins its development during early phases of
embryogenesis. During initial phases of human hematopoiesis, mesenchymal
cells originating from the mesoderm differentiate into hematopoietic cells with
primitive macrophages, megakaryocytes, and erythroblasts being some of the
first cells to be identified within the yolk sac'''2. As development progresses, the
genesis of other vital immune cells such as dendritic cells, neutrophils,
eosinophils, lymphocytes, and natural killer (NK) cells begins. Each of these
hematopoietic cell types have distinct functions in the immune response as well

as tissue homeostasis.

Innate and Adaptive Immunity (cell-mediated vs humoral)

The complexity of the immune system can be highlighted by the
recognition of not only the many cell types involved in immune processes but
also by its overarching processes. The immune system is historically recognized
as having two arms: Innate and adaptive immunity. Innate immunity involves first
responding cells such as granulocytes (neutrophils, eosinophils, basophils, and
mast cells), NK cells, monocytes, macrophages, and dendritic cells (DCs)'2. The

initial onset of cell-mediated innate immune responses begin within minutes to
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hours after detection of foreign elements. The process is initiated by detection of
an invading element by antigen presenting cells (APCs). These antigen
presenting cells play a vital role in innate immune responses as they are the first
to recognize foreign elements due to germ-line encoded pattern recognition
receptors (PRR)'. These receptors recognized conserved molecular patterns
and consists of receptors such as the large family of Toll-like receptors (TLRs),
C-type lectin receptors (CLRs), Retinoic acid-inducible gene (RIG)-I-like
receptors (RLRs), and NOD-like receptors (NLRs)'“. These receptors differ not
only by their localization but also their ligands and ligand origins. For example,
TLRs and CLRs are typically situated on the plasma membrane of innate
immune cells while NLRs and RLRs are found in the cytoplasm. These receptors
also differ greatly in their ligands as TLRs recognize components of bacterial,
parasitic, and viral cell walls. RLRs are known to be activated by the detection of
short dsRNA, and long dsRNA of many viruses'®. Contrarily, NLRs detect motifs
of bacterial peptidoglycan such as y-D-glutamyl-meso-diaminopimelic acid (iE-
DAP) and muramyl dipeptide (MDP)'%7, Lastly, CLRs detect B-Glucan, a
component of the cell walls of fungi, and spliceosome-associated protein 130
(SAP130), a small endogenous nuclear ribonucleoprotein associated with fungi.
Although triggered by distinct ligands, activation of any of these receptor results
in proinflammatory responses characterized by the production of pleotropic
proteins such as tumor necrosis factor (TNF), interleukin-1 (IL-1), and IL-6 which

will be discussed more mechanistically in the coming sections®..
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For the purposes of this dissertation, | will focus on the contribution of
Toll-like receptors to innate immunity. TLRs are a large class of receptors each
playing crucial roles in the recognition of pathogenic bacterial components such
as lipopolysaccharide (LPS), lipoteichoic acid (LTA), lipoproteins from the cell
membrane, as well as flagellin, a structural component of bacterial cell walls.
TLRs are able to signal through both the adaptor protein, myeloid differentiation
primary response protein (My-D88), dependent pathways as well as through My-
D88 independent signaling processes. TLR-mediated intracellular signaling is
initiated by Toll/interleukin-1 receptor (TIR) dependent interactions with the TIR
domain-containing cytosolic adapters such as My-D88, TIR domain-containing
adapter protein (TIRAP), TIR domain-containing adapter inducing IFNB (TRIF),
and Trif-related adapter molecule (TRAM)&. While each TLR recognizes unique
bacterial components, they each converge at their use of My-D88 signaling
pathways. Upon activation of TLRs, cytosolic TIR domains dimerize®. This
dimerization is detected by TRIF and TRAM which then recruit My-D88 to the
cytoplasmic domain of the TLRs to initiate proinflammatory signal transduction.
Upon this recruitment, My-D88 then induces downstream signaling molecules to
form a Myddosome, containing interleukin-1 receptor-associated kinase 4
(IRAK4) and IRAK1/2. IRAK1 then activates the R3 ubiquitin ligase-TRAF6 to
form K63-linked polyubiquitin chains, leading to recruitment and activation of the

TAK1 complex. The activated TAK1 complex phosphorylates the IKK complex to
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result in the activation of both NF- kB and MAPKSs. Ultimately allowing for the
translocation of NF- kB to the nucleus and the transcription of proinflammatory
proteins such as Type | interferons (IFNs), IFN- a and -B, IL-1B, and TNF- a2%.
Additionally, TLRs can signal through non-My-D88 dependent pathways such as
the TRIF-dependent pathway. Signaling through this pathway also leads to the
production of Type | IFNs and other proinflammatory cytokines to drive

inflammation.

Upon activation of TLRs, hematopoietic cells are recruited to initiate
fighting off the invading pathogen. Neutrophils are the first to respond and traffic
to the site of infection or damage. These cells are recruited due to activation of
endothelial cells which release proinflammatory proteins as a result of stimulation
of TLRs and other PRRs2!. Activation of endothelial cells allows for the initiation
of the leukocyte recruitment cascade, beginning with upregulation of adhesion
molecules such as P- and E-selectin. P- and E-selectin bind their glycosylated
ligands, such as P-selectin glycoprotein ligand 1 (PSGL1), on the surface of the
endothelium to tether circulating neutrophils to the endothelium?’. Following
neutrophil tethering, these cells then roll along the vessel with the help of the
adhesion molecules selectins until they find a point of extravasation in which they
can then exit the vessel and enter the site of infection. During this process, other

cells of the innate immune system are also activated and recruited to the tissues.
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In addition to the cellular mediated component of innate immunity, there
is also humoral contribution?2. The humoral arm of innate immunity involves
microbe sensing molecules such as mannose-binding protein (MBP) and other
associated molecules that recognize peptidoglycan from the cell wall of
microbes. In addition to MBP, the innate immune system also incorporates
lipopolysaccharide binding protein (LBP), CD14, C-reactive protein, and
antimicrobial peptides such as defensins and cathelicidins. The processes that
these molecules follow converge at their activation of the complement cascade?.
The complement system consists of plasma proteins that lead to a cascade of
reactions on the surface of pathogens2:. This is a complex system that ultimately
leads to pathogen opsonization, engulfment, and clearance of the inflammatory

trigger.

Innate immunity is ultimately characterized by nonspecific acute
inflammatory processes that resolve within hours to days's. However, certain
inflammatory conditions can lead to persistent inflammation, necessitating the

activation of the adaptive immune system.

In contrast to the broad responses produced by the innate immune
system, adaptive immunity produces targeted cellular and humoral responses.
This process is driven by T and B lymphocytes. The responses of adaptive

immunity heavily rely on innate immune processes. Innate immunity drives
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adaptive responses through antigen presentation capabilities as well as the
secretion of cytokines which lead to recruitment and activation of lymphocytes.
Innate cells such as dendritic cells are critical in lymphocyte activation as they
specialize in antigen presentation to these cells via major histocompatibility
complexes class | and Il (MHC class I/11)25. Activated dendritic cells upregulate
their expression of MHC Il as well as CD40 and CD86 which are co-stimulatory
and lymph node-homing chemokines. These cells then migrate to the lymph
nodes where they can present antigen peptides to T cells to activate effector T
cell responses. This is done by DCs internalizing and breaking down peptides for

presentation to T cells on MHC Il molecules.

T Cells:

T cells are a crucial component of the adaptive immune system. These
cells are capable of directly targeting antigens to facilitate clearance of
pathogens which evaded the innate immune responses. These cells originate
from a common lymphoid progenitor in the bone marrow and migrate to the
thymus where they mature and differentiate2’. The thymus is a highly specialized
lymphoid organ where T cell progenitors are developed and selected?®. The
development of these cells within the thymus is a complex process that involves
T cell receptor (TCR) rearrangement to generate double positive T cells which
express both CD4 and CD8 co receptors. These double positive cells then

undergo additional selection to give rise to CD4+ or CD8+ single positive
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populations. These cells are then subjected to positive selection in which their
affinity for antigen/MHC I/l interactions with self-peptides is tested. T cells which
express appropriate affinity for antigen/MHC I/l complexes, survive this phase
and migrate to the medulla of the thymus to undergo negative selection. During
this process, these cells are presented self-antigens by APCsZ. If the T cell
interacts with a strong affinity for self-antigens, it is programmed to undergo
apoptosis, while appropriately binding cells then exit the thymus and enter
peripheral circulation as naive CD4 or CD8 single positive cells??. In the
periphery, T cells have a variety of subsets as well as functions. There are 5
main categories of T cells, Th1 cells responsible for cellular immune responses,
Th2 cells for humoral responses, Th17 cells for protection against extracellular
pathogens, regulatory T cells to suppress inflammatory responses, and cytotoxic
T cells to target specific foreign elements3%31, The involvement of these cells in

adaptive immunity is crucial for survival and health.

B Cells:

Also originating from a common lymphoid progenitor within the bone
marrow, B cells are also crucial for adaptive inflammatory responses32. These
cells can be activated in both a T cell dependent as well as a T cell independent
manner32. T cell dependent B cell activation involves interaction of B cells with
activated T helper cells. This interaction is initiated by B cells recognizing antigen

and processing this antigen to be presented to T helper cells via MHC class lI
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molecules. This interaction induces expression of the B-cell stimulatory molecule
CD40 ligand (CD40L) on the T helper cell, leading to production of effector
molecules which then activates the B cell to proliferate and differentiate into

antibody secreting plasma cells®:.

B cells can also be stimulated in a T cell independent manner in which
antigens can activate these cells directly. This activation is induced by cross-
linking of B cell receptors which in turn stimulates the cell to proliferate and
produce antibodies. However, this method of activation is less effective and leads

to the production of less diverse antibodies which have lower affinity>“.

The effectiveness of B cells is regulated by a highly orchestrated genetic
process known as V(D)J recombination®. This process enables B cells to
produce a wide array of distinct antigen receptors capable of recognizing a large
variety of foreign antigens®. V(D)J recombination involves the rearrangement of
gene segments encoding the variable (V), diversity (D), and joining (J) regions of
the B cell receptor genes®2. These gene segments are scattered throughout
germline DNA and must be recombined in a particular arrangement to create
functional BCR genes. Defects in this process can lead to severe
immunodeficiencies, emphasizing the crucial function of these cells in adaptive

immune processes.

12


https://www.ncbi.nlm.nih.gov/books/NBK27142/#:~:text=Helper%20T%20cells%20stimulate%20the,the%20directed%20release%20of%20cytokines.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3312792/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5089068/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5089068/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5089068/

Lung Immunology

The lung is a unique organ due to its constant direct exposure to the
environment. Making it a prime place for infection/inflammation due to airborne
particles. Due to these constant perturbations, it is imperative for the lung to have
a host of immune responses capable of mitigating these environmental insults.
Immunological responses within the lung involves a complex interplay between
various cells and immune components to protect the respiratory system while
maintaining tolerance to ensure homeostasis. A variety of cells participate in
lung inflammatory responses, ranging from tissue-resident cells to recruited
immune cells. Tissue-resident cells such as Type 1 alveolar epithelial cells aid in
inflammatory responses by producing antimicrobial peptides to protect the lower
airways®. These cells are also responsible for release of cytokines and
chemokines to activate and recruit a variety of inflammatory cells2’. Ciliated
epithelial cells of the lungs also participate in inflammatory responses by
secreting a broad spectrum of antimicrobial factors such as lysozymes,
lactoferrin, defensins, cathelicidins, and pentraxin®22, Additionally, the lung has
a community of resident cells which aid in rapid detection and clearance of
pathogens. Dendritic cells and macrophages are residential lung cells which
function to phagocytize and eliminate inhaled allergens and airborne
pathogens*?4!, In addition to DCs and macrophages, mast cells are also a
population of residential lung cells. These cells reside in the connective tissue

and participate in innate and adaptive immune processes, releasing inflammatory
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mediators as well as engulfing bacteria. Interstitial macrophages also reside
within the lung parenchyma. At steady-state, these cells secrete Interleukin (IL)-
10 to maintain homeostasis and anti-inflammatory conditions within the

respiratory system®2.

In addition to these cells, lung endothelial cells also participate in its
complex inflammatory responses by allowing for the recruitment and movement
of inflammatory cell into the tissue. These recruited immune cells can be
macrophages, neutrophils, T cells, B cells, eosinophils, and other inflammatory
cells. These cells are responsible for promoting rapid and coordinated responses
to invading pathogens to quickly restore balance within the airways. Together,
these cells provide a complex network of sentinel cells aiding in tissue

homeostasis.

Chronic Respiratory Diseases

Chronic respiratory disease is an ever-increasing health and economic
burden3. The most prevalent chronic respiratory diseases are asthma, chronic
obstructive pulmonary disorder (COPD), cystic fibrosis, and interstitial pulmonary
fibrosis?4. Among these, asthma and COPD are particularly pertinent to the
research described in this thesis. According to the Institute for Health Metrics and
Evaluation, chronic respiratory disease is the third leading cause of death

globally, leading to death in 1.3 million people. These values stress the
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importance of an in-depth understanding of disease pathologies of chronic
respiratory diseases to develop better tailored therapeutic efforts and strategies.
Each of the above-mentioned illnesses possess distinct pathologies and have

different effects on lung physiology.

Asthma

Asthma is a chronic inflammatory disorder of the airways characterized by
temporary airflow obstruction, and airway hyperresponsiveness (AHR). Clinically,
asthma is diagnosed by presences of a cohort of symptoms such as cheat
tightness, wheezing, coughing, and breathlessness. The disease manifestation
as well as etiology of asthma is very complex and involves multiple cellular and
molecular mechanisms. Asthma develops as a result of very complex
interactions between a variety of inflammatory cells, cytokines, and mediators.
The inflammatory profile of asthma is frequently characterized by the abundant
infiltration of inflammatory cells into the airways. The hallmark cell populations
commonly seen in allergic inflammation are eosinophils while nonallergic
inflammation is characterized by the infiltration of neutrophils?>4€, These cells
interact with cells such as mast cells, macrophages, and epithelial cells to trigger
a cascade of processes which lead to chronic inflammation and ultimately,
clinical features of asthma. This cascade of events leads to the release and
production of various mediators such as histamine, prostaglandins, and cysteinyl

leukotrienes. These mediators lead to the attraction of additional inflammatory
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cells into the airways, amplifying the host immune responses. This leads to
bronchoconstriction, increased mucus secretion, as well as damage to epithelial
cells due to proteins released by recruited eosinophils®’. In asthmatics, resident
cells such as macrophages are activated to produce a variety of cytokines and
mediators such as tumor necrosis factor (TNF), Interleukin 18 (IL-18), IL-2, IL-6,
and granulocyte-macrophage colony-stimulating factor (GM-CSF)#24950 These
proteins have effects on other resident and inflammatory cell types, leading to the
continuous cascade of inflammation in asthmatics, resulting in chronic

inflammation and lung damage affecting the small and the large airways.

AHR is a hallmark feature of asthma and is due to airway smooth muscle
(ASM) contraction around large airways. This process also features increased
intraluminal mucus production and airway wall edema, making airways more
sensitive to triggers and more prone to contraction®'. In healthy lungs, airway
smooth muscle surrounds the airways in a circumferential pattern and is
responsible for contracting the airway to aid in exhalation; however, in
asthmatics, the ability of ASM to relax is severely impaired. This impaired airway
relaxation can result in severe bronchoconstriction and airflow obstruction even

to low doses of stimuli.

Asthma is a chronic disease with various etiologies ranging from allergies

and obesity to occupational hazards and climate change®2. To expound upon the
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heterogeneity of asthma, in addition to the variety of triggers, there are also a
multitude of distinct inflammatory profiles associated with asthma phenotypes.
The most common forms of asthma are allergic and nonallergic pulmonary

inflammation, as briefly mentioned above.

Allergic Asthma

Allergic inflammation is the most prevalent and well understood form of
asthma. Its phenotype is characterized by allergen-induced immune responses
resulting in increased recruitment of eosinophils into the airways. Common
allergens include pollen, mold spores, dust mites, and even various food
proteins®3. Upon initial exposure to allergens, predisposed individuals develop
inflammatory responses characterized by production of allergen-specific
immunoglobulin E (IgE) antibodies. This process is driven by the presentation of
the allergen to T lymphocytes by APCs such as dendritic cells. These primed T
lymphocytes differentiate into Th2 T cells to produce type 2 cytokines such as IL-
4, IL-13, and IL-5 to progress inflammatory responses®*. These activated T cells
then prime B lymphocytes to produce IgE antibodies to directly target the
invading antigen. The produced IgE is then capable of binding to high-affinity IgE
receptors on the surface of mast cells and basophils. This initial exposure leads
to sensitization of inflammatory responses to the allergen, leading to rapid

reaction to subsequent exposures and exacerbated inflammatory responses.
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Nonallergic Asthma

Nonallergic inflammation refers to a more severe form of the disease that
is less responsive to standard treatment methods. This endotype is described by
neutrophilia resulting from exposure to a stimulus that is non-allergenic.
Research has established connections between neutrophilic asthma and both
Th1 and Th17 T cell subtypes, each possessing distinct downstream
mechanisms. Th1 driven responses are initiated by detection of pathogen/danger
associated molecular patterns (PAMPs/DAMPS) that activate TLRs on dendritic
cells®®. These cells then migrate to the lymph node where they illicit the
differentiation of CD4+ T helper cells into Th1 cells®¢. While previously thought to
be protective against allergic asthma, a pathogenic role of these cells has been
elucidated. Th1s produce IFN-y, TNF- a, and IL-2 to drive inflammatory
responses distinct from allergic asthma, differentiated by the recruitment of
neutrophils®’. The prevalence of Th1 cells in disease manifestation is linked to
increased severity of disease and decreased sensitivity to common therapeutic
approaches such as corticosteroids. Conversely, Th17 driven asthma is initiated
by exposure to non-allergenic stimuli which leads to the production of
proinflammatory cytokines such as IL-18, IL-6, IL-21, and IL-23, each linked to
Th17 differentiation®®. Th17 cells secrete IL-17A, IL-17F, and IL-22, with
increasing data highlighting the proinflammatory potential of these cytokines®°.
Both Th1 and Th17 high asthma are defined by severe neutrophilia with distinct

biological mechanisms inducing refractory asthma phenotypes.
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Paucigranulocytic Asthma

Paucigranulocytic asthma (PGA) has recently been recognized as a
distinct clinical entity within the spectrum of asthma. PGA is a subtype of asthma
characterized by persistent symptoms despite low sputum eosinophil and
neutrophil counts. This endotype typically presents with severe symptoms of
asthma even in the absence of inflammation®. Although the underlying
mechanisms are poorly understood, PGA is believed to be a subtype of
eosinophilic asthma. Current findings indicate that this phenotype may be driven
by macrophages or mast cells while other studies hint to the involvement on
neuronal control of ASM contractility as a possible mechanism for promoting
AHR in this disease phenotype. However, the mechanism is very poorly
understood and little supporting data exists to help elucidate this endotype of

asthma.

As highlighted here, asthma is a complex heterogenous disease with
pathogenesis that warrants additional studies. Although allergic asthma is
comparably well understood, disease pathology and mechanisms of nonallergic
and paucigranulocytic asthma remain insufficiently comprehended. For this
reason, it is imperative that additional studies be done to elucidate molecular
mechanisms of asthma pathogenesis in order to better understand therapeutic

strategies for better management, especially in cases of severe asthma.
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COPD

Chronic Obstructive Pulmonary Disease (COPD) has a complex pathology
which includes both chronic bronchitis and emphysema®’. Its disease
manifestation is variable with some patients presenting with only symptoms of
one form of the disease while others present with dual disease phenotypes.
The etiology of COPD is due to the repeated exposure to environmental
pollutants and persistent smoking®. These respiratory stressors induce a
heterogenous, progressive respiratory condition defined by persistent airflow
limitation and chronic airway inflammation. Central to COPD pathology are
multiple cellular and molecular processes involving various immune and
structural cells as well as their inflammatory mediators. In fact, macrophages
have been documented to play a major role in disease pathogenesis®:. In COPD,
these cells are induced to release various inflammatory chemokines and
mediators which directly contribute to initiation and perpetuation of airway
inflammation, impaired phagocytosis, and promote tissue remodeling. Cells such
as macrophages and neutrophils are commonly attributed with the role of
producing key cytokines observed in COPD, including TNF-a, IL-1, IL-6, and IL-
8%3. These cells and their mediators play critical roles in perpetuating the
inflammatory phenotype of COPD. Due to persistent inflammation, this disease
typically leads to structural changes of the airway epithelium, mucus
hypersecretion, and airway remodeling, one link between COPD and asthma.

Understanding the mechanisms underlying COPD pathogenesis is essential for
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understanding its relation to other chronic respiratory diseases as well as for
development of effective therapeutic interventions. Emphysema and Chronic

Bronchitis are two manifestations of COPD and frequently coexist.

Emphysema

Emphysema is a chronic lung disease which is attributed to damaged
alveolar sacs, causing for air to be trapped within the lungs®’. This disease
pathology leads to decreased lung function and severely impaired gas exchange.
This condition is commonly imputable to long-term exposure to irritants such as
cigarette smoke, the principle causative factor of emphysema®. This frequent
subjection to harmful chemicals leads to the disruption of the fragile connections
between alveoli, causing the inner walls of the air sacs to weaken and eventually
rupture. This causes enlargement of the airways, preventing the lungs from
properly recoiling in order to expel air; hence why this condition is frequently
characterized by the key feature of air trapping®. This trademark of emphysema
relates closely to asthma as it is also commonly observed in asthmatics due to
the overproduction of mucus and tightening of airways, limiting airflow®*.
Furthermore, the two conditions also share similarities in their manifestation of
symptoms. For instance, both can result wheezing, shortness of breath, as well
as excessive mucus production.

Other significant parallels between asthma and emphysema include

documented airway remodeling, suspected genetic involvement, as well as
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absence of a cure °. Even with such commonality, there remains profound
differences between emphysema and asthma. These differences are mainly
documented as the variance of immune modulation between the two diseases.
Asthma can be distinguished into a few different categories, with the principal
classifications being either allergic or nonallergic. The characteristics of these
two differ upon common cell types seen during surveys of the immune system. In
nonallergic asthma, literature documents a high presence of neutrophils,
whereas, in allergic asthma, eosinophils are the most abundant cell type.
Emphysema more closely resembles the immune profile of nonallergic asthma,
with a high prevalence of neutrophils within the airways. An important distinction
between emphysema and asthma lies in the source of the symptomology.
Emphysema is caused by constant cellular damage and loss of connection
between alveoli, whereas symptoms of asthma are typically caused by
bronchoconstriction due to the upregulation of smooth muscle mass and collagen

deposition.

Chronic Bronchitis

Chronic bronchitis (CB) is defined by irreversible airway obstruction due to
the persistent inflammation of the bronchial tubes®. Common symptoms of this
illness include severe coughing, increased mucus production, as well as
shortness of breath. The main process which attributes to the pathophysiology of

chronic bronchitis is the mucous metaplasia, leading to the overproduction of
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mucus in response to inflammatory prompting. Similar to emphysema, there are
many similarities between CB and asthma. These commonalities include the
process of mucus overproduction as recently mentioned, a narrowing of the
airways, gene-environment interaction contribution, as well as airway
remodeling®’. Another intriguing commonality between these two diseases is the
documentation of an upregulation of matrix metalloproteinases®. These
proteinases are tasked with degrading extracellular matrix proteins as well as
activating several cytokines and chemokines which help to regulate tissue
remodeling®®. In comparison with asthma, CB differs in the population of cells
recruited as well as the region of the airway affected by these infiltrates. In CB, it
is frequently noted that there is destruction and fibrosis of the alveolar walls; a
feature that is not commonly associated with asthma’®. The most crucial cellular
contribution in CB comes from CD8 T cells and neutrophils as opposed to the
upregulation of eosinophils noted in allergic asthma. These differences raise
critical questions regarding the variation of inflammatory response and the role
this may play in connection with the molecular mechanisms of airway remodeling

and lung physiology.

Airway Remodeling
Airway remodeling (AWR) is a complex process characterized by
structural changes to the airways and parenchyma of the lungs’*. This pathology

can occur in various respiratory diseases, including asthma and COPD’2.
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Remodeling involves alterations in the airway epithelium, subepithelial fibrosis,
increased smooth muscle mass, and mucus gland hyperplasia, leading to
irreversible changes in lung function and airflow limitation’. Various cell subsets
and cytokines participate in the dynamic process of AWR. Epithelial cells, in
particular, are known to play a pivotal role in initiating and orchestrating
remodeling processes. These cells secrete cytokines and growth factors that
stimulate fibroblasts, smooth muscle cells, and inflammatory cells’2. Fibroblasts,
in turn, produce extracellular matrix proteins such as collagen and elastin, which
directly induce airway fibrosis’4. Smooth muscle cells undergo hypertrophy and
hyperplasia, leading to increased airway smooth muscle mass and ultimately,
airway narrowing. Additionally, inflammatory cells including eosinophils,
neutrophils, and T lymphocytes release proinflammatory cytokines and
chemokines that further promote tissue remodeling and inflammation”".
Cytokines such as transforming growth factor-beta (TGF-$), IL-4, -13, and tumor
necrosis factor-alpha (TNF-a) are key mediators involved in mechanisms of
airway remodeling”®. Understanding the cellular and molecular mechanisms
underlying airway remodeling is essential for developing targeted therapeutics to
prevent or mitigate these structural changes within the airways.

