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Thesis abstract 
Air pollution makes a significant contribution to global morbidity and mortality. Particulate 

matter (PM), which is the solid and liquid component of air pollution, has been linked to the 

development and exacerbation of cardiovascular and respiratory disease. More recently, 

epidemiological studies have highlighted the effect of early life exposure to PM. For example, 

there is evidence to suggest that in utero exposure to PM causes premature birth, lower birth 

weight, impairs lung function and increases the risk of developing respiratory disease later in 

life. However, no studies have addressed the effect of pregnancy on the response of the mother 

to PM, and the mechanism linking the maternal response to post-natal health is unclear. In 

addition, previous studies have focused exclusively on one source of PM. There is now 

evidence to suggest that the PM source has the potential to play a vital role in the magnitude 

of the health effect(s) of PM. Therefore, the aims of this Thesis were to 1) identify the effect 

of pregnancy on the response to PM; 2) determine the effect of in utero exposure to PM on 

post-natal immune development and the response to subsequent PM exposure and; 3) explore 

the effect of in utero exposure to PM on markers of placental function as a possible mechanism 

for the post-natal effects. In all aims, the effect of PM from different sources on the response 

was assessed. 

To identify the effect of pregnancy on the response to PM, pregnant and non-pregnant 

C57BL/6J mice were exposed to either 50µg of diesel exhaust particles (DEP), silica or iron 

oxide in 50µL of saline, or saline alone, on gestational days (E)7.5, E12.5 and E17.5. On E18.5, 

mice were sacrificed and lung inflammation as well as spleen and thymus T cell populations 

were examined. This study showed that pregnant mice had elevated levels of IL-4 and 

suppressed levels of IL-8 in the BAL and reduced neutrophil, lymphocyte, and eosinophil 

numbers in the lung in response to silica. Pregnancy did not alter the inflammatory response to 

DEP but did elevate the percentage of CD3+CD4+CD25+ T cells in the thymus in response to 
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DEP. The elevation of these regulatory T cells may be a mechanism to protect the fetus from 

the harmful effects of PM. This study was able to highlight that pregnancy suppresses the 

inflammatory response induced by PM in the lung.  

While the pregnant dam may have been protected from the effects of PM inhalation, there is 

evidence to suggest that the developing fetus is susceptible. To explore this, pregnant 

C57BL/6J mice were exposed to either 50 µg of DEP or silica in 50 µL of saline, or 50 µL of 

saline alone, on E7.5, E12.5 and 17.5. Mice were allowed to give birth, and at four-weeks of 

age, 2 males and 2 females were randomly selected and exposed to either 50 µg of DEP in 50 

µL of saline or saline alone. 6 hours later, mice were sacrificed, and lung inflammation (cells 

and cytokine production) was assessed. Lung inflammatory responses were assessed by 

quantifying inflammatory cells and cytokine production (MCP-1, MIP-2, IL-6). In separate 

groups of mice, the spleen was harvested to quantify B and T cell populations. Splenocytes 

were isolated and exposed to lipopolysaccharide or Poly I:C for assessment of cytokine 

production. Exposure to DEP in utero decreased B10 cells in female mice and IFN-γ production 

by splenocytes. Male mice had elevations in macrophage and lymphocyte numbers in response 

to DEP whereas female mice had elevated IL-6, MCP-1 and MIP-2 levels.  In utero exposure 

to silica had no effect on these measures. B10 cells and IFN-γ are critical in responding to viral 

infections suggesting that in utero exposure to DEP may increase susceptibility to viral 

infection.  

To understand the link between maternal exposure to PM and altered post-natal immune 

responses in offspring, the effect of PM on markers of placental function was assessed. To 

achieve this, pregnant C57BL/6J mice were exposed to either 50µg of DEP, silica or iron oxide 

in 50µL of saline, or saline alone, on E7.5, E12.5 and E17.5. On E18.5 mice were sacrificed 

and placentas were extracted for analysis of gene expression by qPCR while lungs were fixed 

for stereological analysis of structure. In utero exposure to DEP increased the expression of 



XXII 
 

placental growth factor (PlGF), 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) and 

angiopoietin-2 (Ang-2) and decreased the expression of angiopotien-1 (Ang-1).  The elevation 

of PlGF and modulation of Ang-1/2 expression suggests an effect of PM exposure on placental 

angiogenesis. This may impact nutrient supply to the fetus however there was no effect on fetal 

or post-natal somatic lung development. Elevation of 11β-HSD1 is linked to cortisol regulation 

which may impact on immune development. This may explain the effect of in utero exposure 

to PM on post-natal immune responses described in the previous Aim.  

In summary, the data presented in this Thesis shows that pregnancy alters immune responses 

leading to reductions in the inflammatory response to PM suggesting that pregnant women are 

partly protected from the inflammatory effects of PM. However, it is clear that in utero 

exposure to PM impacted on fetal immune development leading to impaired production of anti-

viral cytokines which may increase susceptibility to infection later in life. This effect may be 

driven by alterations in placental function. However, further work is required to clarify this 

observation. The data from this Thesis have implications for understanding the health effects 

of exposure to PM. Particularly during pregnancy and in early life. The variability in the 

response to PM from different sources highlights that there cannot a “one-size fits all” approach 

to understanding the effect of PM on community health. Likewise, the identification of possible 

immune effects and the role of the placenta as the mechanism underlying the developmental 

effects of in utero exposure to PM may pave the way for identifying therapies to reduce the 

health effects of air pollution. However, further studies are needed to examine the long-term 

immunological effects of in utero exposure to PM and whether modulation of placental 

function can reduce these effects.  
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Thesis structure 
Chapter 1 is the Thesis Introduction and is comprised of a literature review, Aims and 

hypothesis and a brief description of the study approach used to address each Aim.  

Chapter 2 is a results Chapter that addresses the first Aim of my Thesis; to identify the effect 

of pregnancy on the response to PM. This Chapter is presented as published in the Journal 

Chemosphere.  

Chapter 3 is a results Chapter that addresses the second Aim of my Thesis; to determine the 

effect of in utero exposure to PM on post-natal immune development and the response to 

subsequent PM exposure. This Chapter is formatted as submitted to the Journal Chemosphere 

(currently under review). 

Chapter 4 is a results Chapter that addresses the third Aim of my Thesis; to explore the effect 

of in utero exposure to PM on markers of placental function as a possible mechanism for the 

post-natal effect. This Chapter is presented as a traditional Thesis Chapter.  

Chapter 5 is the General Discussion and highlights the conclusions, possible future directions 

and implications of the findings of the Thesis.   
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1.1 Overview  
Air pollution currently affects billions of people around the world. As such, the World Health 

Organization has highlighted it as a major contributor to global morbidity and mortality. 

Inhalation of particulate matter (PM), the solid and liquid component of air pollution, has been 

linked to the development of a range of health conditions including, but not limited to, 

respiratory, cardiovascular, and metabolic disease. It is thought that one of the main drivers of 

these health effects is the activation of the host immune response, which promotes 

inflammation and tissue injury.  

 

Recently, there has been a focus on the effects of early life (e.g. in utero), as a time of increased 

susceptibility to the deleterious health effects of PM exposure. However, the effect of 

pregnancy on the response to PM has not been addressed. During pregnancy, the immune 

system is modulated in order to facilitate the development of the fetus. As such, pregnant 

women may be more susceptible to respiratory insults; including inhalation of PM.  

 

In contrast, considerable research effort has been directed at the health effects of early life 

exposure to PM. We currently know that in utero exposure to PM can impair somatic growth 

and increase the risk of developing a respiratory disease later in life. However, few studies have 

examined the effect of in utero exposure to PM on fetal immune development which is an 

important component of disease pathogenesis. Similarly, we have a limited understanding of 

the mechanisms linking the maternal response to adverse fetal outcomes.  
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Unfortunately, most of the research on the health effects discussed above has focussed on PM 

derived from combustion sources. Thus, we have a limited understanding of how PM source 

influences the health effects resulting from early life exposure. This Introduction will 

summarise the literature in the field and outline the Aims of the Thesis to address the gaps in 

knowledge that have been identified. 

 

 1.2 Air pollution 
There are currently billions of people around the world who are affected by poor air quality 

(Neira, 2019). As countries become more urbanised, the risk of exposure to air pollution 

increases. The World Health Organisation estimates that seven million premature deaths are 

linked to air pollution annually (Neira, 2019), and it is expected that by 2050 the number of 

deaths linked to air pollution will increase by more than 50 percent (Landrigan et al., 2017).   

 

 1.3 Particulate matter 
Broadly, air pollution can be broken down into two major components; particulate matter (PM), 

which encompasses both the solid and liquid components of air pollution, and gases. While 

both PM and gases have been linked to morbidity and mortality (Miri et al., 2018, Samek, 2016, 

Pope III et al., 2002, Hoek et al., 2002), this Thesis is focussed on the effects of PM on human 

health. PM is highly variable in structure and chemistry and can be generated from a variety of 

different sources including, but not limited to, industrial processes, combustion and erosion 

(Adams et al., 2015). Due to the many different sources of PM, it can have a diverse chemical 

composition (Stanek et al., 2011). However, from an air quality regulation point of view, PM 

is largely characterised by its size (Stanek and Brown, 2019). The upper respiratory system is 

effective in filtering out particles that are greater than 10 microns in diameter (Salvaggio, 1994). 



4 
 

As such, PM less than 10 microns in aerodynamic diameter (PM10) can bypass the respiratory 

defence mechanisms and become deposited in the upper airways and bronchi (Anderson et al., 

2012). Exposure of these parts of the lung, primarily through interactions with epithelial cells, 

promotes inflammation, oxidative stress and tissue injury (Glencross et al., 2020). 

 

In recent years there has been greater attention on particles less than 2.5 microns in 

aerodynamic diameter (PM2.5). Due to their smaller size, PM2.5 can travel further down the 

respiratory system and reach the alveoli (Li et al., 2019). In these regions of the lung, PM2.5 

can interact with a range of cell types, including alveolar epithelial cells and macrophages, 

resulting in adverse tissue responses (Xing et al., 2016). Ultrafine particles, less than 1 micron 

in aerodynamic diameter (PM1) may be small enough to cross the alveolar membrane and enter 

the circulatory system leading to systemic inflammation (Valavanidis et al., 2008). In some 

instances, these ultrafine particles can traffic to the immune system leading to alterations in 

adaptive immune responses (Elder et al., 2006). Thus, PM has the capacity to cause cellular 

responses which may cause adverse health effects throughout the body.  

 

1.3.1 Heath effects of particulate matter 
1.3.1.1 Epidemiology 

Epidemiological studies have shown that exposure to PM is linked to the development of 

respiratory (Chen et al., 2019, Ko et al., 2007, Hamra et al., 2014), cardiovascular (Qian et al., 

2008, Tsai et al., 2000, Banerjee et al., 2012, Stylianou and Nicolich, 2009, Samoli et al., 2005, 

Samoli et al., 2003) and metabolic (Huang et al., 2018, Bowe et al., 2018) diseases and 

cognitive decline (Schikowski et al., 2015, Chen et al., 2015, Wilker et al., 2015, Morales et 

al., 2009).  



5 
 

Studies consistently show a relationship between PM inhalation and impaired lung function 

(Downs et al., 2007, Chen et al., 2019, Guo et al., 2018). This relationship was highlighted by 

Downs et al. (2007) who conducted an 11 year prospective study in an adult cohort and showed 

that a decrease of 10 µ/m3 of PM10 annually was associated with a 9 percent decrease in the 

annual rate of decline for forced expiratory volume in one second (FEV1) (Downs et al., 2007). 

This relationship was further exemplified in a cross-sectional study conducted in Taiwan which 

showed that increase of 7.29 µ/m3 interquartile range of PM10 was associated with decreases a 

4.85% decrease in FEV1 (Chen et al., 2019). A decline in lung function is a risk factor for the 

development of chronic obstructive pulmonary disease (COPD). In line with this, chronic 

exposure to PM is associated with an increased risk of developing COPD (Liu et al., 2017, Guo 

et al., 2018, Han et al., 2020). PM inhalation is also linked to the development of other 

respiratory diseases, including asthma and lung cancer (Dockery et al., 1993, Hamra et al., 

2014, Raaschou-Nielsen et al., 2013).  

 

Asthma is a is chronic inflammatory disease of the airways characterised by reversible airway 

obstruction (Quirt et al., 2018). Epidemiological studies have highlighted the link between PM 

inhalation and the development of asthma (Annesi-Maesano et al., 2007, Fuertes et al., 2013, 

Annesi-Maesano et al., 2012, Cibella et al., 2011). Evidence for this association is summarised 

in a systemic review by Khreis et al. (2017) where an increase of 1 µg/m3 in PM2.5  and a 2 

µg/m3 increase of PM10 are associated with relative risks of 1.03 (95% CI 1.01, 1.05) and 1.05 

(95% CI 1.02, 1.08) for the development of asthma respectively (Khreis et al., 2017).  

 

Lung cancer has a poor prognosis with a 5-year survival rate of 15% (Cagle et al., 2013). The 

relationship between lung cancer and PM inhalation was first demonstrated in the Harvard Six 
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Cities Study on the health effects of air pollution. It was found that for every 10 µg/m3 increase 

in PM2.5, the relative risk for mortality due to lung cancer increased by 1.37 after controlling 

for smoking status, body mass index, age and education (Dockery et al., 1993). A similar 

relationship was shown in the European Study of Cohorts for Air Pollution Effects (ESCAPE) 

where an increase of 10 µg/m3 in PM10 concentration was associated with an increased risk for 

lung cancer with a hazard ratio of 1.22 (95% CI 1·03, 1·45) (Raaschou-Nielsen et al., 2013).  

 

In addition to the well-described respiratory effects, PM inhalation has also been linked to 

mortality due to cardiovascular disease (Qian et al., 2008, Tsai et al., 2000, Banerjee et al., 

2012, Stylianou and Nicolich, 2009, Samoli et al., 2005, Samoli et al., 2003). For example, 

Zhou et al. (2014) showed that, in Chinese men, a 10 µg/m3 increase in PM10 is associated with 

a 1.6% (95%CI: 0.7%, 2.6%) increase in the risk of mortality due to cardiovascular disease. 

There is now also evidence to show that acute exposure to PM inhalation can lead to elevations 

in systolic blood pressure of 2-3 mmHg which may persist for up to 24 hours (Fedak et al., 

2019). A similar outcome was shown in the Andhra Pradesh Children and Parents Study 

(APCAPS) where a 1 µg/m3 increase in PM2.5 was associated with an elevation of 1.4 mmHg 

in systolic blood pressure in women (Curto et al., 2019). Elevations in systolic blood pressure 

can put extra strain on the heart and is a well-known risk factor for adverse cardiovascular 

events (Nwabuo and Vasan, 2020). Furthermore, short term exposure to PM is associated with 

an increased risk of atrial fibrillation (Liu et al., 2018). Atrial fibrillation is linked to the 

development of myocardial infarction and may explain why individuals living in areas of high 

PM are more susceptible to cardiovascular mortality (Ruddox et al., 2017). 
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Recent studies have also linked PM inhalation to the development of metabolic syndrome 

(Clementi et al., 2019, Eze et al., 2015). Metabolic syndrome is characterised by a broad 

collection of symptoms including increased blood pressure, dyslipidaemia, increased 

abdominal weight and elevated blood sugar (Eckel et al., 2005). Metabolic syndrome is a 

predictor of a range of adverse health effects, including the development of type 2 diabetes and 

cardiovascular diseases (Ballantyne et al., 2008). Exposure to high concentrations of ambient 

PM has been linked to the development of insulin resistance with a 10 µg/m3 increase in PM2.5 

being associated with an increased risk of type 2 diabetes (Hazard Ratio = 1.15) (Bowe et al., 

2018). Similarly, McGuinn et al. (2019) showed an association between long term exposure to 

PM2.5 and elevations in low-density lipoproteins (LDL) in the blood. Elevations in LDL are 

linked to the development of a range of cardiovascular diseases such as atherosclerosis  

(Ference et al., 2017).  

 

Emerging studies are now showing the potential for PM exposure to have an influence on 

cognitive function (Ailshire and Crimmins, 2014). For example, exposure to high 

concentrations of traffic-derived PM inhalation has been associated with impaired cognitive 

function (Schikowski et al., 2015) and reduced white matter volume (Chen et al., 2015) in 

women. Furthermore, there are associations between PM2.5 exposure and reduced cerebral 

volume as well as an increased risk of brain infarcts in adults (Wilker et al., 2015). Some studies 

also suggest that PM inhalation can impair cognitive development in children (Morales et al., 

2009). The full effects of exposure to PM on neurological function are yet to be fully explored.  

 



8 
 

1.3.1.2 Mechanisms of health effects 

Within the respiratory system, the first cells that come into contact with inhaled PM are the 

epithelial cells and alveolar macrophages (Glencross et al., 2020). PM has been shown to 

activate the  toll-like receptor 4 (TLR-4) on macrophages (Shoenfelt et al., 2009) and toll-like 

receptor 2 (TLR-2) on epithelial cells (Becker et al., 2005). Activation of TLR-4 leads to an 

internal cascade within macrophages and results in the translocation of nuclear factor κB (NF-

κB) from the cytosol to the nucleus to begin transcribing proinflammatory genes (Ristovski et 

al., 2012).  Activation of TLR-4 also causes the activation of ILR-4 which in turn stimulates 

TRIF–TRAM pathways. This results in the activation of the interferon regulatory factor-3 

(IRF3) transcription factor, leading to upregulation of interferon-gamma and TNF-α (Vaure 

and Liu, 2014). Activation of TLR-2 leads to activation of myD88. The result of this is the 

activation of IL-1R-associated protein kinases 1,2,3,4 leading to upregulation of NF-κB, JNK 

and P38. This results in the release of TNF-α, IL-6 and IL-1β (Oliveira-Nascimento et al., 2012, 

El-Zayat et al., 2019).  Furthermore, PM can have a direct effect on cells through  the generation 

of reactive oxygen species (ROS), which can damage the surrounding tissue  (Wei et al., 2011) 

and increase expression of nuclear factor kappa B (NFκB) leading to the production of a range 

of pro-inflammatory cytokines (Wang et al., 2019, Dagher et al., 2007). The production of ROS 

can also activate the NLRP3 inflammasome in epithelial cells, causing the release of active 

interleukin- 1β (IL-1β) (Hirota et al., 2012).   
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PM 

Figure 1.1 Toll like receptor activation by particulate matter: Figure adapted from Bauer 

et al. (2012) shows how particulate matter (PM) actives toll like receptor (TLR) 2 and 4 on 

cells. The activation of TLR leads to an intracellular cascade that results in the protein synthesis 

and release of inflammatory cytokines.   
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In vitro studies using bronchial epithelial cells have shown that exposure to PM can cause the 

release of IL-6, IL-8, IL-1β and tumour necrosis factor-alpha (TNF-α) (Rusznak et al., 1996). 

