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1. ABSTRACT    

With the advent of anthropogenically driven climate change, there is growing concern about the 

increasing severity of wildfires worldwide. Exposure to wildfire smoke has emerged as a critical 

public health issue, particularly for infants, whose developing lungs are highly vulnerable to 

pulmonary injury. While the overall effects of wildfire air pollutants on adult populations have 

been extensively studied, revealing significant impacts on respiratory and cardiovascular health, 

the implications of wildfire smoke on the particularly vulnerable infant population, and its 

consequences for lung development and function, remain largely unknown.  

Previous studies conducted by our research group using a rhesus macaque model have 

shown dysregulations in the expression of molecules involved in WNT pathway signal 

transduction in response to ozone exposure, a common secondary pollutant from wildfire smoke. 

This pathway plays a major role in lung development, suggesting that wildfire air pollutants such 

as PM2.5 may modulate WNT signaling in the lungs, potentially affecting distal airway 

development.  

In this study, we hypothesize that early-life wildfire smoke exposure is associated with 

altered alveolar growth and dysregulation of WNT pathway signaling molecules in the lungs of 

infant rhesus macaques. Lung tissue from a cohort of infants housed outdoors during the 2018 

Camp Fire in Northern California (n=4, 5–6 months old) and indoor housed age-matched archived 

control animals (n=4, 6 months old), were used for this study. Biospecimens were analyzed for 

WNT11 and WNT3a expression using immunohistochemical techniques, western blots, and RT-

qPCR, and overall alveolar growth was assessed using morphometric techniques.  
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Our findings indicate that wildfire smoke exposure was associated with alterations in the 

expression of molecules in the WNT pathway at the protein, gene, and tissue levels, with increased 

expression of non-canonical WNT signaling molecules (WNT11) and decreased expression in 

canonical signaling molecules (WNT3a) compared to indoor housed controls. However, analysis 

of the distal airways showed no significant changes in morphometric parameters of alveolar 

growth, suggesting that the short-term exposure to wildfire smoke, as assessed within the 

parameters of this study, was not associated with alterations in distal lung development.  
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3. CHAPTER 1: INTRODUCTION 

1.1 Climate change and wildfires : A growing global threat 

Climate change refers to the growing long-term alterations in temperature, weather patterns, and 

other aspects of the Earth’s climate system, due to natural or human activities. Since the 1800s, 

these changes can primarily be attributed to human activities, which have caused an increase in 

greenhouse gases in the atmosphere, trapping heat and causing global warming (1). The impacts 

of climate change and global warming are widespread, affecting the natural environment and 

ecosystems, human societies, and economies. Rising sea levels, more frequent extreme weather 

events, and shifts in biodiversity are some of the notable manifestations of these changes. 

However, one of the more concerning consequences of the broadening impacts of climate change 

is wildfires (2). 

Wildfires are uncontrolled, unplanned, and unwanted fires that burn natural wildland 

vegetation as well as man-made structures. Over the past two decades, wildfires have become more 

severe as a result of natural and anthropogenic mechanisms related to climate change. Rising 

global temperatures from human activities, like burning of fossil fuels, have caused prolonged 

heatwaves, led to hotter and drier conditions, creating an environment that is more conducive to 

wildfires (3). Deforestation and changes in land use reduce vegetation’s ability to absorb CO2, 

further accelerating global warming. These higher temperatures cause vegetation to dry out more 

rapidly, increasing its potential for ignition. Climate change also impacts precipitation patterns, 

leading to prolonged periods of drought, which reduce soil moisture and increase the chance of 

fire outbreaks (4). 
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Climate change is also linked to changes in wind patterns and the frequency of lightning 

strikes, both of which contribute to the increasing severity of wildfires. Strong winds cause fires 

to spread more rapidly over larger areas, while lightning strikes, combined with dry conditions, 

can serve as an ignition source for new fires (2). This increasing severity of wildfires also 

contributes to a vicious natural cycle: as wildfires burn, they release a significant amount of 

greenhouse gases, which further exacerbate global warming, increasing the likelihood of even 

more severe fires in the future. The impacts of these wildfires are not confined to the regions where 

they occur and have global consequences such as compounding global warming, loss of 

biodiversity, and severe public health issues (5). 

In North America, particularly in the western United States and Canada, there have been 

devastating wildfire seasons in the past few decades, with some of the worst fires on record 

occurring in California (2003, 2008, 2018, 2020), Hawaii (2023), Texas (2011), and Canada (2017, 

2018, 2023) (6-9). The smoke from these fires caused severe air quality issues that affected 

millions of people and lead to declarations of public health emergencies. The 2019-2020 bushfire 

season, known as "Black Summer," saw unprecedented fires across Australia, fueled by record-

breaking temperatures and prolonged drought. These fires destroyed vast areas of land, killed, or 

displaced nearly 3 billion animals, and caused billions of dollars in damages (8). Southern Europe, 

particularly countries like Greece, Spain, and Portugal, have experienced increasingly severe 

wildfires. In 2021, Greece faced one of its worst fire seasons in decades, with extreme heatwaves 

and dry conditions contributing to the rapid spread of fires. In 2017 and 2019, Portugal experienced 

particularly devastating wildfires in the central and northern regions of the country (9). 
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There has been a surge in wildfire events in regions of the Amazon rainforest and the Sahel 

Congo Basin in Africa. In Asia, prominent blazes have been reported in China, in the Greater 

Khingan Mountains (2003) and the Hengduan Mountains (2017), and in India, with fires burning 

in the forests of the Western Ghats (2016), Uttarakhand (2019), and the northeastern states (2021). 

These fires have led to extensive destruction, loss of biodiversity, and pose serious threats to 

residents in these regions (10,11). The occurrence of catastrophic wildfire events across various 

continents highlight the urgent need for global cooperation in comprehensive and coordinated 

efforts to address climate change.  

 

1.2 Wildfire air pollution : Chemical composition, variability, and impact on human 

health 

Wildfires are a major source of air pollution globally. Air pollution refers to the presence of 

excessive quantities of harmful substances or chemicals in the Earth's atmosphere. These 

pollutants can be gases, particulate matter, chemicals, or biological molecules that pose risks to 

human health, ecosystems, and the environment (12). The composition of air pollutants, and 

consequently the impacts from exposure to these pollutants, vary greatly based on the source of 

pollution, such as natural sources, traffic-related, or industrial emissions. Wildfires contribute to 

worsening air pollution through the combustion of vegetation, other forms of biomass, or urban 

structures. The smoke generated from these blazes is a complex, heterogeneous mixture of gases, 

fine particles, organic chemicals, heavy metals, and more (13). This smoke can travel large 

distances, impacting air quality and public health in regions far removed from the fire's origin. The 

composition and chemical makeup of wildfire smoke is highly variable and depend on the type of 
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biomass that is burned, weather conditions during the fire, the temperature of the fire, and the fire's 

location (14). 

Wildfires produce particulate matter, specifically PM10 and PM2.5 (particulate matter of 2.5 

or 10 micrometers or less), whose fine size allows deep penetration into the lungs and absorption 

into the bloodstream. PM2.5 can disperse over a greater area and settle more slowly than larger 

particles, resulting in prolonged exposure times (15). While the differential toxicity of wildfire 

PM2.5 versus other sources has not been fully characterized, recent animal toxicological studies 

have shown that wildfire PM2.5 can have a higher toxic effect on the lungs than the same mass of 

PM2.5 from other sources (16-18). High levels of carbon dioxide (CO2), carbon monoxide (CO), 

nitrogen oxides (NOx), and sulfur dioxide (SO2) are released with the combustion of vegetation 

and biomass. Exposure to high concentrations of these chemicals can affect the cardiovascular 

system, have neurological effects, and impact the respiratory system. Wildfire smoke also contains 

volatile organic compounds (VOCs), which are a group of organic chemicals that can easily 

evaporate into the air, like benzene and formaldehyde, which affect the respiratory system and can 

be carcinogenic (19). The incomplete burning of organic matter that occurs with wildfires can 

cause the formation of polycyclic aromatic hydrocarbons (PAHs), which can be carcinogenic and 

have also been linked to reproductive toxicity (20). While ground-level ozone is not directly 

produced by wildfires, it is a significant component of wildfire smoke as it is produced when VOCs 

and nitrogen oxides react in the presence of sunlight. Ozone is a powerful respiratory toxicant that 

has been linked with several respiratory conditions and impaired lung development (21). The 

combustion of man-made structures also impact the composition of wildfire smoke, with increases 

in the concentration of dioxins and heavy metals in the ambient atmosphere. The combined and 
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cumulative effects of these pollutants may contribute to increased risks of respiratory and 

cardiovascular diseases, and long-term impacts to overall health (22,23). 

Depending on the conditions that lead to wildfires, what is burning, and where the fire 

occurs, the composition of wildfire smoke varies. For example, in the Amazon rainforest, with wet 

and dense vegetation, fires produce smoke that is rich in organic carbon and results in a greater 

release of particulate matter, whereas fires in drier forests like those seen in North America 

(Canada, western United States) tend to release more black carbon, which further traps heat and 

contributes to climate warming (24). Sulfur-rich soils, as seen in Hawaii, and fires in agricultural 

regions (where nitrogen-rich fertilizers are used), as seen in northern India, will produce higher 

amounts of SO2 and NOx (25). Smoldering fires, where the main blaze is quenched and smoldering 

flames are left to die out on their own, as seen in the peatlands of Indonesia and in the boreal forest 

regions, produce larger quantities of incomplete combustion products, including PAHs, VOCs, 

CO, and methane (26,27). 

Exposure to wildfire smoke air pollution can impact major organ systems in the body, 

particularly the cardiovascular and respiratory systems. The severity of these effects depends on 

the concentration of pollutants, duration of exposure, and individual susceptibility. Inhalation of 

these pollutants can lead to acute respiratory symptoms like coughing, inflammation, exacerbation 

of asthma and COPD, and increased risk of stroke and heart failure in people with preexisting 

cardiovascular conditions.  
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1.3 Effects of air pollution exposure on the respiratory system.  

Air pollution continues to be a global public health concern, with numerous studies demonstrating 

its harmful effects on human health (28). The respiratory system, particularly vulnerable to 

pollutants, serves as both the first point of contact and the initial line of defense against airborne 

particles and gases. Direct exposure to these pollutants leads to a range of adverse health outcomes 

in the respiratory system (29). The impact of air pollution on the respiratory system directly 

correlates with increased healthcare utilization, including hospital admissions, emergency room 

visits, and outpatient consultations related to air pollution exposure.  