AWR in chronic respiratory inflammatory diseases directly corresponds to
increased severity of clinical presentation. Firstly, due to structural changes in the
airways such as thickening of the basement membrane, increased smooth

muscle mass, and goblet cell hyperplasia, directly causing airflow obstruction’®.
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These structural alterations lead to reduced lung function and exacerbation of
respiratory symptoms such as wheezing, shortness of breath, and coughing.
AWR also contributes to persistent inflammation and exacerbation of
inflammatory responses within the airways’’. Altered epithelial barrier function
and increased deposition of extracellular matrix proteins provide a favorable
environment for recruitment and activation of inflammatory cells such as
eosinophils, neutrophils, and T lymphocytes, perpetuating a cycle of chronic

inflammation and tissue damage.

Remodeling is also known to occur in COPD patients and tends to affect
peripheral airways causing a thickening of the lung walls as well as narrowing of
the bronchial lumen’®. It has been broadly accepted that COPD is a small airway
disease; however, in more recent research, it has been highlighted that this
process may also occur in both larger and central airways of COPD patients’®.
These pathophysiological changes are thought to occur due to the increased
deposition of extracellular matrix as well as hypertrophy of smooth muscles in the

walls of the airway.

AWR is a multifaceted process characterized by structural alterations in
the airways and lung parenchyma. This phenomenon is observed in various
respiratory diseases and leads to irreversible changes in lung function and

airflow. This process of lung damage could have significant implications for
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individuals with asthma, especially in areas with significant factors contributing to
persistent pulmonary inflammation such as air pollution, dust storms, and

agricultural activities.

The Salton Sea

Situated at the Riverside-Imperial county border is California’s largest
inland lake, The Salton Sea. The modern-day Salton Sea was preceded by the
ancient freshwater lake, lake Cahuilla. Natural flooding of the Colorado River has
cyclically formed bodies of water within the Salton Sea basin for decades®’. This
water body has experienced fluctuations between fresh water, highly saline
conditions, and periodic desiccation. A breach in a levee of the Colorado River
filled the Salton Sea basin and created the modern-day Salton Sea, a vast,
shallow lake. In the early 20" century, the land surrounding the Salton Sea was
recognized for its agricultural potential, leading to the construction of irrigation
canals and one of the world’s largest agricultural regions®'. In the mid 20t
century, the sea had become a critical habitat for various species of fish as well
as migratory birds flying the Pacific flyway path®2. However, in modern times, the
Salton Sea has been designated as an agricultural sump, serving as wastewater
for agricultural run-off from the surrounding fields®3. Additionally, due to water
diversion and processes of climate change, the Salton Sea is rapidly desiccating,
leading to increased salinity and exposure of playa (lakebed). This has led to the

rapid deterioration of this once thriving ecosystem, resulting in immense fish die-
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offs, declining bird populations, and puzzling health effects in the surrounding

community.

The declining ecosystem of the Salton Sea has been linked to detrimental
health effects within the region, plaguing the community with severe symptoms of
asthma. The community living near the Salton Sea is a particularly vulnerable
population as most are impoverished, immigrant families. These communities
lack proper access to healthcare both due to physical and financial limitations®.
Studies have shown that on average, Salton Sea residents have to travel nearly
50-60 minutes to access Imperial County emergency healthcare facilities,
highlighting the severe lack of accessible healthcare in this community84.25,
Additionally, the residents of the Salton Sea region are significantly impoverished
with the median income being around $35,000, almost two times below that of
the rest of California, which is estimated to be about $61,40085. The vulnerability

of this community directly translates into poor health outcomes within the region.

The Imperial Valley is heavily plagued with a high respiratory disease
prevalence. This is made evident by the two-fold increase in pediatric asthma-
related emergency room visits and hospitalizations in this region when compared
to the state average®*. A study done in 2019 reported an asthma prevalence of
22.4% in the northern Imperial Valley region, compared to the national average

of 7.7%, documented in 202187, These statistics demonstrate the overwhelming
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prevalence of respiratory disease affecting this underrepresented community
group. The elevated incidence of respiratory ailments in the region is
hypothesized to be correlated with the heightened dust emissions in the Salton

Sea region®®.

Due to the rapid desiccation of the Salton Sea, there is progressive
exposure of the lakebed, generating increased particulate matter via dust
emissions. Due to the arid conditions of the Salton Sea as well as the frequent
high winds, this area experiences frequent dust storms, many times requiring
residents to remain inside. As mentioned above, increased dust generation has
been linked to increasing pulmonary health issues affecting residents. The Salton
Sea as it stands is heavily polluted, containing numerous potentially harmful
chemicals and high nutrient loads from fertilizer runoff. This is believed to
contribute to the transportation of these toxic substances through transmission
via dust particles, allowing these particles to become airborne and inhaled,

leading to respiratory complications.

The modern-day Salton Sea serves as a reminder of the dynamic nature
of environmental challenges associated with human intervention and health
issues. However, these issues are not isolated to just this region. The presence
of anthropogenic alterations to the environment in other areas of the world also

show significant ramifications on human health. For example, the desiccation and
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drought-related health impacts of the Aral Sea Basin in central Asia has been
well documented and offer opportunities for comparison to the health issues
around the Salton Sea®’. In the mid-1900s, the Aral Sea underwent rapid
desiccation, leading to increased respiratory disease in countries surrounding the
sea. These residents also experienced higher rates of cancer, hepatic and renal
diseases, as well as pregnancy complications as a result of toxic chemicals
present in drinking water from agricultural runoff in the region. This warns of
further consequences to areas like the Salton Sea that are facing similar issues.
In addition to the Aral Sea, the consequences of anthropogenic intervention and
climate change has also been demonstrated in other areas such as Mono Lake,
The Great Salt Lake, The Red Sea, and Owens Lake. Increased evaporation and
decreased water input has negatively impacted each of these bodies of waters,
leading not only to decreased water volume but also increases in salinity©®.
These changes are detrimental to the ecosystems of these water bodies,
impacting their biodiversity and overall health®. Additionally, these environmental
alterations pose significant risks to the well-being of communities residing in
proximity to these areas. Our lab explores this connection between lake
desiccation, dust exposure, and the associated health outcomes with a focus on
the Salton Sea, serving as a model for global lake desiccation and its potential

impacts.
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To advert global crisis, it is crucial to recognize the link between
particulate matter (PM), aerosol exposure, and health impacts. Particulate matter
is typically categorized based on diameter with PM10 referring to particles with a
diameter of 10 microns or less, and PM2.5 indicating particles with a diameter of
2.5 microns or less?. These size particles are of particular concern due to their
ability to penetrate deep into the respiratory system. While PM10 is generally
trapped in the nose and throat, PM2.5 can penetrate the deepest regions of the
lungs?!. Exposure to PM, especially PM2.5, has been linked to a wide range of
health complications including respiratory infections, exacerbation of pre-existing
conditions like asthma and COPD, and even cardiovascular diseases. These

finer particles can directly cause inflammation and tissue damage.

Particular Matter Exposure and Health Consequences

PM and dust are commonly emitted from a range of sources, including
vehicle exhaust, industrial activities, agricultural operations®222, In regions like
the Salton Sea area, natural phenomena such as increased lakebed exposure
and dust storms also contribute to the release of PM and dust into the
atmosphere. These particles are able to penetrate the lungs and lead to various
respiratory health issues. Vulnerable populations such as children and individuals
with pre-existing respiratory conditions are especially susceptible to the adverse

effects of PM and dust emissions.
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Dust particles are often composed of a mixture of material as dust can
frequently act as a vehicle to allow aerosolization of materials such as sail,
pollen, allergens, organic matter, various pollutants, and even biological
material®®. Although exposure to dust is known to be linked to irritation within the
airways and upper respiratory tract, the disease phenomenon noted within the
Salton Sea region cannot be summarized simply by exposure to dust and
irritation of the respiratory system?,%°, In fact, our studies focus on the ability of
dust to act as a method of transport for other organic material and toxins which

may lead to the health issues observed within the region.

The potential for negative health impacts due to PM and aerosol exposure
highlights the need for additional air quality regulations as well as technological
advancements to reduce emissions. For a decade, atmospheric particulate
matter in the Salton Sea region has exceeded California and National Ambient
air quality standards?’. This is attributed not only to the Salton Sea itself but also
to factors including industrial farming, factory emissions from Mexicali, as well as
heavy commercial traffic along the Mexico-California border®®. While the
connection between water and air quality and their impact on health is well-
established, there has been limited research specifically exploring direct links,

particularly in the Salton Sea region.
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Environmental Aerosol Exposure Chambers

To investigate aerosol exposure and linked pathology, our lab developed
environmental aerosol exposure chambers (EAEC) as described in Peng et al®®.
Our lab utilizes these chambers to facilitate translational research on health
effects of PM exposure. Their design enables natural inhalation of aerosolized
PM, allowing us to simulate real-world conditions and better understand the
health impacts of PM exposure. During exposure, the EAEC controls particle size
distribution as well as PM mass concentration to allow for tightly regulated
aerosol exposures??. In our laboratory, we have developed two whole-body
chambers for animal studies. One chamber functions as a clean air/control
system, receiving laboratory compressed air that undergoes filtration using a
Speedaire Compress Air Filter prior to being dispensed into the chamber through
an atomizer dispenser. The exposure chamber is equipped with an atomizer that
generates aerosol sprays from an ultrapure water solution of the desired
material.

Throughout the exposure, aerosol size distribution and concentration are
recorded using the Scanning Mobility Particle Sizer and Condensation Particle
Counter systems. The chambers are also equipped with a DustTrak aerosol
monitor which utilizes a light-scattering laser photometer to generate real-time
aerosol mass readings. Utilizing this system, our lab is able to address aerosol

exposure and related health impacts in a clinically translatable manner.
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Conclusion

The anatomy and physiology of the lung are foundational to its critical role
in the respiratory system. The lung's intricate structure, characterized by
extensive branching from the trachea to the alveoli, maximizes surface area and
airflow efficiency, facilitating optimal gas exchange. Each alveolus, surrounded
by a network of capillaries, serves as the site for oxygen and carbon dioxide
exchange, vital for maintaining homeostasis. The mechanisms of mucociliary
clearance and surfactant production are essential in protecting the respiratory
system from pathogens and preventing alveolar collapse, highlighting the lung's

multifaceted protective functions.

Understanding lung mechanics is crucial in appreciating respiratory health.
The roles of elastin and collagen fibers in the lung's extracellular matrix are
paramount in maintaining lung elasticity and structural integrity. Elastin allows the
lungs to expand and recoil during breathing, while collagen provides tensile
strength, preventing over-distension. Disruptions in these fibrous networks, such
as those seen in diseases like pulmonary fibrosis and emphysema, lead to
significant respiratory dysfunction. Airway remodeling, characterized by changes
in the structural components of the airway wall, is a critical aspect of chronic
respiratory diseases. It includes goblet cell proliferation, increased smooth
muscle mass, and extracellular matrix deposition, contributing to airflow limitation

and persistent symptoms. This emphasizes the importance of ongoing research
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to elucidate the molecular pathways involved in maintaining and repairing lung

tissue.

The immune system within the lungs, comprising both innate and adaptive
responses, is vital for defending against environmental insults and maintaining
respiratory health. Alveolar macrophages, dendritic cells, and lymphocytes play
key roles in recognizing and responding to pathogens, allergens, and pollutants.
Chronic inflammation and immune dysregulation are central to the
pathophysiology of respiratory diseases such as asthma and chronic obstructive
pulmonary disease (COPD). Understanding the interactions between immune
cells and the lung microenvironment can inform the development of targeted
therapies to modulate immune responses and improve disease management.
Chronic respiratory diseases like asthma have a significant global health impact,
contributing to substantial morbidity and mortality. Asthma, characterized by
reversible airway obstruction and hyperresponsiveness, involves complex
interactions between genetic and environmental factors. Advances in
understanding the molecular and cellular mechanisms underlying this disease is
crucial for developing novel therapeutic strategies. The detriment of fibrosis,
characterized by excessive deposition of fibrous connective tissue, cannot be
overstated, as it leads to irreversible scarring and loss of lung function. Detailed
studies on airway remodeling and fibrosis are imperative to uncover potential

therapeutic targets, prevent disease progression, and improve patient outcomes.
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Overall, this thesis provides a comprehensive foundation for further exploration
into the intricate interplay between lung anatomy, physiology, and immunology.
By advancing our knowledge of these fundamental aspects, we can better
understand and treat respiratory diseases, ultimately improving respiratory health

and patient care.
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Glossary of Terms:

Asthma: A chronic respiratory disease characterized by reversible airway
obstruction, airway inflammation, and increased airway hyperresponsiveness to
various stimuli.

Immunology: The branch of biomedical science that studies the immune
system, its functions, disorders, and the body's defense mechanisms against
pathogens.

Innate Immunity: The body's first line of defense against pathogens, consisting
of physical barriers, immune cells, and various molecules that provide immediate
but non-specific responses.

Adaptive Immunity: The immune system's ability to recognize and remember
specific pathogens, leading to a stronger and more targeted response upon
subsequent exposures.

Particulate Matter: Tiny particles or droplets suspended in the air, including
dust, dirt, soot, and smoke, which can be inhaled and cause health problems.
Aerosol: A suspension of fine solid particles or liquid droplets in the air, which
can be natural or anthropogenic, and can impact air quality and health.

COPD (Chronic Obstructive Pulmonary Disease): A group of progressive lung
diseases, including chronic bronchitis and emphysema, characterized by airflow
limitation and chronic respiratory symptoms.

Chronic Bronchitis: A form of COPD marked by chronic inflammation of the

bronchi, leading to persistent cough and mucus production.
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Emphysema: A type of COPD characterized by damage to the alveoli, resulting
in reduced surface area for gas exchange and difficulty breathing.

Airway Remodeling: Structural changes in the airway walls, including epithelial
cell proliferation, increased smooth muscle mass, and extracellular matrix
deposition, commonly seen in chronic respiratory diseases.

Fibrosis: The formation of excess fibrous connective tissue in an organ or tissue,
often resulting in scarring and impaired function.

Antigen Presenting Cells (APCs): Immune cells, such as dendritic cells and
macrophages, that process and present antigens to T cells, initiating an adaptive
immune response.

Pattern Recognition Receptors (PRR): Receptors on immune cells that
recognize pathogen-associated molecular patterns (PAMPs) and initiate innate
immune responses.

Toll-like Receptors (TLRs): A type of PRR that recognizes distinct PAMPs and
activates immune responses, playing a key role in the innate immune system.
C-type Lectin Receptors (CLRs): A family of PRRs that recognize carbohydrate
structures on pathogens, leading to immune cell activation and pathogen
clearance.

Retinoic Acid-Inducible Gene (RIG)-I-like Receptors (RLRs): Cytoplasmic

PRRs that detect viral RNA and initiate antiviral immune responses.
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NOD-like Receptors (NLRs): A family of intracellular PRRs that detect microbial
components and stress signals, contributing to the regulation of inflammation and
immune responses.

Airway Hyperreactivity: Increased sensitivity of the airways to various stimuli,
leading to exaggerated bronchoconstriction and airflow obstruction, commonly
seen in asthma.

Antigen: A molecule or molecular structure, often a protein, recognized by the
immune system as foreign, triggering an immune response.

Antibody: A protein produced by B cells in response to an antigen, specifically
binding to that antigen to neutralize or mark it for destruction by other immune
cells.

Cytokines: Small proteins released by immune cells that act as signaling
molecules, regulating immune responses, inflammation, and cell communication.
Chemokine: A subset of cytokines that specifically induce chemotaxis, guiding

the migration of immune cells to sites of infection, inflammation, or injury.
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Chapter 2: Route of Administration Significantly Affects Particle Deposition

and Cellular Recruitment

Abstract

Lung exposures to dusts, pollutants, and other aerosol particulates are
known to be associated with pulmonary diseases such as asthma and Chronic
Obstructive Pulmonary Disease. These health impacts are attributed to the ability
of aerosol components to induce pulmonary inflammation, which promotes tissue
remodeling, including fibrosis, tissue degradation, and smooth muscle
proliferation. Consequently, the distribution of these effects can have a significant
impact on the physiologic function of the lung. In order to study the impact of
distribution of inhaled particulates on lung pathogenesis, we compared the effect
of different methods of particle delivery. By comparing intranasal versus aerosol
delivery of fluorescent microspheres, we observed strikingly distinct patterns of
particle deposition; intranasal delivery provided focused deposition concentrated
on larger airways, while aerosol delivery showed uniform deposition throughout
the lung parenchyma. Recognizing that the impacts of inflammatory cells are
contingent upon their recruitment and behavior, we postulate that these
variations in distribution patterns can result in significant alterations in biological
responses. To elucidate the relevance of these findings in terms of biological
representation, we subsequently conducted an investigation into the responses
elicited by the administration of endotoxin (bacterial Lipopolysaccharide, or LPS)

in a transgenic neutrophil reporter mouse model. As with the microsphere results,
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patterns of recruited neutrophil inflammatory responses matched the delivery
method; that is, despite the active migratory behavior of neutrophils,
inflammatory histopathology patterns were either focused on large airways
(intranasal administration) or diffusely throughout the parenchyma (aerosol).
These results demonstrate the importance of modes of aerosol delivery as
different patterns of inflammation and tissue remodeling will have distinct impacts

on lung physiology.

Introduction

Despite its position as an internal organ, the lung provides a major
interface with the environment, with a high volume of airflow across its large
surface area. While it provides the critical surface for gas exchange, it also
comprises a major mucosal barrier against aerosol particulates, toxins, and
infectious organisms. The anatomy of the lung must provide an efficient path for
airflow during respiration; yet also enable immune system mechanisms for
maintaining clear airways and alveoli. Innate immune cells such as resident
alveolar macrophages provide an important scavenging function, but the warm
moist environment can promote invasion or colonization by infectious microbes
that are not as easily eliminated’. Thus, lung tissue must enable the efficient
recruitment of blood-borne inflammatory cells including neutrophils, monocytes,
and lymphocytes, as well as mechanisms to ensure effective clearance of the

products of inflammation 22. Pulmonary diseases demonstrate the limits of these
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mechanisms, and studies on the pathogenesis of various pulmonary
inflammatory diseases are dependent on disease models that replicate the

physiological mechanisms protecting the lung.

In addition to lung resident immune cells, this organ also provides a partial
physical barrier via the branched structure of the airways*>5. These bifurcations
represent a partial anatomical obstruction impeding the flow of particles and
microbes from making it into the distal airways. Although the threat of adverse
reactions to inhaled particulate matter varies depending on their size and
content, airborne particles can elicit some degree of an inflammatory response.
Airborne particulate matter (PM) refers to a complex mixture of aerosols, which
are present in the ambient air. PM is characterized by particle diameter with
particles with a diameter of 10 microns or larger categorized as “coarse”,
particles < 10 microns are referred to as PM1o, and those which are < 2.5
microns are referred to as PM2s. Particles which fall into the PM2.5 category are
of most concern as these particles are able to reach deep into the distal lung
parenchymal tissue and airways and induce adverse health effects’. Many
studies have shown links to health effects in as little as 24 hours with exposure to
PM2 s particulates®. A study done by Wang et. al revealed that exposure to PM2.5
was associated with risks of cardiovascular disease, respiratory illness, as well
as some forms of cancer?. These particles can be directly emitted from a source

such as motor vehicle exhaust or from chemical reactions of gases within the
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atmosphere. Frequent particulate matter exposure has also been linked to
various health conditions such as asthma exacerbations, decreasing lung
function, increased irritation of airways, coughing, and difficulty breathing. Due to
the frequency of exposure to particulate matter, many studies have investigated

these exposures and the related health impacts.

Most in vivo studies regarding PM and aerosol exposures have been done
through the traditional intranasal administration method. However, this episodic
method of exposure is not representative of chronic human exposure to
particulates. In addition, it is difficult to ensure that all liquid is inhaled through the
nasal passages and deposited directly into the lung; this may not only lead to
inaccurate estimates of delivered dose but may also have off target effects as
much of the solution may be swallowed and deposited in the digestive tract.
Moreover, intranasally administered particle suspensions are likely to get fixed in
the upper respiratory tract and may not penetrate the airways, leading to
inaccurately skewed results. To address these limitations, we developed an
environmental exposure chamber to study health impacts of suspended PM
exposure’®, To verify the efficacy of our chamber, we studied the impacts of
differences in particle deposition in response to the method of administration.
The results of this study elucidate the significance of method of administration on

the pattern of particle deposition and cellular recruitment.
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Materials and methods
Microspheres

Ready-made 1-micron FluoSpheres Carboxylate-Modified microspheres
(FluoSpheres, Molecular Probes) were used to assess particle deposition as a
result of exposure method. These polystyrene microspheres are loaded with red
fluorescent dye, detectable with fluorescence microscopy at a wavelength of 580-
605nm. As these microspheres are biologically inert, we used these to
characterize the simple distribution of particle deposition in the lung of mice

without any superimposed biological effects.

Aerosol Exposure Chamber

Aerosol exposures were conducted using dual animal chambers as
developed and characterized in Peng et al. (2019) and used in Biddle et al.
(2021, 2023) 19, The conditions in the chambers were monitored for the
duration of the exposures, including relative humidity, temperature, and
atmospheric pressure. Aerosol-exposed mice were administered aerosols
generated from an aqueous solution (of the chosen aerosol, microspheres or
LPS, at a concentration determined to achieve the target aerosol concentration
within the chamber), dried by two in-line silica gel columns (3.5-4.5 LPM) mixed
with dry filtered air (0.5-1.0 LPM) to balance chamber volume exchange rates, as
previously applied in Peng et al. Particulate matter in the chamber was monitored

using a scanning mobility particle sizer (SMPS, including Series 3080
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Electrostatic Classifier and Ultrafine Condensation Particle Counter 3776, TSI)
and a laser aerosol spectrometer (LAP 323, Topas GmbH) to assist in
maintaining stable and repeatable environmental PM exposure conditions.

As discussed in Peng et al. (2019), the animal exposure chambers provide the
ability to expose mice to a targeted aerosol for a determined duration of time,
while they can move and live unimpeded by the experimental procedures. The
chambers are characterized to ensure a well-dispersed distribution of aerosol
throughout the chamber so that a given volume of air inhaled by a mouse is
equivalent in aerosol concentration to any other pocket of air inhaled by other
mice, throughout the duration of an exposure period and across multiple
exposure tests. Beyond controlling the aerosol concentration, deposition in the
lungs of the mice is subject to additional factors including obstruction by

whiskers, nasal passages, bronchial passage bifurcation, and airway anatomy,

but are consistent across exposure methods. In this study 1-micron microspheres

were used in order to minimize the variance of these effects for evaluating

deposition, as physical properties including the size, shape, hygroscopicity,

volatility, and the electrostatic charge of the particle are maintained, while particle

coagulation can be measured by the PM instruments to confirm that particulate
size does not significantly vary during the exposure. The size of the 1- um
particles also is in the size range to remain suspended in the air column,
minimally affected by the anatomy of the airways and able to reach the alveoli

largely unimpeded. This provides for consistency in the repeated exposures in
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this study; although the exposure (environmental aerosol presence through the
exposure duration) is held constant, accumulated deposition in the lungs of the

mice (delivered dose) cannot be directly measurable in real-time.

Mouse Models and Exposure Conditions

All animal procedures were performed according to protocol AUP
#20210011 approved by the UCR IACUC and consistent with institutional and
NIH guidelines. 8-week-old C57BL/6J (B6) mice were obtained from The Jackson
Laboratory. Mice were exposed to the microspheres by either method of
administration at a concentration of 1.71E+09/mL for the duration of 1-hour. For
environmental chamber aerosol exposures, a suspension of microspheres was
continuously injected through an atomizer nozzle, and then passed through two
drying columns on their way into the environmental chamber. Continuous
monitoring of the aerosol suspension in the chamber (Fig 2.1A) confirmed that
the microspheres were in a single-particle suspension with a measured

monodisperse particle size distribution of 1-micron (Fig 2.1B).

Figure 2.1: Quantification of fluorescent microsphere aerosols.
(A) Total number concentration of particles within 0.5-1.3um. (B) Average size
distribution of particles injected into chamber.

Mice exposed via the aerosol chamber were continuously exposed for 1-

hour and permitted to rest for 1-hour before processing. Intranasally exposed

mice were given one dose of 40 ul of the solution containing the microspheres
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and were allowed to rest for 1-hour prior to processing. To alleviate suffering,
animals were placed in an isoflurane chamber before cervical dislocation and
processing. Mice were also intranasally exposed to one dose of 20 ul, alternating
nostrils and administering 5 pl at a time. Another group of intranasally exposed
mice were given one large dose of 20 ul at a single time. All mice were permitted
to rest for 1-hour before sacrifice. Upon sacrifice, left lobes were collected and

analyzed via fluorescence microscopy.