Similarly, macrophages exposed to PM generate a robust inflammatory response characterised 

by increased production of TNF-α (Ishii et al., 2005). Excessive production of these cytokines, 

can cause damage to the local tissue and eventually lead to the development of permanent 

structural changes and chronic respiratory diseases such as COPD (Levy and Serhan, 2014). 

Furthermore, excessive activation of macrophages can lead to the production of 

metalloproteinases which can damage elastin within the lung leading to permanent alterations 

in lung mechanics (Chung and Adcock, 2008).  

 

It is possible that excessive elevation of cytokines in the lung can eventually spill over into the 

systemic circulation (Fiordelisi et al., 2017). Elevation of cytokines in the circulation is a risk 

factor for the development of cardiovascular disease and metabolic syndrome (Sutherland et 

al., 2004). Inflammation is also linked to the pathogenesis of atherosclerosis and endothelial 

dysregulation (Goldberg, 2009). Elevated systemic TNF-α can lead to the development of 

insulin resistance (one of the symptoms of metabolic syndrome) through modification of 

insulin receptor function (Rotter et al., 2003). Therefore, it is thought that the elevation in 

cytokines from the lung can interfere with systemic insulin signalling (Clementi et al., 2019). 

Additionally, ultrafine PM may be able to pass through the respiratory system (due to their 

small size) and directly enter the systemic circulation (Du et al., 2016). Once in the systemic 

circulation, they can activate cellular responses in the endothelium leading to inflammation 

(Fiordelisi et al., 2017). Ultrafine PM has been shown to reach the brain, which may explain 

the link with cognitive impairment (Hopkins et al., 2018, Ailshire and Crimmins, 2014, 

Schikowski et al., 2015).  
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While most of the responses described above relate to the innate immune response, there is 

also evidence to show that the adaptive immune system can be activated by PM. Respiratory 

dendritic cells can traffic PM to the lymph nodes leading to activation and differentiation of T 

lymphocytes (Glencross et al., 2020). Activation of the adaptive immune system leads to the 

production of downstream mediators which can have adverse health effects. For example, 

BALB/cJ mice exposed to PM sampled from New York, and Baltimore have elevated IL-5, 

IL-13 and IL-17 levels which are Th2/TH17 cytokines linked with the development of asthma 

(Barnes, 2001, Gour et al., 2018). In addition, PM exposure has been shown to dysregulate 

interferon-gamma (IFN-γ) response in T cells (Sasaki et al., 2009). IFN-γ is an important 

cytokine that helps combat viral infections (Schroder et al., 2004), suggesting that PM exposure 

may impair responses to pathogens.  

 

In summary, there is a wealth of literature on the health effects of exposure to PM. Inhalation 

of PM has the capacity to influence almost every organ system in the body leading to increased 

morbidity and mortality. Based on data from experimental models, these effects are driven by 

the activation of innate and adaptive immune responses that protect the body from invading 

pathogens. In the absence of a pathogen to respond to, the inflammatory responses that ensue 

can lead to tissue injury and the activation of pathways that increase the risk of developing 

chronic disease.  

 

1.3.2 Source of particulate matter 
While there has been an expansion in the knowledge of the detrimental health effects of PM, 

there are a lack of studies addressing how the physiochemical properties of PM influence these 

effects. The majority of the literature has focused on the effect of urban PM on morbidity and 
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mortality (Li et al., 2015, Lippmann et al., 2000). However, PM can be derived from multiple 

sources including, but not limited to; combustion (e.g. traffic and industry), landscape fires, 

sea spray and crustal erosion (Hime et al., 2018). While the initial focus of many studies in this 

field was on urban PM, it is now recognised that individuals can be affected from PM from 

multiple sources depending on their location. For example, rural communities tend to have 

higher exposure to PM from crustal sources (Lu et al., 2005, James et al., 2018) while in cities, 

the exposure profile can be complex. For instance, in Rome where the population is primarily 

exposed to combustion derived PM, exposure to crustal PM can reach very high levels during 

dust storms (Alessandrini et al., 2013a, Karanasiou et al., 2012, Kotsyfakis et al., 2019, 

Stafoggia et al., 2016). Traffic related PM, a form of combustion-derived PM typically consists 

of an organic carbon core with a range of reactive metals, ionic species and volatile organic 

compounds adsorbed onto the surface (Hao et al., 2019). In contrast, PM from crustal sources 

typically contains high levels of metal oxides such as silicon oxide (silica) (Aryal et al., 2012). 

These two sources of PM have fundamentally different physicochemical properties (Tositti, 

2018). This is important as it is becoming clear that PM from different sources may lead to 

different health outcomes (Ghosh et al., 2018, Jerrett, 2015, Lelieveld et al., 2015, Pun et al., 

2014, Song et al., 2018). Thus, studies on the health effects of PM need to consider the effect 

of PM source on the response.  

 

1.4 Health effects of PM in vulnerable populations 
The vast majority of studies of the health effects of inhalation of PM have focussed on healthy 

adult populations. However, it is clear that sub-groups of individuals are at heightened risk of 

the health effects of exposure to PM.  
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1.4.1 Pre-existing health conditions  
Individuals with pre-existing health conditions are more susceptible to the health effects of PM 

(Sacks et al., 2011). Exposure to PM has been shown to exacerbate the symptoms of a range 

of conditions, including asthma and COPD (Rabinovitch et al., 2006, Lagorio et al., 2006). For 

example, exposure to PM2.5 is associated with the increased use of medication to manage 

symptoms in asthmatic children (Rabinovitch et al., 2006). In addition, exposure to PM2.5 is 

linked with declines in FEV1 in people with COPD that are not observed in individuals without 

COPD  (Lagorio et al., 2006, Trenga et al., 2006). This increased susceptibility is also observed 

in individuals with non-respiratory chronic diseases. For example, individuals with diabetes 

have a greater chance of being hospitalised for a cardiovascular event following exposure to 

high levels of PM10 compared to individuals without diabetes (Zanobetti and Schwartz, 2002).  

 

1.4.2 Aging  
The innate immune system plays an important role in driving the health effects due to inhalation 

of PM (Lee et al., 2015). Thus, individuals who are immunocompromised may be more 

susceptible to these effects (Hooper and Kaufman, 2018). For example, as people become older 

and enter into the later stages of life, their immune system may become impaired (Montecino-

Rodriguez et al., 2013). Due to this, elderly people tend to be more susceptible to a range of 

different respiratory insults including PM exposure (Bentayeb et al., 2012, Zhang et al., 2016, 

Yap et al., 2019, Yorifuji et al., 2016). For instance, in a time series analysis conducted on a 

Singaporean cohort Yap et al. (2019) showed that a 10 µg/m3 increase in PM10 was associated 

with an increased risk of cardiovascular mortality in people > 65 years of age but not in those 

younger than 65 (Yap et al., 2019). Additionally, when compared to younger individuals, it 

was shown that elderly individuals ( over 65 years old) were at a 0.64% (95 % CI 0.25 – 0.42) 



14 
 

increased risk of death compared to young individuals (less than 65 years old) per 10 µg/m3 

increase of PM10 (Bell et al., 2013). 

 

1.4.3 Early life exposure  
1.4.3.1 in utero exposure to particulate matter  
During early life the immune system is not yet fully developed (Simon et al., 2015) which can 

leave children more susceptible to the effects of PM inhalation (Chen et al., 2018b, Franklin, 

2007, Zhou et al., 2013, Zwozdziak et al., 2016). For example, in children aged between 5 and 

7, a positive association was shown between PM2.5 and the development of a new onset wheeze 

with an odds ratio of 1.51 (95% CI 1.05 – 2.16) (Jung et al., 2012). Given that development 

begins in utero, several epidemiological studies have assessed the effect of exposure to PM in 

utero on post-natal child health (Spears et al., 2019, Rich et al., 2015a, Mortamais et al., 2019, 

Leon Hsu et al., 2015). For example, during the 2008 Olympics the Beijing government put 

limitations onto the air pollution within the city. This allowed researchers such as Rich et al. 

(2015a) to conduct a natural experiment examining the effects of somatic growth in response 

to a change in PM levels. They were able to show that babies whose 8th month of gestation was 

during the “period of clean air” were 23 grams heavier (95% CI 5 – 40 grams) had higher birth 

weight compared to the previous (2007) year and the year (2009) after (p = 0.01 for both 

comparisons). Additionally, prenatal exposure to PM2.5 has also been linked to the development 

of asthma. Specifically, Leon Hsu et al. (2015) showed that increased exposure to PM2.5 at 16 

– 25 weeks gestation was associated with the development of asthma in boys (p = 0.01). The 

risk PM exposure has on susceptible individuals is dangerous, and as such studies need to be 

conducted to examine potentially other susceptible groups.  
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1.4.3.2 Post-natal exposure to particulate matter  

Exposure to PM at an early age has been linked to respiratory conditions. For example, Jung et 

al. (2012) showed a positive association between PM2.5 and wheezing (odd ratio 1.51, 1.05 - 

2.16). Likewise, inhalation of PM in children has been linked to poor lung development 

(Gauderman et al., 2004, Horak et al., 2002, James Gauderman et al., 2000). For example, a 

Californian study found that fourth grade children exposed to PM10 had a 0.58 % decrease in 

FVC (95% CI -1.14, - 0.02) and a 0.85% decrease in FEV1 (95% CI -1.59, -0.10) (James 

Gauderman et al., 2000). Additionally, multiple studies have shown links between early 

exposure to PM and the development of asthma (Anderson et al., 2013a, Anderson et al., 2013b, 

Perez et al., 2013). This was highlighted in a study by Perez et al. (2013) which examined 

traffic PM in ten major cities across Europe. They showed that exposure to traffic PM at an 

early age was associated with an increase in asthma prevalence (Perez et al., 2013).  Lastly, 

PM inhalation at a young age has also been linked to the development of cardiovascular disease 

(Zhang et al., 2019, Bilenko et al., 2015, Kim et al., 2020). For example, in a Chinese cohort 

of adolescents, every 10 µg/m3 increase in PM2.5 and PM10 concentration was associated with 

a 1.46 (95% CI 0.05 - 2.88) and 1.36 (95% CI 0.34, 2.39) mmHg increase in systolic blood 

pressure respectively. Furthermore, PM10 was associated with a higher prevalence of 

hypertension with 10 µg/m3 increases in PM10 associated with a 1.45 (95% CI 1.07 – 1.95) 

increase in the odds of hypertension (Zhang et al., 2019). 

 

1.5 Immunity and inflammation during pregnancy 
As discussed above, there are sub-groups in the population that may be more susceptible to the 

health effects of PM, including individuals with pre-existing health conditions, the elderly and 

young children. However, there are very little data on other vulnerable groups where immune 

function is altered, particularly pregnant women. 
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1.5.1 Maternal inflammation and immunity  
Pregnancy is a complex physiological process that requires dynamic maternal and fetal 

adaptation to ensure minimal impact on the mother and the developing fetus. The immune 

system plays an important role during pregnancy and is critical during implantation and in the 

promotion of normal fetal development (Mor and Cardenas, 2010). Originally it was thought 

that the immune system is suppressed during pregnancy to allow the developing fetus to grow 

without being recognised as foreign tissue (Szekeres-Bartho and Wegmann, 1996, Wegmann 

et al., 1993). However, as the field developed, it became more apparent that broadscale 

immunosuppression during pregnancy was an oversimplification and it is now understood that 

there is a mixture of proinflammatory and anti-inflammatory immune responses that vary 

throughout pregnancy (Mor and Cardenas, 2010). During the initial stages of pregnancy, the 

environment in the placenta and the maternal system tends to favour proinflammatory response. 

This is due to the blastocyst breaking through the uterine wall as well as the restructuring of 

the endothelium and vascular smooth muscle cells to promote the development of new blood 

vessels in the uterus (Loke and King, 2000). The pro-inflammatory environment is necessary 

to recruit natural killer cells and macrophages in the placenta to clear cellular debris and dead 

cells as well as support the development of new blood vessels (Loke and King, 2000).  

 

Natural killer cells within the decidua (dNK) are also thought to promote the proinflammatory 

environment through the release of proteins such as IL-8 and interferon-inducible protein (IP)–

10 which help to regulate trophoblast invasion (Hanna et al., 2006). Additionally, dNK cells 

promote an angiogenic environment by being potent expressors of vascular endothelial growth 

factor (VEGF), angiopoietin (Ang)-1 and -2 and transforming growth factor β1 (TGF-β1). 

These proteins are thought to help with the infiltration of the trophoblast and spiral artery 

remodelling (Lash et al., 2006). Furthermore, during the early stages of pregnancy, 



17 
 

macrophages secrete macrophage inflammatory protein (MIP)-1β, macrophage migration 

inhibitory factor and macrophage colony-stimulating factor (MCF)-1 which are thought to 

support fetal implantation  (Thiruchelvam et al., 2013).  

 

After the first trimester, the immune system switches from a proinflammatory phenotype 

towards an anti-inflammatory phenotype. This also involves a switch from Th1 to a Th2 

immune environment (Sykes et al., 2012a). This switch is thought to be mediated by CD4+ T 

cells and suppresses proinflammatory responses which protects the developing fetus (Sykes et 

al., 2012b). Excessive levels of maternal proinflammatory cytokines, such as IL-6 and TNF-α, 

are known to be harmful to fetal development and have been linked to preeclampsia, 

intrauterine growth restriction and miscarriage (Vitoratos et al., 2006, Tosun et al., 2010, 

Bartha et al., 2003). The switch towards a Th2 biased immune response can be seen with an 

elevation of Th2 cytokines such as IL-4 and IL-10 in the decidua during pregnancy (Chatterjee 

et al., 2014).  Both of these cytokines inhibit Th1 proinflammatory cytokines such as IL-6 and 

TNF-α (Ouyang et al., 1998, Saraiva and O'Garra, 2010).  

 

Additionally, regulatory T (Treg) cells play an important supportive role in helping to regulate 

the immune environment during pregnancy (Tsuda et al., 2019, Jørgensen et al., 2019). 

Regulatory T cells are recruited from both the maternal thymus and the local T cell population 

into the decidua (Robertson et al., 2018). The influence of these Tregs, and the switch from a 

Th1 towards a Th2 bias, is thought to promote macrophage class switching from a 

proinflammatory M1 phenotype towards an anti-inflammatory M2 phenotype (Brown et al., 

2014). This has been shown to help in suppressing inflammatory responses and scavenging 

dead cells (Nagamatsu and Schust, 2010). The latter seems to be an important function of these 
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macrophages as there are consistent remodelling and growth of new structures in the decidua 

which generates apoptosised cells that need to be cleared (Abrahams et al., 2004).  The shift to 

a Th2 bias can also have some benefits for the maternal system. For example, pregnant women 

who have been previously diagnosed with rheumatoid arthritis tend to have improvements in 

their symptoms (Østensen and Villiger, 2007). However, during the period of immune 

suppression, pregnant women may be at increased risk of infection, which has implications for 

both maternal and fetal health (Silasi et al., 2015).  

 

1.5.2 Effect of pregnancy on response to respiratory insults  
1.5.2.1 Epidemiology  

Alterations in the immune system during pregnancy may make pregnant women more 

susceptible to viral infections. This effect has been well documented for influenza (Kelly et 

al., 2009, Jamieson et al., 2009, Campbell et al., 2011, Mertz et al., 2017). For example, during 

the 2009 influenza pandemic in the USA, pregnant women were more likely to be admitted to 

hospital (0·32 per 100 000 pregnant women) compared to non-pregnant women (0.076 per 

100 000 population) (Jamieson et al., 2009). Likewise, in Australian and New Zealand, it was 

shown that pregnant women were at an increased risk of being admitted to the intensive care 

unit for influenza (RR 7.4, 95% CI, 5.5 to 10.0) compared to non-pregnant women (Seppelt et 

al., 2010). Furthermore, there is some evidence that there is a Th2 bias in pregnant women 

(Sykes et al., 2012b) which may increase their susceptibility to respiratory parasitic infection 

(Mahande and Mahande, 2016). However, the effects of the bias towards a Th2 response is 

not consistent with variable changes in symptoms in women that are asthmatic prior to their 

pregnancy (Bidad et al., 2010, Schatz et al., 2003, Bonham et al., 2018)  
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1.5.2.2 Mechanism 

Initially, it was thought that immune suppression during pregnancy led the increased 

susceptibility to viral infections during pregnancy (Mor and Cardenas, 2010). However, there 

is now evidence to suggest that during pregnancy, there is increased barrier protection against 

viral infections (Pazos et al., 2012). This can be seen with an increase in circulating levels of 

alpha defensins and the presence of macrophages and dendritic cells around the body which 

are primed to respond to pathogens (Kraus et al., 2012). Both of these changes are helpful in 

preventing viral infections from occurring. However, as mentioned previously, there is strong 

evidence to show pregnant women at higher risk mortality from influenza, suggesting other 

changes in the immune system are contributing to this effect.  

 

While there is increased protection in term of some innate immune defences, there are changes 

in the adaptive immune system during pregnancy that may leave pregnant women more 

susceptible to infection. For example, there is a reduction in CD8+ T and B cell populations 

during pregnancy (Clarke and Kendall, 1994, Zoller et al., 2007, Lima et al., 2016). Both of 

these cells are necessary for the clearance of viruses during infections. Additionally, during the 

late stages of pregnancy, there are reduced numbers of NK cells (Moffett-King, 2002). These 

cells, like CD8+ T cells, are necessary for viral clearance (Brandstadter and Yang, 2011). 