Experimental studies have characterized acute lung injuries (ALI) triggered by airway 

pollutants. Inflammation is central to the biological mechanisms underlying air pollution toxicity 

(30). This pro-inflammatory response is generally attributed to increased immune reactions and 

oxidative stress. For example, increased inflammatory responses following PM2.5 exposure have 

been linked to higher concentrations of reactive oxygen species (ROS), cytotoxicity in lung 

macrophages, aberrant activation of innate immunity (including neutrophilia and eosinophilia),  

and the production of inflammatory cytokines in the alveolar epithelium (31-33). Studies 

conducted on airway bronchial epithelial cells have also shown that exposure to air pollutant like 

PM2.5 and ozone can cause oxidative stress, ROS mediated inflammation, mitochondrial 

dysfunction and increase in the expression of proinflammatory cytokines. (34,35)  (Fig.1) 

Air pollutants adversely affect respiratory epithelial barrier integrity, contributing to the 

development of obstructive lung diseases (36). Exposure to air pollutants decreases trans-epithelial 

electrical resistance (TEER),  impairs mucociliary clearance (MCC),  and initiates epithelial-

mesenchymal transition and tissue remodeling (37-39). These exposures may also increase 

susceptibility to pathogens, raising the risk of morbidity and mortality from airway infections 
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(40,41). Wildfires, which produce bioaerosols containing fungal and bacterial cells, may  transmit 

inhaled microbes to humans (42). Air pollutants may also impair cellular pathogen clearance and 

reduce the expression and function of host defense peptides (HDPs) like human cathelicidin and 

secretory leukocyte protease inhibitor (SLPI),  in response to lung pathogens like Pseudomonas 

aeruginosa, Aspergillus, Streptococcus pneumoniae, and respiratory syncytial virus (RSV) 

(43,44). Both short-term and long-term exposure to particulate matter has been linked to epigenetic 

modifications, including DNA methylation and post-translational modifications (PTMs) (H3 

histone modifications) (46). Most epigenetic investigations in association with air pollutants focus 

on global DNA methylation and gene specific CpG methylations (45-47). The lung microbiome, 

which is essential for respiratory health, is also influenced by environmental factors such as air 

pollution, with evidence of increased microbial diversity (48).  

 
Figure 1: Mechanisms of wildfire smoke induced respiratory inflammation 
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Several observational studies have documented the acute and chronic effects of air 

pollution on respiratory health (49-51). Acute air pollution exposure refers to the immediate or 

short-term health impacts that manifest within hours or days of exposure to high pollutant 

concentrations. These effects, which are often reversible once the exposure ceases, include airway 

irritation, coughing, shortness of breath, and throat irritation (52). Acute exposure can trigger 

inflammatory responses, impair normal respiratory function, and exacerbate pre-existing 

conditions such as asthma or chronic obstructive pulmonary disease (COPD) (52). Studies have 

shown that pollutants like ozone and wildfire PM can worsen asthma symptoms, leading to 

increased healthcare utilization (53-55). Acute exposure to wildfire air pollution has also been 

linked to increased hospital admissions for respiratory infections, such as bronchitis and 

pneumonia, particularly in vulnerable populations (56). Even healthy individuals can experience 

temporary decreases in lung function following short-term exposure to pollutants (57). 

Chronic air pollution exposure elicits long-term health impacts that develop over months 

or years. The effects are often irreversible and can lead to lasting damage to the respiratory system 

(58). Epidemiological studies have linked chronic exposure to air pollution to long-term decreases 

in lung function, and other cardiopulmonary conditions (59). While the mechanisms are not well-

defined, long-term exposure to pollutants like PM and ozone may cause chronic inflammation in 

the airways, leading to obstructive pathologies such as COPD (60,61). Experimental studies using 

murine models have described persistent inflammation, oxidative stress responses, structural 

changes like fibrosis and damage to airway epithelium in response to chronic air pollution 

exposure (62,63). Studies conducted in non-human primates have also shown long term health 

effects, with altered immune profiles, alveolar growth, excess prenatal loss, and increased risk of 

developing respiratory conditions (64,65).  
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Longitudinal studies have shown that individuals living in areas with high levels of air 

pollution face a greater risk of developing COPD (66). Epidemiological studies have associated 

chronic exposure to PM2.5 with an increased risk of lung cancer. The International Agency for 

Research on Cancer (IARC) and the World Health Organization (WHO) classify PM as a Group 

1 carcinogen (67). Furthermore, chronic exposure to air pollution has been linked to a gradual 

decline in lung function over time, as measured by decreases in lung capacity and airflow rates 

(68-70). Studies have shown that individuals in highly polluted areas experience a more rapid 

decline in lung function with age compared to those in less polluted regions (71). For example, 

studies conducted in Montana revealed decreased long-term lung function in elderly populations 

exposed to the 2017 wildfire season, with lung function decrements persisting for over three years 

after the initial exposure (72). Experimental evidence of lung function decrements was also 

observed in a cohort of adolescent rhesus macaque monkeys exposed to the 2008 Californian 

wildfires in early life (73). (Fig. 2) 

 
Figure 2: Impacts of PM2.5 exposure on respiratory health across all ages 
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1.4 Impacts of wildfire smoke exposure on vulnerable populations  

As discussed in the previous section, smoke released during wildfire events poses a serious threat 

to public health.  However, there are vulnerable populations that face a greater risk to adverse 

health outcomes following exposure to harmful air pollution compared to those in the general 

populations (74,75). Vulnerable populations are groups of people who are more susceptible to the 

adverse effects from environmental hazards like wildfire smoke (76,77). There are several factors 

that contribute to the heightened risk faced by those that are classified as vulnerable populations. 

Their physiological sensitivity or less robust physiological system make them vulnerable to 

harmful effects from these hazards, their pre-existing health conditions that make them more likely 

to face exacerbated symptoms and the existence of socioeconomic disparities that lead to 

protective resources and healthcare being inaccessible to these groups (78). Infants and children, 

whose respiratory systems are still developing; elderly populations, who face age-related declines 

in health immune function; people with preexisting respiratory, cardiovascular, or inflammatory 

conditions; pregnant individuals; and people from low-income communities are all considered 

vulnerable populations (79). 

The acute effects from these exposures can manifest more rapidly and have a more severe 

and significant impact on their overall health. Vulnerable populations can experience heightened 

respiratory symptoms such as coughing, wheezing, shortness of breath and throat irritations in 

response to smoke inhalation (80). Studies conducted during the 2007 San Diego wildfires 

observed a significant increase in emergency department visits for respiratory symptoms 

particularly in children and the elderly (81). Individuals who have preexisting respiratory 

conditions such as asthma, COPD could experience exacerbations to their conditions that require 

medical attention or hospitalizations.  
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Many studies have linked significant increases in healthcare utilization from asthma related 

hospitalizations, emergency department (ED) visits with exposure to wildfire air pollutants (82-

89). Studies into the 2008 Northern Californian wildfires showed a linear increase in asthma 

hospitalizations and asthma related ED visits for every 5 ug/m3 increase in PM2.5 concentrations 

along with increase in asthma relief medication and corticosteroid prescriptions (82). Several 

studies have also described positive associations of air pollution exposure and exacerbations in 

COPD related hospitalizations, ED visits and healthcare usage (90-92). A study during the 2002 

wildfires in Colorado, found that wildfire PM worsened COPD symptoms with elevations 

persisting more than 24 hrs after initial exposure (90). Increasing COPD hospitalizations were also 

observed with 10ug/m3 increases in PM2.5 concentration (92). A study into the 2008 northern 

Californian wildfires showed positive associations for COPD related ED visits but no associations 

for COPD related hospitalizations (82).  

Exposure to air pollution has been shown to increase the risk of cardiovascular (CV) health 

issues especially in individuals with pre-existing conditions (93-98). Some studies have 

corroborated the relationship between PM2.5 and healthcare utilization for cardiac arrests, 

myocardial infarction,  congestive heart  failure, and ischemic heart disease (96,98,101). Several 

large cohort studies into CV mortality from PM2.5 exposures show significant positive associations  

with one study targeting wildfire specific PM2.5 (94,99,100). Research into California wildfires has 

linked worsening cardiovascular health to wildfire smoke, with increased risks of myocardial 

infarctions, ischemic heart disease, heart failure, dysrhythmia, pulmonary embolisms, and 

ischemic strokes following exposure (95). 
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 Chronic effects from these exposures even at lower levels can have long term 

consequences, especially from vulnerable populations (105). Prolonged exposure to particulate 

matter can lead to the development or worsening of respiratory conditions like asthma, bronchitis, 

and COPD in children and the elderly (106). These associations have been described in several 

epidemiological and clinical studies (107-110). Long-term exposure to air pollution is associated 

with an increased risk of cardiovascular disease, including hypertension, coronary artery disease, 

and heart failure (111-114). Pregnant people exposed to air pollution are also at a risk of preterm 

births, low birthrates, and developmental issues in their children (115-117). Positive associations 

have been made between wildfire smoke exposure and risk of preterm births and low birth weight 

from epidemiological and population studies conducted in China, USA, and Brazil (118-120). 

Along with these impacts to long term cardio-pulmonary health, air pollution and wildfire smoke 

exposure also have impacts on lung function in children and adults. Children who had lagged 

exposure to the wildfires in the Brazilian Amazon had reduced PEF (peak expiratory flow) with 

increasing concentrations of PM10 and PM2.5 (120). Studies conducted after the 1997 Indonesian 

brushfires showed that adult males had reduced lung function that persisted up to 10 years from 

initial exposure, while children exposed to the fires seemed to have recovered lung function within 

the same period (121). Lung function decrements were also observed in a cohort of adolescent 

rhesus macaque monkeys who were exposed to the 2008 Northern California wildfires in early life 

(during infancy). This suggests that detrimental effects from wildfire smoke persist as the lung 

develops (122). (Fig. 3) 
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Figure 3: Associations between wildfire and cardio-respiratory conditions using healthcare utilization data 

 

1.5 Infant lung development and the significance of cell signaling pathways  

While there are 5 distinct stages that are involved in the fetal morphogenesis of the lungs, at the 

time of birth the lungs have not fully matured (123,124). Postnatal lung development is a critical 

phase in human respiratory physiology, involving complex morphological and functional changes 

that continue well beyond birth and extend into early adulthood (125). This period is crucial for 

establishing healthy respiratory function and influencing long-term respiratory health. The lungs 

undergo significant growth and differentiation during postnatal development, which contributes to 

an increase in lung volume and size along with the maturation and growth of the airways (125). 

Between infancy and young adulthood, we see linear increase in lung volume in response to 

changes in the body weight and dimensions (126). These developments ensure the functionality of 

the lungs and its ability to meet the respiratory needs and metabolic needs of the body as we 

transition from infancy to adulthood.   
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Most of the developmental milestones seen in the postnatal lung involve the maturation 

and expansion of the distal lung and airways. It consists of an alveolarization phase that occurs 

from birth to 1-2 years of age and late alveolarization stage that occurs from early childhood to 

adulthood (126). Alveolarization is characterized by the sudden massive appearance of alveoli in 

the lung in the first 6 months of life called ‘bulk alveolarization’. This phase of the differentiation 

of alveolar airspaces continues till about 24 months from birth. Late alveolarization involves the 

addition of new alveoli till 8 years of age, followed by a period of slow repetitive expansion of 

existing alveoli and corresponding increase in airways size till late adolescence or early adulthood 

(125). At birth the distal airways contain 0-50 million alveoli which through postnatal development 

expands to encompass the 300 million alveoli that are seen at adulthood (125). Postnatal lung 

development also involves significant growth and expansion of the lung tissue. During this period, 

the lung’s conducting airways, including the bronchi and bronchioles, also undergo maturation. 