PGRP-S-dsRed transgenic reporter mice rely on the peptidoglycan
recognition protein-S (PGRP-S) promoter sequences driving expression of the
dsRed express2 coding sequence’2. In this mouse model, cells such as
neutrophils, eosinophils, and epithelial M cells will fluoresce red upon detection
due to their regulated expression of PGRP-S. These mice were exposed to LPS
via either exposure method and differences in distribution of dsRed expressing
cellular recruits were assessed via Python software. Mice exposed to LPS
intranasally were administered a concentration of 75 pg/mL. Mice were
administered 40 pl doses at two time points 6 hours apart and were allowed to
rest for 24 hours before sacrifice. This method was established through
optimization of both the time and concentration for intranasal administration. Mice
exposed via the aerosol chamber were exposed to a concentration of 15 pg/m?3
for the duration of 24 hours and sacrificed after 1-hour of rest. Mice were

sacrificed in the same manner as described for the microsphere exposures.
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Mice utilized for all aerosol exposures, were housed two per cage in a
home cage lined with a thin layer of bedding. Mice were supplied ample food and
water and were allowed to freely drink and eat in their home cages. The mice
were housed within their home cages inside of the larger exposure chamber
used for aerosol delivery, equipped with an automatic day/night light cycle.

Intranasally exposed mice were housed identical to the chamber cohort.

Histology

For hematoxylin and eosin staining (H&E), mice were exposed to
lipopolysaccharide under the aforementioned conditions; however, for this
processing, these mice were sacrificed before performing intratracheal instillation
to inflate lungs with 0.3mL of a 1:1 mixture of optimal cutting temperature
compound (OCT) and phosphate-buffered saline (PBS). These lungs were then
dissected and flash frozen. Cryostat sectioning was performed on the fresh

frozen tissue followed by H&E staining to assess cellular infiltrations.

Neutrophil recruitment was confirmed through the utilization of spinning
disc confocal microscopy in conjunction with the Keyence system, as described
below. The procedures employed for this approach were identical to those
described previously for the microsphere exposure cohort. However, the
specimens under examination only received DAPI nuclear staining to visualize

the multilobed nuclei of the recruited neutrophils. As previously mentioned, based
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on the transgenic reporter in these mice, dsRed+ cells were detected and

recorded within the Texas Red channel.

Microscopy

A Keyence BZX800 and a custom Yokogawa/Zeiss spinning disc confocal
microscope setup were used to image both microsphere deposition as well as
dsRed positive cells in either study. All images were taken using either 10x or
20x objectives and tiled together to generate the whole lobe images; scale bars
are included in the images. The larger stitched images were then used for

analysis using a custom Python script.

Analysis

Automated image analysis was used to quantify fluorescent microsphere
and cell distribution throughout the tissue analysis. A stand-alone script was built
using the IPython kernel (Python (3.9.7)) in JupyterLab (3.2.1, Jupyter) through
Anaconda Navigator (2.1.4, Anaconda Inc.), with the libraries Matplotlib (3.6.0),
NumPy (1.11.3), pandas (1.5.1), Python Imaging Library (Pillow/PIL, 9.3.0), and
OpenCV (4.6.0.66) used to support functionality without modification to the image
files from the Keyence microscope (.TIFF file formatting)'. This script was paired
with the open-source image processing platform ImagedJ (NIH) in order to

preliminarily identify neutrophils during the PGRP experimental portion of the
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study’. Images were minimally processed at all stages of analysis to minimize

manipulation biasing the analysis.

Preliminary analysis performed on fluorescent microsphere images
centered on color analysis, identifying, and quantifying characteristic colors
present to differentiate non-fluorescent tissue, auto-fluorescent tissue (as
commonly present near airways), and fluorescent microspheres. These
separations provided exclusionary criteria for identifying microspheres in the final
analysis of measuring localized deposition to evaluate the dispersion of
deposition within the lung tissue. The whole-lung analysis was performed by 1)
creating a mask image to filter the characteristic color of fluorescent
microspheres, 2) overlaying a grid of square cells a given size (100, 200, or 500
pum), which was used 3) to subdivide the image into a numerical output based on
the measured intensity of the fluorescent microspheres (as filtered for in (1)). 4)
Following this, the tissue was re-analyzed with the mask image in (1) modified to
include all color characteristic of tissue coverage. 5) These numerical outputs
were aligned, and the output values from (4) were used to determine the
proportion of tissue coverage within given grid cells. 6) Finally, the tissue
coverage of a grid cell from (4) and (5) was used to include or exclude a given
grid cell from analysis to ensure that tissue being analyzed was sufficiently

representative of lung tissue, rather than biasing the analysis due to the inclusion
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of non-tissue space (such as airways or external non-lung space) that would not

contain fluorescent microspheres.

Grid cell sizing and use for analysis was evaluated using combinations of
three grid sizes (100 um, 200 um, 500 uym square grids) and four tissue-coverage
(50%, 75%, 90%, 98% tissue coverage within a given grid cell) criteria for the
inclusion in the analysis of each lung image. The grid sizing of 200 pm with the
tissue coverage criteria of 90% was used in the final image analysis as these
criteria worked best to avoid biasing measurement through the inclusion of
airway and non-tissue image areas. Although all size ranges tested yielded
similar results, this selection criteria provided the most robust and repeatable

analysis across the dataset.

Additionally, to identify distribution of particles and cells proximal to large
and medium airways, deposition of microspheres and neutrophils within 200 um
of the airways was evaluated as a fraction of the total deposition/presence in the

lung.

Interpretation of Data
The index of dispersion (D, the ratio of the variance to the mean D=02/p)
was used as the primary statistic for comparison of the deposition throughout the

lung tissue in this dataset'®. The index of dispersion is a useful measure of
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comparison between two datasets with large differences in means to account for
the larger variance due to larger means. In interpreting the index of dispersion,
the threshold of D=1 is commonly used, as Poissonian distribution has an equal
variance and mean, resulting in an index of dispersion of D=1. In the case of the
random distribution of particles (or diffusion; Brownian motion; deposition in this
study) the distribution of particles in a given volume is Poissonian. The index of
dispersion can be used to assess a given pattern of distribution by dividing the
space into equally sized segments, within each of which particles are counted,
and the index of dispersion across the total space is calculated. An index of
dispersion D>>1 commonly denote a clustered distribution, while an index of
dispersion D<1 indicates low variance (particularly with regard to
outliers/extremes that notably impact the measured variance) throughout the

space.

The coefficient of variation (cv, the ratio of the standard deviation to the
mean cv=0/j, or in a sample, the ratio of the sample standard deviation to the
sample mean cv=s/x) was used as an initial statistic for corroborating the
measure of dispersion alongside the index of dispersion. While the standard
deviation is commonly reported in evaluating the dispersion of numerical data,
the variance (as used in the index of dispersion) weights outliers more heavily
than data very near to the mean (as in the standard deviation). Due to the need

for measuring extreme areas of deposition in the dataset, the standard deviation
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(and so cv) obscured the extremes of the deposition in comparison to the index of
dispersion enabling the emphasis in identification and measurement of this

pattern of deposition.

Results

To model typical aerosol particulate exposures, we exposed B6 mice to
1um fluorescent microspheres via either intranasal administration or using the
aerosol exposure chamber. This chamber is unique as it allows for continuous
exposure to a given concentration of aerosols for any desired length of time. The
chamber allows for uninterrupted aerosol exposure in the form of natural,
unassisted ventilation. The chamber also allows for continuous monitoring of
particle size distribution and PM mass concentration. With this chamber system,
we mimic natural inhalation of particles as a physiologically natural system to
study aerosol exposure. We hypothesized that exposure via the chamber will
generate uniform distribution of particles throughout the lung while intranasally
exposed mice will demonstrate nonuniform microsphere deposition. Results
shown in Table 2.1 as well as Figure 2.2 illustrate the differences in the overall
pattern of particle distribution between exposure methods.
Figure 2.2: Tile stitched full lung lobes, chamber vs intranasal microsphere
administration. (A) 10x tile stitched fluorescence image of WT mouse exposed
to 1um fluorescent microspheres via exposure chamber. (B) 10x tile stitched

fluorescence image of WT mouse exposed to 1um fluorescent microspheres via
intranasal administration.

Table 2.1: Summary of results.
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Method of administration alters microsphere deposition

Mice exposed to microspheres via the exposure chamber (Fig 2.3A)
revealed an average index of dispersion of 0.627 as compared to animals
subjected to exposure via intranasal instillation (Fig 2.3B), which had an average
index of dispersion of 41.90 (Fig 2.3D). There is a significant increase in index of
dispersion in mice administered the microspheres via intranasal administration
when compared to the chamber group. The index of dispersion illustrated in Fig
2.3D indicates that the dispersion of particles due to administration via exposure
chamber follows a uniform distribution pattern. When compared to the index of
dispersion for mice exposed via the |.N. method, intranasally exposed mice
showed a distinct, nonuniform, clustered phenotype. In addition to significant
differences in the index of dispersion, overall variance between exposure groups
also varied significantly (Fig 2.3E). Analysis revealed that chamber exposed mice
demonstrated an average variance of 0.266 while |.N. exposed mice exhibited an

average variance of 2043.0.

Figure 2.3: Microsphere deposition due to chamber exposure vs intranasal
exposure. (A) Fluorescence images of microsphere deposition of WT mouse
exposed to 1um fluorescent microspheres via exposure chamber. Arrows
highlight microspheres. (B) Fluorescence images of microsphere deposition of
WT mouse exposed to 1um fluorescent microspheres intranasally. Arrows
highlight preferential clustering of microspheres around medium sized

airways. (C) Fluorescence images of control WT mouse lung. (D) Index of
Dispersion of chamber and intranasally exposed WT mice. p-value = 0.036581

I Raw variance of chamber and intranasally exposed WT mice. p-value =
0.01363.
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The calculated index of dispersion values revealed that mice exposed to
the 1um fluorescent spheres in the exposure chamber showed uniform
distribution with particle deposition occurring in an even pattern throughout lung
parenchyma. By contrast, animals exposed via intranasal instillation,
demonstrated a pattern of sporadic, nonuniform deposition (Figs 2.3 and 2.4).
Not surprisingly, it was also noted that specific patterns of particle distribution

varied greatly from subject to subject in intranasally exposed animals.

Figure 2.4: Microsphere deposition in intranasally exposed mouse. (A) Tile
stitched fluorescence image of intranasally exposed WT mouse lung illustrating
nonuniform microsphere distribution throughout entire left lung lobe. (B) Enlarged
image of Figure (A) to highlight nonuniform deposition at apex of

lung. (C) Enlarged image of Figure (A) to illustrate nonuniform deposition in
middle area of lung. (D) Enlarged image of Figure (A) to demonstrate nonuniform
deposition in distal portion of lung. Arrows highlight microsphere clustering
surrounding airways.

Histologically, we noted significant differences in the general pattern of
deposition of the microspheres between exposure groups. In mice exposed to
the microspheres via intranasal administration, we noted significant microsphere
deposition concentrated around medium and large airways; a feature exclusive to
this administration method (Figs 2.2B, 2.3B, and 2.4). |.N. exposed mice also
frequently demonstrated deposition of microsphere mini-aggregates at terminal
portions of the airways where they empty into the smaller alveolar spaces of the

lung. In these mice, the microspheres distribution was patchy, and particles were

inconsistently distributed throughout the lung when compared to chamber
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exposed animals (Fig 2.3). Chamber exposed mice demonstrated uniform
deposition in which no clumping was observed neither around airways nor
throughout the parenchyma itself (Fig 2.5). These animals demonstrated uniform
delivery of the particles with broader coverage throughout the parenchyma,
where nearly every region of the lung tissue contained deposited microspheres.
In contrast, I.N. exposed animals showed significant gaps in deposition where
large portions of the lungs had very minimal to no microsphere deposition.
Another distinction in intranasally exposed mice is that there was frequent
deposition within the lumen of airways; this feature was not observed in chamber
exposed animals. This may be due to the preferential clustering of microspheres
in and near the airway in liquid drops with aggregated microspheres, or simply
due to the concentrated delivery of the particles, forcing some microspheres to

be trapped within the airways.

Figure 2.5: Microsphere deposition in chamber exposed mouse. (A) Tile
stitched fluorescence image of chamber exposed WT mouse lung illustrating
uniform microsphere distribution throughout entire left lung lobe. (B) Enlarged
image of Figure (A) to highlight uniform deposition at apex of lung. (C) Enlarged
image of Figure (A) to illustrate uniform deposition in middle area of

lung. (D) Enlarged image of Figure (A) to demonstrate uniform deposition in
distal portion of lung. Arrows highlight microspheres.

The results of this study illustrate the need for clinically representative
models to study the health effects associated with aerosol exposure. As
illustrated in Fig 2.3D, particle deposition due to administration via the exposure

chamber demonstrated even distribution with microspheres being uniformly
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deposited throughout the parenchyma of the lungs. In contrast, mice which were
exposed by using the traditional intranasal methodology, demonstrated
nonuniform, sporadic deposition. This pattern of distribution is critical to consider
when assessing experimental designs attempting to study exposure to aerosols
and the possible associated health effects. As previously mentioned, our data
revealed significant variation in intranasal administration. In preliminary
preparation for this study, we used a method of one dose of 20 pl total,
administering 5 pl per nostril at a time. In these mice, we noted varying results as
some mice illustrated robust, nonuniform deposition with clustering around larger
airways while others showed little to no microsphere deposition throughout the
lung. Using this administration method, another cohort of mice showed very few
microspheres making it through the respiratory tract and depositing in only the
apex of the lungs, incapable of penetrating past the larger airways (Fig 2.6A and
2.6B). The clustering of microspheres around airways following intranasal
administration suggests that this method of exposure could produce a response,
which is not fully representative of the immune response in humans. This could
ultimately mean that cellular responses will subsequently target the parenchyma
and conducting airways of the lung differently leading to different areas of the
lung itself being affected unevenly. The pattern of cellular recruitment is critical to
understanding the behavior of the immune response. If cells are preferentially
recruited to specific areas due to administration method, this may lead to varying

immune responses when compared to an exposure done utilizing a method more
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similar to the natural route of inhalation such as those done utilizing an exposure

chamber.

Figure 2.6: Inconsistent deposition and cellular recruitment in intranasally
exposed mice. (A) Tile stitched fluorescence image of full left lobe of
intranasally exposed WT mouse illustrating microsphere deposition at apex of the
lung only. (B) Enlarged image of Figure (A) to highlight deposition in apex of
lung. Arrows highlight clustering of microspheres around
airways. (C) Representative tile stitched fluorescence image of full left lobe of
control WT mouse exposed to PBS intranasally (D) Enlarged image of
Figure (C). (E) Fluorescence image of PGRP+ mouse intranasally exposed to
LPS illustrating preferential clustering around airways. White square highlights
neutrophil clustering surrounding airways. White circle highlights minimal
neutrophil deposition in parenchyma of lung. Arrows highlight PGRP+ cells
recruited into the lung.
Method of administration influences cellular recruitment pattern and
behavior

To assess clinical implications of particle deposition, we exposed PGRP-S
mice to 75 ug/mL of Lipopolysaccharide either intranasally or via the exposure
chamber. During initial studies, it was difficult to estimate comparable
concentrations for intranasal versus chamber aerosol delivery due to the
differences in how solutions entered the lungs; for example, while the input
solution of 15 ug/mL of LPS was able to induce a response as an aerosol, when
delivered intranasally this concentration was insufficient to induce cellular
recruitment. Through optimization, we found that 75 ug/mL was a concentration

able to reliably induce significant cellular recruitment. We also found that

administration must be done in one single bolus of 40 pl rather than delivering 5
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MI/nostril at a single time; we previously found in the microsphere administration
that small volumes often led to microspheres being embedded in the nasal
passages and not entering the lungs. Upon administering LPS, we noted
significant airway infiltration in lungs of mice both chamber exposed (Fig 2.7A)
and intranasally exposed (Fig 2.7B). Quantitative analysis of dsRed fluorescence
in the lungs of PGRP-S animals revealed results similar to those generated by
microsphere administration (Figs 2.7D-F). Analysis of neutrophil distribution
throughout lung parenchyma of both exposure groups revealed that mice
exposed to LPS intranasally demonstrated nonuniform distribution while chamber
exposed mice exhibited uniform deposition. H&E histological staining and
confocal imaging was done to verify establishment of inflammation and the
cellular recruitment of neutrophils (Figs 2.8 and 2.9). Fig 2.8 illustrates a
representative image of immune cell recruitment in intranasally exposed PGRP+
mice. To verify neutrophil recruitment, we conducted higher magnification
confocal imaging on samples stained with a DAPI nuclear stain (Fig 2.9) to
visualize multilobular nuclei of the recruited neutrophils. Mice exposed to LPS
intranasally showed an average index of dispersion of 0.981 while comparatively,
chamber exposed mice illustrated an index of dispersion of 0.509. Along with a
higher index of dispersion, intranasally exposed mice also demonstrated an
increased variance when compared to those exposed via the chamber. Thus, our
data suggest that the delivery of material into the lung influences the pattern of

cellular recruitment.
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Figure 2.7: Cellular recruitment in PGRP+ mice. (A) Fluorescence images of
cellular recruitment in PGRP+ mouse exposed to LPS via exposure

chamber. (B) Fluorescence images of cellular recruitment in PGRP+ mouse
exposed to LPS intranasally. Arrows highlight PGRP+ cells recruited into the
lungs. (C) Fluorescence images of control lung. (D) Index of Dispersion of
chamber and intranasally exposed PGRP+ mice. p-value = 0.009467 (E) Raw
variance of chamber and intranasally exposed PGRP+ mice. p-value = 0.042693
(F) Average neutrophil density comparison of chamber and intranasally exposed
mice. p-value = 0.251384.

Figure 2.8: Histological characterization of infiltrating cells. (A) 60X
hematoxylin and eosin stain of PGRP-S-dsRed model exposed to LPS
intranasally. Arrows highlight infiltrating neutrophils. (B) 60X hematoxylin and
eosin stain of WT control mice exposed to PBS intranasally.

Figure 2.9: Fluorescence Images of I.N. LPS exposed mice (Red = PGRP
signal, Blue = DAPI). (A) a.60X PGRP b. 60X DAPI, yellow arrows signify
epithelial cell nuclei; white arrows signify neutrophil nuclei ¢. 60X Merge of PGRP
and DAPI. B) 63X magnified DAPI stain to show multilobular neutrophil nuclei.

In histological sections, intranasally exposed PGRP mice demonstrated
dsRed+ neutrophil distribution similar to that of the corresponding microsphere
animals. In these mice, we noticed sporadic recruitment of these cells, which
showed clustering throughout the parenchyma often leaving much of the tissue
devoid of cellular recruitment. In contrast, chamber exposed mice demonstrated
a distinct pattern in which cellular recruitment was uniform throughout the tissue,

with no clustering and wide coverage throughout the parenchyma. This suggests

that chamber exposed mice may have a broad inflammatory response due to the
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dispersed recruitment of neutrophils throughout the tissue while mice exposed
intranasally elicit a varied immune response due to significant differences in
tissue recruitment patterns between exposure routes.

The use of the PGRP-S-dsRed transgenic mouse model allowed for an in
vivo analysis of our hypothesis demonstrating that the route of administration
may affect biological responses to inhaled pathogens as well as other
environmental toxins'2. As highlighted in Figures 2.7D and 2.7E, this data
provides clear support of the hypothesis and shows significant effects on cellular
recruitment patterns. These results strongly suggest that the distribution of
particles due to administration method significantly influences the behavior and
recruitment pattern of immune cells. Interestingly, although the number of
neutrophils recruited into the lungs was not significantly different between
exposure groups (Fig 2.7F), as highlighted in Figs 2.6E and 2.7B, we noted
clustering of cells around airways in intranasally exposed mice while the
recruitment pattern of neutrophils in chamber exposed animals was uniform
throughout the parenchyma. The clustering of neutrophils around medium and
large airways was particularly striking; despite the fact that recruited neutrophils
are intrinsically migratory within tissues, the intranasal administration still directed
a clear pattern of preferential clustering. This data closely mimicked the pattern
of particle deposition noted in the microsphere portion of this study and illustrates
the overall inconsistency of intranasal administration (Fig 2.6). The

consequences of inflammatory neutrophil recruitment also will include distinct
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patterns of tissue damage and fibrosis induced by cellular inflammation.
Accordingly, inconsistencies among methodologies should be considered before
designing studies aimed to address immunological responses to inhaled
materials, whether inert, immunostimulatory, or even infectious, to ensure that

studies can provide clinically relevant physiological data.

Clustering Phenotype of I.N. Exposed Animals

We observed a distinct clustering pattern of beads and recruited
neutrophils around the airways following intranasal instillation. In contrast,
animals exposed to microspheres or LPS in the controlled chamber exhibited an
even dispersion of cells and beads throughout the lung parenchyma. As
highlighted in Fig 2.10, in the microsphere experimental group, 26.48% of
particles deposited near an airway in the chamber-exposed animals whereas,
52.68% of the beads exhibited a clustering phenotype within a 200 ym radius of
a medium or large airway in the intranasally exposed animals. These values
underscore the unique pattern of peri-airway clustering observed in the
intranasally exposed animals. Similarly, PGRP-ds-Red transgenic mice exposed
to LPS, 65.68% of cells clustered near the airways in the chamber-exposed
animals, while 75.60% of cells demonstrated peri-airway deposition in the
intranasal exposure group. Ultimately, this analysis revealed significant

differences in distribution patterns between the two exposure methodologies,
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highlighting the remarkable clustering phenotype observed in the intranasally

exposed animals.

Figure 2.10: Percent of near-airway deposition. (A) Percent of near-airway
deposition of microspheres in intranasal and chamber exposed animals. p-value
= 0.004496 (B) Percent of near-airway deposition of recruited neutrophils in
intranasal and chamber exposed animals. p-value = 0.011466.
Discussion

This study provides evidence that the method of administering materials
into the lung can significantly influence immunological responses, primarily due
to variations in patterns of cellular recruitment. The lung is a complex organ that
comprises two main distinct tissue compartments: the conducting airways and
the respiratory airways or parenchyma, each characterized by unique cellular
subsets. Consequently, disease processes involving inflammatory cell
recruitment and associated cytokines are expected to have disparate effects
within these compartments. As demonstrated in the current study, even in cases
where inflammation triggers the recruitment of highly mobile cells like neutrophils,
there are discernible variations in their recruitment patterns between these tissue
compartments due to the administration method utilized. Therefore, it is
imperative to carefully consider the divergent impacts of such recruitment on
these distinct tissue compartments given the chosen method of delivery. This
becomes particularly relevant in models investigating the effects of inhaled

aerosols as well as disease model development, where models utilizing
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intranasal administration are prone to misrepresentation of the physiologically
responses, especially those which depend on relevant impacts on the lung

parenchyma.

In relation to the data presented here, other studies have aimed to
highlight differences in immune response based on varying methods of
administration. A recent clinical trial assessed the differences in immune
response to cat allergen delivered via chamber exposure or nasal allergen
challenge™. This study ultimately showed significant differences in overall
magnitude of response with an increase in severity noted in the chamber
exposed mice. In this study, they did not note significant differences in cytokine
production; however, this measurement alone is not a true representation of
overall immune response. A study by Hasegawa-Baba et al. sought to investigate
the distribution of a test substance in rats utilizing variations of intratracheal
administration’’. This group found significant differences in distribution in regard
to the technique used. In this study, they compared distribution of the substance
under various conditions, altering the angle of the mouse, instillation speeds, as
well as utilizing various devices. Intratracheal delivery techniques vary widely, so
it may be difficult to compare results between studies utilizing this technique. The
results of this study demonstrated that variation within technique of intratracheal
administration alone produced significant differences in distributions of particles,

highlighting the inconsistency of this method'c. These results also raise the
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question of the reproducibility of models utilizing this method of administration.
As in the present study, these inconsistencies are crucial as they suggest that
techniques may introduce broad variation within cohorts of animals intended to
address the same question. This is important to consider as it may affect
reproducibility not only between exposures but also within a single exposure
group. Although intratracheal administration bypasses the limitation of intranasal
administration in which solution can get trapped in the nasal passages, there are
also limitations to this method as it also administers a bolus of solution as
opposed to aerosolization solution. Because of this, it does not simulate natural
inhalation. In addition to this, the delivery of a bolus of solution intratracheally
may still result in nonuniform distribution and ultimately changes in cellular
response patterns. To address this limitation for this method, further studies must

be done to investigation distribution patterns and immune response.