Furthermore, there are also changes in CD4+ T cell phenotypes with the elevations in estradiol 

during pregnancy, leading to the shift towards a Th2 bias (Straub, 2007). As Th1 cells produce 

IFN-γ, which is important for viral clearance (Maloy et al., 2000), it is possible that these 

changes T cell phenotypes also contribute to the increased vulnerability to respiratory 

infections during pregnancy.  
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In rodent models, it has been shown that pregnancy exaggerates the expression of 

proinflammatory cytokines such as IL-6, IL-8, and macrophage chemoattract protein-1 (MCP-

1). These proteins can attract macrophages and neutrophils into the lung, and excessive levels 

of these cells can lead to lung tissue injury (Marcelin et al., 2011). Exaggerated lung 

inflammation as a result of a viral infection during pregnancy has been shown to spill over into 

the systemic circulation where it has been linked to mortality in a mouse model (Chan et al., 

2010). While the alterations in the immune system can be beneficial for allowing the growth 

of the fetus, it can also be harmful to the mother leading to increased susceptibility to 

respiratory insults.  

 

1.6 Effect of pregnancy on response to PM  
As mentioned previously, during pregnancy, there are immunological changes that occur that 

leave pregnant women susceptible to respiratory insults such as influenza (Callaghan et al., 

2015, Jamieson et al., 2009, Mertz et al., 2017). This vulnerability may also apply to other 

respiratory insults such as PM inhalation. However, there are no epidemiological studies that 

have examined this and only a limited number of experimental studies. An early in vivo 

experiment by Fedulov et al. (2008) did briefly try to explore the effect of pregnancy on the 

response. They found that pregnant mice had elevated serum TNF-α, IL-1β and IL-6 in 

response to titanium oxide (TiO2) PM exposure when compared to non-pregnant mice (Fedulov 

et al., 2008). However, this is the only study to examine the effect of pregnancy on the response, 

and it is unclear whether pregnancy influences the response to PM from ambient sources. 
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1.7 In utero exposure to particulate matter   
Gestation is an important period of development (Ingber and Pohl, 2016, Minkin, 2009, 

Sanders et al., 2018). Studies have highlighted that exposure to a range of different toxins can 

be harmful to the developing fetus (Shea and Steiner, 2008, Rahman et al., 2007, Hu et al., 

2006). With this in mind and the broad overview in section 1.4.3, this section will focus in 

detail on the effects of in utero exposure to PM on fetal development.  

 

1.7.1 Fetal effects of PM exposure 
While there are limited studies on the maternal response to PM., several studies have been 

conducted on the effect of PM exposure during gestation on fetal development (Liu et al., 2019, 

Cao et al., 2019).  PM exposure in utero has been shown to affect somatic growth and is 

associated with premature birth and lower birth weights (Malley et al., 2017, Wang et al., 2018, 

Liu et al., 2019, Darrow et al., 2009, Li et al., 2017b, Qian et al., 2016). One of the major 

studies to assess the effect of PM exposure during pregnancy was conducted in Beijing during 

the 2008 Olympics. During this time period, the Chinese government imposed strict regulations 

to decrease the amount of PM which allowed for a natural experiment to occur within the city. 

Rich et al. (2015a) was able to show that babies in their eighth month of gestation in 2008 were 

23 grams heavier than babies in the previous year and the year after. This study was able to 

highlight two major things. Firstly, it was able to show that short reductions in PM exposure 

can have positive effects on the health of the developing fetus. Secondly, it also showed that 

there is a window of vulnerability for the developing fetus (Rich et al., 2015a). Lower birth 

weights have been associated with a range of chronic health conditions later in life, and preterm 

birth is one of the major risk factors for neonatal mortality (Liu et al., 2012). Understanding 

the association between PM exposure and lower birth weight, and the mechanism, is important 

for mitigating the risk of PM exposure in utero. 
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1.7.2 Post-natal effects  
1.7.2.1 Lung development 

The effect of PM exposure on somatic growth has led to several studies examining the effects 

of early life exposure to PM  on lung development (He et al., 2019, Gehring et al., 2013, Fuertes 

et al., 2015).  Experiments performed by Schultz et al. (2012) have shown that early life 

exposure to PM10 after birth is associated with a decrease in FEV1 in 8 year old children. Studies 

of prenatal exposure to PM have shown similar effects. Lee et al. (2018b)  showed that exposure 

to PM2.5 at the later stages of pregnancy was linked to a decrease in FEV1 and FVC in 7-year-

old males. Animal studies of in utero exposure to PM have confirmed this effect suggesting 

this association is causal (Chen et al., 2018a, Mauad et al., 2008, Lopes et al., 2018).  

 

1.7.2.2 Respiratory diseases  

Respiratory diseases are another complication that can develop as a result of in utero exposure 

to PM (Sack and Goss, 2015, Willis et al., 2020). For example, in utero exposure to PM has 

been linked to the development of asthma  (Clark et al., 2010, Leon Hsu et al., 2015, Carlsten 

et al., 2011, Lee et al., 2018b). Clark et al. (2010) showed that 1 µg/m3 in utero exposure to 

PM10 increased the odds of developing asthma post-natally (OR 1.10; CI 95% 1.04–1.15). 

Animal models have also been used to explore the relationship between in utero exposure to 

PM and asthma (Fedulov et al., 2008, Gregory et al., 2017). Manners et al. (2014) showed that 

mice exposed to diesel exhaust particles (DEP) in utero had enhanced levels of IL-5,  IL-13, 

IL-17 and inflammatory cells and impaired lung function in response to allergen exposure 

compared to mice only exposed to the allergen. Additionally, Rychlik et al. (2019) showed that 

in utero exposure to PM can lead to immunosuppression with a decreased influx of white blood 

cells into the lung of C57BL/6J mice exposed to in utero to air pollution in response to house 

dust mite (HDM) compared to C57BL/6J  exposed in utero to clean (filtered air) (Rychlik et 
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al., 2019). The alterations in lung immune and inflammatory responses may make the offspring 

more susceptible to respiratory infections. A recent study involving an acute PM exposure 

event found that children exposed in utero were more likely to have a Doctor diagnosis of an 

upper respiratory tract infection 2-4 years later (Willis et al., 2020). In line with this, Goshen 

et al. (2020) showed that exposure to high levels of PM2.5 during the first and second trimester 

increased the relative risk of post-natal diagnosis for lower respiratory tract infections in 

offspring (1.31, CI 95% 1.08–1.60; 1.34, CI 95% 1.09–1.66 respectively). However, few 

experimental studies have characterised the effect of in utero PM exposure, particularly PM 

from different sources, on early immune development and the post-natal response to pathogenic 

stimuli. Thus, it is unclear whether the epidemiological observations linking in utero exposure 

to PM and early life respiratory infections are causal and the nature of the underlying 

mechanism. 

 

1.8 Summary  
Exposure to PM currently effects the health of billions of people around the world. However, 

we have a poor understanding of how PM from different sources influences the magnitude of 

these health effects. In addition, while it is clear that early life is a window of susceptibility to 

the health effects of PM, there are no studies that have systematically examined the effect of 

pregnancy on the response to PM and very few studies that have explored the effect of in utero 

PM exposure on immune and lung development. This Thesis addresses these gaps in 

knowledge.  
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1.9 Aims and hypotheses  
I hypothesise that pregnancy will exacerbate the inflammatory response to PM, which will have 

impacts on lung and immune development, and that these effects will vary depending on PM 

source. To address this hypothesis, my Thesis has three Aims:  

1) To identify the effect of pregnancy on the response to PM from different sources in 

dams; 

2) To determine the effect of in utero exposure to PM from different sources on post-natal 

immune development function and the response to subsequent PM exposure;  

3) Explore the effect of in utero exposure to PM from different sources on markers of 

placental function as a possible mechanism for the post-natal effects.  

 

1.9.1 Specific aims  
Aim 1: To identify the effect of pregnancy on the response to PM from different sources in 

dams.  

Hypothesis: I hypothesise that pregnant mice will be more susceptible to PM than non-

pregnant mice which will result in an exaggerated inflammatory response. 

Study approach: Pregnant, eight-week-old C57BL/6J mice were exposed intranasally to 50 

µg of diesel exhaust particles (DEP), iron oxide (Fe2O3) or silica (SiO2) in 50 μL of saline, or 

saline alone, on gestational day (E)7.5, E12.5 and E17.5. Groups of non-pregnant mice were 

exposed on day (D)0, D5 and D10.  Biological samples were collected 24 hours after the last 

exposure. Serum IL-4 and IL-6 levels were quantified by ELISA. Bronchoalveolar lavage 

(BAL) fluid was collected for inflammatory cells counts and assessment of IFN-ɣ, IL-4, IL-5, 

IL-6, IL-8 and IL-10 levels by ELISA The spleen and thymus were also collected and the 
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percentage of B cells and CD4+, CD8+ and CD4+CD25+ T cells were determined by flow 

cytometry. 

 

Aim 2: To determine the effect of in utero exposure to PM from different sources on post-natal 

immune function and development and the response to subsequent PM exposure.  

Hypothesis: I hypothesise that in utero exposure to PM will alter fetal immune development 

leading to impaired responses to post-natal inflammatory stimuli. 

Study approach: Pregnant C57BL/6J mice were exposed to 50 µg of either DEP, silica or iron 

oxide in 50 µL of saline or saline alone at E7.5, 12.5 and 17.5. Mice were allowed to complete 

their pregnancy and offspring were raised to 4-week of age. 2 males and 2 females were 

randomly selected from each litter and exposed to either 50 µg of DEP in 50 µL of saline or 

saline alone. Mice were sacrificed 6 hours after exposure. Bronchoalveolar lavage was 

performed to quantify inflammatory cells and measure expression of IL-6, MCP-1 and MIP-2 

by ELISA. Spleens were also harvested to examine CD4+, CD4+CD25+ and CD8+ T cells as 

well as CD19+, CD19+, CD1dhigh and CD5+ B cells by flow cytometry. From the remaining 

mice in the litter, splenocytes were collected and exposed to either 1 ug/mL of LPS or Poly I:C 

for 24 hours. Supernatant was collected and ELISA’s were performed to examine IL-6, IFN-γ, 

IL-10 production.    

 

Aim 3: To explore the effect of in utero exposure to PM from different sources on markers of 

placental function as a possible mechanism for the post-natal effect.  

Hypothesis: I hypothesised that in utero exposure to PM would negatively alter placental 

function as indicated by expression of genes related to angiogenesis and cortisol signalling.  
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Study approach: Pregnant, eight-week-old C57BL/6J mice were exposed intranasally to 50 

µg of diesel exhaust particles (DEP), iron oxide (Fe2O3) or silica (SiO2) in 50 μL of saline, or 

saline alone, on E7.5, E12.5 and E17.5. On gestational day E18.5, pregnant dams and fetuses 

were euthanased. Somatic growth of the fetus was measured. Lungs were excised from the 

fetus and embedded in paraffin for stereological analysis of lung structure by histology. 

Placentas were removed and RNA was extracted for qPCR analysis. In a subsequent 

experiment, pregnant eight-week-old C57BL/6J mice were exposed intranasally to 50 µg of 

diesel exhaust particles (DEP) or silica (SiO2) in 50 μL of saline, or saline alone, on E7.5, E12.5 

and E17.5. Mice were allowed to give birth and offspring raised to four weeks of age. Offspring 

were euthanased and lungs were excised prior to fixation and staining for stereological analysis 

of lung structure by histology.    
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Chapter 2: Pregnancy protects 
against the pro-inflammatory 

respiratory responses induced by 
particulate matter exposure 

 

 

 

 

 

 

 

 

A modified version of this Chapter has been published in a peer-reviewed journal:  

 

Thaver, S., Bennett, E.J., Foa, L., Richards, S.M., Lyons, A.B. and Zosky, G.R., 2019. 

Pregnancy protects against the pro-inflammatory respiratory responses induced by particulate 

matter exposure. Chemosphere, 225, pp.796-802. 

This chapter addressed the first Aim of the Thesis: To identify the effect of pregnancy on the 

response to PM. The text presented in this Chapter is as per the published version in 

Chemosphere.   
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2.1 Abstract  
Background: Inhalation of particular matter (PM) less than 10 µm in diameter is associated 

with adverse health outcomes; particularly in susceptible individuals. However, little is known 

about the effect of pregnancy on the response to PM. The aim of this study was to determine if 

pregnancy increases the susceptibility to PM from different sources using a mouse model.   

Methods: Pregnant, eight-week-old C57BL/6J mice were exposed intranasally to 50 µg of 

diesel exhaust particles (DEP), iron oxide (Fe2O3) or silica (SiO2) in 50 μL of saline, or saline 

alone, on gestational day (E)7.5, E12.5 and E17.5. Groups of non-pregnant mice were exposed 

on day (D)0, D5 and D10.  Biological samples were collected 24 hours after the last exposure. 

Serum IL-4 and IL-6 levels were quantified by ELISA. Bronchoalveolar lavage (BAL) fluid 

was collected for inflammatory cells counts and assessment of IFN-ɣ, IL-4, IL-5, IL-6, IL-8 

and IL-10 levels by ELISA The spleen and thymus were also collected, and the percentage of 

B cells and CD4+, CD8+ and CD4+CD25+ T cells were determined by flow cytometry.  

Results: Pregnant mice had increased IL-4 in the serum and in the BAL and decreased IL-8 in 

the BAL. Exposure to silica caused an influx of lymphocytes, eosinophils and neutrophils into 

the lung. The magnitude of this response was suppressed by pregnancy. Pregnancy caused a 

complementary alteration in the percentage of CD8+ and CD4+ T cells in the spleen and 

thymus. Pregnancy also enhanced the production of CD4+CD25+ T cells in the thymus in 

response to DEP and silica exposure.  

Conclusions: Collectively, our data suggest that pregnancy reduces the inflammatory response 

to silica and that this response is specific to the source of PM. This reduction in the response 

was accompanied by pregnancy related changes in immune function and inflammation 

including increased IL-4 production, reduced IL-8 production and an increase in the proportion 

of CD4+CD25+ T cells in response to PM exposure. 
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2.2 Introduction  
Exposure to excessive levels of air pollution has been linked to cardiovascular and respiratory 

morbidity and mortality (Brook et al., 2010, Landrigan et al., 2017) and developmental 

alterations in early life (Fuertes et al., 2015, Rich et al., 2015a). One of the key components of 

air pollution is particulate matter (PM), with PM less than 10 µm in diameter (PM10) being able 

to bypass the upper airway defences and deposit in the airways (Pope 3rd, 2000). Inhalation of 

PM10 has been shown to elicit an inflammatory response (Tamagawa et al., 2008, Tsai et al., 

2012) which is thought to be linked to the detrimental health outcomes associated with 

exposure to air pollution. PM10 arises from a variety of sources such as combustion-derived 

(e.g. diesel exhaust particles (DEP)) or from crustal origins (e.g. silica or iron oxide). The 

physiochemical properties of PM10  are likely to have a significant impact on the nature and 

magnitude of the inflammatory response (Ortiz-Martínez et al., 2015) such that the health 

impacts will vary depending on the PM source.  

 

A multitude of studies have examined the link between exposure to PM and health outcomes 

in at risk groups such as children and elderly individuals (Lelieveld et al., 2015), but there 

remains a lack of knowledge regarding other vulnerable sub-populations.. For example, 

pregnancy increases the susceptibility to intracellular infections (Kourtis et al., 2014). This 

vulnerability is thought to be caused by the immune modulation that accompanies the complex 

interplay between the maternal immune system and the fetal-placental unit  (Mor and Cardenas, 

2010).  For example, pregnancy is associated with an up-regulation of interleukin-4 (IL-4) 

(Robinson and Klein, 2012). IL-4 can inhibit the release of interferon-gamma (IFN-γ), an 

important cytokine for promoting cell mediated immunity against viral infection, from Type 1 

T-helper  (Th1) cells (Chapoval et al., 2010, Varin et al., 2010) as well as inhibiting neutrophil 
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and macrophage activation (Roth et al., 1996, Varin et al., 2010). The down-regulation of these 

responses increases the susceptibility to some respiratory insults during pregnancy. 

  

PM inhalation causes a potent pro-inflammatory response driven by macrophage activation and 

the recruitment of neutrophils (Jimenez et al., 2002). Given the importance of IL-4 in 

modulating epithelial cell (White et al., 2010) and macrophage responses (Varin et al., 2010), 

it is likely that upregulation of IL-4 during pregnancy will modify the response to PM 

(Tamagawa et al., 2008, Tsai et al., 2012). While there has been one study that has shown that 

pregnancy enhances the inflammatory response to TiO2 particles, compared to non-pregnant 

mice (Fedulov et al., 2008), no studies have systematically examined how pregnancy alters the 

response to PM from different sources. Therefore, we aimed to determine if pregnancy 

increases the susceptibility to PM from combustion (DEP) and crustal (silica and iron oxide) 

PM using a mouse model.   
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2.3 Methods  
2.3.1 Model of PM exposure 
Eight-week-old C57BL/6J mice were obtained from a colony housed at the University of 

Tasmania’s animal facility. All studies were conducted in accordance with the Australian Code 

for the Care and Use of Animals for the Scientific Purposes (8th Edition, 2013) and approved 

by the University of Tasmania Animal Ethics Committee. Mice were exposed intranasally, 

under light methoxyflurane anaesthesia, to 50µg of diesel exhaust particle (DEP) (NIST, 

Gaithersburg, MD), iron oxide (Fe2O3) (Sigma-Aldrich, St. Louis, MO) or silica (SiO2) (NIST, 

Gaithersburg, MD) in 50 μL of saline, or saline alone. Silica and iron oxide were PM < 5µm 

in diameter and were chosen for their unique properties in dust particle exposure. DEP is a < 

2.5 µm PM and was chosen to represent an urban pollutant.  Pregnant mice were exposed on 

gestational day (E)7.5, E12.5 and E17.5, while non-pregnant mice were exposed on day (D)0, 

D5 and D10. Mice were euthanased by overdose with sodium pentobarbitone (200 mg/kg ip) 

24 hours after the last exposure. In total for non-pregnant mice there was 9 in the saline group, 

11 in the DEP group, 10 in the silica group and 10 in the iron oxide group. For pregnant mice 

there was 11 in the saline group, 9 in the DEP group, 10 in the silica group and 10 in the iron 

oxide group   

 

2.3.2 Assessment of markers of systemic inflammation  
Following euthanasia, cardiac puncture was performed with a 26 gauge needle to collect blood. 