The branching pattern of the airways becomes more complex, and the airway smooth muscle and 

connective tissue develop, which contributes to the regulation of airflow and lung compliance 

(125,126). 

The various signaling pathways in the lung are crucial for regulating key processes during 

different stages of lung development. These pathways interact within a complex network, ensuring 

precise regulation of lung development and integrating various developmental cues to ensure 

coordinated progression of lung development (127). The WNT/β-catenin signaling pathway is 

highly involved in branching morphogenesis, lung progenitor cell proliferation, differentiation, 

and maintenance, as well as distal airway development (128). The SHH (Sonic Hedgehog) 

pathway defines structural aspects of proximo-distal airway modeling and is crucial in epithelial-

mesenchymal crosstalk and mesenchymal cell differentiation (129). The FGF (fibroblast growth 
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factor) pathway is essential for mesenchymal patterning, airway smooth muscle cell generation, 

pulmonary vascular development, and distal lung formation (130). Notch signaling regulates cell-

cell communication during development, determining proximal and distal epithelial cell fates, and 

plays a role in alveolar differentiation and capillary formation (131). TGF-β signaling is involved 

in lung progenitor cell development, homeostasis, extracellular matrix formation, and repair (132). 

The BMP pathway contributes to alveolar epithelial cell differentiation, distal lung structure 

formation, and maintenance of cell proliferation and apoptosis (133). 

The dynamic interplay between these developmental pathways ensure the normal 

functional maturation of the lungs.  Any disruptions, by external environmental factors (air 

pollution) to the signaling or the expression of molecules involved in these pathways could lead to 

detrimental consequences to the processes of lung development. (Fig.4) 

 

 
Figure 4: Effects of air pollution exposure on cell signaling pathways could alter post-natal lung development. 
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1.6 Air pollution and impaired lung development.  

Postnatal lung development is highly susceptible to impairments in lung growth and respiratory 

system function as a result of  exposure to air pollution (134,135). Exposure to pollutants during 

these susceptible periods has been associated with altered growth trajectory and lung function 

(136). Several studies have described the adverse effects of air pollution exposure, including 

outdoor ambient air pollution, traffic-related pollution, and oxidant air pollution, on lung 

development (137). Lung function decrements have been observed in children from 0-10 years 

old. Short and long-term exposure during childhood has shown reduced growth FEV1 (forced 

expiratory capacity for 1 second), FVC (forced vital capacity), PEF (peak expiratory flow), with 

larger deficits observed with longer and higher levels of exposure. (138-143) 

Exposure to air pollution during the first year of life was associated with worse lung 

function decrements at 8 years of age compared to exposure outside of this critical window (142). 

Cohort studies conducted in Oslo and China have also reported lung function deficits in children 

exposed to high concentrations of ambient air pollution (143). Animal models of lung development 

have also suggested that air pollution can have detrimental effects on the developing lung. 

Specifically, studies conducted in mice showed that chronic exposure to PM caused reduced lung 

growth and lung function decrements (144). Similar impairments to lung growth were seen in 

neonatal rats in response to airway toxicants. Nonhuman primates (rhesus macaques) exposed to 

oxidant air pollutants like ozone had impaired distal airway development with structural changes, 

alterations to normal alveolarization and alveolar development and reduced size of distal airways 

(145,146). Lung function decrements with reductions to vital capacity, total lung capacity, airway 

resistance, and reduced lung volumes were also observed in non-human primates’ response to 

wildfire air pollution (147). 
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Previous work by our research group has also shown the effects of air pollution exposure 

on pathways of lung development in rhesus macaques. The WNT pathway, specifically signaling 

molecules involved in the non-canonical arm of that pathway have shown dysregulation in the 

lungs post cyclic ozone exposure in rhesus macaques. (Fig. 5) Infants and young adults were 

exposed to episodic ozone at 0.5 ppm for 5 months, starting at either one or thirty-one months of 

age, and assessed for WNT pathway signaling molecule expression (148). Given that ozone is one 

of the major secondary pollutants in wildfire smoke, we can speculate that wildfire could have a 

similar dysregulating effect upon this pathway, the consequences of which would be seen in 

alterations to lung development.  

 

Figure 5 : Non-Canonical WNT11 dysregulation post cyclic ozone exposure. (A) Relative gene expression of 

targets involved in WNT signaling in the respiratory bronchioles. (B) Relative density of WNT11 protein in 

lungs of filtered air controls compared to ozone exposed animals. 
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1.7 Need for expanded research objectives: Gaps in current state of wildfire health 

effects research 

The investigation of health outcomes associated with wildfire smoke exposure are often 

retrospective and observational. These methodologies involve the analysis of existing data to draw 

conclusions about prior exposures. Researchers use historical air quality data, wildfire events, and 

administrative healthcare data such as morbidity and mortality, hospitalizations, and medications. 

Human epidemiologic studies can be challenging as it is difficult to obtain adequate statistical 

power due to the sporadic nature, smaller sizes of affected populations, range of affected areas and 

the inability to account for all confounding factors and variables involved in environmental events 

like wildfires. It is also difficult to compare findings from different studies due to the variability 

in wildfire smoke chemistry and lack a universally accepted standard to approximate exposure 

data. 

Most studies on the health effects from wildfires exposures have focused on adult 

populations, primarily with an emphasis on subjects with pre-existing cardiac, respiratory, or 

inflammatory conditions. These effects have been described in several epidemiological studies and 

healthcare data analyses, as indicated in the above sections. The attention given to these 

populations is warranted since adults form a larger fraction of the general population and are more 

readily available to participate or have their health data collected as part of comprehensive research 

efforts. While the epidemiological evidence provided from these populations have been extremely 

valuable in the efforts to understand the effects of wildfire on human health, there is a growing 

need to expand our studies to encompass broader demographics of vulnerable populations such as 

infants and children.  
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In the case of infants and children, there is ample evidence to suggest that exposure to 

ambient air pollution can affect respiratory health and lung function (135-137). Infants and 

children make up a particularly vulnerable population, who do not have adequate representation 

in wildfire health impact studies. This proves to be a major concern given their unique 

physiological characteristics, such as immature respiratory and immune systems and higher 

respiration rates (resulting in higher intake of air and thus pollutants compared to adults). They 

also spend a disproportionate amount of time outdoors and have higher levels of activity.  This 

makes them more susceptible to adverse effects from environmental hazards such as wildfires. 

Understanding the effects of wildfire smoke on infant respiratory health is important since it has 

long-term implications on overall lung health. Any disruptions to the respiratory system's critical 

growth period, which extends into early adulthood, could have prolonged, persistent consequences 

on lung function, increased risk of developing chronic respiratory diseases like asthma, and 

heightened sensitivity to respiratory irritants later in life.  

It is imperative to expand the scope of these studies to include addressing the unique 

phenomena occurring when infants and children are exposed to wildfire smoke. The differences 

in lung growth patterns and immune responses in younger populations compared to adults may 

lead to long-term health consequences that are currently critically under-researched. By addressing 

these gaps, we can develop specialized interventions that not only mitigate immediate health risks 

but also ensure the wellbeing of all vulnerable populations. This approach will contribute to 

building more comprehensive and effective public health strategies, ultimately enhancing public 

health outcomes on a broader scale.  
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 In summary, more extensive research is needed to explore how early-life disruptions affect 

lung development and pulmonary health. Previous studies have shown associations between 

airway pollutants, their effects on lung function, and changes in the expression of molecules 

involved in lung development following air pollution exposure. Based on our prior research with 

experimental ozone exposure, we propose that exposure to wildfire pollutants may also have 

detrimental effects on lung development. Exposure to wildfire smoke may disrupt the normal 

growth and maturation of alveoli, potentially leading to impaired respiratory function. 

Additionally, the dysregulation of key signaling pathways such as WNT could hinder critical 

processes involved in lung development, exacerbating the negative impact on respiratory health. 

Thus, in this thesis we hypothesize that: 

a. Early life exposure to wildfire smoke is associated with altered alveolar growth and 

development in the distal lung of infant rhesus macaques. 

b. Early life exposure to wildfire smoke is associated with dysregulation of WNT 

pathway signaling molecules in the distal lung of infant rhesus macaques. 
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4. CHAPTER 2: IMPACTS OF WILDFIRE SMOKE ON 

AIR QUALITY  
 

2.1 Background  

The Northern California Camp Fire, which ignited on November 8, 2018, represents the deadliest 

and most destructive wildfire in California’s history. This catastrophic event resulted in 85 fatalities 

and the burning of 153,336 acres of land. Additionally, over 18,000 structures were destroyed, with 

damages estimated at a minimum of $16.5 billion (149, 150). The wildfire was exacerbated by 

extreme weather conditions, including high winds and low humidity. These factors, combined with 

over 200 days without  rainfall—a consequence of a statewide drought linked to climate change—

contributed to the rapid spread of the fire through highly desiccated vegetation (151,152). 

Originating in the Sierra Nevada Mountain range in Butte County, California, smoke plumes from 

the Camp Fire traveled across the Sacramento Valley and the San Francisco Bay Area, due to strong 

winds and dry conditions (153). The extensive smoke coverage from the Camp Fire severely 

degraded air quality in affected regions within Northern California. Smoke plumes from the Camp 

Fire were observed hundreds of miles away, impacting air quality as far as San Francisco and 

Sacramento for approximately two weeks (154). Although pollutant concentrations in these areas 

were lower than those near the fire, regional air quality exceeded safe levels (‘Hazardous’ as 

designated by the EPA AQI score of 0-100), prompting widespread health warnings and advisories. 

The EPA sets National Ambient Air Quality Standards (NAAQS) for air pollutants which can be 

harmful to public health and the environment: PM2.5 - 35 μg/m³, Ozone – 0.070ppm and NO2 – 

0.100ppm. The Camp Fire burned for a total of 17 days, creating severe health risks and 

environmental damage before being fully contained on November 25, 2018 (153). 
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 Unlike wildfires that primarily burn vegetation, the Camp Fire burned a substantial number 

of structures, resulting in wildfire smoke with unique characteristics (154). Chemical analysis of 

PM₂.₅ (particulate matter of 2.5 μm or less) collected during the Camp Fire showed elevated levels 

of metals such as zinc, lead, calcium, iron, and manganese in the wildfire smoke, with these 

pollutants observed in the air as far as San Jose and Modesto (155). Following the initial impacts, 

the highest levels of pollutants were observed between November 13 and 16, with concentrations 

returning to safe levels (EPA NAASQ standards) by November 22 (156).  

During the Camp Fire, PM₂.₅ concentrations exceeded national averages observed from 

2010 to 2017. Specifically, maximum PM₂.₅ concentrations recorded between November 8 and 22 

were more than three times higher than levels observed in previous years, representing a 300% 

increase from historical averages (157). During the Camp Fire, PM₂.₅ concentrations within the 

Bay Area remained above 50 μg/m³ for approximately two weeks after the fire was extinguished, 

with localized spikes exceeding 400 μg/m³ during this period (158). Over the entirety of the Camp 

Fire event, the average PM₂.₅ concentration was 64 μg/m³, almost double the 24-hour standard. 