Conclusion

Current techniques such as I.N. administration, nose-only exposure
chambers, and intratracheal administration have various limitations. In addition to
lack of clinical relevance of these techniques, they also pose various technical
limitations as some of these methods limit animal activity during time of
exposure, making chronic exposures studies difficult to perform. This is a severe
limitation as human response to aerosol exposure more often occurs by chronic

rather than sporadic exposure to particulate matter. Our chamber design allows
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our laboratory to bypass previously mentioned limitations, allowing for generation
of clinically relevant exposure models in which we can investigate the health
effects of various substances. This study not only highlights the inconsistencies
of intranasal administration but more specifically provides compelling information
about cellular behavior. The results of this study illustrate that intranasal
administration of LPS, a robust immune stimulus, leads to localized cellular
recruitment with characteristic peri-airway clustering. In contrast, exposure via
aerosol chamber demonstrated uniform cellular recruitment throughout the lung
tissue. These findings are important as they indicate biological consequences
due to method of exposure, namely variations in cellular behavior such as more
dispersed cell trafficking throughout the tissues to provide broad protection,
pathogen sensing, and defensive responses, as well as consequent tissue
damage and fibrosis.

The data produced by this study suggests that the use of intranasal
administration methods in current aerosol studies which aim to investigate the
relationship between aerosol exposure and associated health effects, may not
accurately represent real-world human exposure. However, these results
additionally indicate that intranasal delivery may serve as a suitable
administration technique for studies focused on investigating models of airway
toxicity or mucosal drug delivery. Ultimately, the findings of this study provide

compelling evidence for the need for further studies to be done to ensure
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relevancy and accuracy of data attempting to address aerosol exposure and

health implications employing the available methods of administration.
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Figure 2.1 — Quantification of fluorescent microsphere aerosols. (A) Total
number concentration of particles within 0.5-1.3um. (B) Average size distribution
of particles injected into chamber.
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(A) (B)

Figure 2.2 - Tile stitched full lung lobes, chamber vs intranasal microsphere
administration. (A) 10x tile stitched fluorescence image of WT mouse exposed
to 1um fluorescent microspheres via exposure chamber. (B) 10x tile stitched
fluorescence image of WT mouse exposed to 1um fluorescent microspheres via

intranasal administration.
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Figure 2.3 - Microsphere deposition due to chamber exposure vs intranasal
exposure. (A) Fluorescence images of microsphere deposition of WT mouse
exposed to 1um fluorescent microspheres via exposure chamber. Arrows
highlight microspheres. (B) Fluorescence images of microsphere deposition of
WT mouse exposed to 1um fluorescent microspheres intranasally. Arrows
highlight preferential clustering of microspheres around medium sized airways.
(C) Fluorescence images of control WT mouse lung. (D) Index of Dispersion of
chamber and intranasally exposed WT mice. p-value= 0.036581 Raw variance of
chamber and intranasally exposed WT mice. p-value= 0.01363
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Figure 2.4 — Microsphere deposition in intranasally exposed mouse. (A) Tile
stitched fluorescence image of intranasally exposed WT mouse lung illustrating
nonuniform microsphere distribution throughout entire left lung lobe. (B) Enlarged
image of Figure (A) to highlight nonuniform deposition at apex of lung. (C)
Enlarged image of Figure (A) to illustrate nonuniform deposition in middle area of
lung. (D) Enlarged image of Figure (A) to demonstrate nonuniform deposition in
distal portion of lung. Arrows highlight microsphere clustering surrounding
airways.
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Figure 2.5 - Microsphere deposition in chamber exposed mouse. (A) Tile
stitched fluorescence image of chamber exposed WT mouse lung illustrating
uniform microsphere distribution throughout entire left lung lobe. (B) Enlarged
image of Figure (A) to highlight uniform deposition at apex of lung. (C) Enlarged
image of Figure (A) to illustrate uniform deposition in middle area of lung. (D)
Enlarged image of Figure (A) to demonstrate uniform deposition in distal portion
of lung. Arrows highlight microspheres.
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Figure 2.6 — Inconsistent deposition and cellular recruitment in intranasally
exposed mice. (A) Tile stitched fluorescence image of full left lobe of
intranasally exposed WT mouse illustrating microsphere deposition at apex of the
lung only. (B) Enlarged image of Figure (A) to highlight deposition in apex of
lung. Arrows highlight clustering of microspheres around airways. (C)
Representative tile stitched fluorescence image of full left lobe of control WT
mouse exposed to PBS intranasally (D) Enlarged image of Figure (C). (E)
Fluorescence image of PGRP+ mouse intranasally exposed to LPS illustrating
preferential clustering around airways. White square highlights neutrophil
clustering surrounding airways. White circle highlights minimal neutrophil
deposition in parenchyma of lung. Arrows highlight PGRP+ cells recruited into
the lung.
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Figure 2.7 — Cellular recruitment in PGRP+ mice. (A) Fluorescence images of
cellular recruitment in PGRP+ mouse exposed to LPS via exposure chamber. (B)
Fluorescence images of cellular recruitment in PGRP+ mouse exposed to LPS
intranasally. Arrows highlight PGRP+ cells recruited into the lungs. (C)
Fluorescence images of control lung. (D) Index of Dispersion of chamber and
intranasally exposed PGRP+ mice. p-value= 0.009467 (E) Raw variance of
chamber and intranasally exposed PGRP+ mice. p-value= 0.042693 (F) Average
neutrophil density comparison of chamber and intranasally exposed mice. p-
value= 0.251384
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characterization of infiltrating cells. (A) 60X
hematoxylin and eosin stain of PGRP-S-dsRed model exposed to LPS
intranasally. Arrows highlight infiltrating neutrophils. (B) 60X hematoxylin and
eosin stain of WT control mice exposed to PBS intranasally.

Figure 2.8 - Histologcal
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(A)

(B)

Figure 2.9 - Fluorescence images of I.LN. LPS exposed mice (Red=PGRP
signal, Blue=DAPI). A) a.60X PGRP b. 60X DAPI, yellow arrows signify epithelial
cell nuclei; white arrows signify neutrophil nuclei ¢. 60X Merge of PGRP and
DAPI. B) 63X magnified DAPI stain to show multilobular neutrophil nuclei.
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Figure 2.10 — Percent of near-airway deposition. (A) Percent of near-airway
deposition of microspheres in intranasal and chamber exposed animals. p-
value= 0.004496 (B) Percent of near-airway deposition of recruited neutrophils in
intranasal and chamber exposed animals. p-value= 0.011466.
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Exposure Condition | Method of administration

Index of dispersion Average Variance % Peri-airway Deposition
Microsphere exposure Aerosol chamber 0.627 0.266 26.48%
Microsphere exposure Intranasal administration 41.90 2043.0 52.68%
Lipopolysaccharide exposure Aerosol chamber 0.981 1.224 65.68%
Lipopolysaccharide Intranasal administration 0.509 2.833 75.60%
exposure

Table 2.1 - Summary of results.
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Chapter 3: Salton Sea Aerosol Exposure in Mice Induces a Pulmonary

Response Distinct From Allergic Inflammation

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
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.
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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,
the Sea has been undergoing a rapid retreat. This retreat is causing increased
exposure of dry lakebed (playa), resulting in increased dust production which is
spreading throughout the region and impacting the surrounding population.
Moreover, the drying Sea has become hypersaline, at approximately 74 parts per
thousand, more than twice that of Pacific Ocean water’. The consequent rapid
change in the Sea's ecology has resulted in periodic algal blooms, and fish and
migratory bird die-offs22. Pesticide and herbicide use from agricultural areas
located to the southeast and northwest of the Sea?, as well as heavy metal
contamination from elements such as selenium?, 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®. Predictably, the surrounding area also has one of the highest
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rates of hospitalization for asthma®, 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
cytokine secretion and the recruitment of eosinophils to the lungs’. Atopic
asthma exacerbations can occur in response to exposure to environmental or
household allergens®. High levels of particulate matter (PM) have also been
known to exacerbate asthma®. 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
10 um and 2.5 ym in diameter (PM10) and under 2.5 ym in diameter'® 11,12,
Indoor household allergens, such as Alternaria alternata, and other fungi, are
also prevalent’®. Up to 70% of patients with fungal allergies show a positive skin
test response to Alternaria'®. Additionally, household Alternaria exposure is

linked to an increased odds ratio for developing asthma symptoms™.

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
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pyrethroid, in both the water and the sediment of sites around and within the Sea
16, Organophosphates have been linked to increased risk of childhood asthma'’.
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-
health2. These microcystins have been shown to cause damage to the lungs
after chronic exposure'®9, Some algal blooms, such as red tides off the coast of
Florida, have also been directly linked to the development of asthma and asthma
exacerbations2%2!, Additionally, cyanobacteria, which make up a large part of
algal blooms, may serve directly as sensitizing allergens, exacerbating the

harmful effects of the algae?2.

Despite suggestive associations between the Salton Sea and asthma,
more direct mechanistic information on Salton Sea aerosols and their potential
impact on pulmonary health are 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.
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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; because aerosols are most
likely generated at the surface layer of the sea, the design of the raft aims to
collect water from the top few centimeters of the water column. Four sampling
ports were square distributed, sticking out of the bottom of the raft at a length of 2
in., to ensure sampling surface water only and avoiding floating debris. Two 4.96
m 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°55'61.4"N 117°15'37.7"W). Water was
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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 um 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%). The filtered water was stored for various periods from weeks to
several months between collection and use in the chamber exposure studies; we
were unable to detect any difference in the magnitude of the reported effects on

mouse lung responses associated with storage time.

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/6 J 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
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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) 2. When in the exposure chamber, mice were given a mixture of dry
filtered air (0.5—1 Ipm) and aerosolized spray (dried by silica gel, 3.5-4.5 Ipm)
with a total particle concentration of approximately 1500 ug m-3. The three types
of PM were generated from solutions of Alternaria alternata and Alternaria tenuis
filtrate (Greer Laboratories, Lenoir, NC, USA; 0.4 g/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 Fig. 3.1a with weekly averaged PM level being 1425 g
m-3 for Alternaria, 1377 ug m-3 for Pacific Ocean spray, and 1523 ug 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
chamber were given filtered dry air (5.0 Ipm) 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
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Particle Counter 3776, TSI) to assist in maintaining stable PM concentration of
1500 pg m-3. Concentration was similar to our previous study in Peng et al.
(2018),24 where 1500 pg m-3 of Alternaria was sufficient to generate neutrophil
and eosinophil recruitment to the lungs. Relative humidity (40—-60%) and
ammonia (weekly averaged [NH4] < 25 ppm) 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.

Figure 3.1: 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 ug 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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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
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 | (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 min at 37 °C before
being diced into small (~1-2 mm) 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 1,500 rpm before being
resuspended in 100 L 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-
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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-SigleckF APC (BioLegend, San Diego,
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). Note that the Figures show different Y-axis ranges in
order to best illustrate the magnitude of the differences in cells recovered from
lavage versus tissue; however, the absolute values are also presented in the

text.

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).
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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.

Differences in lung immune gene expression profiles (from nCounter®
Mouse Immunology Panel) for each mouse sampled were analyzed using
Principal Component Analyses (PCA) 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 and

111



the “stat ellipse” function, with 95% confidence intervals, to visualize these PCA

plots in R (R version 3.2.1).

Histology

OCT embedded lungs were sectioned at 20 ym in a Cryostat. Sections
were stored at —80 °C until staining. Before staining with H&E, slides were fixed
with 4% PFA for 10 min. Histological images were taken using a Keyence BZ-

X710 (Keyence Corporation of America, Itasca, USA).

Aerosol mass spectrometry

Chemical composition of aerosolized particles was measured by an HR-
ToF-AMS?“, Particles were generated using the same atomizer system as
chamber exposures, as described by Peng et al. (2018)22. 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.
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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” 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
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
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around 1500 pyg m-3 (£10%; Fig. 3.1a). Average size distributions of the different
types of PM were generated using the same atomizer system, under identical
conditions (Fig. 3.1b). 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 1.36 g cm-3 < Pacific Ocean PM 1.96 g cm-3 < Salton Sea PM
2.07 g cm-3). Importantly, a majority of PM was either fine (PM with a diameter
between 0.1 ym—2.5 ym) or ultrafine (PM with a diameter of less than 0.1 ym),
with the vast majority of PM under 1 ym 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?2; therefore, for comparability across
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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
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
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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 (Fig. 3.1c).

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/6 J mice to Alternaria alternata and
Alternaria tenuis filtrate mixture (hereafter referred to as “Alternaria”) at a
chamber mass concentration of approximately 1500 ug 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 (Fig. 3.2a), indicating an

inflammatory response to the Alternaria. Additionally, there was a significant
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increase in the number of cells in the BALF (1.7 x 106 £ 2.7 x 105 vs. 2.5 x 105

1+ 4.9 x 104 control, p <0.0001; Fig. 3.2b) compared to the controls.

Figure 3.2: 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*SSC"“CD19* (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*SSC"°“CD3* (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.

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 <
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0.0001; Fig. 3.2d) and eosinophils (8.3 £ 1.7% vs. ~0% control, p < 0.0001; Fig.
3.2¢). 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; Fig. 3.2f). B
cells were essentially undetectable in the BALF (0.2 +0.1% vs. 0.2 £ 0.1%

control; Fig. 3.2e).

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; Fig. 3.2d), 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; Fig. 3.2c) compared to

~8.3% in the BALF. These contrasting ratios of neutrophils and eosinophils in
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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%
control) compared to BALF, but the Alternaria exposed lungs showed no
significant difference compared to controls (Fig. 3.2f); an expected increase in
recruited CD4 T cells21 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 (Fig. 3.2e).

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.
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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
(Fig. 3.3a) 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 105vs. 3.8 x 105+ 7.9 x 104
control; Fig. 3.3b). Flow cytometry analysis of digested lung tissue revealed
minimal inflammatory cell recruitment: eosinophils (3.7 £ 0.6% vs. 2.4 £ 0.5%
control; Fig. 3.3c), neutrophils (12.2 + 1.2 vs. 15.3 + 2.7% control; Fig. 3.3d), and
T cells (10.7 £ 0.7% vs. 10.2 £ 0.8% control; Fig. 3.3f) 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;
Fig. 3.3e). All four cell types were essentially not present in the BALF (data not

shown).

Figure 3.3: 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
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= 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*SSC°"CD19* (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*SSC'°*“CD3* (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.

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; Fig. 3.3b) nor increase in the percentage of
tissue digest eosinophils (2.6 £ 0.3% vs. 2.8 + 0.3% control; Fig. 3.3c),
neutrophils (11.9 £ 2.7% vs. 16.8 + 6.8% control; Fig. 3.3d), or T cells (15.5 £
1.3% vs. 10.7 £ 1.4% control; Fig. 3.3f). Moreover, there was a similar significant
increase in B cell percentage (21.1 £ 1.2% vs. 13.9 £ 1.9% control, p < 0.05; Fig.
3.3e). 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 (Fig. 3.4a). We identified 213 differentially
regulated genes (FDR < 0.10) of which 166 were significantly upregulated vs 47

which were significantly downregulated (Fig. 3.4b). These genes are diverse in
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function, but the strongest change in regulation falls into immune defense
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).

Figure 3.4: 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.

By contrast, analysis of gene expression profiles from exposures to
aerosolized Salton Sea water revealed a distinctively different pattern (Fig. 3.5a).
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.
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Figure 3.5: 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.

This exposure triggered significant gene expression changes, with 151
differentially expressed genes (Fig. 3.5b). 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, Statdb, 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 (lI6ra). It should be noted that the magnitude of gene
expression changes, while statistically significant, were relatively small, with 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.
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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 (Fig. 3.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 (Fig. 3.6a). It is
especially notable, however, that the Alternaria and Salton Sea exposures each
induced strikingly different sets of genes (Fig. 3.6b; Pacific Ocean excluded due
to a lack of differentially expressed genes). Of the 166 upregulated genes in
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
125



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.

Figure 3.6: 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 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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Discussion

The studies reported here were principally aimed at determining whether
the aqueous components (which may include microbial components and toxins)
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. It is important to note that these studies
do not test the biological effects of actual dust generated at the Salton Sea
exposed playa; these effects are the subject of ongoing studies and will be
reported separately. Since the impact of dust exposure among residents in the
region is dependent on a variety of factors, including prevailing wind patterns,
dust events, and proximity to the Salton Sea, such studies will need to take these

other additional factors into account.

To investigate the effect that Salton Sea spray may have on the
communities surrounding the Sea, we exposed C57BL/6 mice to approximately
1500 pg 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 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
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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 receptors2®. Additionally, larger dust
particles (e.g., 1 um 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 um); thus, particle size was unlikely to be a limiting factor for distribution.

Effects due directly to minor differences in particle size are most likely negligible,
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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 (lkbkb,
RelA), care should be taken to investigate sources of reactive oxygen species
(ROS). In particular, pesticides and heavy metal ions 161227 both of which have
been detected in the Salton Sea, should be investigated, as they are known to

induce ROS28:29,

The studies reported here are only among the first steps in studies
identifying the potential aerosols contributing to lung disease in residents near
the Salton Sea. The sea spray aerosols produced at the Salton Sea surface are
certainly not the only contributor to inhaled aerosols and the proportions of other
components in the inhaled aerosols may vary widely depending on the
aggregation of sea spray among other ambient dust particles generated at the
playa or more distant sources. Indeed, these studies should not be interpreted to
suggest that Salton Sea water aerosols are the only source of potential aerosol
toxins in the region. Also, actual exposures well depend on an individual's

geographic position relative to the Salton Sea, seasonal winds, and other factors.
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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. 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 lI6r, CD97, Ifngr1
and Ifnar1. IL-6 is associated with IL-4 production, which is critical for Th2
differentiation®C. The soluble form of II6r has also been associated with asthma
severity?'. CD97 is a known costimulatory factor on CD4+ T cells®2. In contrast to
the previous receptors, Ifngr1 and Ifnar1 are associated with Th1 response.
However, Th1-polarization has been linked to nonallergic asthma33. Additionally,
our previous studies showed that Th1 inflammatory responses could not only co-
exist with allergic Th2 inflammatory responses, they could show additive
effects®4. 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®, upregulation of these components could potentially
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provide additive or synergistic effects in the presence of other triggers, including

environmental or household allergens.

Conclusion

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
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.

Fig 3.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 (SSC'°¥, CD19%), T
cells (SSC'*v, CD3*), neutrophils (CD11b*, Ly6G*) and eosinophils (CD11c",
Siglec F*).
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Fig. 3.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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Figure 3.1 - 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 ug 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 3.2 - 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
CDA45" 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*SSC"CD19* (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*SSC"°“CD3* (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.

142



Total Cells BALF Total Cells BALF

b r
g e =
! L
B s
v>" > : Gl &
e@‘:f 00&\ ssoé
<&
Control Air Lung Salton Sea Exposed Lung  Pacific Ocean Exposed Lung
« ¥ Eosinophil ¥ ¥ Eosinophil %CD45 Lung Digest Eosinophil %CD4S Lung Digest
& E;’;] i
» r » &
o"‘f ¥4 & &
D 5 Neutrophil %CD45 Lung Digest Neutrophil %CD45 Lung Digest
$ F
3 -1
g, E = & é =
.
» & » &
&
> ' & &
E | B Cell %CD45 Lung Digest B Cell %4CD45 Lung Digest

:
.
-

#

s e f’f
F. T Cell %CD45 Lung Digest T Coll %CD45 Lung Digest
o S 58

fa" f"’. ; & fof

Figure 3.3 - 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
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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*SSC°*"CD19* (Left diagram: Letft,
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*SSC'°*“CD3* (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.

144



* mRNA

Exposure: differential expression
Alternaria vs. baseline of Control Air

PC2 = 9% variance

Exposure
W Atternaria
@ Control air

-10 0 10 2 .
PC1 = 24% variance 2 0

-10

Figure 3.4 - 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 3.5 - 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 3.6 - 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 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 3.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 (SSC'°¥, CD19%), T cells (SSC'°¥, CD3*), neutrophils (CD11b*, Ly6G*) and
eosinophils (CD11c™, Siglec F*).
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Figure 3.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 4: Aerosolized Aqueous Dust Extracts Collected Near a Drying

Lake Trigger Acute Neutrophilic Pulmonary Inflammation Reminiscent of

Microbial Innate Immune Ligands

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
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.
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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 ym in
aerosol diameter (PM10) and particulate matter under 2.5 ym in aerosol diameter
(PM2.5)!, 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 and 20452, with the shoreline having retreated
substantially between 1985 and 2020 (Fig. 4.1). Exposed playa has been linked
to higher levels of dust in general>*°€, and, in particular, the dust in the Salton
Sea Basin is estimated to increase by 11 % between 2018 and 20307 with
changes in composition due to playa emissions®.
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 and 2020 due to evaporation of the Salton Sea.

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 %?. Additionally,
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the communities surrounding the Salton Sea are among the top percentile for
emergency room visits due to asthma'?, 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™. Typically, asthma development is associated with
childhood exposure to aeroallergens, which leads to the development of
allergies'? 134 However, the exact mechanism for asthma development remain
elusive, with risk factors including microbial exposure'>16.17 genetic
predisposition’®, and childhood viral and bacterial infections'®2%. Other pulmonary
diseases such as acute lung injury (ALI) instead preferentially recruit
neutrophils?'. Large dust storms, such as those in East Asia, have been linked to
increased prevalence of respiratory diseases such as asthma222324 while
organic dust from enclosed swine facilities has been shown to cause neutrophilic
inflammation and oxidative stress2°. 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
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toxins, have been found in the Salton Sea?%2.28, 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?2. 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®, or intranasal administration of whole dust without a
control dust site®'. 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 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-h 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,
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adaptive inflammatory allergen Alternaria to determine where the dust extracts

fall along these axes.

Materials and 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.®?
and Maltz et al.23. 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, marbles, and mesh were acid washed in
2 M HCI, with rinses of 18.2 M Q 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
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Supplemental 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 (Supplemental Table
4.1; Fig. 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 Salton Sea. The Sonny Bono,
Wister, and Dos Palmas sites were chosen based to give an idea of the dust over
several geographic sites near the exposed Salton Sea playa 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
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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 Q 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.

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 Q 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
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our playa suspensions into glass funnels through autoclaved 5.0 um filters

(Millipore-Sigma, Burlington, MA, USA).

To ensure that the biological effects of the dust are dependent only on the
components and not on physical effects of inert particles, we filtered all playa and
dust suspensions into glass funnels through sterile 0.2 ym 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
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
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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?°.

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) 2422, 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 Ipm) and aerosolized spray
(dried by two in-line silica gel columns, 3.5—4.5 Ipm). 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 composition (high-resolution time-of-flight aerosol mass

spectrometer (HR-ToF-AMS), Aerodyne) and aerosol density (aerosol particle
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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 dryers2*. Mice in the control chamber were
given filtered dry air (5.0 Ipm) 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 ug/m3 for the Alternaria mixture, 150 ug/m3
for LTA, 1 ug/m3 for LPS, and 1500 ug/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)22, where 1500 ug 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-h or 7-days

depending on the study.

159


https://doi.org/10.1063/1.5042097
https://doi.org/10.1016/j.scitotenv.2021.148450

Animal processing

After either 48 h 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 |
(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 min at 150 rpm in 37 °C, the lung was agitated using
an 18-gauge needle and incubate for another 15 min under the same conditions.
Following digestion, the lung was pushed through a 100 um 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 um in a Cryostat. Sections
were stored at —80 °C until staining. Before staining with H&E, slides were fixed
with 4 % PFA for 10 min. Histological images were taken using a Keyence BZ-

X710 (Keyence Corporation of America, ltasca, USA).

Flow cytometry

BALF and post-digested lungs were centrifuged at 1500 rpm before
resuspension in 100 pL 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 uL 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-SigleckF APC (BioLegend, San Diego, USA; Clone

S17007L).
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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 B cells were CD45+CD19+SiglecF+CD11¢c-

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).
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NanoString analysis

50 ng of purified 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.

Normalized log2 gene counts and differential expression data were
imported into R version 4.1.2 using readr and readx| and visualized using the
ggplot2 package and the Khroma package. Principal Component Analyses were
calculated using the normalized log2 gene count and the “prcomp” function. This
data was visualized using the ggforitify 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 package.

Statistical analysis
Statistical analysis for inflammatory cell infiltration was done using

GraphPad Prism 9 (GraphPad, San Diego, USA). P-value was calculated using
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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
was calculated using nSolver® 4.0 and was false discovery rate (FDR) adjusted
using the Benjamini-Hochberg method. A p-value of <0.05 and an FDR adjusted

p-value of <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 (~100 nm
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?®. 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 (Figure
4.2b). Additionally, there was dramatic recruitment of neutrophils in

bronchoalveolar lavage fluid (BALF) (13.9 % £ 8.8 % vs 0.08 + 0.04 %; Figure
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4.2c). T cells were also preferentially recruited to the airways (2.4 £ 0.7 % vs 0.5
1 0.2 %; Figure 4.2e), though B cells (Figure 4.2f) and eosinophils (Figure 4.2d)
were not detected above background levels. Moreover, gene expression patterns
were consistent with activation of acute immune inflammation (Figure 4.2h). The
most highly expressed genes included several neutrophil chemokines (Cxcl3,
Cf2rb), among other inflammatory chemokine (Ccl6, Ccl9). Additionally, several

innate immune receptors

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 magnification H&E stain of
lung tissue 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*CD11¢". 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
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 >1 or less
than negative 1 and an Benjamini-Hochberg adjusted False Discovery Rate of
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<0.01. * p < 0.05. ** p < 0.01. p-value determined using the Mann-Whitney U test
for nonparametric data.