The blood was left to clot, centrifuged at 1500 G for 10 minutes and serum was collected. The 

concentrations of IL-4 and IL-6 in the serum were analysed by ELISA as per the manufacturer’s 

instructions (R&D systems, Minneapolis, USA).     
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2.3.3 Assessment of markers of lung inflammation 
Mice were tracheostomised, and a polyethene cannula inserted and secured with a 3-0 silk 

suture. Saline (500 µL) was administered into the lung via the cannula and flushed three times 

to collect a bronchoalveolar lavage (BAL) sample. The BAL was transferred into 1.5 mL 

microcentrifuge tube and centrifuged at 400 G for 5 minutes. The supernatant was removed 

(for ELISA) and the cell pellet was resuspended in 100 µL phosphate buffer saline (PBS). The 

cell suspension (10 µL) was mixed with 10 µL of 4% Trypan blue (Life Technologies, Carlsbad, 

CA). Live and dead cells were then counted using a haemocytometer to obtain a total cell count. 

The remaining 90 µL was transferred to a slide by cytospin at 100 G (Thermo Scientific, 

Waltham MA) for 5 minutes. Slides were fixed for 1 minute in 100% methanol and stained 

with Haem Kwik (HD Scientific Supplies, Wetherill Park, NSW). A differential cell count was 

performed by counting random fields of view until a total of 200 cells had been counted under 

light microscopy. IFN-γ, IL-4, IL-5, IL-6, IL-8 and IL-10 levels in the supernatant were 

assessed by ELISA according to the manufacturer’s instructions (R&D systems, Minneapolis, 

USA)   

 

2.3.4 Cell harvest from the spleen and thymus 
The thymus and spleen were excised and weighed. Each organ was disaggregated through a 70 

µm cell strainer (BD Bioscience, San Jose, CA) with RPMI-1640 medium containing 10% fetal 

bovine serum (FBS). Cells were then centrifuged at 500 G for 5 minutes at 4˚C. Supernatant 

was removed and cells were incubated at room temperature with ACK lysis buffer for 5 minutes 

(Thermo Fisher scientific, Waltham, MA). Thymyocytes and splenocytes were washed and 

resuspended in FACS buffer containing 1% bovine serum albumin (Sigma-Aldrich, St.Louis, 

MO), 0.1% sodium azide (Sigma-Aldrich), and 5 mM EDTA (Sigma-Aldrich, St. Louis, MO) 

in Ca2+ and Mg2+ free Hank’s balanced salt solution (Sigma-Aldrich, St. Louis, MO). Cells 
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were counted using a haemocytometer. 2.5 µg/mL of Fc block (BD Biosciences, Franklin lakes, 

NJ) was added to minimise non-specific binding of immunoglobulins.      

 

2.3.5 Flow cytometric analysis of thymocyte and splenocyte cell 
populations 
For flow cytometric analysis, 1 ×106 cells were stained as follows. Fluorescent conjugated cell 

surface marker staining was performed in the dark on ice for 30 minutes. Cells were washed 

twice with FACS buffer. Cells were resuspended in 10 nM of 4’6-diamidino-2 Phenylindole 

dihydrochloride (DAPI) (Sigma-Aldrich, St. Louis, MO) followed by 5 minutes incubation on 

ice. Antibodies for T cell subset detection panels were: anti-CD3FITC (clone 17A2, Biolegend, 

San Diego, CA), anti-CD4APC (clone RM4-5, Biolegend, San Diego, CA), anti-CD8aPE/Cy-7 

(clone 53-6.7, Biolegend, San Diego, CA), anti-CD25PE (clone PC61, Biolegend, San Diego, 

CA). B cells were identified with anti-CD19BV421 (clone 6D5, Biolegend, San Diego, CA). 

Immunofluorescent staining was analysed using a BD FACSCANTO II analytical flow 

cytometer (BD Biosciences). Flow cytometry data was analysed using FCS Express 6 (DeNovo 

software, Glendale, CA). Fluorescence minus one (FMO) controls were used for gating 

analysis.  Compensation was performed using single colour stained cells, and compensation 

matrices were calculated and applied. Single cells were gated based on forward scatter (FSC) 

height compared with FSC area. Singlets were then gated as low side scatter (SCC) and low 

FSC on FSC compared with SSC. DAPI staining was used to eliminate dead cells, with a 

BV421 stain used as a dump channel to removed unwanted B cells from the T cell panel.   

 

2.3.6 Statistical analysis  
Between group comparisons were made using a two-way analysis of variance (ANOVA) with 

Holm-Sidak post-hoc tests. Data were transformed where necessary to satisfy the assumptions 
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of homoscedasticity and normal distribution of the error terms. Data were analysed in 

SigmaPlot 11 (Systat, Erkrath, Germany) and reported as mean (SD). P-values of <0.05 were 

considered statistically significant. 
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2.4 Results  
2.4.1 Systemic inflammation  
Pregnancy increased serum IL-4 levels (p < 0.001) (Figure 2.1). However, exposure to DEP, 

silica and iron oxide had no effect on IL-4 levels (p = 0.63). All serum IL-6 levels were below 

the limit of detection of the assay (data not shown).  

 

2.4.2 Lung cytokines  
Pregnant mice had increased IL-4 levels (p = 0.046) as well as decreased IL-8 levels (p < 0.001) 

in the BAL compared to non-pregnant mice (Figure 2.2C). Exposure to PM had no effect on 

IL-4 (p = 0.46).  Mice exposed to DEP had higher levels of IL-8 in the BAL than those exposed 

to silica (p = 0.005), however, neither had altered levels compared to saline exposed mice (p = 

0.26 and p = 0.07, respectively) and the response was not modified by pregnancy (p = 0.23). 

IL-6 levels were not modified by pregnancy (p = 0.06) or PM exposure (p = 0.07) (Figure 2.2).  

IL-5, IL-10 and IFN-γ were measured but all levels were below the limit of detection of the 

assay (data not shown).   
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Figure 22.1 Serum IL-4 concentration: Eight-week old pregnant (black) and non-pregnant 

(white) C57BL/6J mice were exposed intranasally to diesel exhaust particles (DEP), iron oxide 

(Fe2O3) or silica (SiO2) in 50 µL of saline, or saline alone, on gestational days (E) E7.5, E12.5 

and E17.5. Non-pregnant controls (white bars) were exposed on day (D) D0, D5 and D10. 

Serum was collected 24 hours after the last exposure and IL-4 levels were assessed by ELISA. 

Data are presented as mean (SD). ***p < 0.001. Data analysed using a two-way ANOVA. For 

non-pregnant mice there was 9 in the saline group, 11 in the DEP group, 10 in the silica group 

and 10 in the iron oxide group. For pregnant mice there was 11 in the saline group, 9 in the 

DEP group, 10 in the silica group and 10 in the iron oxide group. 
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Figure 22.2 Bronchoalveolar lavage cytokine concentrations. Pregnant (black bars) eight-

week old C57BL/6J mice were exposed intranasally to diesel exhaust particles (DEP), iron 

oxide (Fe2O3) or silica (SiO2) in 50 µL of saline, or saline alone, on gestational days (E) E7.5, 

E12.5 and E17.5. Non-pregnant controls (white bars) were exposed on day (D) D0, D5 and 

D10. BAL fluid was collected 24 hours after the last exposure and IL-4 (A), IL-6 (B), and IL-

8 (C) levels were assessed by ELISA. Data are presented as mean (SD). *p < 0.05, ***p < 

0.001. Data analysed using a two-way ANOVA.  For non-pregnant mice there was 9 in the 

saline group, 11 in the DEP group, 10 in the silica group and 10 in the iron oxide group. For 

pregnant mice there was 11 in the saline group, 9 in the DEP group, 10 in the silica group and 

10 in the iron oxide group. 



38 
 

2.4.3 Differential cell counts in the lung 
Non-pregnant mice exposed to silica had increased numbers of lymphocytes (p < 0.001) 

(Figure 2.3B), neutrophils (p < 0.001) (Figure 2.3C) and eosinophils (p < 0.001) (Figure 2.3D) 

in the BAL fluid compared to saline exposed non-pregnant mice. DEP and iron oxide had no 

effect on lymphocyte (p = 0.73 and p = 0.92 respectively) (Figure 2.3B), neutrophil (p = 0.69 

and p = 0.56 respectively) (Figure 2.3C) or eosinophil (p = 0.55 and p = 0.45 respectively) 

(Figure 2.3D) numbers in the BAL. Pregnancy reduced the silica induced lymphocyte (p = 

0.045) (Figure 2.3B) and neutrophil (p = 0.01) (Figure 2.3C) influx as measured in the BAL 

fluid. Neither, pregnancy (p = 0.40) nor PM (p = 0.12) exposure had an effect on macrophage 

counts (Figure 2.3A).  

 

2.4.4 Spleen and thymus weight 

Pregnancy resulted in a significant increase in spleen weight (p < 0.001) (Figure 2.4A) and a 

significant decrease in thymus weight (p < 0.001) (Figure 2.4B). Exposure to PM did not 

significantly alter the weight of either the spleen or thymus (p = 0.40 and p = 0.65 respectively).  
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Figure 2.3 Bronchoalveolar lavage cell counts: Pregnant (black bars) eight-week-old 

C57BL/6J mice were exposed intranasally to diesel exhaust particles (DEP), iron oxide (Fe2O3) 

or silica (SiO2) in 50 µL of saline, or saline alone, on gestational days (E) E7.5, E12.5 and 

E17.5. Non-pregnant controls (white bars) were exposed on day (D) D0, D5 and D10. BAL 

fluid was collected 24 hours after the last exposure and macrophage (A), lymphocyte (B), 

neutrophil (C) and eosinophil (D) numbers were counted. Data are presented as mean (SD). *p 

< 0.05, **p < 0.01, ***p < 0.001. Data analysed using a two-way ANOVA. For non-pregnant 

mice there was 9 in the saline group, 11 in the DEP group, 10 in the silica group and 10 in the 

iron oxide group. For pregnant mice there was 11 in the saline group, 9 in the DEP group, 10 

in the silica group and 10 in the iron oxide group. 
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Figure 2.4 Spleen and thymus weights. Pregnant (black bars) eight-week-old C57BL/6J mice 

were exposed intranasally to diesel exhaust particles (DEP), iron oxide (Fe2O3) or silica (SiO2) 

in 50 µL of saline, or saline alone, on gestational days (E) E7.5, E12.5 and E17.5. Non-pregnant 

controls (white bars) were exposed on day (D) D0, D5 and D10. 24 hours after the last exposure 

the spleen (A) and thymus (B) was collected and weighed. Data are presented as mean (SD). 

***p < 0.001. Data analysed using a two-way ANOVA. For non-pregnant mice there was 9 in 

the saline group, 11 in the DEP group, 10 in the silica group and 10 in the iron oxide group. 

For pregnant mice there was 11 in the saline group, 9 in the DEP group, 10 in the silica group 

and 10 in the iron oxide group. 
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2.4.5 Thymocyte and splenocyte populations  
Pregnancy increased the percentage of CD4+ (p < 0.001) and CD4+CD25+ (p < 0.001) T cells 

in the spleen (p < 0.001) (Figure 2.5A and E) and decreased the percentage of CD8+ T cells (p 

= 0.02) (Figure 2.5C). Conversely, pregnancy decreased the percentage of CD4+ T cells in the 

thymus (p < 0.001) (Figure 2.5B) and increased the percentage of CD8+ T cells in the thymus 

(p < 0.001) (Figure 2.5D). Pregnancy modified the response to PM exposure (p = 0.015) 

whereby pregnant mice exposed to DEP (p < 0.001) and silica (p = 0.009) had a higher 

percentage CD4+CD25+ T cells in the thymus compared to non-pregnant mice (Figure 2.5F). 

There was no effect of iron oxide exposure (p = 0.77) on the CD4+CD25+ T cell population 

(Figure 2.5F) in the thymus, however, pregnancy increased the percentage of these cells in the 

spleen (p < 0.001) with no effect of PM exposure (p = 0.18) (Figure 2.5E).  

 

2.4.6 Fetal outcomes  
Fetal litter size and fetal weights were measured and showed no significant difference in 

average litter size (p = 0.074) or fetal weight (p = 0.282) (data not shown)  
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Figure 2.5 T cell populations: Pregnant (black bars) eight-week-old C57BL/6J mice were 

exposed intranasally to diesel exhaust particles (DEP), iron oxide (Fe2O3) or silica (SiO2) in 

50 µL of saline, or saline alone, on gestational days (E) E7.5, E12.5 and E17.5. Non-pregnant 

controls (white bars) were exposed on day (D) D0, D5 and D10. 24 hours after the last exposure, 

the spleen (A, C, E) and thymus (B, D, F) were collected and CD4+ (A, B), CD8+ (C, D) and 

CD4+CD25+ (E, F) T cell populations were quantified by flow cytometry.  Data are presented 

in mean (SD). *p < 0.05, **p < 0.01, ***p < 0.001. Data analysed using a two-way ANOVA. 

For non-pregnant mice there was 9 in the saline group, 11 in the DEP group, 10 in the silica 

group and 10 in the iron oxide group. For pregnant mice there was 11 in the saline group, 9 in 

the DEP group, 10 in the silica group and 10 in the iron oxide group.   
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Figure2.6 Representative CD4+CD25 + in response to DEP: Pregnant (A) eight-week-old 

C57BL/6J mice were exposed intranasally to diesel exhaust particles (DEP) in 50 mL of saline 

on gestational days (E) E7.5, E12.5 and E17.5. Non-pregnant controls (B) were exposed on 

day (D) D0, D5 and D10. 24 h after the last exposure, the thymus was collected and CD4+CD25 

+ T cell populations were quantified by flow cytometry.   

 

A
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2.5 Discussion  
We aimed to determine if pregnancy alters the response to PM exposure. We found that silica 

exposure caused the largest inflammatory response and that pregnancy significantly suppressed 

this response. Pregnancy also increased the percentage CD4+CD25+ T cells in the thymus 

following exposure to silica and DEP; a response that was absent in non-pregnant mice. 

Collectively these observations suggest that, contrary to a range of other respiratory insults, 

pregnancy ameliorates the response to PM exposure.  

 

Inhalation of silica caused the greatest influx of lymphocytes, neutrophils and eosinophils into 

the lung, whereas the DEP and iron oxide did not significantly alter lymphocytes, neutrophils 

and eosinophils. These observations are consistent with the wealth of literature on the pro-

inflammatory effect of silica exposure (Nemmar et al., 2005, Roberts et al., 2012, Driscoll et 

al., 1991). However, our data suggest that pregnancy ameliorates the silica-induced 

inflammatory cell influx in the lung. While this is in contrast to the increased inflammatory 

response to TiO2 that has previously been described (Fedulov et al., 2008), it is consistent with 

data from other pro-inflammatory diseases, such as rheumatoid arthritis, in which inflammation 

becomes suppressed during pregnancy, resulting in attenuation of symptoms  (Crocker et al., 

2000). This immunosuppression is thought to result from the Th-2 biased immune response 

during pregnancy which, influences the release of IL-4 from the decidua into the circulation 

(Bachy et al., 2008). We have also shown that pregnancy increased serum and BAL IL-4 levels. 

Increased IL-4 has been shown to suppress neutrophil infiltration (Seki et al., 2012) and inhibit 

IL-8 release (Standiford et al., 1990), which is consistent with the decrease IL-8 we observed 

in the BAL of pregnant mice. IL-8  is an important neutrophil chemoattractant (Baggiolini and 

Clark-Lewis, 1992) and its reduction in pregnancy, along with increased IL-4,  may result in 

the suppression of the neutrophilic response to PM we observed in the silica-exposed pregnant 
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mice. We also observed an increase in eosinophils in non-pregnant mice in response to silica, 

however we did not observe the concomitant increase in IL-5 that would be expected 

(Greenfeder et al., 2001). It is possible that IL-5 levels had peaked earlier in the inflammatory 

response and returned to basal levels by the 24 hour timepoint. While we only observed this 

suppression of inflammation in response to silica, suggesting that the response is PM source 

specific, it is important to note that we did not see the expected increase in inflammation in the 

non-pregnant DEP exposed mice. Again, this may be due to the fact that we assessed 

inflammation 24 hours post-exposure, beyond the time-course of DEP induced inflammation 

in mice (Larcombe et al., 2013). However, we did see an increase in IL-8 of pregnant mice 

exposed to DEP when compared to pregnant mice exposed to silica. This is interesting to note 

as it highlights the inflammatory response to specific particulates differs and may causes 

different downstream effects to maternal health and fetal outcomes.   

 

Pregnancy increased spleen weight but decreased thymus weight. This might have been 

expected as circulating hormones such as progesterone, estrogen and cortisol all cause thymus 

involution and spleen hyperplasia (Sasaki and Ito, 1981, Öner and Ozan, 2002). The change in 

weight, particularly of the thymus, is thought to influence the immune system and, 

consequently, the inflammatory response (Swami et al., 2012). In the spleen, the percentage of 

CD8+ T cells decreased in pregnant mice, while the thymus showed an increase in the 

percentage of CD8+ T cells. While the function of CD8+ T cells in pregnancy remains 

unknown, there is evidence to suggest CD8+ T cells are important for fetal tolerance (Lissauer 

et al., 2012). CD8+ T cells have been shown to be raised in the peripheral blood during 

pregnancy and have been linked to the function of the uteroplacental interface (Loewendorf et 

al., 2014). Exposure to PM, regardless of pregnancy status, did not influence the percentage of 
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CD8+ T cells. It should be noted that pregnancy lowered the silica-induced increase in 

lymphocyte numbers, but it is unclear which population of lymphocytes was affected. 

     

Pregnancy caused an increase in the percentage of CD4+ T cells in the spleen and a reduction 

in the percentage of CD4+ T cells in the thymus. While these responses were not altered by 

PM, pregnancy did cause an increase in the percentage of CD4+CD25+ T cells in the spleen, 

but only in DEP- and silica-exposed mice in the thymus. CD4+CD25+ T cells have been noted 

to be important for regulating the immune response during pregnancy (Guerin et al., 2009). 