Furthermore, the Sacramento Valley experienced high levels of PM₂.₅, with maximum 

concentrations exceeding 400 μg/m³. These concentrations, 10 times higher than the 24-hour PM₂.₅ 

standard, are classified as "Hazardous" according to the EPA’s Air Quality Index (AQI) scale, 

indicating severely poor and unhealthy conditions (158).  

To understand the impact of Camp Fire smoke on the Sacramento Valley region and 

characterize the pollutants present in the atmosphere, we collected and analyzed air quality data 

throughout the entire duration of the wildfire. This data will provide contextual insights into the 

potential effects of this exposure on the lung development of non-human primates housed at the 

CNPRC. 
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2.2 Materials and Methods  

Air quality data acquisition and analysis  

Air quality data was acquired from monitoring sites managed by the California Air Resources 

Board (CARB). CARB is an agency that oversees all air pollution efforts and monitors and 

regulates air quality across the state of California. CARB operates an extensive network of air 

quality monitoring sites located throughout California to assess pollution levels and ensure 

compliance with state and federal air quality standards. These sites continuously monitor and 

collect real-time data on a wide range of air pollutants. The impact of the wildfire on air quality in 

Northern California was analyzed and the concentrations of key wildfire smoke pollutants during 

November 2018, specifically during the period of the Camp Fire (11/08/2018 - 11/25/2018) and 

from November 2019 as air quality reference during a non-wildfire year, was examined. Data was 

retrieved from CARB's openly accessible air quality databases, focusing on 3 specific pollutants 

in wildfire smoke – particulate matter (PM2.5), ozone, nitrogen dioxide (NO2) and temperature. 

This process involved extracting daily measurements of these pollutants, and ambient temperature, 

from the AQMIS (Ambient Quality Management Information System) database (159). The 

analysis centered on monitoring sites within the Sacramento Valley air basin, a region that was 

severely impacted by the Camp Fire. These sites included Sacramento County (site #34295), Yolo 

County (site #57557-Davis and site #57582-Woodland), Placer County (site #31811), Sutter 

County (site #51898), Butte County (site #04625), and Shasta County (site #45567). The collected 

data was compiled and organized to facilitate the analysis of pollutant levels at these key locations 

throughout the month. 
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Animals 

All animals used for this study were obtained from the breeding colony at the California National 

Primate Research Center (CNPRC) at the University of California, Davis. Care and housing of 

animals complied with the provisions of the Institute of Laboratory Animal Resources and 

conformed to practices established by the American Association for Accreditation of Laboratory 

Animal Care. Animal protocols were reviewed and approved by the University of California, 

Davis, Institutional Animal Care and Use Committee (IACUC). Exposed groups consisted of 

wildfire smoke-exposed infant rhesus macaque monkeys (n=4) housed in outdoor enclosures at 

the CNPRC during the 2018 Northern California Camp Fire. The average concentrations of various 

air pollutants during this period are detailed in figure 7, as reported by the California Air Resources 

Board (CARB) air quality monitoring site (#57577), located 2.2 miles from the CNPRC. 

Biospecimens from animals in exposed groups were obtained from the CNPRC Pathology Unit; 

animals were euthanized due to health conditions unrelated to exposure or the respiratory tract. 

Age-matched control animals (n=4) were housed indoors in facilities equipped with a MERV13 

filtration system (75% filtration capacity for 3.0 to 0.3 µm size particles). Biospecimens from 

controls were obtained from archived specimens from a previous study. 1-2 months following the 

initial exposure to wildfire smoke, necropsy was performed on the animals in the exposed group 

for biospecimens collection. 
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Study design and biospecimens 

Lungs collected from wildfire exposed and indoor housed infants were used in this study for 

experiments conducted in Chapters 3 and 4 (Fig. 6A). Different lung lobes were separately 

processed for downstream experimental analyses. The left caudal lobes were paraffin-embedded 

and used for histology and morphometry. The right caudal lobes were snap-frozen in liquid N₂ for 

protein extractions and Western blots, and the right cranial lobes were inflated with RNAlater for 

RT-qPCR (Fig. 6B).  

 

Group  
Wildfire 

smoke 

event 

Sex 

Approximate  

Age during 

wildfire 

exposure 

Age at 

Necropsy  

Sample Size  

Wildfire smoke- 

exposed  

2018 Camp 

Fire  

50% male  

50% female 

5-6 months 6-7 months 4 

Indoor housed  N/A 

50% male  

50% female 

N/A 6 months 4 

Table 1 : Descriptive demographics for groups used in study 
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Figure 6: (A) Study design and experimental set up 

Figure 6: (B) Biospecimens and lung utilization  
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2.3 Results 

The objective of this analysis was to quantify various air pollutants generated during the period of 

time when the Camp Fire affected air quality in regions that immediately affect the California 

National Primate Research Center. The comparative analysis of air quality in Davis, specifically 

at UC Davis, is particularly relevant because it reflects the pollutant concentrations to which the 

nonhuman primates  at the California National Primate Research Center (CNPRC) were exposed 

while housed outdoors. These animals experienced fluctuations in pollutant levels during the Camp 

Fire, providing crucial context for interpreting the biological and physiological responses observed 

in subsequent studies. The end of the Camp Fire period was determined when the blaze reached 

100% containment on November 25th, 2018, and air quality returned to safe levels as designated 

by the EPA (0-100 AQI score).  

 PM2.5 concentrations in this region remained elevated for a period of 12 days during the 

Camp Fire weeks, with the highest concentration of 184.7 µg/m³ observed on November 15 (≈ 150 

µg/m³ increase from federal standard of 35 µg/m³) (Fig. 7A). Ozone levels were elevated (above 

concentrations during other Camp Fire smoke days) for a period of 4 days during the Camp Fire 

weeks, with concentrations reaching 0.61 ppm during peak smoke days but did not reach levels 

higher than national AQ standards (Fig. 7B). NO₂ concentrations were elevated (compared to 

concentrations seen in the same period during a non-wildfire year) for a period of 10 days during 

the Camp Fire, but still remained well below federal standards. Concentrations fluctuated between 

0.019 and the highest concentrations of 0.39 ppm toward the end of the fire period (Fig. 7C). While 

the overall temperature did decrease throughout November, during peak smoke days between 

November 10 and 15, temperatures were steadily elevated by almost 6°C (Fig. 7D). During the 

same period in 2019 (non-wildfire year), we observe fluctuations in the concentrations of 
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pollutants, but it does not reach peak hazardous levels. A comparison of the concentrations of the 

pollutants of interest in a non-wildfire year (2019) (Fig. 8) shows the stark difference in air quality 

during wildfire seasons and ambient air quality levels in Yolo County (Davis region).  

The impact of the Camp Fire's smoke plumes extended to regions as far as the San 

Francisco Bay Area and the Sacramento Valley. For this analysis, we focused on five major 

counties within the Sacramento Valley air basin—Yolo, Placer, Butte, Sacramento, and Sutter—

affected by the wildfire smoke (Fig. 9). PM2.5 concentrations in these regions were all substantially 

elevated, with the highest concentrations reaching over 400 µg/m³ and remaining elevated for 

almost 11 days (compared to federal standard of 35 µg/m³). The highest concentrations of PM2.5 

were seen in Butte County (the epicenter of the blaze) and Sutter County (Fig. 9A). Ozone levels 

were elevated (compared to concentrations during non-smoke days) for 5 days across all counties, 

with the highest concentration being 0.062 ppm. The highest concentrations of ambient ozone were 

detected in Sacramento and Placer Counties (Fig. 9B). Varying but consistently elevated levels of 

ambient NO₂ were observed in all the regions of interest during the entire Camp Fire period 

(compared to concentrations on non-smoke days), with Placer, Butte, and Sutter counties being 

most heavily impacted by raised NO₂ concentrations. However, these concentrations were also 

well below federal standards and all the regions showed similar sharp declines in NO₂ 

concentrations back to normal levels toward the end of the Camp Fire period (Fig. 9C). Unlike air 

pollutants, temperature was minimally affected by the wildfire smoke and ambient air pollution, 

as most areas in the Sacramento Valley steadily decreased or did not fluctuate much at all (Sutter 

County), with a few that showed increased temperatures of 3-4°C for a period of 5 days in the 

middle of the Camp Fire period, indicating that temperature was less affected by wildfires 

compared to air pollutants (Fig. 9D). 
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Figure 7: Air quality analysis of (A) PM2.5, (B) Ozone, (C)NO2 and (D) Temperature during November 2018 

(Camp Fire: 11/08/2018–- 11/25/2018) in the Davis-UC Davis region in Yolo County. 
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Figure 8: Reference air quality analysis of (A) PM2.5, (B) Ozone, (C) NO2 and (D) Temperature during 

November 2019 (non- wildfire period) in the Davis-UC Davis region in Yolo County. 
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Figure 9: Air quality analysis of (A) PM2.5, (B) Ozone, (C) NO2 and (D) Temperature during November 2018 

(Camp Fire: 11/08/2018–- 11/25/2018) in affected counties in the Sacramento valley air basin including Yolo 

(yellow), Placer (orange), Butte (red), Sacramento (blue), Sutter (purple) and Shasta (green) counties. 
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2.4 Discussion 

The data from this analysis illustrates how the Camp Fire impacted air quality across Davis and 

the broader Sacramento Valley region. Elevated levels of key pollutants, including PM2.5, ozone 

(O₃), and nitrogen dioxide (NO₂), were observed over an extended period in all major areas 

analyzed. These findings are particularly relevant when considering the potential long-term health 

risks posed by wildfire smoke pollutants to populations across California, especially vulnerable 

groups at higher risk for adverse effects from direct and prolonged exposure to harmful pollutants. 

(160) One of the key findings from the data analyses was the sustained elevation of PM2.5 levels, 

which remained high for nearly two weeks.  

This prolonged exposure to PM2.5, which can penetrate deep into the lungs, poses serious 

respiratory health risks. The peaks observed in ozone and NO₂ levels may further compound these 

risks, as these pollutants can also exacerbate conditions such as asthma and other respiratory 

diseases. The data highlights the Camp Fire's widespread impact, showing increases in pollutant 

levels across multiple counties in the Sacramento Valley air basin. This trend likely reflects a 

broader pattern of declining air quality across Northern California (161).  

Studying non-human primates (NHPs) and their exposure to wildfire events in a single 

location, with access to air quality data from a nearby monitoring site, offers a unique and 

controlled approach to understanding the effects of pollution on these animals. By housing the 

NHPs in a consistent environment with minimal variation in surrounding conditions, researchers 

can more accurately attribute observed health effects to specific pollutants. This controlled setting 

also facilitates longitudinal studies, enabling the examination of chronic exposures and the 

developmental impacts of air pollution as the NHPs age. These findings can then be used for 

comparative studies, providing predictive insights into potential human health outcomes.  
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However, translating these findings to human studies presents some challenges due to the 

complexity and variability of human behaviors and environments. Human studies are limited by 

the difficulty in conducting controlled experiments and often require the reliance on observational 

studies, which are more prone to confounding factors. Additionally, humans are exposed to a wide 

range of environments, making it challenging to measure consistent and accurate long-term 

exposure. Furthermore, human health is influenced by a complex interplay of factors, including 

genetics, diet, lifestyle, socioeconomic status, and pre-existing health conditions, which 

complicates the ability to isolate the specific effects of pollutants (162).  