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 (Figure 4.2a), BALF
(Figure 4.2c,d,e,f), nor a gene expression pattern indicative of active
inflammation (Figure 4.2g). 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
produces robust allergic inflammation within 4 to 7 days 2235, Second, exposures
of only 48 h induced the strongest neutrophil recruitment (63.9 £ 3.5 % vs 0.1 £
0.03 % in the airways; Figure 4.3a;41.2 £ 10.4 % vs 8.6 + 0.6 % in the digested

lung tissue; Figure 4.3c) with strong but slightly lower persistent inflammation
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present after 7 days of exposure (Figure 4.3a) and no recruitment of eosinophils
at either timepoint (Figure 4.3b,d). Allergic stimuli such as Alternaria tend to have
a stronger response at 7 days, as 48 h 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 (Figure 4.3a,b). Thus, material
from dust at the Salton Sea induced strong pulmonary inflammation, but not the

allergic profile more commonly associated with clinical asthma.

Figure 4.3: Changes from 48-h to 7-day timepoints for Salton Sea (Wister)
Dust extract, Alternaria, LTA, and LPS exposed mice. (A) Neutrophil
infiltration at 48-h 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-h 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-h 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-h 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-h 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-h 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.

The kinetics and types of inflammatory cells recruited matched

conventional patterns of responses to innate immune triggers such as LPS and
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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-h; 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
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 (Figure
4.3e). 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-h for dust extract from the Imperial Wister Unit, we
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used this timepoint for analysis. We found that dust extract from these locations
triggered neutrophil infiltration to the BALF and gene expression profiles (Figure
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 (Figure 4.4a). 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
and showed few gene expression changes (Figure 4.S2), with only Marco and

[11a being significantly upregulated.

Figure 4.4: Gene expression comparisons for 48 h 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-h (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-h (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.

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
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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 (Figure 4.4b). 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 Figure 4.4c and d. For the 48-h 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.

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,
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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 notin 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 [I1a through 7 days of exposure; no other 7-day
exposure in our study induced significant upregulation of ll1a. lI1a has been
associated with neutrophil recruitment by cigarette smoke, as well as promoting
inflammatory cytokine release and inhibiting fibrotic extracellular matrix (ECM)
release and healing by lung fibroblasts2¢-37:38. The persistent upregulation of ll1a
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
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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®?, which may not be the case in Salton Sea dust

exposure (Fig. 4.4).

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, 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',%2,

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
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can worsen Th2 asthma or shift it towards a corticosteroid resistant Th17-type

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?24%59, These types of bacteria are
known major contributors to LPS in the gut>!, and can be carried on dust particles
over large distances®, indicating a potential source of microbial 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®:.
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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.

Conclusion

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
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
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allergic development, we may be better equipped to handle the negative health

impacts of the dust and developed tailored strategies to address them.

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-h 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-h 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 >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.

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-h 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 >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 4.1 - 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 and 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 magnification H&E stain of
lung tissue from mice exposed to Wister Dust extract. Insets are 60x
magnification. (C) Neutrophilic infiltration into the bronchoalveolar lavage fluid
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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*CD11¢". 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
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 >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-h to 7-day timepoints for Salton Sea (Wister)
Dust extract, Alternaria, LTA, and LPS exposed mice. (A) Neutrophil
infiltration at 48-h 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-h 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-h 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-h 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-h 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-h 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 h 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-h (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-h (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-h 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
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Dust extract for 48-h 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 >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-h 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 >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.

197



Site Latitude Longitude Sampling | Deployment | Sample
(°N) (‘W) dates (days) 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- | 55 dust
10/08/20

Sonny Bono 33°11'16.0 | 115°35'57.3 08/30/20- | 44 dust
10/10/20

Wister 33°17'01.7 | 115°36'00.3 08/30/20- | 44, dust
10/10/20, | 81
09/18/21-
12/08/21

Dos Palmas 33°29'22.1 | 115°50'06.3 08/30/20- | 44 dust
10/10/20
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Supplemental Table 4.1. Site and sampling characteristics. Coordinates and
deployment dates for each of five sites Salton Sea Basin of California.




Chapter 5: Evidence for Aerosolized Bacterial Endotoxin as an

Environmental Health Hazard

Abstract

The high incidence of asthma in communities near California’s Salton Sea
has been attributed to dust produced at the exposed lakebed. In previous
studies, aerosol exposures of mice to local dust resulted in lung inflammation
dominated by neutrophils without significant recruitment of eosinophils. These
results suggested that asthma symptoms in the Salton Sea region may be from a
non-allergic inflammatory pathology. Our aim was to compare the mouse
exposure studies to environmental and clinical information in the Salton Sea
region, to assess whether mouse responses to dust were predictive of asthma-
like symptoms and indicate potential causes of symptoms among residents in the
region. To determine whether the mouse exposure studies were predictive of the
clinical setting in the Salton Sea region, we used mouse exposures to assess
inflammatory responses to Salton Sea dust. To relate dust exposure data to
clinical outcomes, a community survey of clinical symptoms with geospatial tags
was conducted across the Salton Sea region. Exploratory spatial regressions
were constructed to investigate the relationship between households’ clinical
outcomes and demographic and environmental variables in the study area.
Mouse exposure studies revealed inflammatory responses, with different dust
samples showing a geographic gradient from northwest to southeast in the

magnitude of responses. Interestingly, a community symptom survey showed a

199



very similar pronounced geographic gradient with the incidence of families with
asthma symptoms reaching upwards of 35% in northern Imperial Valley, results
that were confirmed by geospatial models. The pattern of response in exposed
mice indicated an innate immune response to bacterial endotoxin, confirmed in
transgenic mice lacking endotoxin receptors. Moreover, dust samples from the
southern end of the Salton Sea inducing high inflammatory responses also
showed concentrations of endotoxin far higher than those in samples from the
northern end of the region. Our studies show that Salton Sea dust induces lung
inflammation in mice with the magnitude of responses showing a northwest to
southeast geographic gradient. Interestingly, this matches the geographic
gradient in the incidence of asthma symptoms in residents of the region, along
with the predominant wind direction in the study area. The mouse inflammatory
response was shown to be due to bacterial endotoxin in the dust samples, and
high concentrations of endotoxin in the dust were also found in samples collected
nearest the highest incidence of clinical symptoms. The results are consistent
with a model in which agriculture nutrient runoff drives bacterial growth and
production of endotoxin that is entrained in the dust. Inhalation of the endotoxin
in dust may account for the high incidence of asthma symptoms, suggesting that
asthma in the region may be a non-allergic innate response to endotoxin rather

than an environmental allergen.
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Introduction

The Salton Sea is California’s largest inland lake; its desert location
means that its continued existence cannot rely on rainfall or mountain snowpack
runoff, so it can only be maintained by excess Colorado River irrigation water
from nearby agricultural activity’2. The lake continues to retreat due to
evaporation and declining freshwater inputs, with increasing areas of exposed
lakebed (playa) emitting high levels of dust-2. Residents in the region suffer from
high levels of asthma that is generally attributed to this playa dust#, though the
specific contribution or mechanism of induction of asthma symptoms has not
been determined. In nearby communities such as Palm Springs, residents are
also exposed to aerosol particulate matter (PM) during acute dust events as well
as chronic exposure to ambient PMs, but the incidence of asthma is far lower,
similar to baseline levels across the state®. Thus, triggers of asthma symptoms
among Salton Sea residents are likely to be from specific components generated

at or near the lake itself.

A Salton Sea-specific aerosol component has not yet been identified, but
a number of environmental factors have been raised as possibilities. These
include a variety of heavy metal contaminants in the groundwater, including
arsenic and selenium®. The active agriculture industry in the region also
contributes a variety of pesticides, including residual long-lasting pesticides such

as DDT®. Unfortunately, these potential environmental components are not

201


https://wildlife.ca.gov/Regions/6/Salton-Sea-Program/Background
https://www.wbur.org/hereandnow/2023/02/22/salton-sea-colorado-river-water
https://ehp.niehs.nih.gov/doi/full/10.1289/EHP12835
https://ehp.niehs.nih.gov/doi/full/10.1289/EHP12835
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10252982/
https://www.cdph.ca.gov/Programs/CCDPHP/DEODC/EHIB/CPE/Pages/CaliforniaBreathingCountyAsthmaProfiles.aspx
https://link.springer.com/article/10.1023/A:1016509113214
https://link.springer.com/article/10.1023/A:1016509113214

known for their induction of pulmonary symptoms, so despite their presence in
and around the Salton Sea, their contribution to the high incidence of asthma in
the region is uncertain.

Asthma symptoms are usually seen in the context of allergic inflammation, so
specific local allergenic agents could include pollen from plants growing near
Salton Sea, or fungi or mold in household environments’. Unfortunately, these
allergens are also common to environments outside of the Salton Sea region, so
their unique contribution to the induction of disease in this region has not been
demonstrated. In addition, bacterial or algal toxins, including cyanotoxins, domoic
acid, or other microbial components, are also known to exacerbate asthma
symptoms&, though they are not allergens per se, and have not yet been
detected in significant amounts in the environment. Thus, while there are a
number of potential factors that may contribute to the incidence of asthma in the
region, they have not yet been shown to be unique to the Salton Sea

environment, or present in sufficient amounts to induce symptoms.

In this report, we extend previous studies on the biological effects of dust
material collected from locations around the Salton Sea region. We found that
mice exposed to dust material from the Salton Sea region demonstrated strong
neutrophilic lung inflammation, supporting the notion that this dust may be a
major factor in pulmonary disease in the region. In this report we provide

additional focus on identifying the component(s) likely to produce asthma-like
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symptoms. Complementary studies with a community-wide symptom survey with
geospatial tagging also provided information on the distribution of disease
symptoms. Together, the data are consistent with a model in which microbial
production of endotoxin in the Salton Sea or exposed playa causes chronic
exposure to this inflammatory toxin among residents, leading to a non-allergic
lung inflammation with asthma-like symptoms. Thus, this study provides an
argument for monitoring levels of aerosolized endotoxin as an environmental

pollutant correlating with pulmonary disease.

Materials and methods
In vivo environmental exposures

8-9-week-old male and female C57BL/6J mice were purchased from
Jackson Laboratory. Mice were housed under a 12-hour light cycle within their
home cages with ad libitum food and water. After 1-week of acclimation, mice
were housed 2-3 mice per cage, placed in an environmental aerosol exposure
chamber, and exposed to dust from the Salton Sea region for 48 hours. Upon
completion of exposure, mice were sacrificed immediately and analyzed for

cellular recruitment, gene regulation, and histological alterations.

Salton Sea dust collection and extraction
Passive dust collectors were placed at different areas surrounding the sea

to collect dust. These collectors consist of a round bundt pan coated with Teflon
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lined with Kevlar mesh containing glass marbles as described in Biddle at al.
(2023)°.To recover material from the collectors, marbles were rinsed with water
and the resulting dust suspension was filtered through sterile 0.2 um filters,
lyophilized, and resuspended for aerosolization in our environmental exposure

chambers.

Exposure Chambers

Exposure studies were performed in dual animal chambers as described
in Peng et al (2019)'°. Relative humidity, temperature, and atmospheric pressure
were measured in the chambers. Particulate matter size and concentration were
also monitored using a scanning mobility particle sizer (SMPS) to maintain
consistent PM concentrations for the duration of the exposure. Utilizing these
chambers, animals were exposed to either filtered air, serving as a control
exposure, or to aerosolized dust collected from the Salton Sea region for 48

hours.

Flow Cytometry

Bronchoalveolar lavage fluid (BALF) and left lung lobes were collected for
flow cytometry analysis. BALF and digested lung tissue were stained for the
following surface markers: anti-CD45 FITC, anti-CD19 Percpcy5.5, anti-CD3
AF700, anti-CD4 BV711, anti-CD8 PE-CF594, anti-SiglecF APC, anti-Ly6G

BV510, anti-CD11c PE-Cy7, anti-CD11b BV421, and anti-IgE PE. Cells were
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fixed in 1% PFA and samples were run the following day using the Agilent
NovoCyte Quanteon Flow Cytometer. Upon excluding dead cells identified by
positive staining with Zombie Yellow dye, cellular populations were identified
using the following surface markers: CD45"CD11c" SiglecF™ for alveolar
macrophages, CD45*CD11b*Ly6G* for neutrophils, CD45*CD11b*SiglecF* for
eosinophils, CD45*CD3* for T cells, and CD45*CD19" for B cells. All gating and
analysis were performed using FlowJo analysis software. This data was then
transferred into PRISM for production of graphs and statistical analysis.
Statistical analysis for cellular infiltration was conducted using GraphPad Prism

9, and p-values were calculated using the Mann-Whitney U test.

Gene expression profiling (Nanostring)

RNA was extracted from flash frozen right lung lobes of exposed and
control animals for NanoString analysis. RNA was extracted using a TRIzol
based extraction method. Approximately 100 mg of tissue was ground using
liquid nitrogen in a mortar and pestle to pulverize the tissue into a fine dust.
Following this, tissues were placed in TRIzol and centrifuged for dissociation of
RNA. The supernatant was then collected and mixed with Chloroform to allow for
further separation before centrifugation. The aqueous phase of the centrifuged
product was mixed with isopropyl alcohol and centrifuged before a series of
washes with 75% ethanol. RNA was resuspended in DEPC-Treated water and

concentration and purity were measured using a Nanodrop 2000
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spectrophotometer. For Nanostring analysis, 50 ng of RNA was analyzed using
the NanoString nCounter Mouse Immunology Panel to assess gene regulatory
changes. Differential expression was calculated and normalized based on
housekeeping genes. Statistical analysis for Nanostring data was calculated
using nSolver with a p-value of <0.05 used to determine significance. Positive

controls and p-values were adjusted using the Benjamini-Hochberg method.

Limulus Amebocyte Lysate Assay

Dust and water samples collected from around the Salton Sea were tested
for endotoxin concentrations using the ToxinSensor Chromogenic LAL Endotoxin
Assay Kit (GenScript, ABIN491527). Samples were processed via manufacturer
instructions and run neat, as well as at 1:10, 1:50, 1:5000, and 1:10000 dilution
concentrations. Absorbance values were measured at a wavelength of 545 nm
using a SpectraMax ID5. Concentrations were then back calculated from the
standard curve and dilution factors were corrected for to give final endotoxin
concentrations for each sample. Values for dust samples were then standardized
based on the length of time that the dust collectors were out for collection of

material.

Sandwich ELISA assay

LPS was measured in samples through a competitive ELISA (absorbance

450 nm; ELISA Kit - LS-F15272, LSBio, Seattle, WA), following manufacturer’s
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specifications, using a SpectraMax iD5 microplate reader (Molecular Devices,
San Jose, CA). Samples from Salton Sea collection sites were run neat and in
three 1:5 serial dilutions. An additional positive control of lipopolysaccharides
from E. coli O55:B5 (LPS; L2880) at a concentration of 0.1ng/mL with three 5-
fold serial dilutions was also measured. Endotoxin units were calculated based

on a serial fold dilution of an endotoxin standard provided by the manufacturer.

Histology

For histological analysis, lungs were inflated with 0.3 ml of 10% neutral
buffered formalin (NBF). Lungs were then excised and placed in 10% NBF
overnight. Lungs were washed in 1x PBS and transferred to 70% ethanol.
Tissues were shipped to University of Irvine and were paraffin embedded and
sectioned at 15 um using a microtome. Sections were deparaffinized and stained
with hematoxylin and eosin (H&E) to analyze cellular recruitment and histological

alterations.

Community clinical symptom survey

The clinical symptom survey study was approved by the University of
California, Riverside Institutional Review Board, protocol HS22-154. HARC and
HDR@UCR drafted a survey with 42 questions, which was modeled on a
standardized questionnaire from the Global Asthma Network, originating from the

International Study of Asthma and Allergies in Childhood (ISAAC) program™’.
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Results are from an address-based survey of households in eastern Riverside
County and northern Imperial County. HARC (via Ace Printing) mailed a “survey
package,” which included an invitation letter (in English and Spanish), a paper
survey in English, a paper survey in Spanish, a pre-paid return envelope, and a
$2 bill as a pre-incentive that the recipient could keep regardless of whether they
took the survey. Further, the invitation letter explained that the first 1,000
households to complete and submit the survey would receive a $20 Visa card as
compensation. Ace Printing purchased a list of 6,941 households likely to have
children and mailed the survey package to these households. In addition, a flyer
with a URL link and QR code (to take the survey online) was mailed to an
additional 18,000 households (regardless of whether they were likely to have
children or not). These flyers likewise offered a $20 Visa card. The mailed
instructions asked the adult in the household most familiar with the child to take
the survey (the survey thus was often completed by the child’s parent or
grandparent). If a household had more than one child, the survey questions
concerned the oldest child under the age of 18 in the home. The survey was
launched on August 18, 2023, and the survey was closed on October 31, 2023. A
total of 840 completed surveys were received. All paper survey results were
entered into the online survey platform, Sogolytics. The final results were
downloaded, cleaned, and analyzed using SPSS (Statistical Package for the
Social Sciences). Demographics: The average age for surveyed children was 12

years old. Among surveyed children, 55.8% were boys, and 44.2% were girls.
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About 93.8% were Hispanic/Latino. The median household size was 5.0 people.
Nearly half (49.4%) of households had a total annual income of less than
$35,000, and a maijority (50.9%) of households were at or below the federal

poverty level.

Geospatial analysis correlating symptom survey results and environmental
data

In addition to the surveyed households, environmental and water
contaminant data were collected for the study area. Specifically, groundwater
contaminant data were sourced from the California Water Boards Groundwater
Ambient Monitoring and Assessment Program (GAMA)'2, municipal water
contaminant data from the Safe Drinking Water Information System (SDWIS)*3,
air quality data from the Environmental Protection Agency’#, and wind direction
from the Global Wind Atlas’®. From the municipal water and groundwater data,
ten chemicals were used, based on the possible mechanisms of interest: arsenic,
iron, aluminum, nitrates, nitrites, phosphates, selenium, uranium, chromium, and

manganese.

In our study area, there were six different municipal water suppliers
present. Each of these municipalities publishes contaminant data for each of our
chemicals of interest at each site monitored. The surveyed households located

within the borders of a municipal water supplier (95% of households surveyed)
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were assigned contaminant data based on the average of the farthest
downstream sampling sites for each municipality. The GAMA data, meanwhile,
are a composite dataset of sampled locations from at least nine different
organizations. The sampling locations were used to construct interpolated
surfaces for each contaminant of interest for our study area, and those surfaces
were used to assign contaminant values for the five percent of households
located outside the boundary of any municipal water supplier. The same
interpolation process was used to generate a continuous surface of the
atmospheric pollutant PM10, with the resulting values assigned to each
household. The predominant wind direction across the Salton Sea is along its
long axis, from the northwest to the southeast. Each surveyed household was
given a vectorized value that denotes its position relative to the predominant wind
direction, as in Figure 5.4. The relative angle between a vector drawn between
each household and the midpoint of the Salton Sea and the predominant wind

direction was calculated.

Dummy variables were constructed for asthma and rash incidence for the
households, and these were used as dependent variables for the models, while
the groundwater/municipal water contaminant, surface water contaminant, air
quality, wind direction, and demographic data were used as independent
variables. Several models were constructed depending on the mechanism of

interest, and all models were spatially lagged regressions — several of the input
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variables exhibit significant spatial autocorrelation, as did the residuals of a
spatially agnostic ordinary least squares model. The resulting models function as
exploratory tools, shedding light on the explanatory power of each of the

independent variables on asthma and rash incidence rates.

Surface phosphate and nitrate concentrations along the tributaries,
tributary mouths (Alamo and New River), and in the Salton Sea in Figure 5.3
were collected from publicly available community organized Salton Sea
Environmental Timeseries'®, Imperial Irrigation District'’, California
Environmental Data Exchange Network'é, Bureau of Reclamation'®, as well as

USGS Westmoreland2%:21.22,

Results
Lung inflammatory responses in exposed mice suggest a geographic
gradient across the region

To identify environmental components that may trigger or drive chronic
inflammatory lung disease or asthma, we studied the effects of aerosols
generated from materials collected near the Salton Sea using an in vivo
environmental exposure system?3. We found that sea spray from the lake’s water
could induce some lung gene expression changes consistent with promotion of
immune responses, however, overt inflammatory disease was not induced?.

When filtrates of dust samples were used, many of the samples induced
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significant acute neutrophilic inflammation. The patterns of cell recruitment and
gene expression contrasted with the allergic inflammatory response to an
aerosolized fungal allergen, suggesting that the driving component in the dust

was not allergenic®.

In the present study, we found that exposures to dust samples collected at
different sites in the area induced similar patterns of neutrophilic inflammation,
although the magnitude of the response varied among samples across the region
(Figure 5.1). This variation showed an apparent geographic gradient, with lower
inflammatory responses to samples collected at the northern end compared to
higher responses to samples collected at the southern end of the region, most
evident for 7-day exposures (Figure 5.1A). This geographic gradient suggests
that environmental factors contributing to the inflammatory potential of the dust
are not uniformly distributed across the region and may help provide clues to the
source of the inflammatory component. Acute neutrophil responses were evident

in 48-hour exposures as well (Figure 5.1B).

Figure 5.1 - Mouse response to Salton Sea dust from various collection
sites. Numbers show the mouse inflammatory responses (percentage of
neutrophils among CD45+ cells in lavage) to 7-1day exposures (A) and 48-hour
exposures (B) in control air and dust exposed mice.
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Asthma-related clinical symptoms show a similar geographic gradient
across the region

Studies on the inflammation induced in mice were designed on the
expectation that they are predictive of health impacts on residents in the region,
who are subject to long term chronic exposures to these same dusts. Thus, the
epidemiology of clinical pulmonary symptoms and their geographic distribution
would be expected to be similar to the range seen in mouse responses.
Accordingly, we performed a clinical symptom survey to assess the incidence
and distribution of specific symptoms across the Salton Sea region. From
previous discussions with local residents, major concerns included asthma, skin
rashes, and nosebleeds, so a questionnaire was developed to query related

symptoms along with demographic information.

The survey gathered approximately 830 responses from families across
the region from Eastern Coachella Valley to Imperial Valley, each response
including geospatial information. In this region, the population is predominantly
Latino/Hispanic, with relatively low household income and related socioeconomic
indicators. The distribution of demographic indicators was uniform across the

region showing no clear geographic gradients.

Previous estimates of asthma incidence have been less detailed, with

relatively small numbers grouped into relatively large geographic regions such as
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zip codes (e.g., HARC, CHIS), which make it more difficult to associate
symptoms with proximity to potential sources of disease triggers. Therefore, to
correlate symptom incidence with more detailed geographic information, we
aggregated responses into local population cohorts. The incidence of asthma
diagnosis, as well as related clinical symptoms such as wheezing, showed an
apparent geographical gradient from north to south within the region (Figure 5.2).
The percentage of families reporting asthma-related symptoms was 13-19% at
the northern end of the Salton Sea region, rising to approximately 35% in
communities at the southern end. This gradient was specific to asthma-related
symptoms; in contrast, the geographic distribution of skin rash and nosebleeds
showed distinct patterns, with a concentration of skin rash notably increased at

the northern end of the region.

Figure 5.2. Map of survey responses, distribution of skin rash, asthma, and
wheezing. Survey responses were grouped in local cohorts for purposes of
calculating symptom incidence. Note that the incidence reflects the percentage of
responding families with the specific symptom, rather than the total incidence in
the population. (A) green dots indicate survey respondents; these were mainly
found within population centers. (B) Incidence of skin rash, showing highest
incidence in communities at the North Shore and Imperial, with a possible
northern gradient near the Salton Sea (blue arrow). (C) (D) Incidence of asthma
diagnosis and wheezing, showing an apparent northwest to southeast gradient
(purple arrows).

Asthma-related symptoms compared to environmental factors
As with the mouse exposure studies, the incidence of asthma symptoms

showed a geographic distribution with increasing incidence in an apparent
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northwest to southeast gradient. This gradient suggests a distribution of
environmental factors contributing to disease incidence; these may include a
variety of factors, including contributions from the region’s geochemistry, such as
groundwater contaminants, as well as air quality and other environmental

pollutants.

In general, the groundwater and municipal water contaminant data was
not a good explainer of asthma incidence rates. This is reasonable considering
that asthma would most likely be induced in this population by inhaled aerosols.
In addition, water sources are less likely to be a factor since the majority of
households receive municipal water. This results in a lower degree of freedom
than might otherwise be expected given the sample size, since nearly 800 of the
households share one of only six values for each of the contaminants (one for

each of the municipal water suppliers present in the study area).

Figure 5.3 - Surface water nutrient levels. Concentrations of nitrate and
phosphate in surface water are shown across the region. Highest concentrations
were found at the extreme northern and southern ends of the Salton Sea, where
agriculture activity and runoff are high.