During pregnancy, CD4+CD25+ T cells increase as they are thought to be important for fetal 

tolerance (Burt, 2013) which could explain the rise in CD4+CD25+ T cells in the spleen we 

observed. Additionally, CD4+CD25+ T cells also respond to environmental chemicals and 

have been shown to downregulate the inframammary response towards DEP (Zhang et al., 

2014). Furthermore, studies have explored the relationship between to PM exposure and 

lymphocytes and have shown that exposure to DEP can elevate T regulatory cells in the lung 

tissue (Acciani et al., 2013). Similarly, exposure to silica has been shown to cause an influx of 

T regulatory cells into the BAL fluid of mice (Liu et al., 2010). This could explain why there 

was a lack of an inflammatory response for pregnant mice exposed to DEP as the increase in 

CD4+CD25+ T cell in pregnant mice might suppress the inflammatory response and 

consequently protect the pregnant mice from any potential harm.  Mjösberg et al. (2007) has 

also shown the potential for CD4+CD25+ T cells to suppress both the Th1 and Th2 response 

during pregnancy. Hence, the increase in CD4+CD25+ T cells in pregnant mice in response to 

silica and DEP is consistent with the reduced lung inflammatory response that was observed in 

some groups. Additionally, pregnancy itself does have a significant influence on respiratory 

physiology and may also impact the response. This can be seen with changes in respiration rate 

(LoMauro and Aliverti, 2015). The alteration on respiratory physiology during pregnancy may 
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also play a role in the inflammatory response. Collectively, our data suggest that pregnancy 

promotes an immunosuppressive environment that ameliorates the lung inflammatory response 

induced by inhalation of PM.  

 

One of the major limitations of this experiment was the time point at which the BAL samples 

were collected  BAL samples were collected 24 hours after exposure and this may have been 

too late to see the response to some of the PM exposures, particularly DEP (Boylen et al., 2011). 

A time point between 6-12 hours after exposure may have been more appropriate to quantify 

the response to PM. The dose of PM used is also important to consider. The dose of PM used 

is also important to consider. Exposure of mice to 100 µg of DEP has been shown to cause a 

similar carbon black loading pattern to that observed in humans exposed to ambient pollution 

(Boylen et al., 2011). This dose is also in the range of doses (50 – 250 µg) used by the only 

other study examining the effect of pregnancy to PM exposure (Fedulov et al., 2008). To ensure 

that mice were exposed across their gestation, mice were exposed 3 times. So, while the dose 

we used was high based on body weight, it is within the range of doses that are relevant for 

proof of principle experiments such as those outlined in the present study.  

 

In summary, pregnancy ameliorates the pro-inflammatory response induced by PM. While 

acknowledging the issues associated with timing of the measurement of the response, this effect 

seems to be PM source specific. During pregnancy, there was a reduction in the inflammatory 

response induced by silica. This reduction in inflammatory response was consistent with the 

overall increase in IL-4 levels, and decrease in IL-8 levels, associated with pregnancy along 

with the propensity to up-regulate the production of CD4+CD25+ T cells. Taken together, our 

observations suggest that pregnancy may protect against the inflammatory effects of air 

pollution. However, there is an inconsistency between the maternal response and the fetal 
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response, with a broad range of detrimental effects reported for the developing fetus (Baïz et 

al., 2011, Suglia et al., 2007, Chen et al., 2018a), which warrant further investigation.   
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Chapter 3: In utero exposure to diesel 
exhaust particles, but not silica, alters 
post-natal immune development and 

function 
 
 

In the previous Chapter (Chapter 2), the effect of PM exposure on the mother (pregnant dam) 

during pregnancy were examined. The results showed that pregnancy reduced the 

inflammatory response to silica and caused increases in Treg in the spleen in response to DEP. 

This suggests that pregnancy may partially protect against the detrimental effects of PM 

exposure. While the mother may be protected, it is well-known that in utero exposure to PM 

can have detrimental effects on post-natal heath. However, the effect of in utero exposure to 

PM immune development and function is poorly understood. The Aim of this Chapter was to 

determine the effect of in utero exposure to PM on post-natal immune development and 

function and the response to subsequent PM exposure.  

 

 

A modified version of this chapter has been submitted for publication in Chemosphere 

(currently under review): Thaver, S., Foa, L., Richards, S.M., Lyons, A.B. and Zosky, G.R., 

2019. (Submitted). In utero exposure to diesel exhaust particles, but not silica, alters post-natal 

immune development and function 

The text in this Chapter is presented as per the submitted version of the manuscript. 
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3.1 Abstract  
Background: Our understanding of the impact of in utero exposure to PM on post-natal immune 

function and the subsequent response to PM exposure is limited. Similarly, very few studies 

have considered the effect of exposure to PM from different sources. Thus, the aim of this study 

was to examine how in utero exposure to PM from different sources effects the post-natal 

response to pro-inflammatory and immune stimuli.  

Method: C56BL/6J pregnant mice were exposed intranasally on gestational day (E)7.5, E12.5 

and E17.5 to 50µg of diesel exhaust particles (DEP), silica or saline. At 4-weeks post-natal, 

age sub-groups of male and female mice were exposed intranasally to 50µg of DEP or saline. 

Lung inflammatory responses were assessed 6 hours later by quantifying inflammatory cells 

and cytokine production (MCP-1, MIP-2, IL-6). In separate groups of mice, the spleen was 

harvested to quantify B and T cell populations. Splenocytes were isolated and exposed to 

lipopolysaccharide or poly I:C for assessment of cytokine production.  

Results: Exposure to DEP in utero decreased %CD1dhighCD5+ B cells in female mice and IFN-

γ production by splenocytes in both sexes. Male mice had elevations in macrophage and 

lymphocyte numbers in response to DEP, whereas female mice only had elevated IL-6, MCP-

1 and MIP-2 levels.  In utero exposure to silica had no effect on these measures.  

Conclusion: These data suggest that in utero exposure to PM alters immune development and 

post-natal immune function. This response did vary between the sexes and was dependent on 

the source of PM, which has implications for understanding the community health effects of 

exposure to air pollution.  
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3.2 Introduction  
Inhalation of particulate matter (PM) makes a significant contribution to global morbidity and 

mortality (Cohen et al., 2017). Exposure to PM has been linked to the development and 

exacerbation of respiratory and cardiovascular diseases (Chen et al., 2013, Du et al., 2016, 

MacNee and Donaldson, 2003, Nordling et al., 2008). PM is typically characterised by its 

aerodynamic diameter, with PM less than 10 microns in size (PM10) being able to bypass the 

upper respiratory system defences and reach the lungs (Kim et al., 2015). However, the source 

of PM10, and hence its chemistry, varies spatially and temporally. For example, PM from 

combustion sources typically dominates the urban environment whereas wind-blown dust from 

crustal sources may be more prevalent in regional areas or during severe weather events in 

larger cities  (Alessandrini et al., 2013b, Aryal et al., 2012, Chen et al., 2011, Lewtas, 2007). 

While both combustion-derived and crustal PM have been linked to adverse health effects 

(Lewtas, 2007, Esmaeil et al., 2014), it is likely that the health implications of exposure to PM 

from these different sources varies considerably.  

 

In recent years there has been an increased focus on the effect of exposure to PM in vulnerable 

populations. There is now a growing body of evidence that in utero exposure represents a key 

window of susceptibility to the health effects of PM. For example, epidemiological studies 

have shown associations between exposure to urban pollution in utero and premature birth, 

lower birth weight and the development of asthma (Lee et al., 2018a, Rich et al., 2015b).  

Consistent with this, in utero exposure to diesel exhaust particles (DEP), a common source of 

combustion-derived PM, enhances the post-natal development of allergic airway responses in 

mouse models (Fedulov et al., 2008)  suggesting that the association is causal. In addition, we 

have recently shown that exposure to PM in utero alters post-natal immune cell populations, 

and that the magnitude of the response varies between PM samples (Chen et al., 2018a) which 
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is likely to be linked to variations in the physico-chemical properties of the PM. While this 

observation may explain the epidemiological association between early life PM exposure and 

an increased risk of asthma, it also implies that post-natal responses to other immunogenic 

stimuli, such as further exposure to PM or a pathogen, may be altered following in utero PM 

exposure.  

 

The overall aim of this study was to assess the effect of in utero exposure to PM from different 

sources on the post-natal response to pro-inflammatory and immune stimuli. We achieved this 

using our well-established mouse model of maternal exposure to combustion derived (DEP) 

and crustal (silica) PM (Thaver et al., 2019, Chen et al., 2018a). We assessed the effect of these 

in utero exposures on immune cell populations, somatic growth, the post-natal response to PM 

(DEP) in vivo and the response of splenocytes to a range of stimuli ex vivo.  
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3.3 Methods 
3.3.1 Animal model 
Eight-week old C57BL/6J pregnant mice were obtained from a colony housed at the University 

of Tasmania. All experiments were approved by the University of Tasmania Animal Ethics 

Committee and conformed to the guidelines of the National Health and Medical Research 

Council (Australia). Mice were exposed intranasally under light methoxyflurane anaesthesia to 

either 50 µL saline (n = 20 dams), 50 µL saline containing 50 µg DEP (NIST, Gaithersburg, 

MD; SRM 1650b; particle size < 1 µm; characterised by 26 certified PAHs) (n = 17 dams) or 

50 µg silica (cristobalite; NIST, Gaithersburg, MD; particle size < 6 µm) (n = 20 dams) on 

gestational days (E)7.5, E12.5 and E17.5. This exposure regime was chosen so that the 

exposures were spread across gestation and represented doses that lead to a similar macrophage 

particle loading pattern to that observed in human populations (Boylen et al., 2011). We have 

previously shown in Chapter 2 that this exposure protocol results in maternal inflammation and 

immune modulation (Thaver et al., 2019). Mice were allowed to give birth and offspring were 

raised until they were 4-weeks old. 2 males and 2 females were randomly selected from each 

litter (with a total of 12 litters for the saline group, 13 litters for the DEP group and 10 litters 

for the silica group) and exposed intranasally to 50 µL saline or 50 µL saline containing 50 µg 

DEP. 6 hours after exposure, all mice, including the remaining mice in each litter, were 

euthanised by ketamine/xylazine overdose for assessment of lung inflammation or tissue 

harvest for isolation of splenocytes. Body weight and length were measured for all mice.  

 

3.3.2 Lung inflammation  
Lung inflammation was assessed as described previously (Thaver et al., 2019). Briefly, 

following euthanasia, mice were tracheostomised and a polyethene cannula was inserted into 

the trachea and secured with a silk suture. Saline (500 µL) was administrated into the lung via 
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the cannula and flushed 3 times to collect a bronchoalveolar lavage (BAL) sample. The BAL 

was transferred to a 1.5 mL microcentrifuge tube and centrifuged at 400 G for 5 minutes. The 

supernatant was removed for assessment of interleukin-6 (IL-6), monocyte chemoattract 

protein-1 (MCP-1) and macrophage inflammatory protein-2 (MIP-2) by ELISA as per the 

manufacturer’s instructions (R&D systems, Minneapolis, USA). These cytokines were selected 

as key markers of the innate responses to DEP exposure. We have previously shown that DEP 

exposure elicits a robust inflammatory response in the lung that is characterised by the 

expression of these cytokines (Boylen et al., 2011). The cell pellet was resuspended in 100 µL 

of PBS. 10 µL of the cell suspension was stained with trypan blue to obtain a total cell count 

using a haemocytometer. The remainder of the cell suspension was transferred onto a slide by 

cytospin at 100 G for 5 minutes. Slides were fixed with methanol and stained with Haem Kwik 

(HD scientific supplies, Wetherill Park, NSW). A differential cell count was performed by light 

microscopy by counting randomly selected fields of view until 200 cells had been counted.  

 

3.3.3 Splenocyte isolation  
Splenocytes were isolated as described previously (Thaver et al., 2019). Briefly, the spleen was 

removed after euthanasia and disaggregated through a 70 µm cell strainer (BD Bioscience, San 

Jose, CA) with RPMI-1640 medium. The homogenised tissue was centrifuged at 500 G for 5 

minutes. The supernatant was removed and cells were resuspended in ACK lysis buffer for 5 

minutes at room temperature (Thermo Fisher scientific, Waltham, MA). Splenocytes were 

washed and resuspended in buffer containing 1% bovine serum albumin (Sigma-Aldrich, St. 

Louis, MO), 0.1% sodium azide (Sigma-Aldrich St. Louis, MO), and 5mM EDTA (Sigma-

Aldrich, St. Louis, MO) in Ca2+ and Mg2+ free Hank’s balanced salt solution (Sigma-Aldrich, 

St. Louis, MO).  
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3.3.4 Flow cytometry  
1×106 splenocytes from each sample were exposed to Fc block and stained with fluorescent 

conjugated monoclonal antibodies against cell surface markers in the dark on ice for 30 min. 

After staining, cells were washed twice with buffer. Cells were resuspended in 10 nM of 406-

diamidino-2 phenylindole dihydrochloride (DAPI) (Sigma-Aldrich, St. Louis, MO) for 5 min 

on ice. Antibodies for T cell subsets were as follows: anti-CD3FITC (clone 17A2, Biolegend, 

San Diego, CA), anti-CD4APC (clone RM4-5, Biolegend, San Diego, CA), anti-

CD8aPE/Cy_7 (clone 53e6.7, Biolegend, San Diego, CA) and anti-CD25PE (clone PC61, 

Biolegend, San Diego, CA). B cells were identified and removed from the T cell panel with 

anti-CD19BV421 (clone 6D5, Biolegend, San Diego, CA).  For the B cell panel, splenocytes 

were stained with anti-CD19FITC (clone 6D5, Biolegend, San Diego, CA), CD1d (1B1, 

Biolegend, San Diego, CA) and CD5 (53-7.3, Biolegend, San Diego, CA).  Immunofluorescent 

staining was analysed using a BD FACSCANTO II flow cytometer (BD Biosciences). Flow 

cytometry data was analysed using FCS Express 6 (DeNovo software, Glendale, CA). 

Fluorescence minus one (FMO) controls were used for gating analysis. Compensation was 

performed using single colour stained cells and compensation matrices were calculated and 

applied. Single cells were gated based on forward scatter (FSC) height compared with FSC 

area. Singlets were then gated as low side scatter (SSC) and low FSC on FSC compared with 

SSC. DAPI staining was used to eliminate dead cells. 

 

3.3.5 Splenocyte cell culture  
1×106  splenocytes harvested from the mice were seeded at on 24 well plates in DMEM 

(Thermo Fisher Scientific, Waltham, Massachusetts) with 10% fetal bovine serum (FBS) 

(Fisher Biotech Australia, Wembley, WA) in an incubator with 5% CO2 at 37˚C. Media was 

replaced 24 hours later. Splenocytes were then either exposed to media (control), 1µg/mL 
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lipopolysaccharide (LPS; E.Coli 0111:B4, Sigma-Aldrich St. Louis, MO) or 1 µg/mL 

polyinosinic–polycytidylic acid  (Poly I:C) (Sigma-Aldrich St. Louis, MO) for 24 hours. LPS 

and poly I:C were used to mimic bacterial and viral exposure. The supernatant was collected 

and assessed for IL-6, IL-10 and interferon-gamma (IFN-γ) production by ELISA as per the 

manufacturer’s instructions (R&D systems, Minneapolis, USA). These cytokines were chosen 

as markers of innate responses to pro-inflammatory stimuli (Varma et al., 2001, Paterson et al., 

2003). 

 

3.3.6 Statistical analysis  
In line with the factorial design (3 x 2 or 3 x 3) design of all of the experiments, two-way 

analysis of variance (ANOVA) with Holm-Sidak post-hoc tests was used for between group 

comparisons. Data were transformed as necessary to satisfy the assumptions of 

homoscedasticity and normal distribution of the error terms. All analyses were performed using 

SigmaPlot 11 (Systat, Erkath, Germany). Data are reported as mean (SD) and p values of < 

0.05 were considered statistically significant.    
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3.4 Results  
3.4.1 Somatic growth  
In utero exposure to DEP or silica did not alter pup body weight (p = 0.137), pup body length 

(p = 0.206) or pup spleen weight (p = 0.317) (Figure 3.1). The lack of an effect on spleen 

weight remained after correcting for body weight (p = 0.403). There was however a significant 

difference between the sexes, with males being heavier and longer than females (p < 0.001 for 

both comparisons) (Figure 3.1A,1B). Males also had larger spleens than females (p < 0.001) 

(Figure 3.1C).  