The analysis relied on data from fixed monitoring stations that are generally located in 

more densely populated areas, which may not fully capture the variability in air quality across fires 

in different locations. Future research should aim to provide a more comprehensive picture by 

including a wider range of pollutants, like carbon monoxide (CO), elemental and organic carbons 

and polycyclic aromatic hydrocarbons (PAHs), more comprehensive pollutant metrics like VOC 

profiles and employing air quality monitoring techniques that focus on long-term trends and 

cumulative effects over time.  

In summary, the analysis of air quality during the Camp Fire reveals the far-reaching 

impact of wildfire smoke on ambient air conditions. These findings also emphasize the need for 

robust public health strategies during wildfire events and the necessity for emergency response 

plans that include public advisories, access to protective measures (air filtration and masks), health 

support services, and community engagement. 
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5. CHAPTER 3: IMPACTS OF WILDFIRE SMOKE ON 

ALVEOLAR GROWTH  

 
3.1 Background 

Postnatal alveolar growth is a fundamental process in lung development, ensuring that the lungs 

are adequately prepared for the critical task of gas exchange following birth and is characterized 

by the expansion and growth of the distal lungs and addition of more alveoli (162).  In humans, 

initial alveolar development starts just before birth and continues for the first 6 months of life and 

terminates around 2 years of age and continued growth and expansion of alveoli occurs from 8 

years old and extends into early adulthood (163-165).  At birth, the lungs possess a limited number 

of primitive alveolar structures, known as saccules, which are the precursor to mature alveoli found 

in the adult lung. The maturation of these saccules into a fully functional alveolar network occurs 

through alveolarization, which is most active during the early years of life (166). Alveolarization 

involves the formation of new septa, which divide the existing saccules into smaller, more 

numerous alveoli, thereby increasing the surface area available for gas exchange. This is crucial to 

enable the lungs to meet the increased oxygen demands of the growing body (167). Initially, the 

septa that form within the saccules are immature, characterized by a double-layered capillary 

network separated by connective tissue. As development progresses, a process called 

microvascular maturation takes place, where these double-layered networks fuse into a single-

layered capillary network within the septa (168). This transition is essential for the structural 

maturation of the alveoli, ensuring that they are capable of supporting efficient gas exchange (169). 

However, alveolarization does not stop once the initial phase of septation and capillary maturation 

is complete. The lungs continue to undergo a secondary phase of alveolarization, known as 

continued alveolarization, even as they grow. During this phase, new septa continue to form from 
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pre-existing mature septa that already possess a single-layered capillary network. However, the 

rate of alveolar formation during continued alveolarization is slower than classical alveolarization 

that occurs earlier in life (168,169).  

In later stages, newly formed septa may sometimes lack a complete capillary network on 

the alveolar surface. Angiogenesis ensures the alveoli remain well-vascularized and functional. 

The development of alveolar septa begins with the accumulation of components that create the 

structural framework needed for septa to rise and divide airspaces, establishing the essential 

alveolar architecture (170).  As the septa mature and capillary networks integrate, the lungs 

enhance their ability to support the body’s oxygen needs. Alveolarization and microvascular 

maturation are closely linked processes that continue as long as the lungs are growing (171). This 

ongoing development ensures that the lungs are able to adapt to the body's changing needs, 

providing sufficient surface area for gas exchange even as the body grows. Any disruptions to this 

process of alveolarization during these critical periods in early life could have detrimental effects 

on long term lung function trajectories and overall health (172). 

 Exposure to air pollution can disrupt this delicate process. Air pollutants, such as particulate 

matter (PM), ozone (O₃), and nitrogen dioxide (NO₂), can interfere with the signaling pathways 

that regulate these processes of postnatal lung development. These pollutants induce oxidative 

stress and inflammation, which can inhibit the normal process of alveolarization (173). As a result, 

septa may form incompletely or abnormally, reducing the overall number of alveoli and 

diminishing the surface area available for gas exchange and impair the lungs’ ability to efficiently 

oxygenate blood. In the long term, these disruptions can lead to chronic respiratory issues, such as 

asthma and reduced lung function, highlighting the importance of protecting the developing lungs 

from harmful environmental exposures (175). 
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Overall, postnatal development and alveolar growth are dynamic and continuous processes, 

crucial for the maturation and functionality of the lungs. From the  formation of septa and double-

layered capillary network to alveolarization, each step has a vital role to ensure the lungs can meet 

the demands of the body. The efficiency and effectiveness of these processes are essential for 

proper lung function and ensuring the body receives the oxygen it needs to thrive. Any disruption 

in alveolarization or microvascular maturation could have profound implications for respiratory 

function later in life. Therefore, ensuring the proper development of alveolar structures is crucial 

for respiratory function and maintenance of long-term lung health.  

The hypothesis of this study is that early life exposure to wildfire smoke is associated with 

altered alveolar growth and development in the distal lung of infant rhesus macaques. This 

hypothesis is based on the known vulnerability of infants to environmental hazards and previous 

studies that have shown that exposure to air pollutants (ozone) can cause structural alterations to 

the distal airways in the developing lungs of rhesus macaques (145-147). Thus, we propose that 

wildfire air pollutants could similarly affect alveolar growth and lung development. To test this 

hypothesis, we used a morphometric approach to measure alveoli in lung tissue sections obtained 

from monkeys that had been exposed to wildfire smoke at infancy. Morphometry focuses on 

measuring and analyzing the shapes, sizes, and spatial relationships of structures in the tissue in 

two dimensions. Sampling from various fields across the tissue sections allows for the collection 

of representative data from the whole lobe, enabling quantification of the proportion of lung 

volume occupied by airspaces versus tissue in a non-biased fashion. Morphometric analysis of the 

alveoli also identifies structural variations, which may reflect developmental alterations due to 

pollutant exposure. This approach can help inform comprehensive frameworks for assessing the 

effects of wildfire smoke on alveolar development.  
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3.2 Materials and Methods  

Morphometry 

To analyze alveolar structures, one paraffin-embedded lung block was selected for each wildfire 

smoke exposed animal (n=4) or indoor housed animal (n=4) from distal locations in the lung lobe 

primarily containing respiratory bronchioles, terminal bronchioles, and alveoli. These animals 

were exposed to variable concentrations of wildfire air pollutants as described in chapter 2 which 

included PM2.5, ozone, and nitrogen dioxide. Duplicate sections were prepared, and the slides were 

stained with H&E to visualize the alveoli. Brightfield images are captured using Leica 

Microsystems DMS 7000 T fluorescent microscope at 200x magnification. Sampling is conducted 

from randomly selected fields to ensure an accurate representation of alveolar structures (n=20 per 

section) (180-183).  

Lung morphometric analysis was performed using AlveolEye, a recently developed AI-

assisted software (178). This tool integrates artificial intelligence, computer vision, and classical 

image processing to improve the accuracy and reliability of lung morphometry from histological 

images. It calculates metrics like mean linear intercept (MLI) and airspace volume density 

(ASVD). MLI estimates alveolar size through systematic serial measurements of the alveolar 

epithelium using a testing grid overlay. ASVD quantifies the proportion of lung volume occupied 

by airspaces versus tissue structures, using a grid point counting technique that overlays an evenly 

spaced lattice of random points on images containing both airspaces and tissue (176,177). Images 

were processed using AlveolEye, which automatically determines the optimal threshold by Otsu’s 

method (optimizes the separation of tissue structures from the background by minimizing the intra-

class variance of pixel intensities) (181). Images undergo post-processing, and the chord length 

framework is applied, (275 chord lines–highest accuracy with AUCROC score >0.8) and MLI and 
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ASVD are calculated (180). These values are averaged across the sampling pool for each section. 

To ensure accuracy, analysis was performed in duplicate with consistent assessment settings across 

images. Statistical analysis was performed using JMP software.  

 

3.3 Results 

H&E-stained lung slides from wildfire exposed and indoor housed animals were imaged to identify 

alveolar structures in the lung epithelium. Fields of view from the stained alveoli that were sampled 

and imaged across the section (n=20/animal) were compiled and imported to the AI assisted 

morphometric analysis software, AlveolEye. Morphometric parameters of alveolar size and air 

space volume was determined by the software. MLI and ASVD were calculated by AlveolEye 

using sampled images from distal lung sections stained with H&E and were used to identify if the 

exposure to wildfire caused structural changes in the alveoli. The morphometric analysis revealed 

no significant structural alterations in the alveoli of infants exposed to wildfire smoke compared 

to those housed indoors. The mean linear intercept (MLI) calculated from the alveoli of wildfire 

smoke-exposed animals were not significantly different from those in the indoor housed group 

(Fig. 10A). While there was a slight increase in the average size of alveoli in the wildfire-exposed 

group, this difference can be attributed to the presence of a single outlier (highest value in wildfire-

exposed group) rather than a consistent effect of wildfire exposure. The analysis of air space 

volume density (ASVD) also did not show any significant differences between wildfire smoke-

exposed and indoor housed animals (Fig.10B). The proportion of airspace volumes in the alveoli 

was consistent across both groups, with no statistically significant changes observed.  
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Figure 10: Lung morphometric analysis of (A) mean linear intercept (um) of alveoli and (B) air space volume 

density (%) of alveolar epithelium of the distal left caudal lobes of infant rhesus macaques post short-term 

wildfire exposure. (C) Representative images of H&E-stained alveolar epithelium in indoor housed and 

wildfire-exposed lungs (100x) 
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3.4 Discussion 

The study aimed to assess the impact of short-term wildfire smoke exposure on alveolar growth in 

the infant rhesus macaque lung. Using AI-assisted morphometric analysis software, AlveolEye, 

this study used key histological parameters like mean linear intercept (MLI) and airspace volume 

density (ASVD) to determine if wildfire smoke exposure caused any structural alterations in the 

alveoli.  

The findings revealed no significant differences between wildfire smoke-exposed and 

indoor housed groups in terms of alveolar structure. Both MLI and ASVD measurements did not 

show statistically significant changes (MLI p= 0.4465, ASVD p= 0.8085). This suggests that short-

term exposure to wildfire smoke does not result in measurable morphological alterations in 

alveolar structures, as modeled in this study. This is an important finding, as it indicates that the 

structural integrity of the alveolar epithelium remains intact despite exposure to wildfire smoke. 

However, the study's results do not rule out the possibility of other non-structural effects or the 

potential for structural damage under conditions of prolonged or more intense exposure. 