Surface water nutrient levels (nitrates, phosphates) also do not appear to

be direct contributors to asthma incidence (Figure 5.3); because the amounts of

nitrogen and phosphorous in both the north and south of the Salton Sea are
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similar, those data are also not good explainers of asthma incidence differences
between northern and southern households. However, it is worth noting that the
levels of nitrogen and phosphorous measured in tributaries to the Salton Sea are
very high, with nitrogen levels measured around 8 mg/L and phosphate levels
around 1.3 mg/L'52224_Although there is some seasonal variation in these
measurements, they have been consistently high for the last decade or more. For
comparison, healthy rivers typically exhibit nitrate levels between 0.9 and 3.5
mg/L and phosphorous levels between 0.02 and 0.04 mg/L2°. The levels
measured in rivers feeding the Salton Sea are well in excess of the thresholds at
which phytoplankton, bacteria, and algae growth is encouraged in freshwater

lakes28:27,

Figure 5.4 - Asthma and wind direction. Only a small subset of the surveyed
households is displayed for clarity. For each household shown, a vector was
drawn between it and the midpoint of the Salton Sea, and the angle between that
vector and the predominant wind direction was assigned. In this example, the two
households to the southeast of the Salton Sea end up with a low relative angle
(<10°), the household to the west has a higher angle, (100°), and the household
to the northwest has an even higher angle (170°).

Meanwhile, the levels of PM10 and the relative location of each household
to the predominant wind direction were strong predictors of asthma in the
population. Both of these variables exhibit moderate collinearity — enough that
the exclusion of one variable from the regressions does not significantly impact

the R? value of the model. The concentration of PM10 is higher to the south of

the Salton Sea than to the north, but not by very much — this may be a function of
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the relative sparsity and non-uniform distribution of air quality testing stations in
our study area. This results in a positive but small coefficient in the regressions.
Similarly, wind direction is a consistently strong predictor of asthma (Figure 5.4).
Households that are downwind of the Salton Sea and in the direct path of the
predominant wind direction in the area report higher asthma incidence rates.
Interestingly, survey participants’ household incomes and race/ethnicity data
were not significant predictors of asthma. Although this finding may seem
contrary to national trends, in which asthma is often correlated with lower
socioeconomic measures, it is likely because the survey’s population is fairly
homogeneous — most of the participants were Latino/Hispanic and report a
relatively low household income. Table 5.1 shows the regression results for these
factors — note that due to their collinearity, the displayed results are those of two
different regressions (one for each independent variable), and not for a single

multiple regression.

Table 5.1 - Regression results for PM10, wind direction, and asthma

incidence.

Inflammatory responses to dust are due to endotoxin from environmental
bacteria
Notably, the lung inflammatory response to Salton Sea dust showed

characteristics of an innate immune response?, including an early peak with

217


https://www.sciencedirect.com/science/article/pii/S0048969722069820

declining cell recruitment after one week of exposure and similarity to responses
to aerosolized innate ligands®. We next examined the possibility that LPS derived
from Gram-negative bacteria is the likely inflammatory ligand in the dust; Figure
5.5 shows a reference response to a commercial preparation of LPS. In which
mice were exposed to aerosolized LPS at a concentration of 15u/m? as
characterized in (Yisrael et al. 2023)%%, however, to represent chronic aerosol
exposure, here, mice were exposed for a period of 7-days. As previously
reported?, these responses also included dramatic neutrophil recruitment as well
as some detectable eosinophil recruitment, but these were part of a general
inflammatory response which were determined from cellular recruitment and
gene expression patterns to be distinct from conventional allergic inflammatory

responses to a fungal allergen.

Figure 5.5 - Cellular recruitment into the airways after 7 days of continuous
exposure to 15ug/m?® aerosolized commercial LPS. (A) cell numbers in
Bronchoalveolar lavage fluid (BALF), (B) cell recruitment shown as percentage of
CD45+ BALF cells, (C) flow cytometry dot plots showing gating of neutrophils.

To test whether the response to Salton Sea dust is indeed a response to
LPS, we measured the response of mice lacking receptors for LPS (TLR4
knockout mice), and the receptor for cell wall peptidoglycan and related
components of Gram-positive bacteria (TLR2 knockout). We also included mice

lacking the innate adaptor protein MyD88 to test the overall requirement for

innate immune signaling, as distinct from adaptive immunity to dust components
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(e.g., allergic inflammation). Mice with genetic knockouts for the innate receptors
TLR4, TLR2, and MyD88 were exposed to a Salton Sea dust sample known to
induce a strong inflammatory response. Wildtype and TLR2 knockout mice
showed similar strong lung inflammatory responses, while TLR4 and MyD88
knockouts had nearly absent inflammatory cellular recruitment (Figures 5.6 and

5.7).

While the magnitude of inflammatory cell recruitment was reduced in
TLR2 knockout mice, the pattern of gene expression shown in the Principal
Component Analysis (Figure 5.7) showed that both TLR4 and MyD88 knockout
mice showed dramatically different responses, while the TLR2 knockout
response co-localized with the response of wild type mice. Thus, the
inflammatory response to Salton Sea dust appears to be primarily due to the

response to LPS.

Figure 5.6 - Histology of neutrophilic recruitment from exposure to Salton
Sea dust (AG site dust). (A) Lung sections showing infiltration of neutrophils
and histological alterations in lung tissue of wildtype mice after exposure to
Salton Sea dust. (B) Lung sections showing lack of neutrophil infiltration in lung
tissue of TLR4-/- mice after exposure to Salton Sea dust.

Figure 5.7 - Response of innate immune receptor knockout mice to Salton
Sea dust. (A) Bronchoalveolar lavage fluid cell numbers recovered from wild
type (WT), and MyD88, TLR2 and TLR4 knockout mice exposed to Salton Sea
dust (AG sample site); (B) cell percentages of CD45+ BALF cells; (C) flow
cytometry dot plots showing neutrophils; (D) Principal Component Analysis
(PCA) of gene expression profiling of lung tissue showing colocalization of WT

219



and TLR2 knockout profiles, distinct from the profiles of TLR4 and MyD88
knockout mice.

In our studies on dust collected from sites around the Salton Sea region,
mice showed differences in the magnitude of inflammatory responses induced by
aerosol exposures (Figure 5.1), so if LPS were the main component driving these
responses, then LPS concentrations might show similar variation across the
geographic range. We found that LPS concentrations measured in the dust and
water samples across the region varied significantly with the highest
concentrations in samples collected near the Salton Sea, both at the extreme
northern and southern ends of the lake (Figure 5.8), with the highest
concentrations by far found in both dust and water samples at the southeastern
end, near Wister.

Figure 5.8 - LPS concentrations in dust and water samples from the Salton
Sea region. (A) map showing collection sites; (B) LPS concentrations measured
in water samples collected from the shoreline of Salton Sea, using limulus and
ELISA assays; (C) LPS concentrations measured in dust samples, using limulus
and ELISA assays. Limulus assays produced a higher signal than ELISA assays,
with the ELISA often showing undetectable signals.

Importantly, the detection of LPS in the dust may be related to its
biological origin. Aerosolized endotoxin has been described as a critical health
issue in other locations, notably at places such as along the San Diego coast,
where raw sewage dumped into the water at the US-Mexico border resulting in
high levels of coliform bacterial LPS in the water as well as in aerosols?°. Similar
concerns have been raised about untreated sewage entering Salton Sea. In our
testing for LPS, we used two different assays, one using a biological assay

based on the limulus amebocyte extract, where an enzyme cascade is activated

by LPS, causing a quantitative colorimetric output. The second was a competitive
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ELISA assay, which is a structural rather than biological assay, in which

antibodies against LPS are used to detect the molecules.

The biological amebocyte assay relies on evolutionarily conserved reactivity
to LPS that is present as far back as invertebrate organisms, and so it was able to
detect LPS in all of our samples, with an effective range of at least three logs. By
contrast, the sandwich ELISA is based on antibodies specific for clinical LPS
molecules, such as those produced by common human pathogens such as E. coli.
The manufacturer confirmed that this type of assay is not suitable for detecting
LPS from environmental bacteria since environmental LPS has different structures
in the outer core carbohydrate. Indeed, this assay was unable to detect signal in
most of the samples that showed very high activity using the limulus assay (Figure
5.8). These results suggest that the main inflammatory LPS found in our dust
samples was likely produced by environmental bacteria. Interestingly, some LPS
activity was detectable by the ELISA assay in samples from the southern and
western collection sites; it is possible that these samples may also have LPS from
clinical pathogens, contributed by runoff from livestock farming as well as possible

untreated sewage®’®’.
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Discussion
Environmental factors present complex patterns of health hazards across
the Salton Sea region

This study aimed to identify potential environmental factors contributing to
the high incidence of clinical asthma symptoms in the Salton Sea communities.
An important step was obtaining more detailed epidemiologic data on clinical
symptoms and distribution in the region. These data were then correlated with
several data sets, including our experimental studies on inflammation induced by
dust samples, as well as publicly available data on several environmental factors
geospatially mapped across the region. Publicly available data on environmental
factors included groundwater contamination by heavy metals, as well as wind
direction and ambient PM10 levels across the region. The data sets examined so
far point to ambient air quality as a major factor, including PM10 levels, wind
direction, and the dust that we subsequently found to contain significant
concentrations of bacterial endotoxin, presumably from environmental microbes

at the Salton Sea.

While our original studies were aimed at identifying a possible allergen to
account for the high incidence of asthma in the community, our data suggest that
the clinical symptoms are instead due to innate immune inflammation in
response to chronic inhalation of aerosolized bacterial endotoxin from

environmental microbes. This conclusion suggests that the health impacts of dust
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at terminal lakes such as the Salton Sea are due to a novel clinical syndrome
related to chronic inhalation of environmental endotoxin, which has important
implications for diagnosis and treatment of pulmonary disease in these settings.
Aerosolized endotoxin likely induces a rather different array of pathogenic
mechanisms, and new studies focusing on this clinical syndrome are clearly

needed.

While asthma symptoms mapped with a northwest to southeast gradient,
the skin rash incidence showed a contrasting pattern, which appeared to be
highest mainly in the Eastern Coachella Valley region. When compared to
available data on environmental factors, there was a potential correlation with
groundwater arsenic levels (not shown). Indeed, one of the symptoms of arsenic
exposure is skin rash. In this region, exposure to contaminated groundwater may
be greater for those residents using ground water sources (e.g., well water)
rather than municipal water sources, but more detailed studies will be required to

assess any relationship of symptoms to environmental exposures.

Another data set that may inform our analysis of environmental hazard is
the concentration of surface water nutrients across the region. Agricultural
activity, especially at the extreme northern and southern ends of the Salton Sea,
contributes to high levels of phosphates and nitrates in the rivers that feed the

Salton Sea. These nutrients can drive microbial growth in the water, and we
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found that concentrations of bacterial endotoxin in both surface water and dust
are high at the northern and southern ends of Salton Sea, where runoff boosts
water nutrient levels. Notably, the highest levels of LPS were detected at the
southeastern end of the lake near Wister, both in the dust and water samples,
consistent with the notion that the high concentration of LPS in the water may
directly contribute to LPS in the dust. While the surface water nutrient levels are
not directly geographically colocalized with the highest incidence of asthma
symptoms, they may be connected by promoting microbial growth and LPS
production, which subsequently becomes aerosolized and transported by the
prevailing winds to the population centers to the southeast, which showed the

highest incidence of asthma symptoms.

Significant levels of LPS were also detected at the northern end of Salton
Sea, where runoff also contributes to high levels of surface water nutrients. Its
impact on local asthma symptom incidence may still be significant, but the
prevailing wind direction may drive toxic dusts to the south, helping to reduce its
impact in the northern region, but potentially augmenting the effects at the

southern end.

Although several details remain to be worked out, the information
gathered so far is consistent with a scenario (Figure 5.9) in which (1) agriculture

activity runoff feeds nutrients into the surface water at the Salton Sea which drive
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microbial growth, including among halophilic gram negative bacteria; (2) the LPS
in the cell wall of the halophilic bacteria are released and entrained in dust at the
playa; (3) inhalation of the LPS induces lung neutrophilic inflammation, with
symptoms of non-allergic asthma. This scenario provides a logic model that
suggests a set of mechanisms by which environmental factors lead to significant
human health hazards; more detailed studies are clearly needed to identify key
mechanisms as well as possible points where intervention may be helpful to

public health outcomes.

Figure 5.9 - Scenario of LPS production and impacts. See text for details.

Combining data sets and methods to identify environmental health

hazards

The present report is an attempt to draw attention to potential mechanistic
links between environmental factors and health outcomes by combining different
types of data sets, including in vivo environmental exposures, clinical surveys,
and combined geospatial mapping of both types of data. This combination of
disparate yet complementary data enable an analysis that points to a specific
environmental toxin as a factor in a significant public health issue. Moreover, by
directly connecting a bacterial toxin from the Salton Sea to pulmonary health

impacts we have also posed a potential mechanism by which a degraded
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ecosystem poses an environmental health hazard in the absence of direct

anthropogenic pollutants.

Many environmental factors might only have an indirect relationship to
specific health impacts, though they may contribute to a web of interacting
factors leading to development of toxic aerosols. Our hypothetical scenario
connecting nutrient runoff levels to asthma requires establishing several
proposed links as well as confirming a number of mechanistic assumptions. For
example, the measurements of surface water nutrients are geographically
separate from the asthma-affected communities. Therefore, among the
connections that need to be confirmed are (1) the production of LPS by nutrient-
promoted halophilic bacterial growth in the water, (2) entrainment of LPS into
aerosol dusts, and (3) airborne delivery of the toxic dusts to the nearby

population centers in Imperial Valley.

For each of these steps however, there is additional information that
provides some support to this scenario. In step 1, environmental bacteria,
especially halophilic species, may perform modification of the LPS to allow them
to manage the osmotic stress of high salt conditions. These modifications may
also affect their stability in the environment as well as their biological potency=2.
Thus, nutrient-driven growth under high salt conditions may favor production of

high levels of LPS that may be more easily entrained in the dust. For step 2, sea
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spray or evaporation of Salton Sea water at the exposed playa concentrate
organic material including LPS, separating it from salt crystals at the surface.
Structural studies suggest that LPS can form larger complexes in the presence of
Calcium or Magnesium ions, which might be more stable and thus more easily
entrained as larger molecular complexes23:34, Finally, regarding step 3, the
entrained dust from playa or sea spray will be carried by prevailing winds, which
despite seasonal and diurnal variation, are predominantly from the northwest to
the southeast. This would carry dusts generated at the Salton Sea directly into
the population centers described above which may explain their high incidence of

asthma symptoms.

This scenario also suggests topics needing additional research. The highly
saline ecosystem of the Salton Sea apparently sustains a variety of halophilic
bacteria capable of producing inflammatory LPS that can be detected by a
biological assay, but not an assay specific for clinical LPS. This suggests that
environmental Gram-negative bacteria are capable of producing LPS that
presents a significant environmental health hazard, yet little is known about
which microbes produce this LPS, or its toxicity relative to LPS from known
clinical sources. More studies are needed to provide sensitive practical assays
for aerosolized endotoxin from environmental sources, as well as broader

monitoring for its presence in other settings.
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Our studies also point to an unexpected potential role for environmental
aerosolized LPS as a factor in non-allergic asthma symptoms, especially in
settings where other anthropogenic causes (e.g., industrial particulates, diesel
exhaust) are less likely. Conventional notions of innate immune triggers such as
LPS are assumed to drive only acute but transient (a few days) inflammatory
responses34; moreover, innate immune agonists have been shown in lab settings
to induce tolerance or non-responsiveness=°. On the other hand, under different
conditions, including different timing and dose, LPS responsiveness to repeat
exposure can actually be enhanced in what is called “trained immunity” and can
include differentiation of myeloid cells toward a stable condition of increased
reactivity’. Accordingly, our evidence from chronic or continuous exposures to
LPS both in laboratory environmental chamber exposures, as well as in
environmental settings, may drive chronic lung inflammatory disease, with

symptoms that may be conflated with allergic asthma.

Conclusion

In sum, the studies and preliminary analyses are consistent with the
scenario described here and offer a number of additional topics needing
investigation to confirm key elements. Overall, there is sufficient support for the
notion that Salton Sea aerosols carry significant concentrations of bacterial LPS,
which are able to induce lung inflammation in mouse exposure studies. The

mouse inflammatory responses and LPS concentrations also appear to correlate
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with the geographic distribution of asthma symptoms in Salton Sea communities,
offering the possibility that aerosolized LPS is a significant environmental aerosol

toxin, contributing to overall environmental hazard within the region.
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Figures

Figure 5.1 - Mouse response to Salton Sea dust from various collection
sites. Numbers show the mouse inflammatory responses (percentage of
neutrophils among CD45+ cells in lavage) to 7 day-exposures (A) and 48-hour
exposures (B) in control air and dust exposed mice.
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Figure 5.2 - Map of survey responses, distribution of skin rash, asthma, and
wheezing. Survey responses were grouped in local cohorts for purposes of
calculating symptom incidence. Note that the incidence reflects the percentage of
responding families with the specific symptom, rather than the total incidence in
the population. a, green dots indicate survey respondents; these were mainly
found within population centers. b, Incidence of skin rash, showing highest
incidence in communities at the North Shore and Imperial, with a possible
northern gradient near the Salton Sea (blue arrow). ¢, d, Incidence of asthma
diagnosis and wheezing, showing an apparent northwest to southeast gradient
(purple arrows).
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Figure 5.3 - Surface water nutrient level. Map shows nitrate and phosphate
concentrations (mg/L) in surface waters of the Salton Sea and its tributaries

(Whitewater, Alamo, and New Rivers).

on 1999 Bureau of Reclamation data.

Bathymetric contours (1.5 m) are based
Nutrient data for the lake and Alamo/New

Rivers were collected on March 19, 2019 (source: CEDEN, IID, Bureau of
Reclamation). Whitewater River mouth data are from December 3, 2022 (source:
Salton Sea Environmental Time Series, https://saltonseascience.org/). Tributary
daily discharge (ft3/m) are shown for Alamo, New and Whitewater rivers (source:

USGS NWIS) from year 2000 to 2024.
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Figure 5.4 - Asthma and wind direction. Only a small subset of the surveyed
households is displayed for clarity. For each household shown, a vector was
drawn between it and the midpoint of the Salton Sea, and the angle between
that vector and the predominant wind direction was assigned. In this example,
the two households to the southeast of the Salton Sea end up with a low relative
angle (<10°), the household to the west has a higher angle, (100°), and the
household to the northwest has an even higher angle (170°).
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Figure 5.5 - Cellular recruitment into the airways after 7 days of continuous
exposure to 15ug/m3 aerosolized commercial LPS. (A) cell numbers in
Bronchoalveolar lavage fluid (BALF), (B) cell recruitment shown as percentage of
CDA45+ BALF cells, (C) flow cytometry dot plots showing gating of neutrophils. (P-
values. For cell counts, Neutrophils WT vs LPS: 0.0002. Eosinophils WT vs LPS

0.0079. For cell percentages, Neutrophils WT vs LPS:0.0003. Eosinophils WT
vs LPS: ns.)
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Figure 5.6 - Histology of neutrophilic recruitment from exposure to Salton
Sea dust (AG site dust). (A) Lung sections showing infiltration of neutrophils
and histological alterations in lung tissue of wildtype mice after exposure to
Salton Sea dust. (B) Lung sections showing lack of neutrophil infiltration in lung
tissue of TLR4-/- mice after exposure to Salton Sea dust.
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Figure 5.7 - Response of innate immune receptor knockout mice to Salton
Sea dust. (A) Bronchoalveolar lavage fluid cell numbers recovered from wild
type (WT), and MyD88, TLR2 and TLR4 knockout mice exposed to Salton Sea
dust (AG sample site); (B) cell percentages of CD45+ BALF cells; (C) flow
cytometry dot plots showing neutrophils; (D) Principal Component Analysis
(PCA) of gene expression profiling of lung tissue showing colocalization of WT
and TLR2 knockout profiles, distinct from the profiles of TLR4 and MyD88
knockout mice. (P-values. For cell counts, Neutrophils WT vs TLR2ko: 0.1588; vs
TLR4ko: 0.0091; vs MyD88ko: 0.0102. Eosinophils WT vs TLR2ko: ns; vs
TLR4ko: 0.0164; vs MyD88ko: 0.0136. For cell percentages, Neutrophils WT vs
TLR2ko: 0.0024; vs TLR4ko: <0.0001; vs MyD88ko: <0.0001. Eosinophils WT vs
TLR2ko: 0.0110; vs TLR4ko: <0.0001; vs MyD88ko: <0.0001.).
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Figure 5.8 - LPS concentrations in dust and water samples from the Salton
Sea region. (A) map showing collection sites; (B) LPS concentrations measured
in water samples collected from the shoreline of Salton Sea, using limulus and
ELISA assays; (C) LPS concentrations measured in dust samples, using limulus
and ELISA assays. Limulus assays produced a higher signal than ELISA assays,
with the ELISA often showing undetectable signals.
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Variable Coefficient p-value

Relative angle -1.163 <0.001

PM10 0.081 <0.001

Table 5.1 - Regression results for PM10, wind direction, and asthma incidence.
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Chapter 6: Effects of TGF-BRI Signaling Prevention on Protection From

Airway Remodeling in Murine Model of Allergic Inflammation

Abstract

Our research aims to investigate the underlying mechanisms of airway
remodeling by studying a key contributor in asthma disease progression,
transforming growth factor beta 1 (TGF-[3), in a clinically representative model of
allergic disease. Airway remodeling (AWR) is a complex molecular process
which leads to irreversible structural changes to the lung tissue of patients
suffering from chronic respiratory illnesses such as asthma. These physical
alterations include subepithelial fibrosis, neovascularization, glandular
enlargement, goblet cell hyperplasia, and increased smooth muscle and collagen
deposition. Research shows these changes to lung physiology are linked to both
an increase in asthma severity as well as nonresponsiveness to current
treatment methods (e.g., corticosteroids)’2. AWR is often directly correlated with
chronic allergic asthma due to various Th2 cytokines serving as main driving
factors behind this mechanism such as IL-13 and IL-4 are central mediators in
the molecular process of AWR?2. Although the driving mechanisms for the
involvement of these cytokines are not yet well known, it is hypothesized that IL-
13 stimulates collagen production by activating airway fibroblasts and
macrophages potentially in a Matrix Metalloproteinase (MMP) and TGF-B
dependent manner9. It is known, however, that activation of these cell types via

IL-13 leads to increased deposition of collagen in the extracellular matrix of
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affected lungs®. To investigate the effect of inhibition of TGF- B signaling on
inflammation and airway remodeling, animals were treated with Vactosertib, an
anti-TGF-BRI drug, and exposed to Alternaria alternata and inflammatory

responses and airway structural changes were analyzed.

Introduction
Airway remodeling and asthma

Asthma is a chronic respiratory disease characterized by the presentation
of clinical symptoms such as wheezing, coughing, excessive mucus production,
and chest tightness/pain. Asthma is a complex disease possessing multiple
subsets. The most prevalent forms being allergic and nonallergic asthma. Allergic
asthma is characterized by severe eosinophilia, differentiation of T cells into Th2
cells, as well as production of allergy associated antibodies such as IgE. Allergic
inflammation is the most common form of asthma and is typically well managed
through the use of corticosteroids, antibodies, and beta agonists®. While
nonallergic asthma, although much less common, is a more severe form of the
disease, described by infiltration of neutrophils into the tissues and airways of the
lung and skewing of T cells towards Th1 or Th17 phenotypes®. Nonallergic
pulmonary inflammation presents with more severe symptoms not addressed by

current treatment methods.
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Although possessing different inflammatory phenotypes, both forms of the
disease can be complicated by the development of airway remodeling (AWR).
AWR refers to the physiological changes within the lung in conditions of
sustained pulmonary inflammation. These changes included basement
membrane thickening of the airway epithelium, goblet cell hyperplasia, smooth
muscle proliferation, collagen deposition, as well as other changes within the
extracellular matrix’. AWR can significantly affect the severity of disease
manifestation in asthmatics with increased degrees of AWR correlating directly
with increased severity of symptom manifestation. Those suffering from severe
airway remodeling are prone to increased frequency of disease exacerbation,

corticosteroid insensitivity, as well as an overall worse prognosis.

TGF-B and asthma

TGF-B is implicated in both the progression of asthma and the
development of airway remodeling. In literature, TGF-B demonstrates the ability
to induce production of Th2 cytokines (e.g., IL-4 and IL-13) from CD4+ T cells,
directly aiding in the development of pulmonary fibrosis. TGF-( is a pleotropic
cytokine which controls cellular proliferation, differentiation, apoptosis, as well as
many other molecular functions®. In relation to airway remodeling, this protein is
known to be involved in goblet cell proliferation, subepithelial fibrosis, and direct
fibroblast proliferation— major hallmarks of airway remodeling®. Although

eosinophils have been believed to be the primary producers of TGF- during
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allergic inflammation, recent literature demonstrates that various immune and
structural cells (e.g., macrophages, fibroblasts, lymphocytes, epithelial,
endothelial, and smooth muscle cells) can also produce and secrete TGF-3
during asthma induction'®. Although AWR is a very complex process compiled of
many simultaneous processes, many are centered around TGF- 3 and its potent
ability to promote pulmonary fibrosis. For this reason, the use of therapeutics
which target this protein may be a viable approach to disease management and

prevention of progression of airway remodeling.