 

3.4.2 Lung inflammation  
3.4.2.1 Total cell counts  

In utero exposure to DEP or silica did not alter baseline BAL total cell counts from male (p = 

0.72) or female (p = 0.66) offspring (Figure 3.2). In male mice, post-natal exposure to DEP 

increased the BAL total cell count compared to mice exposed post-natally to saline (p = 0.021) 

(Figure 3.2A). However, the post-natal DEP effect was not altered by in utero exposure to PM 

(p = 0.75). In contrast, post-natal exposure to DEP had no effect on total cell count in female 

mice when compared to female mice exposed post-natally to saline (p = 0.87) (Figure 3.2B).  
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Figure 3.1 Somatic growth: Body weight (A), body length (B) and absolute spleen weight 

(C) for 4 week old male and female mice exposed in utero to saline (blue), DEP (red) or 

silica (green). Whiskers represent minimum and maximum values. ***p <0.001. 12 litters for 

saline group, 13 litters for DEP group and 10 litter for silica group with n = between 20 -25 

per group. 
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Figure 3.2 Total lavage cell count: Bronchoalveolar lavage total cell counts from 4 week old 

male (A) and female (B) mice exposed in utero to saline (blue), DEP (red) or silica (green) and 

exposed post-natally to either saline or DEP (cell/mL). Whiskers represent minimum and 

maximum values.  *p <0.05.  n = 8-10 per group. 
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3.4.2.2 Differential cell counts  

In utero exposure to either DEP or silica did not alter baseline macrophage (p = 0.73; Figure 

3.3A), lymphocyte (p = 0.93; Figure 3.3B), neutrophil (p = 0.74; data not shown) or eosinophil 

(p = 0.27; data not shown) numbers in the BAL of male mice. Similarly, in utero exposure to 

DEP or silica did not alter macrophage (p = 0.73; Figure 3.3C), lymphocyte (p = 0.22; Figure 

3.3D), neutrophil (p = 0.25; data not shown) or eosinophil (p = 0.54; data not shown) numbers 

in female mice. Post-natal exposure to DEP increased macrophage (p = 0.018; Figure 3.3A) 

and lymphocyte (p = 0.026; Figure 3.3B) numbers in the BAL of male mice but had no effect 

on neutrophil (p = 0.57; data not shown) or eosinophil (p = 0.2; data not shown) numbers 

when compared to male mice exposed post-natally to saline. In utero exposure to DEP or 

silica did not further modify the macrophage (p = 0.73; Figure 3.3A), lymphocyte (p = 0.77; 

Figure 3.3B), neutrophil (p = 0.26; data not shown) or eosinophil (p = 0.24; data not shown) 

numbers in male mice exposed post-natally to DEP. Post-natal exposure to DEP in female 

mice had no effect on macrophage (p = 0.78; Figure 3.3C), lymphocyte (p = 0.24; Figure 

3.3D), neutrophil (p =0.37; data not shown) or eosinophil (p = 0.16; data not shown) numbers 

when compared to female mice exposed post-natally to saline. In utero exposure to DEP or 

silica did not further modify the effect on macrophage (p = 0.88; Figure 3.3C), lymphocyte (p 

= 0.83; Figure 3.3D), neutrophil (p =0.71; data not shown) or eosinophil (p = 0.57; data not 

shown) numbers in female mice exposed post-natally to DEP. To examine the lung immune 

cell populations in further detail, percentage immune cells were also examined. In male mice, 

in utero exposure to either DEP or silica did not alter baseline percentages of macrophages, 

(p = 0.18), lymphocytes (p = 0.67), neutrophils (p = 0.18) or eosinophils when compared to 

male mice exposed in utero to saline (data not shown). Similarly, in female mice, in utero 

exposure to either DEP or silica did not alter baseline percentages of macrophages (p = 0.33), 

lymphocytes (p = 0.67), neutrophils (p = 0.18) or eosinophils (p = 0.33) when compared to 
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female mice exposed in utero to saline (data not shown). In male mice, post-natal exposure to 

DEP did not alter the percentage of macrophages (p = 0.32), lymphocytes (p = 0.69), 

neutrophils (p = 0.35) or eosinophils (p = 0.74) compared to male mice exposed post-natally 

to saline (data not shown). In female mice post-natal exposure to DEP did not alter the 

percentage of macrophages (p = 0.89), lymphocytes (p = 0.7, data not shown) or eosinophils 

(p = 0.67). However, in female mice post-natal exposure to DEP did elevate percentage 

neutrophils (p = 0.018, data not shown) when compared to female mice exposed post-natal to 

saline which was not altered by in utero exposure to PM (data not shown). 
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Figure 3.3 Macrophage and lymphocyte levels in BAL fluid: Bronchoalveolar lavage levels 

of macrophages (A, C) and lymphocytes (B, D) in 4 week old male (A, B) and female (C, D) 

exposed in utero to either saline (blue), DEP (red) or silica (green) and exposed post-natally to 

either saline or DEP. Whiskers represent minimum and maximum values. *p <0.05. n = 8-10 

per group.  
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3.4.2.3 BAL cytokines  

Exposure to either DEP or silica in utero had no effect on baseline IL-6 (p = 0.14; Figure 3.4A), 

MCP-1 (p = 0.19; Figure 3.4B) or MIP-2 (p = 0.27; Figure 3.4C) in male mice. Similarly, in 

utero exposure to DEP or silica had no effect on baseline IL-6 (p = 0.45; Figure 3.4D), MCP-

1 (p = 0.63; Figure 3.4E) or MIP-2 (p = 0.59; Figure 3.4F) levels in female mice. Post-natal 

exposure to DEP did not alter IL-6 (p = 0.22; Figure 3.4A), MCP-1 (p = 0.85; Figure 3.4B) or 

MIP-2 (p = 0.44; Figure 3.4C) levels in male mice. In utero exposure to either DEP or silica 

had no effect on IL-6 (p = 0.46; Figure 3.4A), MCP-1 (p = 0.56; Figure 3.4B) or MIP-2 (p = 

0.18; Figure 3.4C) levels in female mice. However, post-natal exposure to DEP increased IL-

6 (p = 0.004; Figure 3.4D), MCP-1 (p < 0.001; Figure 3.4E) and MIP-2 (p = 0.004; Figure 3.4F) 

levels in female mice when compared to mice exposed post-natal to saline. Prior in utero 

exposure did not modify the increase in IL-6 (p = 0.52; Figure 3.4D), MCP-1 (p = 0.22; Figure 

3.4E) or MIP-2 (p = 0.33; Figure 3.4F) as a result of post-natal exposure to DEP.  
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Figure 3.4 Cytokine levels in BAL fluid: Bronchoalveolar lavage levels of IL-6 (A, D), MCP-

1 (B, E) and MIP-2 (C, F) in 4-week old male (A – C) and female (D – F) mice exposed in 

utero to either saline (blue), DEP (red) or silica (green) and exposed post-natally to either saline 

or DEP. Whiskers represent minimum and maximum values. *p <0.05.  n = 8-10 per group. 
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3.4.3 Peripheral immune cell populations 
3.4.3.1 B cells  

Exposure to either DEP or silica in utero had no effect on baseline %CD19 B cells (p = 0.35; 

Figure 3.5A) or %CD19+CD1dhighCD5+ B cells (p = 0.27; Figure 3.5B) in male mice. 

Similarly, for female mice, in utero exposure to either DEP or silica did not alter 

baseline %CD19 B cells (p = 0.83; Figure 3.5C). However, in utero exposure to DEP 

reduced %CD19+CD1dhighCD5+ B cells (p = 0.009; Figure 3.5D) in female mice. Post-natal 

exposure to DEP did not alter %CD19 B cells (p = 0.72; Figure 3.5A) 

or %CD19+CD1dhighCD5+ B cells (p = 0.82; Figure 3.5B) in male mice. Furthermore, in utero 

exposure to DEP or silica did not alter %CD19 B cells (p = 0.36; Figure 3.5A) 

or %CD19+CD1dhighCD5+ B cells (p = 0.79; Figure 3.5B) in male mice when exposed post-

natally to DEP. Additionally, post-natal exposure to DEP did not alter %CD19 B cells (p = 

0.96; Figure 3.5C) or %CD19+CD1dhighCD5+ B cells (p = 0.20; Figure 3.5D) in female mice. 

Furthermore, in utero exposure to either DEP or silica did not further alter %CD19 B cells (p 

= 0.73; Figure 3.5C) or %CD19+CD1dhighCD5+ B cells (p = 0.51; Figure 3.5D) in female mice 

exposed post-natally to DEP.  
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Figure 3.5 B cell populations in spleen: Percentage of splenic CD19+ and 

CD19+CD1dhighCD5+ B cells in 4-week old male (A) and female (B) mice exposed in utero to 

either saline (blue), DEP (red) or silica (green) and exposed post-natally to either saline or DEP. 

Whiskers represent minimum and maximum values.  *p <0.05. n = 8- 10 per group. 
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3.4.3.2 T cells  

Exposure to either DEP or silica did not alter baseline %CD3+CD4+ (p = 0.35; Figure 

3.6A), %CD3+CD8+ (p = 0.13; Figure 3.6B) or %CD3+CD4+CD25+ (p = 0.05; Figure 3.6C) 

T cells in male mice. Similarly, in utero exposure to either DEP or silica did not alter 

baseline %CD3+CD4+ (p = 0.35; Figure 3.6D), %CD3+CD8+ (p = 0.13; Figure 3.6E) 

or %CD3+CD4+CD25+ (p = 0.05; Figure 3.6F) T cells in female mice. Post-natal exposure to 

DEP did not alter %CD3+CD4+ (p = 0.26; Figure 3.6A), %CD3+CD8+ (p = 0.31; Figure 3.6B) 

or %CD3+CD4+CD25+ (p = 0.15; Figure 3.6C) T cells in male mice. In contrast, while post-

natal exposure to DEP did not alter %CD3+CD4+ (p = 0.48; Figure 3.6D) 

or %CD3+CD4+CD25+ (p = 0.58; Figure 3.6F) T cells it did reduce %CD3+CD8+ T cells (p 

= 0.034; Figure 3.6E) in female mice. In utero exposure to DEP or silica did not modify this 

response.  
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Figure 3.6 T cell population in spleen: Percentage of CD3+CD4+ (A, D), CD3+CD8+ (B, E) 

and CD3+CD4+CD35+ (C, F) T cells in the spleen of 4-week old male (A – C) and female (D 

– F) mice exposed in utero to either saline (blue), DEP (red) or silica (green) and exposed post-

natally to either saline or DEP. Whiskers represent minimum and maximum values. *p <0.05. 

n = 8- 10 per group. 
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3.4.4 Splenocyte responses 
In utero exposure to either DEP or silica did not alter baseline IL-6 (p = 0.88; Figure 3.7A) or 

IL-10 levels (p = 0.33; Figure 3.7B) in male mice. However, exposure to DEP in utero reduced 

baseline IFN-γ levels (p <0.001; Figure 3.7C) compared to male mice exposed in utero to saline. 

Similarly, in utero exposure to either DEP or silica did not alter baseline IL-6 (p = 0.63; Figure 

3.7D) or IL-10 levels (p = 0.40; Figure 3.7E) in female mice but exposure to DEP in utero 

reduced baseline IFN-γ levels (p = 0.012; Figure 3.7F) compared to female mice exposed in 

utero to silica. Stimulation with LPS increased IL-6 production compared to control (p < 0.001; 

Figure 3.7A) but exposure to poly I:C had no effect (p = 0.48; Figure 3.7A) in male mice. 

Stimulation with LPS resulted in higher IL-10 levels than stimulation with poly I:C (p = 0.027; 

Figure 3.7B) in male mice, although this level was not higher than control (p = 0.11). However, 

stimulation with either LPS or poly I:C did not alter IFN-γ levels (p = 0.91; Figure 3.7C) in 

male mice. Stimulation with either LPS or poly I:C did not alter IL-6 (p = 0.7; Figure 3.7D), 

IL-10 (p = 0.13; Figure 3.7E) or IFN-γ (p = 0.98; Figure 3.7F) in female mice. None of the 

responses to LPS or poly I:C were modified by prior in utero exposure to silica or DEP (p > 

0.05 for all comparisons). 
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Figure 3.7 Spleenocyte cytokine response to either LPS or poly I:C: Levels of IL-6 

(A, D), IL-10 (B, E) and IFN-γ (C, F) produced by splenocytes harvested from male (A 

– C) and female (D – F) mice exposed in utero to either saline (blue), DEP (red) or silica 

(green) in response to exposure to saline, LPS or poly I:C. Whiskers represent minimum 

and maximum values.  *p <0.05, **p <0.01, ***p <0.001. n = 8 per group. 
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3.5 Discussion  
This study aimed to examine the effect of in utero exposure to either DEP or silica on somatic 

growth, the post-natal inflammatory response to DEP, post-natal immune development, and 

post-natal immune function. There were several key observations from this study. Firstly, in 

utero exposure to DEP, but not silica, reduced the percentage of splenic CD19+CD1dhighCD5+ 

B cells and baseline IFN-γ production by splenocytes. Secondly, there were fundamental 

differences in response to DEP exposure between sexes that was independent of prior in utero 

exposure. Interestingly, exposure in utero to either DEP or silica had no effect on somatic 

growth, nor did it modify the inflammatory response to a subsequent post-natal exposure to 

DEP. Collectively, these data suggest that in utero exposure to combustion-derived PM (e.g. 

DEP) alters immune development and post-natal immune function whereas exposure to crustal 

PM (e.g. silica) has no effect on the outcomes that were measured. This highlights the 

importance of assessing the health effects of PM from different sources as legislative guidelines 

are currently based entirely on particle size. The observation that there were clear differences 

in the magnitude of the response, depending on the outcome measured, between male and 

female mice to post-natal exposure to DEP also highlights the importance of understanding the 

effects of sex on the response to air pollution.  

 

Exposure in utero to DEP altered immune development with a reduction in 

%CD19+CD1dhighCD5+ B cells in female mice. The mechanism for how in utero exposure to 

DEP can alter B cell populations was not explored in this study. However, exposure in utero 

to DEP has been shown to be genotoxic (Hougaard et al., 2008) and studies involving in utero 

alcohol exposure have shown similar effects (Wolcott et al., 1995) suggesting that reduction in 

B cells may be a result of genotoxicity leading to altered immune programming in utero. 

While the mechanism for the DEP-induced reduction in CD19+CD1dhighCD5+ B cells is 
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unknown, it is important to consider the consequences of this effect. CD19+CD1dhighCD5+ B 

cells, or B10 cells (Tedder, 2015), are critical regulators of the immune system due to their 

production of IL-10, which is an important inflammatory modulator (Kalampokis et al., 2013, 

Saraiva and O'Garra, 2010). For example, B10 cells have been shown to be pivotal in the 

development of autoimmune diseases and depletion of B10 cells has been linked to 

inflammatory bowel disease (Yanaba et al., 2011) and arthritis (Yang et al., 2012). 

Furthermore, in the lungs, depleting B10 cells has shown to bias the immune system towards 

a Th 1 inflammatory response and lead to an elevated proinflammatory in response to silica 

inhalation (Liu et al., 2016). As a result, the decrease in B10 cells observed could have local 

(i.e. lung specific) and systemic consequences for immune responses. Thus, lower numbers of 

CD19+CD1dhighCD5+ B cells may lead to a decreased ability to produce IL-10 in response to 

an inflammatory stimulus. It is interesting to note that we did not observe an effect of in utero 

DEP exposure on IL-10 production in splenocytes; although it should be noted that none of the 

stimuli used caused an up-regulation of IL-10 so we were unable to quantify any impairment 

in this response. Regardless, the reduction in CD19+CD1dhighCD5+ B cells could lead to 

dysregulation of IL-10 production (Saadane et al., 2005) resulting in impaired immune 

responses. In agreement with this DEP effect on B10 cell populations, in utero exposure to 

DEP reduced baseline production of IFN-γ by splenocytes. However, this observation should 

be treated with caution given we found no effect on B10 cells in male mice. IFN-γ is a critical 

cytokine in the anti-viral response, which implies that in utero exposure to DEP may impair 

the post-natal viral response. Again, it is notable that the viral mimic stimulus we used, poly 

I:C, did not alter IFN-γ production so we were unable to determine whether in utero DEP 

exposure impacted on the functional IFN-γ response. Future studies using live virus may be 

more informative. Nonetheless, collectively these data suggest that in utero exposure to DEP 

impacts immune development and function. Importantly, these responses were specific to DEP 
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exposure and were not observed in the silica-exposed mice. This reiterates the importance of 

considering PM source when assessing the potential health implications of exposure.  

 

The lack of an effect of silica suggests that the impact on post-natal immune responses we have 

observed only occurs in response to combustion derived PM (e.g. DEP). While we did not 

explore the potential mechanisms in this particular study, it is likely that the fetal and post-

natal effects of maternal exposure are due to direct effects of the PM on the fetus, through 

placental transfer, and/or indirectly through modulation of the maternal immune and 

inflammatory response to PM exposure. It has been shown that carbon black, the core 

component of DEP, can cross the human placenta (Bove et al., 2019). We have also shown in 

Chapter 2 that DEP exposure causes modulation of maternal immune cell populations (Thaver 

et al., 2019). Thus, it is likely that DEP has effects on the developing immune system via both 

direct and indirect effects on fetal immune responses. No studies have assessed the capacity of 

silica to cross the placenta; however, given the size of the silica particles used, it is unlikely 

that placental transfer of silica PM occurred in this study. We have previously shown that there 

is a robust, albeit dampened, inflammatory response to silica PM in pregnant mice (Thaver et 

al., 2019). Interestingly, in that study, silica had no impact on maternal immune cell populations 

(Thaver et al., 2019). So, the absence of an effect of silica on fetal immune development in the 

present study may be due to a lack of placental transfer of silica PM or, minimal impact on the 

maternal immune system; both of which seem to occur in response to DEP. Collectively, our 

observations suggest that maternal exposure to silica PM, a major component of wind-blown 

crustal dust (Zosky et al., 2014), is unlikely to have an effect on fetal immune development. 
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Collectively, the response to post-natal DEP was as expected (Li et al., 2008). It caused an 

inflammatory response in the lung and altered T cell populations. Unexpectedly, none of these 

responses were influenced by in utero exposure to PM suggesting that maternal exposure to 

PM has little direct impact on the response to post-natal PM exposure. However, these 

experiments revealed some interesting differences between sexes in response to DEP. Male 

mice exposed to DEP exhibited elevated total cell counts and an influx of macrophages and 

lymphocytes in the lungs. In contrast, there were no changes in cell counts in female mice 

exposed to DEP post-natally. However, female mice had elevated levels of IL-6, MCP-1 and 

MIP-2 and a reduction in CD8+ T cells, while none of these responses were observed in male 

mice.  These sex differences are largely consistent with our previous studies where we noted 

that female mice had a more severe inflammatory response to DEP exposure, characterised by 

early upregulation of inflammatory cytokines that was largely absent in the male mice at the 

same timepoint (Boylen et al., 2011).  While we did observe some cytokine production in male 

mice in the previous study, it is worth noting that the mice used in the present study were much 

younger and age is known to influence the response to PM (Lelieveld et al., 2018). The broader 

effect on cytokine production and alterations in immune populations in the female mice (i.e. 

reduction in CD8+ T cells) is consistent with the literature suggesting that females are more 

susceptible to the effects of air pollution (Clougherty, 2010). The fact that we did not observe 

an effect on inflammatory cell populations in the lung in female mice in the present study may 

be due to timing of our observations. Our cross-sectional assessment of the response may not 

have coincided with the peak responses in the outcome measured. This may, in part, contribute 

to the sex differences we observed.  

 

However, it is also likely that fundamental differences in the response to a range of 

physiological stimuli between sexes also played a role in our observations. Consistent with this, 
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splenocytes isolated from males showed increased IL-6 production, and some evidence of IL-

10 production, in response to LPS. This response is consistent with the known effect of LPS 

on the inflammatory response (Schreiber et al., 1993, Beurel and Jope, 2009, Pengal et al., 

2006). However, we were unable to detect a similar response in the splenocytes isolated from 

the female mice.  

 

This study had a number of potential limitations which should be acknowledged. One potential 

limitation was the dose of PM used. The dose was chosen based on our previous work showing 

comparable levels of macrophage particle loading to that observed in human populations 

(Boylen et al., 2011). However, we did not completely mimic the chronic low level exposure 

that typically occurs in human populations. While our splenocyte data was informative, in that 

we were able to clearly demonstrate impairments in post-natal IFN-γ production, the in vitro 

stimuli used did not alter production of key cytokines (IL-10 and IFN) so we were unable to 

assess whether these responses were impaired by in utero PM exposure. Future experiments 

should use live pathogens to assess the effect of in utero PM exposure on post-natal immune 

function.  