Researchers have employed various methods to quantify alveoli and assess the effects of 

pollutants on lung development and function. Traditional techniques include stereological 

sampling, morphometric analysis, and microscopy. Studies on murine models, have used methods 

such as grid line intersection counting, Cavalieri’s principle, point counting, and stereological 

sampling to show septal thickening, decreased total alveolar air space volume, and a reduction in 

alveolar numbers after exposure to pollutants like ozone and PM2.5 (183-186). In non-human 

primates, methods like stratified sampling, the disector and fractionator techniques, and point 

intersect counting have identified structural alterations, including larger-sized alveoli and fewer 

non-alveolarized airway generations, in the lungs of these animals, suggesting impaired distal 
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airway development (187-190). Similarly, morphometric analysis of human lung tissue has 

revealed significant structural damage following air pollution exposure. These findings highlight 

the critical role of these quantification methods in understanding the impacts of environmental 

pollutants on lung development and function (191,192).  

In contrast, our approach using AlveolEye software offers a novel method for alveolar 

quantification. While traditional stereological techniques are reliable, they require manual 

sampling and counting, which can be time-consuming and prone to human error. AlveolEye 

utilizes AI-driven algorithms to analyze lung tissue samples, enhancing the efficiency, accuracy, 

and consistency of morphometric measurements. The software integrates automated grid 

placement with the open-source multidimensional image viewer plugin, napari, enabling advanced 

visualization and analysis. By automating these processes, AlveolEye reduces human error, 

increases consistency, and allows for the analysis of larger datasets. However, these advantages do 

not necessarily mean that this method is superior to traditional approaches. Extensive further 

studies are needed to compare and validate these findings. Therefore, this outcome should be 

considered a preliminary finding rather than a definitive conclusion, highlighting the need for 

ongoing research and validation. 

This study allows us to understand the impacts of wildfire smoke exposure on distal lung 

development, however there are a few limitations that need to be addressed. Firstly, our model 

does not account for the inherent differences in animal and lung size, and the overall variability in 

developmental rates typically observed in an outbred population. Additionally, we focused solely 

on the effects of very short-term exposure during a narrow developmental window. This may have 

resulted in less pronounced effects compared to the effects of prolonged exposures over a more 

extended developmental period. Such a limited timeframe may not fully capture the potential long-
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term consequences of air pollution on lung development. We  have also only used one 

representative distal lung section for this analysis and have not sampled throughout the entire lung. 

Thus, it might not represent the heterogeneity of structures and pathology present in all the regions 

of the lung. Our  AI-assisted software, AlveolEye, was trained primarily on mouse lungs, which 

may limit its accuracy in estimating morphometric features in non-human primate lungs.  

Alveolar development is crucial for effective lung function, and any disruptions during this 

critical period could have lasting impacts on respiratory health (173). While this study did not find 

significant structural changes following short-term wildfire smoke exposure using novel sampling 

approach, future research should focus on exploring the effects of prolonged wildfire smoke 

exposure across different stages of lung development to better understand the potential long-term 

impacts on alveolarization and overall lung function. Understanding these risks is essential for 

developing strategies to protect vulnerable populations such as infants and reduce the long-term 

burden of respiratory diseases.
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7. CHAPTER 4: IMPACTS OF WILDFIRE SMOKE ON 

WNT PATHWAY SIGNALING MOLECULES  

 
4.1 Background  
 

Lung development, particularly the formation and maturation of alveoli, involves a complex 

interplay of multiple signaling pathways that coordinate the growth, differentiation, and interaction 

of various cell types within the alveolar microenvironment. This dynamic network of signaling 

pathways include SHH (Sonic Hedgehog) pathway that influences the structural functions of 

mesenchymal cells, Notch signaling that coordinates differentiation of alveolar epithelial cells, 

TGF- β signaling that modulates extracellular matrix (ECM) production of mesenchymal cells like 

fibroblasts and the FGF pathway plays a role in endothelial cell proliferation and migration (129-

133). The WNT signaling pathway plays a role in epithelial proliferation and differentiation, 

epithelial-mesenchymal crosstalk and septation of alveoli (128). Together the interactions of these 

pathways ensures the proper development of the alveoli and support their capacity to effectively 

respond to injury from environmental pollutants.  

The WNT pathway is essential for various developmental processes in the lung, including 

cardiopulmonary specification, branching morphogenesis, lung axis formation, and regulation of  

cell fate determination. It promotes distal lung fates while suppressing proximal ones. It also plays 

a critical role in epithelial-mesenchymal crosstalk, coordinating growth and differentiation during 

lung development and is involved in generating spatially, temporally, and regionally distinct cell 

populations and maintaining stem and progenitor cell populations (193, 194). These cells serve as 

a reservoir, capable of differentiating into various lung cell types during development and repair. 

The most prominent role of the WNT pathway during lung development is in the distal lung, 

particularly in distal lung morphogenesis and bud formation (196). WNT ligands are crucial during 
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the alveolarization stage, where they contribute to alveologenesis and the regulation, maintenance, 

and proliferation of alveolar epithelial cells. WNT signaling is vital for maintaining and expanding 

alveolar progenitor cells, promoting AT2 cell proliferation, and supporting their differentiation 

into AT1 cells (197). 

WNT Signaling Pathway Overview 

The WNT signaling pathways play crucial roles in regulating cell fate, migration, proliferation, 

polarity, organogenesis, and tissue homeostasis. The pathways involve 19 WNT glycoproteins and 

10 Frizzled (Fzd) receptors and are divided into two categories: the canonical β-catenin-dependent 

pathway and the non-canonical β-catenin-independent pathway (184). The canonical pathway, 

activated by WNT1 class ligands (WNT2, WNT3, WNT3a, WNT8a), induces cell proliferation, 

differentiation, and maturation by transporting β-catenin to the nucleus. The non-canonical 

pathway, activated by WNT5a-type ligands (WNT4, WNT5a, WNT5b, WNT7a, WNT11), 

regulates cellular polarization and migration and modulates canonical signaling. Non-canonical 

signaling includes the planar cell polarity (PCP) and calcium (Ca²⁺) pathways (193). 

Canonical - β-catenin Dependent Pathway 

Canonical signaling is activated when WNT ligands bind to Fzd and LRP5/6 receptors on the cell 

membrane. This binding recruits a Disheveled (Dvl) protein, which phosphorylates the LRP 

protein, causing its binding to Axin protein. With Axin bound to LRP, it becomes unavailable to 

form, a multiprotein destruction complex comprising Axin, serine/threonine kinase glycogen 

synthase kinase 3 (GSK-3), casein kinase 1 (CK1), the E3-ubiquitin ligase β-TrCP, and protein 

phosphatase 2A (PP2A). The absence of this destruction complex allows β-catenin to accumulate 

in the cytoplasm, which then translocates to the nucleus to transcribe WNT target genes. Without 

WNT ligand binding, Axin cannot bind to LRP and thus becomes available to form the β-catenin 
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destruction complex, which ubiquitinates β-catenin and leads to its cytoplasmic degradation and 

transcriptional repression of downstream WNT target genes (194,195). (Fig. 11) 

 
Figure 11: (A) Activation and (B) inhibition of the canonical WNT signaling cascade (Created with BioRender 

template) 

 

Non-canonical – β-catenin independent pathways: PCP and Ca2+ pathways.  

The WNT PCP pathway is activated by the binding of WNT ligands to the Fzd receptor, which 

phosphorylates Dvl, leading to the recruitment of Inversin, Par6 (polarity protein), and Smad 

ubiquitination regulatory factor (Smurf). These proteins ubiquitinate Prickle, a protein that 

normally inhibits WNT/PCP signaling. Activation of Rac1, RhoA, and Profilin can occur without 

the presence of Prickle, triggering the activation of c-Jun via JNK. The translocation of c-Jun to 

the nucleus initiates gene transcription. Activated Profilin and RhoA contribute to actin 

polymerization, which is vital for cell polarity and migration (197,198). (Fig. 12)  
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The WNT/Ca²⁺ pathway is primarily activated by WNT5a ligand binding to the Fzd2 

receptor. This interaction stimulates the release of Ca²⁺ from the endoplasmic reticulum into the 

cytoplasm. The subsequent increase in cytoplasmic Ca²⁺ levels activates nuclear factor of activated 

T cells (NFAT), leading to the transcription of WNT-targeted genes (196).  

 
Figure 12: Activation of non-canonical WNT signaling cascade: PCP Cascade (Created with BioRender 

templates) 

 

In this study, we focused on WNT3a and WNT11, to investigate if wildfire smoke exposure 

altered their expression in the developing lung. The rationale for selecting these target ligands 

stems from previous research indicating that these signaling molecules are sensitive to 

dysregulation in response to air pollutant exposure. Previous transcriptomic analyses and studies 

conducted by our research group have shown that WNT3a (canonical molecule) and WNT11 (non-

canonical molecule) were dysregulated in response to cyclic ozone exposure during early life 

(148). By examining these same ligands, we aimed to determine whether similar disruptions occur 

following wildfire smoke exposure. 
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4.2 Materials and Methods  

Immunohistochemistry (IHC) 

Left caudal lung lobes (distal lung) from 5–6-month-old wildfire smoke-exposed (n=4) or indoor 

housed (n=4) animals were embedded in paraffin and sectioned into 0.5-micron slides. Slides 

underwent deparaffinization and rehydration prior to immunostaining. The ImmunoCruz rabbit 

ABC staining system (sc-2018, Santa Cruz Biotechnology) was used following the manufacturer's 

instructions. Staining was optimized for minimal background by treating with 1% peroxidase 

solution, blocking with 3% blocking serum, and applying 30 seconds of DAB chromogen staining. 

Tissue sections were incubated with the primary antibody. A biotinylated secondary antibody was 

then added, followed by ABC reagent. The target protein expression was visualized by incubation 

in peroxidase substrate. Both polyclonal rabbit WNT3a and WNT11 primary antibody (GeneTex) 

were used at a 1:100 dilution. Slides were visualized under brightfield using the Leica 

Microsystems DMS 7000 T microscope. 

Immunofluorescence (IF) 

To perform immunofluorescence staining, 5μm paraffin slides from the left caudal lung lobes 

(distal lung) of wildfire smoke-exposed (n=4) and indoor housed (n=4) animals were used. Slides 

were deparaffinized, rehydrated, and underwent heat-induced target retrieval (DAKO antigen 

retrieval solution, Agilent). Slides were blocked with 5% goat serum in 1x PBS with 0.2% Triton. 

Following blocking, the slides were incubated with primary antibodies for WNT11 (1:100 

GeneTex) and WNT3a (1:100 GeneTex). These antibodies were detected by fluorescently tagged 

goat anti-rabbit secondary antibodies used at a 1:1000 dilution (Invitrogen AF647, AF488). 

Sections were also treated with DAPI (1μg/ml) as a nuclear stain. Expression of targets was 

visualized with the Leica Microsystems DMS 7000 T fluorescent microscope. 
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Stereological Sampling 

The relative expression of these targets is semi-quantified using stereological sampling and image 

analysis. Stereological sampling uses 2D measurements to provide information about 3D 

structures by consistent sampling, allowing for conclusions from small numbers of instances. This 

approach allows for  histopathological evaluations of test effects at the tissue level (202). 