TGF-B signaling

The multifunctional protein, TGF-(3, is secreted by a variety of cells into the
extracellular matrix (ECM) as precursor proteins. This reservoir of inactive TGF-3
in the ECM is associated with its latency-associated peptide (LAP) to allow for
tightly regulated processes due to the pleiotropic properties of TGF-B''. This
latent form of the protein can be activated by a variety of triggers such as low pH,
integrins, matrix metalloproteinases (MMP2/MMP9), reactive oxygen species,
and thrombospondin-1''. The cleavage of TGF-B from LAP initiates binding and
signaling through TGF-BRI and TGF-BRII. Binding of TGF-B to TGF-BRII causes
receptor dimerization with TGF-BRI and phosphorylates TGF-BRI to allow for the
recruitment and phosphorylation of transcription factors SMAD 2/311.12,
Phosphorylated SMAD 2/3 complex translocates to the nucleus for regulation of

genes involved in cellular proliferation, survival, ECM production, fibrosis, and
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many other biological processes’. By targeting the activity of this pleotropic
protein, we hope to mitigate fibrosis and inflammation to aid in disease

manifestation and lung function.

Vactosertib

Vactosertib is a potent inhibitor of transforming growth factor beta (TGF-3)
receptor type 1, a serine/threonine kinase'. It has been recognized for its
antineoplastic activity for various cancers such as esophageal, colorectal,
osteosarcoma, and others. However, its potential for use in cases of asthma has
not yet been addressed. The mechanism of action of Vactosertib is via binding to
TGF-B receptor | and preventing downstream signaling’®. Due to the potential of
Vactosertib in ongoing cancer trials, we hypothesized that it could potentially
serve therapeutic purposes in cases of asthma with extensive airway
remodeling’®. To investigate its efficacy in this instance, we created murine
models of allergic inflammation by exposing mice to Alternaria alternata either by
aerosol exposure chamber or intranasal administration and investigated the

efficacy of Vactosertib at inhibiting proinflammatory and profibrotic processes.

Alternaria alternata
Alternaria alternata is a common household fungus known to induce
allergic asthma®. This fungus is commonly used to generate murine models of

clinical allergic disease. Alternaria is known to stimulate the immune system by
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activation of PAR2, a G protein-coupled receptor (GPCR)!. Alternaria alkaline
serine protease (AASP) has potent protease activity and activates PAR2 by
cleavage of the extracellular amino terminus®’. This activation induces
downstream signaling via Gaq and B-arrestin-dependent pathways'®. Signaling
through these adaptor proteins ultimately result in production of allergy
associated chemokine such as CCL5, known to induce eosinophil recruitment, a
characteristic feature of allergic inflammation'®. Exposure to Alternaria in murine
models leads to distinctive allergic responses in mice characterized by increased
IgE production, airway hyperreactivity (AHR), as well as increased expression of
Th2 cytokines such as IL-4 and IL-13. Although there are hypothesized to be
various allergens of Alternaria, AASP/PAR2 immune activation is the most well

characterized.

To mimic physiological exposure, we exposed mice to Alternaria alternata
fungal filtrate in an environmental aerosol exposure chamber described in Peng
et. al.2%. Additionally, we exposed mice to this allergen by intranasal
administration. In the aerosol exposure group, mice were administered drug via
implantation of an Alzet osmotic pump and exposed to allergen. The Alzet pump
is an osmotically regulated infusion pump that allows for consistent delivery of a
drug over extended periods of time2. In this group of mice, no potential anti-
inflammatory or anti-fibrotic activity was observed. However, in animals

administered Vactosertib intraperitoneally (I.P.) and exposed to allergen, we
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observed an anti-inflammatory phenotype described by significant inhibition of

eosinophil recruitment into airways of allergen challenged mice.

Materials and methods
Animals

8-week-old C57BL/6J (B6) male and female mice were obtained from
Jackson Laboratories, Sacramento. Animals are allowed to acclimate for one
week in the University of California, Riverside SPF vivarium. All mice are housed
3-4 to a cage and are giving food and water ad libitum. Animals were placed on a

12-hour day/night light cycle.

Surgery
For the experimental group being exposed to Alternaria via aerosol, all

mice underwent surgical implantation of Alzet pumps to administer either PBS or
Vactosertib (2.5 mg/kg/day). Mice were anesthetized using isoflurane and
administered buprenorphine (0.1 mg/kg) before beginning surgery. Surgical area
was shaved and cleaned with 70% ETOH and povidone iodine before one
incision was made on the dorsal side of the animal closer to the nape to create a
pocket between the skin and muscle layers. Alzet pumps were then inserted into
the pocket and the incision was closed using surgical clamps. Antibiotic ointment

was applied and carprofen (5 mg/kg) was administered once a day for three days
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following surgery. Mice were individually housed and allowed to rest for 1 week

before exposure studies were conducted.

Mice were divided into 5 study groups outlined below: positive controls
who received PBS via Alzet pump and exposed to Alternaria, the experimental
group which received Vactosertib via Alzet pump and exposed to Alternaria,
negative controls which received PBS via the pump and exposed to filtered air,
drug controls which received Vactosertib but exposed to filtered air, and vehicle

controls in which animals received DMSO and exposed to filtered air.

Exposures and treatment
Aerosol Exposure

8-week-old female and male mice were purchased from Jackson
Laboratory. The aerosol exposure group underwent surgical implantation of an
Alzet pump to allow for consistent delivery of Vactosertib or PBS for the duration
of the exposure. Mice were anesthetized with isoflurane before proceeding with
surgery. Animals were administered 0.1 mg/kg buprenorphine and placed in a
prone position to expose its back. The surgical area was then shaved to remove
fur before swabbing the area three times in sequence with 70% ethanol, surgical
scrub, and gently wiped with an alcohol swab. A small incision was made on the
back side and a hemostat was then inserted into the incision to create a pocket.

Preloaded Alzet pumps were surgically implanted under the skin. Wound clips
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were used to close the incision and animals were administered 1-week following
surgical implantation of the Alzet pump, mice were exposed to 750 ug/m3

Alternaria alternata in an aerosol exposure chambers for 2-weeks.

Intranasal Exposure

B6 mice were divided into 5 groups as specified below: Positive controls in
which animals received (50ug in 20 ul) Alternaria by intranasal administration
(I.N.) and given Vactosertib (0.658mg in 100 ul) Intraperitoneally (IP), the
experimental group which received Alternaria I.N. and Vactosertib |.P., negative
controls which were administered PBS I.P. and PBS I.N., drug controls which
received PBS I.N. and Vactosertib I.P., as well as vehicle controls which were
administered DMSO I.N. and PBS |.P. Animals were treated for 4 consecutive
days and allowed to rest for 3 days before sacrifice. Upon sacrifice, flow
cytometry and NanoString analysis were performed to assess pulmonary

inflammation by cellular recruitment and gene regulation.

Flow Cytometry

Following exposure, bronchoalveolar lavage fluid (BALF) and left lung
lobes are analyzed via flow cytometry. Mice are anesthetized with isoflurane
before cervical dislocation. Chest cavities are opened to expose lungs and an
incision is made in the trachea. Tubing connected to a 23G needle is inserted

into the trachea to allow for administration of 0.8 mL of PBS into the airways.
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Airways are washed a total of 3x to collect BALF and processed for flow
cytometry analysis. After collection of BALF, left lung lobes are collected and
digested using 0.5 mg/mL collagenase, and 50 u/mL DNase and digested into a
single cell mixture using the Miltenyi Biotec GentleMACS tissue dissociator. This
cell mixture is then treated with ACK lysis buffer (Gibco), to lyse red blood cells.
Cells then undergo a series of PBS washes before being fixed and stained. Cells
isolated from the airways as well as the lung tissue are stained using the
following antibody-fluorophore panel: anti-CD45 FITC (BioLegend, San Diego,
USA,; Clone 30-F11), anti-CD19 PerCP-Cy5.5 (Invitrogen, San Diego, USA;
Clone

eBio1D3 (1D3)), anti-SiglecF APC (BioLegend, San Diego, USA; Clone
S17007L), anti-CD11c PE-Cy7 (BioLegend, San Diego, USA; Clone N418), anti-
CD3 Alexa Fluor 700 (BioLegend, San Diego, USA; Clone 17A2), anti-Ly6G
BV510 (BioLegend, San Diego, USA; Clone 1A8), and anti-CD11b BV421
(BioLegend, San Diego, USA; Clone M1/70). Samples were run using the
Novocyte Quanteon flow cytometer and all gating and analysis was done using

FlowdJo software.

RNA extraction and Nanostring
RNA was extracted from right lobes of each exposure group using a
TRIzol (Ambion) based protocol. An estimate of 100 mg of frozen right lung lobes

was placed in a mortar and pestle. Liquid nitrogen was then added, and the
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tissues were ground into a fine dust. This sample is then treated with TRIzol to
initiate RNA extraction from protein and DNA before treatment with chloroform to
further extract RNA from other material. Upon addition of chloroform, samples
are mixed and centrifuged. Aqueous phase containing RNA is collected and
undergoes a series of alcohol washes and centrifuge steps for product cleanup.
Resulting pellets were resuspended in DEPC-treated water (Invitrogen) and
concentration and purity were analyzed via a NanoDrop 2000 (Thermo

Scientific).

Extracted RNA was analyzed using an nCounter Sprint Profiler
(NanoString Technologies, USA) with the nCounter Mouse Immunology Panel.
All statistical analysis was performed using nSolver Advanced Analysis software

and false discovery rates were calculated using the Benjamini-Hochberg method.

SHG

Second Harmonic generation (SHG) microscopy technique was utilized as
a method to measure fibrosis. This technique allows for the autofluorescence of
collagen fibers due to their noncentrosymmetric structure?2. Left lung lobes were
excised and fixed overnight in 4% PFA. Following fixation, tissues were washed
in 1x PBS and left overnight in 30% sucrose to minimize drying artifacts. The
following day, lungs are then frozen in OCT compound (Fisher HealthCare) over

a block of dry ice using a 15mmx15mm tissue cassette. Tissues are stored in -20
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degrees before sectioning at 15mm using a cryostat. These tissues are then
mounted on a slide, mounting media (Prolong Gold No DAPI) is applied, and
slides are mounted using a cover slip. Samples are then imaged using the Nikon

Multiphoton Microscope.

Flexivent

Lung function measurements were taken utilizing flexivent instrumentation
(SCIREQ). Mice were administered 80 mg/120 mg ketamine/xylazine in 1x PBS
intraperitoneally (IP). After 10 minutes, a toe pinch reflex test was conducted to
ensure anesthetization before proceeding. Anesthetized mice were placed on a
50 degrees Celsius heating pad to maintain temperature throughout surgery.
70% ethanol was used to clean the surgical area prior to making a small incision
to remove skin and muscle layers atop of the trachea. The trachea was then
exposed, and a small incision was made between two cartilage rings of the
trachea. A cannula was then inserted and tied off to secure, and mice were
connected to the Flexivent instrument. Lung hyperreactivity, resistance, elasticity,

and Pressure-volume data was collected and analyzed using PRISM.

Histology
For histological analysis, lungs were inflated with 0.3mL of 10% neutral
buffered formalin (NBF), excised, and placed in 10mL of 10% NBF for 24 hours.

Tissues were then washed in 1x PBS before placing in 70% ethanol. NBF fixed
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tissue was then shipped to University of Irvine for paraffin embedding and
sectioning at 15 um using a microtome. Sections were deparaffinized and stained
with hematoxylin and eosin (H&E) to analyze cellular recruitment and histological

alterations.

Results
Alternaria induces allergic inflammation in exposed mice
Flow cytometry
Both aerosol and intranasally exposed groups demonstrated significant
inflammation of both the airways and the parenchyma in experimental, positive

control, as well as vehicle and drug control groups.

Aerosol group

In the aerosol exposed group, there was no significant difference of
cellular recruitment profiles among the positive control group and the
experimental, treated groups (Fig. 6.1). Treatment with Vactosertib was not
sufficient to inhibit inflammation in neither the lungs nor the airways of Alternaria
exposed mice. Histology, Flexivent, and SHG were not performed on this group
as this experiment is still in preliminary stages and requires optimization of drug
delivery methods before testing its effects. For this reason, the following sections

will highlight results from all intranasal experiments.
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Figure 6.1 - Cellular recruitment in BALF and lungs of aerosolized
Alternaria alternata exposed animals. (A) Cell numbers in BALF (B) Cell
numbers in lung (C) Cell percentages in BALF (D) Cell percentages in lung.
I.N. group

Among all groups exposed to Alternaria intranasally, with exception of
saline exposed mice, there were no differences between recruitment of T cells, B
cells, or neutrophils in bronchoalveolar lavage fluid (Fig. 6.2A and C). However,
the population of recruited eosinophils in the airways significantly decreased
when treated with Vactosertib (Fig. 6.2A and 2C). In the lungs of treated mice,
there was no significant difference between the recruitment of eosinophils in the
treated vs positive control groups (Fig. 6.2B and 2D). These results suggest

direct inhibitory activity of Vactosertib on eosinophil recruitment into the airways

specifically.

Figure 6.2 - Cellular recruitment in BALF and lungs of intranasal Alternaria
alternata exposed animals. (A) Cell numbers in BALF (B) Cell numbers in lung
(C) Cell percentages in BALF (D) Cell percentages in lung.
SHG

Although Vactosertib treated mice did not demonstrate statistically
significant differences in collagen deposition when compared to controls, there
was a slight trend towards decreasing collagen deposition observed in treated

animals (Fig. 6.3). Additional studies including a larger sample size will be

conducted to further elucidate the effect of TGF-f signaling inhibition.
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Figure 6.3 - Second Harmonic Analysis of lungs of intranasal Alternaria
alternata exposed animals. (A) SHG of left lobe of control mouse (B) SHG of
left lobe of Alternaria exposed mouse (C) SHG of left lobe of Alternaria exposed
and Vactosertib treated mouse.
Histology

Histological changes within the tissue of exposed and control animals
were not significant. However, minute differences were observed. Alternaria

exposed animals demonstrated increased cellular infiltration as well as increased

smooth muscle deposition surrounding larger airways (Fig. 6.4).

Figure 6.4 - H&E images of lungs of intranasal Alternaria alternata exposed
animals. (A) H&E of control mouse (B) H&E of Alternaria exposed mouse. Black
arrows highlighting cellular recruitment in airways. Yellow arrow highlighting
increased smooth muscle deposition surrounding airway. (C) H&E of Alternaria
exposed and Vactosertib treated mouse.
Nanostring

No significant gene regulatory differences were observed. However, when
compared to the nontreated group, there was slight downregulation in collagen
biosynthesis and fibroblast migration related genes such as Ccl11 and Pdgfrb.
These proteins demonstrated a negative log2fold change of -0.871 and -0.964,
respectively (Table 6.1). Additionally, both NF-kB activation and myofibroblast
regulation were decreased in the treated group. Although not significant, this

trend in decreasing collagen biosynthesis, NF-kB signaling, and myofibroblast

regulation lightly supports decreased fibrosis and inflammation in Vactosertib
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treated animals (Fig. 6.5). Additional studies will need to be done in order to
increase sample size and overall significance.

Table 6.1 - Table of log fold change of Ccl11 and Pdgfrb in Vactosertib
treated mice.

Figure 6.5 - NF-kB signaling and myofibroblast regulation in intranasal
Alternaria alternata exposed mice. (A) NF-kB signaling in Alternaria (Exposed)
mice vs Alternaria exposed and Vactosertib treated mice (Treated). (B)
Myofibroblast regulation in Alternaria (Exposed) mice vs Alternaria exposed and
Vactosertib treated mice (Treatment).
Flexivent

Flexivent analysis revealed significant mechanical changes within the lung
tissue. Although no differences were observed in airway resistance, significant
differences were identified in both tissue resistance as well as tissue elastance
(Fig. 6.6A-C). Untreated animals exposed to Alternaria demonstrated an
increased tissue resistance when compared to Vactosertib treated animals,
signifying decreased collagen deposition in the parenchyma of mice treated with
the drug (Fig. 6.6B). Additionally, tissue elasticity was significantly decreased in
treated mice, demonstrating decreased deposition of elastic fibers in the tissue
as well as the extracellular matrix (Fig. 6.6C). Vactosertib treated animals also

exhibited an increase in inspiratory capacity when compared to Alternaria

exposed mice (Fig. 6.6D).
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Pressure-volume curves (PV loops) were generated to elucidate
mechanical behavior of the respiratory system. PV curves are advantageous in
representing the dynamic interaction of changes between pressure and volume
during inspiration and exhalation. Pressure-volume changes in Alternaria
exposed animals demonstrated a PV loop indicative of an emphysema-like
phenotype (Fig. 6.6E). However, when animals were treated with Vactosertib,
this phenotype diminished, and lung mechanics were similar to those of the
controls. This data suggests the ability of Vactosertib to mitigate the structural

and mechanical changes to lung parenchyma induced by Alternaria exposure.

Figure 6.6 - Flexivent analysis of intranasal Alternaria alternata and PBS
exposed mice. (A) Airway resistance measurements in Alternaria mice vs
Alternaria exposed and Vactosertib treated mice vs. Vactosertib and |.N. PBS
treated animals. (B) Tissue resistance measurements in Alternaria mice vs
Alternaria exposed and Vactosertib treated mice vs. Vactosertib and |.N. PBS
treated animals. (C) Tissue elastance measurements in Alternaria mice vs
Alternaria exposed and Vactosertib treated mice vs. Vactosertib and |.N. PBS
treated animals. (D) Pressure-volume curves for Alternaria mice vs Alternaria
exposed and Vactosertib treated mice vs. Vactosertib and |.N. PBS treated
animals. (E) Inspiratory capacity values for Alternaria mice vs Alternaria exposed
and Vactosertib treated mice vs. Vactosertib and I.N. PBS treated animals.

Discussion

TGF-B has been documented to be a key player in driving allergic
inflammation and more specifically, airway remodelingZ. Here, using an animal
model of allergic pulmonary inflammation, we demonstrate that Vactosertib may

be a promising therapeutic approach to treating AWR. In summary, animals
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treated with Vactosertib, we noted significant decreases in eosinophils recruited
into the airways, decreased tissue resistance and elastance, a PV loop and
inspiratory capacity demonstrating a rescued phenotype. While it is documented
that in the context of allergic inflammation, eosinophils are a major contributor to
TGF-B production, direct effects of TGF-3 signaling on eosinophil recruitment are
less clear. While a few studies point to a strong correlation between TGF-f3
expression and eosinophil burden, others relate TGF-3 to proapoptotic
programming in eosinophils?425. The controversy surrounding this topic deserves
more attention to elucidate the specific role of TGF-f3 in these processes;
however, this may prove difficult as TGF-f is pleotropic protein with a variety of
functions varying with altering biological cues. Due to this, it is likely that this
protein can recruit and induce apoptosis in eosinophils, perhaps varying with the
environment, stimulus, and other biological features. In this model, the data
suggests that TGF-f3 signaling acts as a chemoattractant for eosinophils, as
demonstrated by increased recruitment of eosinophils in animals which were

exposed to Alternaria.

While the effects of TGF-3 on eosinophils in allergic asthma requires more
in-depth studies, our findings suggest potential use for Vactosertib in managing
pulmonary inflammation. Although Nanostring analysis did not reveal any
differences in gene regulation, this outcome could be attributed to this to the 3-

day rest period before sample collection. During this time, it is likely that the
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inflammatory responses are likely to return to baseline values, potentially
masking any observable changes. Minute changes observed in histological
sections could also be explained by a partial resolution of inflammatory
responses. However, noticeable differences in deposition of airway smooth
muscle were observed and suggest the potential role of Vactosertib in alleviation
of smooth muscle deposition and hypertrophy due to persistent allergen
exposure. The absence of significant changes in airway resistance observed via
flexivent may also be explained by the mitigation of aSMA deposition. During
asthmatic episodes, hypertrophy and hyperplasia of smooth muscle contribute to
bronchoconstriction and airway hyperreactivity of the airways, phenomena not

observed in mice treated with Vactosertib<.

Lung function changes such as tissue elasticity, resistance, as well as
inspiratory capacity appeared to be rescued by treatment with Vactosertib. This
data suggests the ability of Vactosertib in inhibiting deposition of collagen and
elastin fibers which directly increase tissue resistance and elasticity,
respectively?/-28. Deposition of collagen and elastin fibers due to fibrotic
processes causes rigidity within the lung tissue, increasing tissue resistance and
elasticity, while decreasing inspiratory capacity. However, in treated mice, values
of tissue resistance and elastance were significantly decreased compared to
untreated, Alternaria exposed animals, demonstrating a rescuing of fibrotic

processes due to Vactosertib treatment. Additionally, pressure-volume curves
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indicated an increase in lung compliance in treated animals, indicating decreased

fibrotic processes and fiber deposition due to treatment.

Conclusion

Our studies provide valuable insights into the complex interplay between
TGF-B signaling, allergic inflammation, and airway remodeling in asthma. By
utilizing Vactosertib, and inhibitor of TGF-3 receptor type |, we aimed to
investigate its potential therapeutic efficacy in mitigating the pathophysiological
processes associated with airway remodeling in a murine model of allergic
asthma.
Our findings demonstrate that treatment with Vactosertib significantly reduced
eosinophil recruitment into the airways of mice intranasally exposed to Alternaria,
highlighting its potential as an anti-inflammatory agent in allergic asthma.
Additionally, while not reaching statistical significance, there was a notable trend
towards decreased collagen deposition and improved lung function in treated
mice, as demonstrated by SHG microscopy and Flexivent analysis, respectively.
This data suggest inhibition of TGF- signaling with Vactosertib may attenuate
some aspects of AWR, offering promise for managing severe structural changes

in the lungs caused by chronic pulmonary inflammation.

Additionally, our studies demonstrate the multifaceted role of TGF-f in

orchestrating fibrotic responses and inflammatory processes in asthma. Despite
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the complexity of AWR, targeting TGF-[3 signaling pathways could represent a
therapeutic strategy to alleviate disease progression and improve clinical
outcomes in patients suffering from asthma. Further studies with enhanced
molecular analyses are warranted to further elucidate the therapeutic potential of
Vactosertib in asthma and AWR management. Ultimately, this study highlights
the need for developing effective treatment modalities aimed at mitigating the
detrimental effects of airway remodeling in many chronic respiratory diseases

even extending beyond asthma.
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Figure 6.1 - Cellular recruitment in BALF and lungs of aerosolized
Alternaria alternata exposed animals. (A) Cell numbers in BALF (B) Cell
numbers in lung (C) Cell percentages in BALF (D) Cell percentages in lung.
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Figure 6.2 - Cellular recruitment in BALF and lungs of intranasal Alternaria
alternata exposed animals. (A) Cell numbers in BALF (B) Cell numbers in lung
(C) Cell percentages in BALF (D) Cell percentages in lung.
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Figure 6.3 - Second Harmonic Analysis of lungs of intranasal Alternaria
alternata exposed animals. (A) SHG of left lobe of control mouse (B) SHG of
left lobe of Alternaria exposed mouse (C) SHG of left lobe of Alternaria exposed
and Vactosertib treated mouse. (D) Quantification of area of collagen deposition
in lung.
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Figure 6.4 - H&E images of lungs of intranasal Alternaria alternata exposed
animals. (A) H&E of control mouse (B) H&E of Alternaria exposed mouse. Black
arrows highlighting cellular recruitment in airways. Yellow arrow highlighting
increased smooth muscle deposition surrounding airway. (C) H&E of Alternaria
exposed and Vactosertib treated mouse.