 

In conclusion, the aim of this study was to assess the effect of in utero exposure to PM from 

different sources on the post-natal response to pro-inflammatory and immune stimuli. This 

study was able to measure both the local lung immune response to PM as well as the systemic 

immune response. In utero exposure to DEP, but not silica, reduced numbers of 

CD19+CD1dhighCD5+ B cells in female mice and IFN-γ release by splenocytes isolated from 

male and female mice. Additionally, this study highlighted a difference in responses between 

male and female mice in their response to DEP exposure. Collectively, these data suggest that 
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in utero exposure to DEP impairs immune development and post-natal immune function with 

potential implications for the response to viral infections. This effect was not observed in 

response to silica, suggesting it is specific to combustion-derived PM. These observations have 

implications for our understanding of the health effects of early life exposure to PM from 

different sources.  
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Chapter 4: Placental gene changes in 
response to in utero exposure to PM 

from different sources 
 

 

 

In the previous two Chapters (Chapters 2 and 3) the effect of PM exposure during pregnancy 

on the mother (pregnant dam) and post-natal immune development of the offspring were 

examined. The purpose of this Chapter was to examine the role of the placenta as a possible 

mechanism to explain how PM exposure in utero may alter fetal development leading to post-

natal health effects. This work is presented as a traditional Thesis Chapter.  
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4.1 Abstract  
Background: In the previous Chapter, it was found that in utero exposure to PM altered fetal 

immune development. However, the mechanism of this effect is unclear. One potential 

candidate is the effect of maternal PM exposure on the placenta. The placenta is critical in 

regulating normal development of the fetus. This Aim of this Chapter was to explore whether 

in utero exposure to PM from different sources alters the expression of genes related to 

placental structure and function. 

Method: Pregnant, eight-week-old C57BL/6J mice were exposed intranasally to 50 µg of diesel 

exhaust particles (DEP), iron oxide (Fe2O3) or silica (SiO2) in 50 μL of saline, or saline alone, 

on E7.5, E12.5 and E17.5. On E18.5, pregnant dams and fetuses were euthanased. Somatic 

growth was assessed prior to excision of the lungs for stereological analysis of lung structure 

by histology. Placentas were removed and RNA was extracted for qPCR analysis. In a 

subsequent experiment, pregnant eight-week-old C57BL/6J mice were exposed intranasally to 

50 µg of diesel exhaust particles (DEP), or silica (SiO2) in 50 μL of saline, or saline alone, on 

gestational E7.5, E12.5 and E17.5. Mice were allowed to give birth and raised to four weeks 

of age. Mice were euthanased and lungs were excised for stereological analysis of structure by 

histology.    

Results: In utero exposure to DEP increased the expression of placental growth factor (PlGF), 

11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) and angiopoietin-2 (Ang-2) and 

decreased the expression of angiopoietin -1 (Ang-1). There was no significant difference in 

fetal weight or length. Nor was there any significant different in fetal or post-natal lung 

development.    

Conclusion: The elevation of PlGF and modulation of Ang-1/2 expression suggests an effect 

of PM exposure on placental angiogenesis. This may impact nutrient supply to the fetus 
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however there was no effect on fetal or post-natal somatic lung development. Elevation of 11β-

HSD1 is linked to cortisol regulation which may impact on immune development. This may 

explain the effect of in utero exposure to PM on post-natal immune responses described in 

Chapter 3.  
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4.2 Introduction  
Chapter 2 demonstrated that pregnancy protects against the inflammatory response induced by 

PM. However, while the mother may be partially protected from the adverse effects of PM, 

Chapter 3 showed that in utero exposure to PM can alter immune development. At present, it 

is unclear how in utero exposure to PM may cause these alterations in immune development.  

 

To understand how in utero exposure to PM is influencing the development of the offspring, 

we need to explore potential pathways that may be influenced by PM exposure during 

pregnancy. One potential candidate for driving these effects is the placenta which is crucial for 

the regulation of the fetal-maternal interface (Burton and Fowden, 2015). The placenta plays a 

vital role in maintaining the growth of the fetus  (Gude et al., 2004) and there is also evidence 

to suggest that the placenta plays a pivotal role in influencing fetal immune development. For 

example, IL-10, an anti-inflammatory cytokine, can influence fetal immune development 

through regulation of pro-inflammatory cytokines and immunoglobulins (Thaxton and Sharma, 

2010) by facilitating cross-talk between the placenta and maternal tissue. Alterations in 

immune development during gestation are thought to make children more susceptible to 

developing inflammatory diseases such as asthma (Jung et al., 2019), or make them more 

vulnerable to viral infections (Goshen et al., 2020). Thus, the placenta is a critical intermediary 

in determining the risk of developing diseases post-natally. Given the known impact of 

exposure to PM on inflammatory cytokine expression and cortisol responses (Li et al., 2017a, 

Tamagawa et al., 2008, Eeden and Hogg, 2002), it is plausible that maternal exposure to PM 

modulates expression of these pathways in the placenta leading to altered fetal immune 

development and the impairments in the immune response outlined in Chapter 3. 
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Interestingly, while the data from Chapter 3 showed effects on post-natal immune development, 

somatic growth was not altered. However, it is possible that in utero exposure to PM has a 

direct effect on organ development rather than a gross effect on somatic development. For 

example, there is increasing evidence that in utero exposure to PM can alter lung development 

in both humans and animal models (Bose et al., 2018, Chen et al., 2018a). However, there 

remains a lack of understanding as to whether PM from different sources alters fetal lung 

development to varying extents. Therefore, this Chapter had two major experiments to explore 

the effect of in utero exposure to PM. The first experiment explored the effect of in utero 

exposure to PM on placental gene expression, fetal growth and lung development. Experiment 

2 examined the effect of in utero exposure to PM on post-natal natal lung development. 

 

Hence, the aim of this Chapter was to examine whether in utero exposure to PM from different 

sources alters the expression of genes related to placental structure and function. While there 

was no evidence of an effect of in utero exposure to DEP or silica on somatic growth in Chapter 

3, given previous evidence to the contrary and the possible direct effect on lung development, 

the effect of in utero exposure to PM on post-natal somatic growth and fetal and post-natal 

lung structure was also assessed.  
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4.3 Methods  
Two sets of mice experiments were used to explore the potential mechanism for how in utero 

exposure to PM can alter fetal developments. The two different mouse experiments allowed 

for the examining of mice during gestation (experiment 1) and post-natal (experiment 2).    

 

4.3.1 Experiment 1 Fetal model 
Eight-week old pregnant C57BL/6J mice were exposed on gestation days (E) 7.5, 12.5 and 

17.5 to 50 µg of either DEP, silica or iron oxide within 50 µL of saline or saline alone ( as 

described in Chapter 2 and 3). At E18.5, 24 hours after the last exposure, pregnant dams were 

euthanised by sodium pentobarbitone (200 mg/kg IP) overdose. Fetuses were surgically 

removed and euthanised by overdose with sodium pentobarbitone. The weight and crown-rump 

length (length from crown of the head to the rump) of each fetus were measured. Lungs were 

dissected from the fetus and immersion fixed in 10 % formalin for assessment of lung 

stereology by histology. Placentas were excised and weighed before being immersed in 

RNAlater (Sigma-Aldrich, St. Louis, USA) for subsequent analysis of gene expression by 

qPCR. Number of male foetuses used was n = 11 for the saline group, n =14 for the DEP group, 

n = 10 for silica group, and n = 9 for iron oxide. For female foetuses n = 9 for saline and iron 

groups, n = 14 for DEP group, n = 10 for silica.  

 
4.3.1.1 Placental qPCR  
Dysregulation of the placenta can have dire consequences on the fetal development. As such 

placental gene expression was examined to identify any changes in the placenta in response in 

utero exposure to PM. Excised placentas from experiment 1 were used and RNA extractions 

were performed using an RNeasy Mini Kit (QIAGEN, Hilden, Germany) as per the 
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manufacturer’s instructions. Gene expression was assessed for 10 genes covering a range of 

placental functions (Table 4.1) including metabolism (insulin like growth factor-1 and -2), 

angiogenesis (placental growth factor, vascular endothelial growth factor, angiopoietin-1 and 

-2), inflammation (IL-10), hypoxia (hypoxia inducible factor 1α) and cortisol signalling (11β-

hydroxysteroid dehydrogenase type 1 and 11β-hydroxysteroid dehydrogenase type 2) (Zhang 

et al., 2015, Sibley et al., 2004, Korgun et al., 2012, Tsamou et al., 2018, Khaliq et al., 1999, 

Cheng and Sharma, 2015, Green et al., 2015, Harati-Sadegh et al., 2018, Hagen et al., 

2005).These genes were chosen as they allowed to broad measure of different gene pathways 

and gave a holistic view of placental function at E18.5 in response to PM exposure.  Expression 

was quantified by reverse transcription quantitative PCR (qPCR) using pre-designed primers 

(Sigma-Aldrich, St. Louis, USA). qPCRs were performed using the Quantstudio 3 (Thermo 

Fisher Scientific, Waltham, USA) system using 96-well microamp plates (Thermo Fisher 

Scientific, Waltham, USA). Gene expression was quantified relative to the housekeeper gene 

(Ubiquitin C) and expressed as fold change relative to the average gene expression in the saline 

group using the 2ΔΔCt method. Number of male foetuses used was n = 7 for saline and DEP 

groups and n = 8 for silica and iron oxide group. For female foetuses n = 7 for saline group and 

n = 8 for DEP, silica, and iron oxide groups.  

 

4.3.1.2 Fetal lung histology (stereology)  
Lungs were processed according to ATS/ERS guidelines for the quantitative assessment of 

lung structure (Hsia et al., 2010). First, lungs were randomly oriented and embedded in paraffin. 

Lung tissue was sampled according to IUR (isotropic, uniform, random) principles for design-

based stereology (Hsia et al., 2010). Starting at a random point (0 – 225 µm), lungs were 

sectioned (5 µm) at regular 225 µm intervals, across the entire lung. Sections were then stained 

with haematoxylin and eosin. Lung volume was calculated using Cavalieri method and point 
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counts were used to calculate the volume of the lung parenchyma and air space (Hsia et al., 

2010). For male foetuses n = 6 for iron oxide, n = 7 for saline and n = 8 for DEP and silica 

groups. For female foetuses n = 7 for saline and iron oxide groups and n = 8 for DEP and silica 

groups.  The researcher was blinded to the treatment groups for all histological measurements. 

 

4.3.2 Experiment 2 Post-natal somatic growth and lung structure 
(four-week-old mice).  
To determine whether in utero exposure to PM altered post-natal somatic growth or lung 

development, separate groups of mice were allowed to give birth and the pups raised to four 

weeks of age. Mice were sacrificed with an overdose of ketamine/xylazine (800 mg/kg: 40 

mg/kg) and body weight and length of mice (snout-vent length) were measured. Lungs were 

fixed by intratracheal instillation of 10 % formalin at 10 cmH2O transrespiratory pressure. The 

trachea was ligated with suture and the lungs removed en bloc prior to processing for 

assessment of lung stereology by histology. Number of male mice used was n = 5 for all groups. 

For female mice n = 3 for silica group, n = 4 for DEP group and n = 6 for saline group per 

group was n = 3 – 6. 

 

4.3.2.1. Post-natal Lung histology (stereology)  
Lungs were processed according to ATS/ERS guidelines for the quantitative assessment of 

lung structure (Hsia et al., 2010). First, lungs were randomly oriented and embedded in paraffin. 

Lung tissue was sampled according to IUR (isotropic, uniform, random) principles for design-

based stereology (Hsia et al., 2010). Starting at a random point  0 – 500 µm, post-natal), lungs 

were sectioned (5 µm) at regular  500 µm intervals, for fetal and post-natal lungs respectively, 

across the entire lung. Sections were then stained with haematoxylin and eosin. Lung volume 

was calculated using Cavalieri method and point counts were used to calculate the volume of 
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the lung parenchyma and air space (Hsia et al., 2010). For the post-natal sections, the surface 

area of the alveolar space was assessed using a line intersection counting approach (Hsia et al., 

2010). Number of male mice used was n = 5 for all groups. For female mice n = 3 for silica 

group, n = 4 for DEP group and n = 6 for saline group per group was n = 3 – 6. The researcher 

was blinded to the treatment groups for all histological measurements. 

 

4.3.3 Statistical analysis.  
Two-way analysis of variance (ANOVA) was used to compare between groups with Holm-

Sidak post-hoc tests applied in situations where the main effect was significant. All data was 

analysed using SigmaPlot 11 (Systat, Erkath, Germany). All data presented are mean and 

standard deviation with a p value of < 0.05 considered to be statistically significant. For fetal 

mice there was between 6 -15 mice per group used. For post-natal mice there was 3 -6 per 

group.  
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Table 4.1 List of genes examined in the placenta and their function.   

Gene function Gene name 

Metabolism Insulin-like growth factor-1 (IGF-1) (Zhang et al., 2015) 

Insulin-like growth factor-2 (IGF-2) (Sibley et al., 2004) 

Inflammation IL-10 (Cheng and Sharma, 2015) 

Hypoxia Hypoxia-inducible factor 1 alpha (HIF-1α) (Harati-

Sadegh et al., 2018) 

Angiogenesis Vascular endothelial growth factor (VEGF) (Tsamou et 

al., 2018) 

Placental growth factor (PlGF) (Khaliq et al., 1999) 

Angiopoietin-1 (Ang-1) (Hagen et al., 2005) 

Angiopoietin-2 (Ang-2) (Hagen et al., 2005) 

Cortisol conversion 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) 

(Green et al., 2015) 

11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) 

(Korgun et al., 2012) 
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4.4 Results  

4.4.1 Experiment 1 fetal results  

4.4.1.1 Placental gene expression 
The expression of 11β-HSD1 was elevated in placentas of mice exposed in utero to DEP 

compared to mice exposed in utero to saline (p = 0.008, Figure 4.1A) or iron oxide (p = 0.003, 

Figure 4.1A). PlGF was also raised in the placentas of mice exposed in utero to DEP compared 

to mice exposed in utero to saline (p = 0.01, Figure 4.1B), silica (p = 0.003, Figure 4.5B) or 

iron oxide (p = 0.002, Figure 4.1B). Similarly, the expression of Ang-2 was elevated in the 

placentas of mice exposed in utero to DEP compared to mice exposed to saline (p = 0.004, 

Figure 4.1D) or iron oxide (p = 0.008, Figure 4.1D). In contrast, the expression of Ang-1 was 

reduced in the placentas of mice exposed to DEP compared to mice exposed to saline (p = 

0.024, Figure 4.1C) or iron oxide (p < 0.001, Figure 4.1C).  There was no main effect of sex or 

any interaction between in utero exposure and sex for any of the genes (p > 0.05 for all 

comparisons) and no effect of PM exposure on the expression of IGF-1, IGF-2, IL-10, HIF-1α, 

VEGF or 11β-HSD2 (p > 0.05 for all comparisons).  

 

4.4.1.2 Somatic growth and placental weight 
In utero exposure to either DEP, silica or iron oxide had no effect on fetal weight (p = 0.29, 

Figure 4.2A) or fetal crown-rump length (p = 0.5, Figure 4.2B). Likewise, there was no 

difference between male and female fetal weight (p = 0.76, Figure 4.2A) or male and female 

fetal crown-rump length (p = 0.9, Figure 4.2B). There was no interaction between in utero 

exposure to PM and sex for weight (p = 0.45, Figure 4.2A) or crown-rump length (p = 0.51). 

Placental weight was significantly reduced in female fetuses compared to male fetuses (p = 

0.02, Figure 4.2C). In utero exposure to PM did not have any effect on placental weight (p > 

0.5) for all comparisons, Figure 4.2C).  



88 
 

 

 

Figure 4.1 Placental qPCR: Pregnant mice were exposed during gestation to either saline 

(control), DEP, silica, or iron oxide. On gestational day 18.5, mice were euthanased and 

placentas were extracted for assessment of gene expression from male (white) and female 

(black) fetuses. Shown is gene expression quantified by qPCR, expressed relative to the 

housekeeper (ubiquitin C) and the saline group (2ΔΔCt) for 11β HSD (A), placental growth 

factor (B), angiopoietin-1 (C) and angiopoietin-2 (D). Data are presented as mean (SD). *p < 

0.05, **p < 0.01, ***p < 0.001. Number of male fetuses used was n = 7 for saline and DEP 

groups and n = 8 for silica and iron oxide group. Number of female fetuses used was n = 7 for 

saline group and n = 8 for DEP, silica, and iron oxide groups. 
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Figure 4.2 Somatic growth and placental weight: Somatic growth in E18.5 embryos. 

Pregnant mice were exposed during gestation to either saline (control), DEP, silica, or iron 

oxide. On gestational day E18.5, mice were euthanised and male (white) and female (black) 

fetus were surgically removed and euthanised. The effect of in utero exposure to PM on fetal 

weight (A), crown-rump length (B), placental weight (C) was assessed. Data are presented as 

mean (SD). *p <0.05. Number of male fetuses used was n = 11 for the saline group, n = 14 for 

the DEP group, n = 10 for silica group, and n = 9 for iron oxide. Number of female fetuses used 

was n = 9 for saline and iron groups, n = 14 for DEP group, n = 10 for silica.  



90 
 

4.4.1.3 Fetal mice lung structure 
Exposure to either DEP, silica or iron oxide in utero had no effect on fetal lung volume (p = 

0.67, Figure 4.3A), parenchymal volume (p = 0.47, Figure 4.3B) or air space volume (p =0.55, 

Figure 4.3C). There was also no difference between sexes in lung volume (p = 0.97, Figure 

4.3A), parenchyma volume (p = 0.75, Figure 4.3B) or air space volume (p = 0.64, Figure 4.3C). 

Similarly, there was no interaction between in utero exposure to PM and sex for all measures 

of lung structure in the fetal mice (p > 0.05 for all comparisons).  
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Figure 4.3 Lung volumes in E18.5 embryos: Stereological analysis of lung volumes for E18.5 

embryos. Pregnant mice were exposed during gestation to either saline, DEP, silica, or iron 

oxide. On gestational day E18.5, mice were euthanised and lungs from male (white) and female 

(black) fetus were collected and embed in paraffin. Stereology was performed measuring lung 

volume (A), parenchyma volume (B) and airspace volume (C). Data are presented as mean 

(SD). For male fetuses n = 6 for iron oxide, n = 7 for saline and n = 8 for DEP and silica groups. 