 Fields of view (FOV) from immunofluorescent stained distal lung sections of left caudal 

lung lobes from animals exposed to either wildfire (n=4) or housed indoors (n=4), targeting 

WNT11 and WNT3a (refer to the IF section), were used for sampling. Systematic uniform random 

sampling (SURS) was performed to ensure that every structure/instance of tissue architecture in a 

single section or FOV had an equal chance of being sampled (203-205). Sampling parameters are 

defined as follows: 

• Starting Field 'm' (m=5): Random starting field that is 'm' fields away from the landing 

FOV (first FOV in the sampling frame). 'm' should be between 1 and 'p'. 

• Sampling Period 'p' or Periodicity (p=6): Number of fixed frames in a defined region 

consistently repeated 'p' times across the section, with every pth FOV being sampled. 

• Fraction of Sampling Frame 'f' (f=1/6): Fraction of the sampling period, where f=1/p. 

• Sampling Size 's' (s=10): Number of FOVs captured as part of the sampled set (205). 

SURS begins by reaching the landing field, then moving the sampling frame 'm' times to reach the 

starting field. From the mth FOV, sampling starts by moving the sampling frame 'p' times and 

capturing every pth FOV until the sample size 's' is reached (206). However, this method has 

limitations, including the absence of SURS for section slicing or selection, potential 

inconsistencies in the sampling frame due to manual sampling without an automated fractionator, 

and the assumption of uniform distribution of observed changes across the specimen (206). 
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Image analysis was performed using ImageJ’s threshold analysis to semi-quantify the 

expression of the targets of interest in the sampled images. ImageJ applies global thresholding to 

measure the fluorescent intensity of stained ligands, representing target expression. The 

thresholding process segments the image, distinguishing the features of interest (fluorescent 

intensity) as the foreground and the rest as background (207).  A cutoff value or threshold is set to 

classify pixels below it as background and those above it as foreground. The thresholds for WNT11 

(200 pixels in the foreground) and WNT3a (165 pixels in the foreground) were set using positive 

and negative controls for each target. Each foreground pixel is assigned a binary value and 

measured using relevant analysis parameters (208). Fluorescent intensity is normalized to the 

nuclear stain DAPI to account for cell density variations, ensuring comparability across different 

samples. Statistical significance was determined using GraphPad Prism software. 

Western Blotting 

Proteins extracted from right caudal lung lobes were analyzed for WNT11 and WNT3a expression 

in comparison to age-matched controls. Protein samples were prepared by adding 4x Laemmli 

sample buffer (Bio-Rad) and 1M DTT (dithiothreitol) as a reducing agent. Protein samples were 

heated at 95°C for 10 minutes before being resolved on 10% MiniPROTEAN TGX Precast Protein 

Gels (Bio-Rad) at 45V for 20 minutes, followed by 70-90V for 1-1.5 hours. The transfer was done 

using the Bio-Rad Trans-Blot Turbo transfer system. The gel was placed between ion reservoir 

stacks provided with the Trans-Blot Turbo Mini PVDF Transfer Packs. A pre-programmed transfer 

protocol was run on the system for 3 minutes. The stack was disassembled, and the protein blot 

was washed with Tris buffer solution containing 0.1% Tween 20 (TBST).   
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 The blots were blocked with EveryBlot blocking buffer (Bio-Rad) for 5 minutes while 

rocking at room temperature. Blots were incubated overnight at 4°C with rocking in either 

polyclonal rabbit WNT11 primary antibody (1:1000, GeneTex) or polyclonal rabbit WNT3a 

antibody (1:1000, GeneTex). The membrane was washed and then incubated for 1 hour while 

rocking at room temperature with anti-rabbit IgG secondary antibody (1:1000). The blot was 

washed and incubated with HRP-luminol working solution for enhanced chemiluminescence. 

Bands were visualized using the Amersham ImageQuant 500 imaging system (Cytiva). ImageJ 

software was used to perform densitometry and quantify the relative density (mean gray value) of 

protein bands on the Western blot. Statistical significance was determined using a t-test with JMP 

software. 

RT-qPCR 

Lung tissue (right cranial lobes) from wildfire-exposed or indoor housed animals that were stored 

in RNAlater was used to perform RT-qPCR. Tissues were homogenized in Trizol, and RNA was 

extracted from the homogenized tissues using the DirectZol RNA Miniprep Plus Kit (Zymo 

Research). cDNA was then prepared using a high-capacity cDNA reverse transcription kit 

(Applied Biosystems). Each sample was plated in duplicate to perform qPCR on a 96-well plate. 

Twenty microliter reactions were made using 2μL of undiluted cDNA and 18μL of master mix 

containing 1μL of primer probe. All primers were TaqMan probes from Thermo Fisher Scientific 

(WNT11 - Assay ID: Rh01045904_m1; WNT3a - Assay ID: Rh02851012_m1). The plate was run 

for 45 cycles. Relative gene expression was calculated using the average cycle (Ct) value of the 

duplicates and was normalized to GAPDH control. Results were reported as fold change 2^(-ΔCT). 

Statistical analysis was performed using GraphPad Prism software. 
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4.3 Results  

Early life wildfire smoke exposure is associated with dysregulated expression of WNT 

signaling proteins in the lung 

Western blots were performed using whole lung homogenate to determine if the expression of 

WNT target proteins was altered in wildfire exposed animals compared to the indoor housed 

control animals. Our results showed that the expression of non-canonical WNT11 (39kDa) was 

significantly increased in wildfire-exposed animals compared to those housed indoors. While not 

statistically significant, there was a decreased expression of canonical WNT3a (38kDa) in wildfire 

smoke-exposed animals relative to the indoor housed controls. These findings follow a similar 

trend in target expression observed in animals exposed to ozone. (149). (Fig. 13) 

  
Figure 13: Relative density of (A) WNT3a and (B)WNT11 in indoor housed controls (n=4) and wildfire 

exposed animals (n=4), * p < 0.05. (C),(D) Representative western blot images for WNT3a and WNT11 resp. 
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Early life wildfire smoke exposure is associated with the expression of WNT ligands in the 

distal lung 

Immunohistochemical staining was performed to visually compare the expression and observe the 

differences in the relative distribution of these targets in the distal lung epithelium of wildfire-

exposed and indoor housed animals. Our results showed similar expression as seen in overall 

protein. Wildfire-exposed animals showed visibly less immunostaining of canonical WNT3a, 

indicated by the decreased intensity of the brown staining across the tissue compared to the broader 

staining patterns seen in the alveoli of indoor housed animals. The intensity of immunostaining for 

non-canonical WNT11, showed  in the lung tissue post-wildfire exposure, indicated by the 

increased intensity of brown staining seen in wildfire-exposed lung tissue compared to the minimal 

staining intensity seen in indoor housed lung tissue. (Fig. 14) 

 
Figure 14:Distribution of  (A) WNT3a  and (B) WNT11 in the alveolar epithelium of the left caudal lung lobes 

of  indoor housed animals and wildfire exposed animals (Brightfield – 400x) 
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To investigate the expression of these WNT targets in the lung tissues, immunofluorescence 

staining was performed on distal lung sections targeting WNT11 and WNT3a. The expression of 

these targets was measured using the relative fluorescent intensity of these proteins in the sections 

after being exposed to wildfire smoke or housed indoors. Our results indicate that wildfire 

exposure caused decreases in overall canonical WNT3a expression across the tissue, indicated by 

the reduced green fluorescence in wildfire-exposed lungs compared to the fluorescent intensity in 

indoor housed controls. Wildfire-exposed animals, conversely, showed increased expression of 

non-canonical WNT11, indicated by the increased red, fluorescent intensity compared to the 

reduced intensity seen in indoor housed controls. These results are in line with the expression seen 

in overall protein and immunohistochemical staining. (Fig. 15) 

 

 
Figure 15: Fluorescent intensity of (A) WNT3a (green signal) and (B) WNT11 (red signal) ligands and (C) 

DAPI (blue signal) in the alveolar epithelium of the left caudal lung lobes of indoor housed and wildfire 

exposed animals (Fluorescence – 200x) 
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The relative expression of these targets in the distal lung, in response to wildfire smoke or indoor 

ambient air, was determined by performing SURS of fields of fluorescently stained sections of the 

lung tissue and analyzing images to semi quantify the expression of these ligands in the alveolar 

epithelium. Our findings revealed that the relative expression of these WNT ligands was altered in 

the distal lung. Specifically, wildfire smoke-exposed animals exhibited a significantly increased 

expression of WNT11 compared to the indoor housed controls. Although the change in WNT3a 

expression was not statistically significant, it displayed a similar downward trend in wildfire-

exposed lungs, as seen in overall protein expression and distribution in the alveolar epithelium. 

(Fig. 16) 

  

Figure 16: Relative expression (measured as fluorescent intensity) of (A) WNT3a and (B) WNT11 ligands in 

the distal lungs of wildfire exposed (n=4) and indoor housed (n=4) animals. *p<0.05 

 

 

 

 



   
 

   
 

55 

From our sampled set, we analyzed the percentage of tissue area with positive expression (area 

fraction), which reflects the relative area of distal lung tissue showing positive WNT target 

fluorescent signals compared to the overall tissue area in wildfire smoke-exposed and indoor 

housed lungs. Although no statistically significant differences were found in the area of expression 

of these ligands in the distal lung, WNT3a ligands exhibited a downward trend, showing a reduced 

overall area of positive expression in wildfire smoke-exposed animals compared to those housed 

indoors. In contrast, no differences were observed in the area of expression of WNT11 ligands 

between the wildfire smoke-exposed group and the indoor housed control group. (Fig. 17) 

 

 

Figure 17: Area of positive expression (measured as area fraction or % of pixels above signal threshold) of 

(A) WNT3a and (B) WNT11 in wildfire exposed (n=4) and indoor housed animals (n=4) 
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Early life wildfire smoke exposure is associated with dysregulated gene expression of WNT 

ligands in the lung 

To investigate the impact of wildfire exposure on the expression of genes associated with the 

canonical (WNT3a) and non-canonical (WNT11) WNT signaling pathways in the lungs, we 

performed reverse transcription quantitative PCR using the right cranial lung lobes. TaqMan gene 

expression assays were used to compare the gene expression profiles between wildfire-exposed 

lungs and those housed indoors. In wildfire-exposed lungs, we observed a significant decrease in 

the expression of the canonical WNT3a gene compared to its expression in lungs that were exposed 

to indoor ambient air. Although the expression of the non-canonical WNT11 gene did not show 

statistically significant differences, there was an upward trend in its expression in wildfire-exposed 

lungs relative to the indoor housed controls, which is consistent with the trends seen in protein 

expression. (Fig. 18) 

 
Figure  18: Gene expression of (A) WNT3a and (B) WNT11 ligands in the right cranial lung lobes of indoor 

housed (n=4) and wildfire exposed animals (n=4). * p<0.05 
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4.4 Discussion 

Our study aimed to investigate the effects of wildfire smoke exposure on the expression of WNT 

pathway signaling molecules, specifically the canonical ligand WNT3a and the non-canonical 

ligand WNT11, in the lungs of infant rhesus macaques. Our findings indicate that early life wildfire 

smoke exposure is associated with the alteration of the expression of WNT ligands in the lungs, 

with an increase in non-canonical WNT11 expression and a trend toward reduced canonical 