(A) (B)

NF-kB Signaling score
Myofibroblast Regulation score

Exp:
T
Exposed —
Treatment

Figure 6.5 - NF-kB signaling and myofibroblast regulation in intranasal
Alternaria alternata exposed mice. (A) NF-kB signaling in Alternaria (Exposed)
mice vs Alternaria exposed and Vactosertib treated mice (Treated). (B)
Myofibroblast regulation in Alternaria (Exposed) mice vs Alternaria exposed and
Vactosertib treated mice (Treatment).
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Figure 6.6 - Flexivent analysis of intranasal Alternaria alternata and PBS
exposed mice. (A) Airway resistance measurements in Alternaria mice vs
Alternaria exposed and Vactosertib treated mice vs. Vactosertib and |.N. PBS
treated animals. (B) Tissue resistance measurements in Alternaria mice vs
Alternaria exposed and Vactosertib treated mice vs. Vactosertib and |.N. PBS
treated animals. (C) Tissue elastance measurements in Alternaria mice vs
Alternaria exposed and Vactosertib treated mice vs. Vactosertib and |.N. PBS
treated animals. (D) Pressure-volume curves for Alternaria mice vs Alternaria
exposed and Vactosertib treated mice vs. Vactosertib and |.N. PBS treated
animals. (E) Inspiratory capacity values for Alternaria mice vs Alternaria exposed
and Vactosertib treated mice vs. Vactosertib and I.N. PBS treated animals.
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Log2 fold change |std error (log2) |P-value|BH.p.value
Ccli1- -0.88 1.78 0.638 |1
mRNA
Pdgfrb- -0.964 3.61 0.798 |1
mRNA

Table 6.1 - Table of log fold change of Ccl11 and Pdgfrb in Vactosertib
treated mice.
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Chapter 7: Antimicrobial Activity of Stable Antimicrobial Peptides Extracted

From the Citrus-greening Huanglongbing Resistant Australian Finger Lime

Plant

Abstract

Citrus Huanglongbing (HLB) is the most destructive disease affecting
citrus trees globally!. HLB exists as a significant economic concern as it ravages
through citrus plants, significantly reducing both the lifespan of the tree as well as
the quality of the fruit. Citrus plants infected with HLB produce small poorly
colored fruit with juices low in soluble solids, high in acids, and bitter. The
financial strain this puts on the citrus industry is enormous and can lead to
catastrophic outcomes?. Current efforts to treat HLB involve toxic measures
which pose significant risk to human health. Our lab investigated the
susceptibility of antimicrobial peptides isolated from HLB resistant trees in three
clinically relevant pathogenic strains of bacteria: Salmonella typhimurium,
Pseudomonas aeruginosa, and Klebsiella pneumoniae. The stable antimicrobial
peptide (SAMP) demonstrated bacteriostatic potential in Salmonella typhimurium
and P. aeruginosa while K. pneumoniae demonstrated resistance to peptide
activity. Another isolated peptide, 104, demonstrated varying levels of
effectiveness, progressively increasing with increasing concentrations of the
peptide. These antimicrobial peptides may be potentially useful in treatment of

disease caused by these strains of bacteria.

284


https://www.pnas.org/doi/abs/10.1073/pnas.2019628118
https://link.springer.com/article/10.1007/s40003-016-0204-z

Introduction

Citrus Huanglongbing (HLB), also known as citrus greening disease, is the
most destructive disease affecting citrus trees globally. HLB is a bacterial
disease caused by the bacteria phloem-limited bacterium Candidatus
liberobacter asiaticus®. The bacterium is easily spread by a sap-sucking insect
known as the Asian citrus psyllid (ACP)3. ACP has been documented to have
spread HLB as far west as Louisiana, Texas, and California, severely affecting
the global citrus industry. Upon infection, most trees only survive for a few years
due to the detrimental effects of the disease as well as the lack of available
treatments®. This disease poses a significant economic threat, costing billions of
dollars in annual production losses. Despite current research efforts, there are
still no effective treatments to treat infected crops or to prevent new infection.
While currently, a lot of the utilized methods to treat HLB is by coating the citrus
trees with insecticide chemicals and antibiotics'. Both of which pose significant
risks to human, animal, as well as overall environmental health. Due to this, it is
necessary to investigate and develop alternative treatment methods to rid HLB
and prevent further damage to economic revenue brought in by the citrus
industry®. There are a few strains of citrus trees which remain unsusceptible to
disease, one of which is the Microcitrus australiasica, also known as the
Australian finger lime™. In collaboration with Dr. Hailing Jin’s lab, potential

antimicrobial peptides have been identified and isolated from this resistant
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species in order to investigate their effectiveness not only as a treatment for HLB
but also as a broad antimicrobial treatment for pathogenic bacterial strains. Given
this hypothesis, our lab began testing the effectiveness of clinically relevant
bacterial strains such as Salmonella typhimurium, Klebsiella pneumoniae, and
Pseudomonas aeruginosa to stable antimicrobial peptides (SAMPs) as well as

the isolated peptide 104.

Salmonella typhimurium is a gram-negative enteric pathogen which is
often the causative agent of common food-borne ilinesses®. This pathogen is
typically contracted by consumption of undercooked or raw meat, poultry, and
eggs but can also be transmitted by contaminated water, the environment, and
other infected humans or animals®”. Infection with this pathogen poses as a
major public health threat and can lead to diarrhea, blood in stool, dehydration,
and prolonged vomiting. Pseudomonas aeruginosa, also a gram-negative
bacterium, often leads to much more severe infections and is a frequent
nosocomial contaminant®. Presenting a significant risk for serious infections such
as endocarditis, meningitis, septicemia, respiratory failure, pneumonia, and many
other illnesses®'%'1, The gram-negative bacterium, Klebsiella pneumoniae, has
also been associated with pneumonia in immunocompromised individuals and is
considered the most common cause of nosocomial pneumonia in the United
States’2. Klebsiella is known to have very high degrees of virulence and antibiotic

resistance, complicating treatment in infected patients'2. Each of these gram-
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negative bacteria pose significant risk in clinical settings. Additionally, these
bacteria are pathogenic bacteria capable of producing biofilms*34, Although
most healthy individuals can clear these pathogens after some time,
immunocompromised individuals may experience additional life-threatening
complications and require hospitalization and undergo extensive treatment>. Due
to the risk posed by these bacteria as well as their clinical implication, we sought
to investigate the potential antimicrobial activity of SAMP and 104 in these
pathogenic bacterial strains. Our studies show that there is potential for the use
of these peptides in a clinical setting as we noted compelling results of

antimicrobial activity against the above-mentioned bacterial species.

Materials and methods
Culturing bacteria

Salmonella typhimurium was grown from an in-house glycerol stock while
Klebsiella pneumoniae and Pseudomonas aeruginosa were purchased from
ATCC. Glycerol stocks of each bacterium were streaked onto a Luria Broth (LB)
agar petri dish and incubated at 37 degrees Celsius overnight. One colony of each
bacterium was isolated from the LB agar petri dishes and were grown overnight in
LB liquid media overnight shaking at 125 rpm. Following incubation, 1 mL of each
bacterial culture was aliquoted into a 1.5mL eppendorf tube and centrifuged for 4

minutes at 4,000 g. Supernatant was then removed and each bacterium was
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resuspended in 1TmL of 150 uM NaCl. OD600 of the resuspended culture was

measured and each culture was diluted to an OD600 of 0.2.

Testing peptides

Cultures at an OD600 of 0.2 were incubated for 5 hours with either
Ceftazidime (antibiotic), 0.1% Triton-x, 10uM SAMP, 50uM 104, left untreated, or
boiled for 30 minutes. After 5 hours, each culture was incubated with Biotium

viability dye (30027) for 30 minutes and analyzed via confocal microscopy.

Imaging
All images were taken on the Zeiss Laser Scanning Confocal at 63X using

FITC and mCherry visualization channels.

Results

In this study, we investigated the effectiveness of two antimicrobial
peptides, SAMP and 104, against three clinical bacterial strains: Salmonella
typhimurium, Pseudomonas aeruginosa, and Klebsiella pneumoniae. For
Salmonella typhimurium, SAMP exhibited 65% effectiveness in the first repeat
(Fig. 7.1D), though the second repeat indicated difficulty in quantifying the
effectiveness (Fig. 7.2) but suggested some impact on biofilms (Fig. 7.2D).
Additional experiments are required under the same conditions for additional

confirmation. In contrast, peptide 104 showed approximately 90% effectiveness
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at a 10 ym concentration in the first repeat, but no effect in the second (Fig. 7.1E
and 7.2E). The third repeat ranged from 70% to 90% effectiveness across 10, 50,
and 90 pM concentrations (Fig. 7.3). Due to inconsistencies, further testing,
particularly at the most effective concentration, 50 uM, is necessary to validate

these findings (Fig. 7.3C).

Figure 7.1 - First experiment- 63X images of Salmonella typhimurium. (A)
Untreated S.typhimurium. (B) Boiled treated S.typhimurium. (C) Ceftazidime
treated S.typhimurium. (D) 10 yM SAMP treated S.typhimurium. (E) 10 uM 104
treated S.typhimurium.

Figure 7.2 - Second experimental repeat- 63X images of Salmonella
typhimurium. (A) Untreated S.typhimurium. (B) Boiled S.typhimurium. (C)
Ceftazidime treated S.typhimurium. (D) 10 yM SAMP treated S.typhimurium. (E)
10 uM 104 treated S.typhimurium.

Figure 7.3 - Third experimental repeat- 63X images of Salmonella
typhimurium. (A) Untreated S.typhimurium. (B) 10 uM 104 treated
S.typhimurium. (C) 50 uM 104 treated S.typhimurium. (D) 90 yM 104 treated
S.typhimurium.

Regarding Pseudomonas aeruginosa, SAMP demonstrated about 80%
effectiveness in the first repeat (Fig. 7.4D), with the second repeat again showing
difficulty in quantifying the impact but indicating some effect on biofilms (Fig.
7.5D). A repeat under the same conditions is required to verify these results.

Peptide 104 showed around 90% effectiveness in the first repeat (Fig. 7.4E), but

no effect in the second experiment, and a demonstrated variable effectiveness of
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30% to 85% across different concentrations in the third repeat (Fig. 7.6). This

data necessitates additional testing at 50 uM for more consistent results.

Figure 7.4 - First experiment- 63X images of Pseudomonas aeruginosa. (A)
Untreated P.aeruginosa. (B) Boiled P.aeruginosa. (C) Ceftazidime treated
P.aeruginosa. (D) 10 yM SAMP treated P.aeruginosa. (E) 10 uM 104 treated
P.aeruginosa.

Figure 7.5 - Second experimental repeat- 63X images of Pseudomonas
aeruginosa. (A) Untreated P.aeruginosa. (B) Triton-x P.aeruginosa. (C)
Ceftazidime treated P.aeruginosa. (D) 10 uM SAMP treated P.aeruginosa. (E) 10
MM 104 treated P.aeruginosa.

Figure 7.6 - Third experimental repeat- 63X images of Pseudomonas
aeruginosa. (A) Untreated P.aeruginosa. (B) 10 uM 104 treated P.aeruginosa.
(C) 50uM 104 treated P.aeruginosa. (D) 90 uM 104 treated P.aeruginosa

For Klebsiella pneumoniae, SAMP showed no effectiveness in the first
experiment, suggesting the need for testing at a higher concentration of 100 yM
(Fig. 7.7). Peptide 104 exhibited around 70% effectiveness in the second repeat
and 70% to 80% effectiveness at 90 and 50 yM (Fig. 7.8C and D). In summary,
while SAMP shows promise against Salmonella typhimurium and Pseudomonas
aeruginosa, it is ineffective against Klebsiella pneumoniae. Peptide 104
demonstrates high effectiveness against Salmonella typhimurium and
Pseudomonas aeruginosa, with moderate effectiveness against Klebsiella
pneumoniae. Further testing, concentration adjustments, and statistical analyses

are necessary to resolve inconsistencies and confirm these results, however, the
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work presented here suggests the potential use of these naturally sourced
antimicrobial peptides in clinical settings.
Figure 7.7 - First experiment- 63X images of Klebsiella pneumoniae. (A)
Untreated K.pneumoniae. (B) Triton-x treated K.pneumoniae. (C) Ceftazidime
treated K.pneumoniae. (D) Boiled K.pneumoniae (E) 10 yM SAMP treated
K.pneumoniae. (F) 10 uM 104 treated K.pneumoniae.
Figure 7.8 - Second experimental repeat- 63X images of Klebsiella
pneumoniae. (A) Untreated K.pneumoniae. (B) 10 yM 104 treated
K.pneumoniae. (C) 50 uM 104 treated K.pneumoniae. (D) 90 uM 104 treated
K.pneumoniae
Discussion

This study aimed to explore the antimicrobial potential of stable
antimicrobial peptides (SAMPs) extracted from the Australian Finger Lime plant,
a species resistant to Citrus Huanglongbing (HLB). Our research focused on the
efficacy of the peptides SAMP and 104 against three clinically significant
bacterial strains: Salmonella typhimurium, Pseudomonas aeruginosa, and
Klebsiella pneumoniae.
In this section, we reiterate the purpose of the study: to evaluate the antimicrobial
capabilities of peptides derived from the Australian Finger Lime plant, specifically

targeting their effectiveness against three important bacterial pathogens. This

sets the stage for discussing the outcomes and significance of our findings.

The results demonstrated that SAMP exhibited considerable bacteriostatic

activity against Salmonella typhimurium and Pseudomonas aeruginosa, albeit
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with some variability across experiments. Peptide 104 showed high efficacy
against Salmonella typhimurium and Pseudomonas aeruginosa, with
effectiveness ranging between 70% and 90% at higher concentrations. However,
Klebsiella pneumoniae displayed resistance to SAMP, while peptide 104
achieved moderate effectiveness.

Ultimately, SAMP showed significant bacteriostatic effects on two of the tested
bacteria, but its efficacy was inconsistent, suggesting the need for further
investigation. Peptide 104 was more consistently effective, especially at higher
concentrations, but Klebsiella pneumoniae remained resistant to SAMP. This

highlights the varied responses of different bacterial strains to these peptides.

A noteworthy finding from our study is the potential of these peptides to
disrupt biofilms. Biofilms are complex communities of bacteria that adhere to
surfaces and are encased in a protective matrix, making them highly resistant to
conventional antibiotics. This resistance often leads to chronic infections,
particularly in clinical settings where biofilms can form on medical devices such

as catheters, prosthetic joints, and implants.

Conclusion
Our results indicate that both SAMP and peptide 104 may have the ability
to interfere with biofilm formation and stability. This is particularly significant for

clinical applications, as biofiim-associated infections are notoriously difficult to
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treat and contribute to the persistence of chronic, life-threatening infections and
increased healthcare costs. The ability to disrupt biofilms could enhance the
effectiveness of existing treatments and reduce the incidence of biofilm-

associated complications.

Inconsistent results across some replicates highlight the need for further testing
to verify these findings and optimize concentrations. Despite these challenges,
the data suggest that these peptides have significant potential as antimicrobial
agents. The natural origin of these peptides offers a promising alternative to

current treatments, which often involve harmful chemicals.

We acknowledge the inconsistencies observed in the experimental data,
emphasizing the necessity for additional testing to confirm the results and
optimize peptide concentrations for maximum efficacy. This section underscores
the potential of these naturally sourced peptides as safer alternatives to
traditional antimicrobial treatments, which often pose health and environmental

risks.

Future research will focus on standardizing testing conditions, exploring

higher peptide concentrations, and conducting comprehensive statistical

analyses to establish the clinical viability of SAMP and peptide 104. This could
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pave the way for the development of novel, safer antimicrobial treatments

derived from HLB-resistant citrus plants.
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Figure 7.1 - First experiment- 63X images of Salmonella typhimurium. (A)
Untreated S.typhimurium. (B) Boiled treated S.typhimurium. (C) Ceftazidime
treated S.typhimurium. (D) 10 yM SAMP treated S.typhimurium. (E) 10 uM 104

treated S.typhimurium.
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Figure 7.2 - Second experimental repeat- 63X images of Salmonella
typhimurium. (A) Untreated S.typhimurium. (B) Triton-x S.typhimurium. (C)
Ceftazidime treated S.typhimurium. (D) 10 yM SAMP treated S.typhimurium. (E)
10 uM 104 treated S.typhimurium
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Figure 7.3 - Third experimental repeat- 63X images of Salmonella
typhimurium. (A) Untreated S.typhimurium. (B) 10 uM 104 treated
S.typhimurium. (C) 50 uM 104 treated S.typhimurium. (D) 90 uM 104 treated
S.typhimurium.
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Figure 7.4 - First experiment- 63X images of Pseudomonas aeruginosa. (A)
Untreated P.aeruginosa. (B) Boiled P.aeruginosa. (C) Ceftazidime treated
P.aeruginosa. (D) 10 yM SAMP treated P.aeruginosa. (E) 10 uM 104 treated
P.aeruginosa.
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Figure 7.5 - Second experimental repeat- 63X images of Pseudomonas
aeruginosa. (A) Untreated P.aeruginosa. (B) Triton-x P.aeruginosa. (C)
Ceftazidime treated P.aeruginosa. (D) 10 uM SAMP treated P.aeruginosa. (E) 10
MM 104 treated P.aeruginosa.

301



(A) (B)

Figure 7.6 - Third experimental repeat- 63X images of Pseudomonas
aeruginosa. (A) Untreated P.aeruginosa. (B) 10 uM 104 treated P.aeruginosa.
(C) 50 uM 104 treated P.aeruginosa. (D) 90 uM 104 treated P.aeruginosa
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Figure 7.7 - First experiment- 63X images of Klebsiella pneumoniae. (A)
Untreated K.pneumoniae. (B) Triton-x treated K.pneumoniae. (C) Ceftazidime
treated K.pneumoniae. (D) Boiled K.pneumoniae (E) 10 yM SAMP treated
K.pneumoniae. (F) 10 uM 104 treated K.pneumoniae.
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Figure 7.8 - Second experimental repeat- 63X images of Klebsiella
pneumoniae. (A) Untreated K.pneumoniae. (B) 10 yM 104 treated
K.pneumoniae. (C) 50 uM 104 treated K.pneumoniae. (D) 90 uM 104 treated
K.pneumoniae
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Chapter 8: Conclusion

This dissertation explored various biological mechanisms and
environmental factors impacting pulmonary health, with a specific focus on
inflammatory responses, airway remodeling, and antimicrobial activities. The
chapters collectively aimed to uncover insights into both disease pathology and
potential therapeutic interventions, addressing the complex interplay between
environmental exposures and immune responses in respiratory health. The
detailed examination of these interconnected areas provides a comprehensive
understanding of the challenges and potential solutions in the field of pulmonary

health.

Our studies on the role of TGF-f signaling in allergic asthma
demonstrated that inhibition of this pathway through Vactosertib significantly
reduced eosinophil recruitment and alleviated fibrotic responses in lung tissues.
This finding suggests the therapeutic potential of targeting TGF-$ in managing
airway remodeling and chronic pulmonary inflammation. Eosinophils are key
effector cells in allergic inflammation, contributing to tissue damage and
remodeling. By reducing the recruitment of eosinophils, a key cell type involved
in allergic responses, and mitigating fibrosis, Vactosertib may help prevent the
progression of asthma and improve lung function. The mechanism of action
involves the inhibition of TGF-f receptors, which play a critical role in signaling

pathways that lead to inflammation and fibrosis. This therapeutic approach could
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be particularly beneficial for patients with severe or treatment-resistant asthma,
offering a new avenue for intervention beyond standard anti-inflammatory
therapies. The study further highlights the importance of molecular-targeted
therapies in chronic inflammatory diseases, providing a foundation for the
development of new treatment strategies that address the underlying causes of

inflammation and tissue remodeling.

Investigations into the pulmonary health effects of aerosolized particles
from different sources, including Salton Sea dust and Alternaria, revealed distinct
inflammatory and gene expression profiles. The use of a novel aerosol exposure
chamber provided insights into the real-world implications of chronic particulate
matter exposure, highlighting the necessity for accurate and clinically relevant
exposure models. Chronic exposure to particulate matter has been linked to
various respiratory diseases, including asthma and chronic obstructive
pulmonary disease (COPD). The findings from these investigations indicated that
different sources of particulate matter could trigger unique inflammatory
responses and gene expression changes, which might influence disease severity
and progression. For example, Salton Sea dust was found to induce a specific
set of inflammatory markers distinct from those induced by Alternaria exposure.
Moreover, the development and utilization of the aerosol exposure chamber
allowed for controlled, reproducible studies that better simulate human exposure

scenarios, enhancing the translatability of the results. This model addresses the
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limitations of traditional exposure methods, which often fail to replicate the
continuous and varied nature of human exposure to environmental pollutants. By
providing a more accurate representation of how pollutants affect respiratory
health over time, this research contributes to our understanding of the

mechanisms through which particulate matter exacerbates respiratory diseases.

The Salton Sea studies are particularly important as it addresses severe
health concerns in an impoverished and underserved community. This region
has been plagued by high rates of respiratory diseases for decades. The
community around the Salton Sea, predominantly composed of low-income and
minority populations, has long suffered from limited access to healthcare,
exacerbating the impact of environmental health issues. The research highlighted
the elevated incidence of respiratory ailments in the region, with studies showing
that residents in the Salton Sea area have higher rates of asthma compared to
national averages. This project provided crucial insights into the specific
environmental factors contributing to these health problems, identifying the dust
emissions from the rapidly desiccating Salton Sea as a significant causative
agent. The discovery of the bacterial endotoxin, lipopolysaccharide, in the dust
provided a clear link between environmental degradation and public health,

explaining the high asthma rates and other respiratory issues in the area.
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Additionally, the study on antimicrobial peptides (SAMP and 104) isolated
from the HLB-resistant Australian Finger Lime showed promising bacteriostatic
effects against pathogens such as Salmonella typhimurium and Pseudomonas
aeruginosa. This discovery highlights the potential use of these peptides in
developing alternative treatments for bacterial infections, especially in the context
of rising antibiotic resistance. Antibiotic resistance is a growing global health
threat, driven by the overuse and misuse of antibiotics. These peptides
demonstrated a strong ability to inhibit bacterial growth, suggesting they could be
harnessed as novel antimicrobial agents. The mechanism of action of these
peptides involves disrupting bacterial cell membranes, leading to cell lysis and
death. Given the global challenge of antibiotic resistance, the identification of
effective, naturally derived antimicrobials is of significant importance. This
research opens the door to further exploration of plant-derived compounds as a
source of new therapeutics, which could complement or replace traditional
antibiotics, reducing the burden of resistant infections. Furthermore, these
peptides could be developed into topical applications, inhalable formulations, or

systemic therapies, expanding their potential uses in clinical settings.

The dissertation integrates findings from environmental health,
immunology, and microbiology to provide a comprehensive understanding of
pulmonary health challenges and potential solutions. The demonstrated efficacy

of Vactosertib in reducing airway remodeling underscores the importance of
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targeted molecular therapies in chronic inflammatory diseases. By specifically
inhibiting pathways that contribute to tissue remodeling and fibrosis, targeted
therapies like Vactosertib could offer more precise and effective treatment
options for patients with chronic respiratory conditions. Meanwhile, the aerosol
exposure studies emphasize the critical need for realistic exposure models to
understand environmental health impacts accurately. Traditional exposure
models often fail to replicate the continuous and varied nature of human
exposure to environmental pollutants. The aerosol chamber model addresses
this gap, providing a more accurate representation of how pollutants affect
respiratory health over time. This research could inform regulatory policies and
public health interventions aimed at reducing exposure to harmful pollutants.
Finally, the exploration of antimicrobial peptides opens new avenues for
combating bacterial infections, offering a sustainable alternative to traditional
antibiotics. These peptides could be developed into new classes of antimicrobial
agents, providing options for treating infections that are no longer responsive to
existing antibiotics. The findings highlight the importance of continued research
into alternative treatments, particularly in the face of evolving bacterial

resistance.

Future research should focus on enhanced molecular analysis to further
dissect the pathways influenced by TGF-f signaling and its broader implications

in asthma as well as other pulmonary diseases. Advanced molecular techniques,

308



such as single-cell RNA sequencing, could provide deeper insights into the
specific cellular and molecular changes driven by TGF-3 signaling in the context
of chronic inflammation and fibrosis. Understanding the precise molecular
mechanisms will enable the development of more effective and targeted
therapies, potentially improving outcomes for patients with severe asthma and
other inflammatory lung diseases. Prolonged exposure studies using the aerosol
chamber could better mimic chronic human exposure to environmental
pollutants, providing more accurate data on long-term health impacts and
informing public health policies. By extending the duration and complexity of
exposure studies, researchers can better understand the cumulative effects of
pollutants and identify critical thresholds for adverse health outcomes. This
research could lead to the identification of biomarkers for early detection and
monitoring of pollutant-related respiratory diseases, as well as the development
of preventive strategies and interventions. Additionally, continued exploration and
optimization of plant-derived antimicrobial peptides could lead to the
development of novel therapeutic agents, crucial in the fight against multidrug-
resistant bacterial infections. Efforts to enhance the stability, potency, and
delivery methods of these peptides will be essential for their successful
translation into clinical use. This research could pave the way for the
development of a new generation of antimicrobial treatments, addressing one of

the most pressing challenges in modern medicine.
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In conclusion, this dissertation contributes to a holistic understanding of
pulmonary health, emphasizing the interplay between environmental factors,
immune responses, and potential therapeutic interventions. The findings pave
the way for future research and innovation in improving respiratory health and
managing chronic pulmonary diseases. By addressing the complex interactions
between environmental exposures and biological responses, this work provides a
foundation for developing more effective treatments and preventive strategies for
respiratory diseases, ultimately improving health outcomes and quality of life for
affected individuals. The comprehensive approach taken in this dissertation
underscores the importance of interdisciplinary research in tackling complex
health issues and highlights the potential for scientific advancements to make a
significant impact on public health. The Salton Sea project, in particular,
exemplifies how targeted research can uncover the root causes of long-standing
health issues in underserved communities, providing a pathway to effective
therapeutic interventions and improved health outcomes for vulnerable

populations.
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