WNT3a expression in wildfire smoke-exposed animals. A significant increase in non-canonical 

WNT11 protein levels was noted post-exposure, while canonical WNT3a protein levels decreased, 

though not statistically significant, in wildfire-exposed animals compared to those that were 

housed indoors. Histological analyses of these target ligands in the distal lungs supported the trends 

seen in protein levels, with wildfire-exposed lungs showing decreased WNT3a 

immunohistochemical and immunofluorescent staining intensity and a significant increase in 

WNT11 ligand expression (fluorescent signal intensity) in the distal lung. Gene expression 

analyses showed a significant decrease in WNT3a mRNA levels in wildfire-exposed lungs, with a 

corresponding increase in WNT11 mRNA levels, though not statistically significant, compared to 

those housed indoors. These results align with the observed trends in distal lung alveolar 

epithelium and protein expression. Collectively, these findings indicate that wildfire smoke 

exposure can be associated with dysregulated WNT signaling in the distal lung, enhancing non-

canonical WNT11 expression while suppressing canonical WNT3a expression. These observed 

trends in WNT ligand expression are consistent with previous studies on the effects of ozone 

exposure on pulmonary WNT signaling molecules in rhesus macaques, reinforcing the notion that 

environmental pollutants, such as wildfire smoke, similarly can impact pulmonary WNT signaling. 
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Overall, our study offers insights into the effects of wildfire smoke on the cellular and 

developmental pathways involved in the infant lungs. Combined with previous work done in our 

laboratory, examining the effects of ozone exposure on lung development, these findings further 

suggest that exposure to air pollutants during critical phases of lung development triggers distinct 

molecular responses in the lungs, highlighting that environmental pollutants can have similar 

impacts on lung development and WNT signaling.. While wildfire PM shares some similarities 

with other sources of PM such as urban and traffic related PM, wildfire PM can be more complex, 

due to the combustion of a wide range of organic materials, which may result in a diverse array of 

toxicants (209). This may result in a more profound impact on lung development compared than 

other exposures to singular air pollutants like ozone. Nonetheless, this overall impact may 

ultimately depend on the presence of air pollution, regardless of its source, given the similar 

disruptions to WNT signaling molecules observed with wildfire smoke and ozone. Thus, the 

inherent severity of the effects from exposure to either wildfire PM or other pollutants may depend 

on specific context of the exposure, such as concentration and duration,  and not solely on the type 

of pollutant.  

Research has shown that air pollution can impact the function of WNT cell signaling in the 

lungs (210). Air pollutants impact the functioning of these molecules through disruption of 

epithelial mesenchymal cross talk, airway remodeling, activation of oxidative stress, and 

inflammatory responses (210-214). These responses can alter WNT signaling by dysregulating the 

expression or function of these ligands in the lung epithelium. WNT3a which is involved in cell 

proliferation and differentiation, when dysregulated could experience disrupted tissue regeneration 

and repair mechanisms. WNT11, which has roles in cell migration during development, could have 
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compromised function potentially affecting developmental processes and increasing the 

susceptibility to diseases. 

Given the important roles of both canonical and non-canonical WNT signaling in the lungs, 

dysregulations in the balance between these signaling pathways post-wildfire exposure could have 

important implications for long-term lung health and development. The upregulation of non-

canonical signaling molecules like WN11 after exposure to air pollutants may suggest reparative 

efforts by the lung tissue, as this ligand and non-canonical signaling is involved in regeneration, 

remodeling, and cellular migration. In contrast, the decrease in canonical signaling molecules, like 

WNT3a which are critical for proliferation, differentiation, and homeostasis, may suggest a 

suppression of these processes, potentially impairing the lung’s ability to recover from the 

exposure. However, further extensive studies are necessary to fully understand the significance of 

these dysregulations to the WNT pathways on overall lung function. 

While our findings offer a starting point for understanding the effects of wildfire smoke on 

cellular pathways in the developing lung, several limitations should be considered. Although we 

observed significant differences in the expression of WNT ligands in the infant lungs, the relatively 

small sample size limits the robustness of these findings. Further studies with larger sample sizes 

are needed to accurately characterize the extent and variations in the expression of these ligands. 

Secondly, our study treats wildfire smoke exposure as a single entity, without distinguishing 

between the various air pollutants that comprise it. Our study assumes a synergistic effect of the 

smoke as a whole, potentially overlooking the individual contributions of specific pollutants. 

Canonical ligands like WNT3a have been mapped to several cell types in the lungs including the 

alveolar epithelial cells, stromal cells, and niche endothelial cells and WNT11 has been mapped 

to alveolar epithelial cells and mesenchymal cells in the lungs. Another limitation of our study’s 



   
 

   
 

60 

findings is that we did not double stain for a cell phenotype to identify which specific cells were 

expressing these ligands. Future studies should aim to characterize the expression of these ligands 

various cell types in response to air pollution. This approach would provide a more comprehensive 

understanding of the mechanistic disruptions occurring across all cell types in the lung (200,201). 

Future research should study the individual effects of the components of wildfire smoke 

exposure along with understanding how dose and concentration of air pollutants affect WNT 

signaling in the lungs. Additionally, it is important to recognize that while we have observed 

associations between WNT ligand expression and wildfire smoke exposure, these cannot be 

correlated to direct functional or structural changes in lung development, given that the animals 

only had short-term exposures to a single wildfire event and was limited to a single developmental 

time point. Further longitudinal studies, encompassing multiple time points and varying exposure 

levels, would be required to determine if the observed dysregulations in WNT signaling persist, 

worsen, or resolve over time, and how they might translate into tangible effects on lung 

developments and health. 

In summary, our study demonstrates that early life wildfire smoke exposure is associated 

with altered expression of WNT signaling molecules in the distal lung, with increased WNT11 

expression and decreased WNT3a expression. These findings suggest that WNT signaling 

pathways could play a role in the response to wildfire smoke in the developing lung, potentially 

contributing to adverse pulmonary outcomes. Further research is needed to explore the long-term 

implications of these changes for both lung functioning and development. 
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4. CHAPTER 5: DISCUSSION AND CONCLUSION 

With the broadening impact of anthropogenically driven climate change on the natural 

environment, it is becoming important to understand how new forms of environmental pollutants 

such as wildfires can influence human health, both acutely and chronically. The severity of 

wildfires has increased over the past two decades and is expected to worsen with continued global 

warming (5-7). The air pollution associated with wildfire events includes PM2.5, ozone, SO₂, NOₓ, 

and more, which elicits adverse effects that are particularly problematic for vulnerable subjects 

such as pediatric and geriatric populations (28,29).  Infants and children are particularly vulnerable 

to environmental exposure as their respiratory and immune systems are still developing and 

maturing. Disruptions to critical developmental processes, such as alveolarization and airway 

epithelial cell differentiation, could have long-lasting consequences for lung function, 

development, and overall health (53). This study aimed to investigate the effects of wildfire smoke 

exposure on the lung development of infant rhesus macaques exposed to the wildfire smoke from 

the 2018 Camp Fire in Northern California. It specifically focused on alveolar structure and WNT 

signaling pathways, which are known to play a crucial role in lung growth and repair. 

The 2018 Camp Fire look place in November, which is a window of postnatal development 

for rhesus macaques that are born in the California National Primate Research Center (CNPRC) 

in the spring. The analysis of Camp Fire air quality data obtained from a California Air Resources 

Board monitor within three miles of the CNPRC revealed sustained elevations in PM2.5 levels at 

all sites across the Sacramento Valley, which is concerning given the well-established link between 

fine particulate matter and respiratory morbidity (83-86). Increases in the concentration of other 

analyzed pollutants were also observed, though not to the extent seen with PM2.5. These elevations 

were compared to ambient levels of air pollutants during the same period in a non-wildfire year 
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(2019). Importantly, the infant rhesus macaque monkeys evaluated in this study were housed 

outdoors in open field cages throughout the Camp Fire event, which resulted in a daily continuous 

environmental exposure to wildfire smoke during the period of the Camp Fire. 

 When evaluating the impact of this exposure on the alveolar structure of the distal lung in 

infant rhesus macaques, our investigation did not find significant changes in key morphometric 

parameters of lung growth such as mean linear intercept (MLI) and air space volume density 

(ASVD). These findings would suggest that short-term exposure to wildfire smoke, at least within 

the parameters assessed in this study, did not induce detectable morphological changes in the 

alveolar growth when evaluated 1-2 months following the exposure window. Since alveolarization 

is known to continue beyond infancy and into young adulthood in both rhesus macaques and 

humans, these results may not reflect the long-term impacts of wildfire smoke exposure on lung 

development because this prolonged period of lung development may be required to detect 

significant differences in alveolar growth (163,165,168). 

In contrast, our investigation into WNT signaling pathways revealed more pronounced 

effects. The observed increase in WNT11 expression, a marker of non-canonical signaling, 

coupled with the decrease in WNT3a expression, a canonical signaling molecule, at the gene, 

protein, and tissue levels, suggests that wildfire smoke may be associated with dysregulation in 

the expression and functioning of these critical signaling molecules in the WNT developmental 

pathways. This dysregulation could have consequences on processes such as cell proliferation, 

differentiation, and tissue repair, potentially altering downstream processes of lung development. 

The findings from this study have important implications for understanding the impacts of 

wildfire smoke exposure on lung development in vulnerable infant and child populations. While 

there was a lack of detectable morphometric changes in the alveoli following short-term wildfire 
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exposure, the disruption in WNT signaling pathways could predispose individuals to respiratory 

and developmental issues later in life. This has implications for public health strategies aimed at 

protecting vulnerable populations, as it suggests that interventions should focus on preventing 

acute respiratory symptoms and potential long-term developmental impacts. 

While this study provides a starting point for understanding the effects of wildfire smoke 

on lung development, it is important to acknowledge its limitations. The relatively short duration 

of exposure and the focus on a single developmental time point may have limited our ability to 

detect long-term or cumulative effects. Additionally, the small sample size reduces the statistical 

power to identify subtle changes in alveolar structure or signaling pathways. Moreover, our study 

treated wildfire smoke as a single entity without distinguishing between the various pollutants that 

comprise it. Future research should aim to address these limitations by experimental exposures 

using defined materials for combustion, multiple developmental time points, and larger sample 

sizes to fully characterize the impact of wildfire smoke on lung development. Studies should also 

address the individual effects of specific components of wildfire smoke to better understand their 

distinct roles in disrupting lung development. Additionally, investigating how these pollutants 

interact with each other and with genetic factors could provide further insights into the mechanisms 

underlying the observed dysregulation of WNT signaling. 

In conclusion, this thesis dissertation provides evidence of an association between early 

life wildfire smoke exposure and lung development. It expands our understanding of the 

interactions between environmental pollutants and mechanisms of lung development, providing a 

foundation for future research and informing public health strategies aimed at protecting 

vulnerable populations from the continuing threat of wildfire smoke. 
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