Number of female fetuses used was n = 7 for saline and iron oxide groups and n = 8 for DEP 

and silica groups.  
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4.4.2 Experiment 2 post-natal lung structure 
4.4.3.2 Four week old mice 

As shown in the previous section, there was no effect of in utero exposure to PM on fetal lung 

volumes. To determine whether effects emerged post-natally, lung structure was also measured 

in 4 week old mice that were exposed in utero to either saline (control), DEP or silica. There 

was no effect on lung volume (p = 0.14, Figure 4.4A), parenchyma volume (p = 0.82, Figure 

4.4B), airspace volume (p = 0.16, Figure 4.4C) or surface area (p = 0.35, Figure 4.4D) in 4 

week old mice exposed in utero to PM. There was also no difference between male and female 

mice at 4 weeks of age for lung volume (p = 0.98, Figure 4.4A), parenchyma volume (p = 0.77, 

Figure 4.4B), air space volume (p = 0.72, Figure 4.4C) or surface area (p = 0.48, Figure 4.4D). 

Similarly, there was also no interaction between in utero exposure to PM and sex in any of the 

lung volume measurements (p > 0.05 for all comparisons).  
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Figure 4.4 Lung volumes in four-week old mice: Stereological analysis of lung structure in 

four-week old mice. Pregnant mice were exposed during gestation to either saline (control), 

DEP or silica. Pregnant mice were allowed to give birth, and at 4 weeks of age, male (white) 

and female (black) offspring were euthanised and lungs were excised and embedded in paraffin 

for stereological analysis. Lung volume (A), parenchyma volume (B), airspace volume (C) and 

surface area (D) was assessed. Data are presented as mean (SD). Number of male mice used 

was n = 5 for all groups. Number of female mice used was n = 3 for silica group, n = 4 for DEP 

group and n = 6 for saline group per group was n = 3 – 6.    
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4.5 Discussion  
In this Chapter, the effect of in utero exposure to PM on placental gene expression was assessed 

as a possible mechanism to explain the effect of in utero exposure to PM on post-natal immune 

function outlined in Chapter 3. This study showed that in utero exposure to DEP, but not silica 

or iron oxide, altered the expression of 11β-HSD1, which has a critical role in corticosteroid 

homeostasis. Elevation of cortisol during pregnancy has been shown to influence fetal immune 

development (Marques et al., 2013) which may explain the results shown in Chapter 3.  There 

were also alterations in the expression of Ang-1, Ang-2 and PlGF which all have roles in 

placental angiogenesis. These genes have been shown to be important for placental function, 

and alterations in these genes can impair fetal development (Burton and Waddell, 1999, Chau 

et al., 2017, Kappou et al., 2014). While, in utero exposure to DEP altered expression of these 

genes, there was no change in fetal or post-natal lung growth. Taken together, this experiment 

demonstrated the potential impacts of in utero exposure to DEP on placental function, which 

may explain the immune effects outlined in Chapter 3. However, these effects do not seem to 

impact on somatic growth or lung development. Thus, in utero exposure to combustion derived 

PM may alter placental-fetal cortisol homeostasis leading to impacts on immune development. 

The implications of altered expression of genes related to angiogenesis need to be further 

elucidated.  

 

In Chapter 3, alterations in immune cell populations and baseline production of IFN-γ were 

observed in response to in utero exposure to DEP. While our current understanding of the 

mechanisms linking in utero PM exposure to altered fetal immune development is limited, 

there is evidence to suggest that the maternal stress can have a considerable role in guiding the 

development of the fetal immune system (Merlot et al., 2008).  In line with this, in this Chapter, 

in utero exposure to DEP, but not silica or iron oxide, altered 11β-HSD1 gene expression in 
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the placenta. 11β-HSD1 is an enzyme that converts inactive cortisone to active cortisol (Stewart 

and Krozowski, 1997). Elevation of cortisol has the potential to influence immune development 

(Marques et al., 2013) which might  help explain the immune developmental changes observed 

in Chapter 3. The direct mechanisms for how cortisol may affect fetal immune development 

remains unknown. However, cortisol has shown to cross the placenta and alter the development 

of the hypothalamic–pituitary–adrenal axis (HPA axis) (Duthie and Reynolds, 2013). An 

altered, or overactive, HPA axis has the potential to cause dysregulation of corticosteroids 

leading to elevated levels of circulating glucocorticoids. Elevation of glucocorticoids can have 

a range of effects, including immune suppression (Marques et al., 2013). For example, pregnant 

rats that were stressed via exposure to noise and light throughout their pregnancy had reduced 

natural killer immune cytotoxicity in the spleen and blood (Kay et al., 1998). While CD4+ and 

CD8+ T cell populations were unaltered, there was a decrease in splenocyte proliferation in 

response to B-cell mitogens (Kay et al., 1998). Furthermore, in rhesus monkeys, maternal stress 

during pregnancy resulted in suppression of TNF-α and IL-6 responses to LPS in blood 

leukocytes of offspring (Coe et al., 2002). In both of these studies, it was hypothesised that the 

stress during pregnancy elevated cortisol levels which in turn affected the developing of the 

HPA axis during pregnancy (Kay et al., 1998, Coe et al., 2002). While this is supported by the 

data from the present Chapter, additional studies are needed to explore this pathway in more 

detail.  

 

In line with the data reported in Chapter 3, there was no evidence of an effect of PM exposure 

on fetal or post-natal weight. This was unexpected, as previous studies have shown that 

children born in areas with high ambient PM concentrations tend to have lower birth weights 

(Huynh et al., 2006, Parker et al., 2008, Rich et al., 2015a). Although, animal studies exploring 

how in utero exposure to PM effects somatic growth have had mixed results. For example, 
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studies using in utero exposure to DEP have shown alterations in post-natal somatic weight 

(Hougaard et al., 2008), while other studies using DEP exposure in utero have shown no effect 

on post-natal somatic growth (Valentino et al., 2015). The difference in the effect on somatic 

growth may be due to the nature of the PM sample being used. For example, studies using real 

world samples have shown decreased somatic growth (Morales-Rubio et al., 2019). In contrast, 

studies such as Valentino et al. (2015), which used a standardised DEP sample, similar to the 

present study, did not see any changes in fetal or post-natal weight.  

 

However, it is interesting to note that, while there was no evidence of an effect of in utero PM 

exposure on somatic growth, there was evidence of altered expression of pathways in the 

placenta that have been linked to fetal development. For example, in utero exposure to DEP 

elevated placental growth factor (PlGF) gene expression, which is an important regulator of 

placental angiogenesis (Carmeliet et al., 2001). Normal upregulation of PlGF during pregnancy 

promotes angiogenesis which is essential for fetal development (Chau et al., 2017). It is 

possible that the elevation of PlGF in response to DEP may be a compensatory mechanism to 

protect the fetus against the developmental impacts of PM exposure which would explain the 

lack of an effect on somatic growth. Valentino et al. (2015) proposed a similar compensatory 

mechanism in their study on in utero exposure to ultrafine DEP in rabbits. Other studies using 

mouse models have previously shown that exposure to DEP can induce angiogenesis, and this 

response is mediated through low oxygen levels (Xu et al., 2009). However, it should be noted 

that there was no evidence of an effect of in utero exposure to PM on the expression of HIF-

1α, a marker of oxygen exposure, in this Chapter. However, expression of HIF- 1α usually 

precedes angiogenesis (Rath et al., 2016) and, as such, it may have been released at an earlier 

stage in gestation than when it was measured in this study.  
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In addition to the upregulation of PlGF, Ang-1 and -2 expression were also altered in response 

to in utero exposure to DEP, but not silica or iron oxide. Angiopoietin-1 and -2 are involved in 

angiogenesis and maturation of blood vessels (Gillen et al., 2019). Ang-1 is an agonist for the 

Tie-2 receptor and promotes blood vessel integrity, endothelial cell migration, endothelial cell 

proliferation and inhibition of endothelial cell apoptosis (Brindle et al., 2006, Kwak et al., 

1999). Ang-2 is an antagonist for the Tie-2 receptor and works in opposition to Ang-1 

(Maisonpierre et al., 1997). Studies in knockout mice have shown that the loss of Ang-1 is 

detrimental to embryogenesis (Suri et al., 1996). Elevation of Ang-2, and a concomitant 

decrease in Ang-1, has been linked to preeclampsia and intrauterine growth restriction (Kappou 

et al., 2014, Han et al., 2012, Redman and Sargent, 2005). However, there was no evidence of 

growth restriction in the data presented in this Chapter, or the previous Chapter, so the 

implications of these changes in gene expression are unclear. Like PlGF, Ang-2 has been 

shown to be elevated in response to hypoxia (Oh et al., 1999). Therefore, this may be further 

evidence of a compensatory mechanism in response to DEP exposure. However, in the absence 

of a phenotype related to growth and development in the pups, the implications of these changes 

in expression of pathways related to angiogenesis are unclear. It should also be noted that 

altered expression of PlGF and Ang 1 and 2 have been linked to poor maternal health. For 

example, altered serum levels of PlGF, a placenta-derived protein, during pregnancy has been 

linked to maternal cardiovascular risk and prolonged elevation of systolic blood pressure years 

after pregnancy (Benschop et al., 2019). Similarly, altered Ang 1 and 2 levels have been linked 

to pregnancy induced hypertension (Takeda-Matsubara et al., 2004). 

 

Another interesting result in this chapter was the difference in placental weights between the 

sexes, with female embryos having reduced placental weights compared to their male 

counterparts without a concomitant decrease in body weight. Multiple studies have highlighted 
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that differences in placental adaptations exist between males and females (Barke et al., 2019, 

Eaton et al., 2020, Hernandez-Medrano et al., 2015, Mao et al., 2010, Muralimanoharan et al., 

2013, Osei-Kumah et al., 2011, Kwan et al., 2020).  Noting that male mice tend to be heavier 

post-natally than female mice, the lack of a difference in weights observed in this study may 

be due to the fact that mice were weighed 2 days prior to birth. 

 

In this Chapter, in utero exposure to either DEP, silica or iron oxide had no effect on lung 

growth. Multiple studies have shown that in utero PM exposure can lead to impaired lung 

function (Latzin et al., 2009, Chen et al., 2018a). Thus, the absence of an effect in this Chapter 

was unexpected, given the previously described association with lung function. However, there 

are other aspects of lung structure that influence lung function that were not assessed in this 

experiment. For example, in utero exposure to urban PM may increase elastin in the lungs with 

no change in lung volume (Lopes et al., 2018) but reduced lung function (Mecham, 2018).  So, 

it is possible that there are other structural changes in the lung that could lead to altered lung 

mechanics that were not assessed in this Chapter.  

 

This study had some limitations which are worth noting. As discussed above, while lung 

volumes were measured, there was no assessment of lung function. Previous studies, such as 

Larcombe et al. (2011), have shown that lung volumes measured through stereology do not 

always align with in vivo measures of lung volume. Future studies should explore the effect of 

in utero exposure to PM from different sources on lung function and quantify additional 

histological parameters that might better reflect any effect on lung function (e.g. collagen). In 

addition, while gene expression was assessed in the placenta, there were no direct measures of 

placental structure or function, and it is unclear whether these changes translated into altered 
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protein expression. Specifically, this experiment measured gene expression of 11β-HSD1 and 

11β-HSD2 and we have not directly measured cortisol levels in the maternal serum or placenta. 

Future experiments should address these deficiencies.  

 

In conclusion, the experiments in this Chapter were able to demonstrate that exposure in utero 

to DEP, but not silica or iron oxide, alters gene expression in the placenta. The alterations in 

genes related to cortisol signalling may explain the altered immune responses described in 

previous Chapters. There was also evidence of altered expression of genes related to 

angiogenesis; however, the implications of this are unclear given there was no growth or lung 

development phenotype related to in utero PM exposure. Further research is needed to examine 

the role the placenta plays in driving the altered fetal immune development and post-natal 

immune responses as a result of in utero PM exposure and why these responses seem to be 

specific to combustion-derived PM.  
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Chapter 5: General Discussion 
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The overall aims of this Thesis were to explore i) how pregnancy alters the response to PM 

from different sources, ii) how in utero exposure to PM from different sources impacts fetal 

somatic, lung and immune development and, iii) the influence of PM source on these responses. 

In this Thesis, it was established that pregnancy suppresses the maternal lung inflammatory 

response to silica and enhances the production of regulatory T cells to DEP. In line with the 

latter, in utero exposure to DEP altered post-natal immune development but had no effect on 

somatic or lung growth. These post-natal effects of DEP may be driven by altered cortisol 

signalling in the placenta. This Thesis has shown that early life is a period of susceptibility to 

PM, particularly PM derived from combustion sources (e.g. DEP). This highlights the need to 

protect pregnant women from exposure to PM and points to possible mechanisms underlying 

the health effects of early life exposure to PM.  

 

In Chapter 2 the effect of pregnancy on the response to PM was assessed. It was found that 

pregnant C57BL/6J mice exposed to silica had a reduced neutrophil, eosinophil and 

lymphocyte influx in the BAL compared to non-pregnant mice exposed to silica and that there 

was elevated IL-4 in the serum and in the lungs of pregnant mice. Elevated IL-4 in the serum 

during pregnancy has previously been reported (Marzi et al., 1996) and it is thought that this 

downregulates pro-inflammatory responses that may be harmful to fetal development 

(Chatterjee et al., 2014). This effect was seen through the reduction in neutrophil, lymphocyte 

and eosinophil influx into the lung following silica exposure and the reduction in IL-8 in the 

BAL fluid of pregnant mice. To explore whether pregnancy altered the immune response to 

PM, T cell populations in the thymus and spleen were also assessed. Overall, pregnancy 

increased the percentage of CD4+ T cells in the spleen and decreased the percentage of CD4+ 

T cells in the thymus. The opposite was seen for the percentage of CD8+ T cells with a decrease 

in the spleen but an increase in the thymus. Neither of these was influenced by PM exposure.  
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However, it was interesting to note that there was an increase in the percentage of CD4+CD25+ 

T cells with exposure to DEP in pregnant mice which was not observed with other PM types 

or in non-pregnant mice. This is important as CD4+CD25+ T cells, which includes Treg cells, 

supress proinflammatory immune responses (Cosmi et al., 2004) and suggests that DEP has 

the capacity to modulate the adaptive immune system. Previous studies in mice have shown 

that DEP traffics to the lymph nodes leading to an adaptive immune response (Provoost et al., 

2010).  In the context of this study, it suggests that in pregnant mice the adaptive immune 

system is being activated by DEP exposure and is causing an elevation of CD4+CD25+ T cells 

which, potentially, supresses the inflammatory response to DEP. However, the exact 

mechanism for how pregnancy is altering the immune response to PM is unclear. As trafficking 

of DEP to the thymus and functional responses in immune cells from pregnant mice was not 

assessed, the consequences of these responses during pregnancy requires further study. 

However, there is strong evidence to suggest that fetal immune development can be altered in 

response to maternal immune responses (Apostol et al., 2020). For example, maternal exposure 

to hepatitis B has been shown to elevate antiviral cytokines in cord blood and alter the 

maturation of cord blood monocytes of neonates exposed to hepatitis B  (Hong et al., 2015). 

On this basis, it is likely that the alterations in immune cell populations in response to DEP 

exposure in pregnant mice impacts on fetal immune development. This issue was addressed in 

Chapter 3. 

 

In Chapter 3, to understand whether in utero PM can influence immune development, post-

natal immune cell populations and function, and the response to subsequent PM exposure, were 

assessed. Data from Chapter 3 showed a clear sex difference with female mice having a robust 

lung cytokine response to post-natal exposure to DEP but a lack of inflammatory cell influx 

into the lung six hours post DEP exposure. In contrast, male mice lacked a cytokine response 
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at 6 hours post DEP exposure but did have an elevation in macrophage and neutrophil numbers 

in the lung. Interestingly, this response was not altered by in utero exposure to PM. The most 

likely explanation for this sex difference was the timing of when the lung fluid was sampled. 

Sex differences in response to DEP have been shown previously (Boylen et al., 2011) and 

males may be responding earlier to DEP inhalation leading to an influx of inflammatory cells 

at the 6 hour timepoint whereas the female mice may be at the peak of the cytokine response 

prior to inflammatory cell recruitment. Potentially, if we had sampled the male BAL earlier 

and the female BAL later, we may have seen the same changes in cytokine and cell influx into 

the lungs. However, while the inflammatory response to PM in the lung was not altered by in 

utero PM exposure, there were changes to splenocyte populations and responses in the 

offspring. In female offspring, exposure in utero to DEP reduced CD8+ T cells in the spleen. 

In utero DEP exposure also reduced the expression of IFN-γ in splenocytes of male and female 

offspring.  It is interesting to note that only exposure to DEP in utero, and not silica, altered 

immune development providing clear evidence that the chemico-physical properties of the PM 

influences the response. Both CD8+ T cells and IFN-γ are important for responding to viral 

infection and the reduction in both CD8+ T cells and IFN-γ is highly suggestive of impaired 

responses to viral infection (Schmidt and Varga, 2018, Kulinski et al., 2013, Kang et al., 2018). 

Furthermore, there was a reduction in CD19+ CD1dhighCD5+B cells, or B10 cells, in female 

mice exposed to in utero to DEP. These cells are important for regulating IL-10 in response to 

inflammation (Kalampokis et al., 2013). If these cells are dysregulated there is potential for an 

excessive response to pro-inflammatory stimuli.  

 

To examine the viral response, splenocytes were exposed to poly I:C, a viral antigen (Fortier 

et al., 2004). However, poly I:C did not cause an exaggerated cytokine response in the 

splenocytes. It is possible that an effect would have been observed if a live virus was used. 
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Studies similar to this one have shown that in utero exposure to ultrafine PM can lead to 

immune suppression in the lung and also hint at the offspring being more susceptible to viral 

infections (Rychlik et al., 2019). However, it remains unknown if in utero exposure to DEP 

makes offspring more susceptible to viral infections. This should be addressed in future studies.  

 

Based on data from Chapter 2 and 3, there is evidence to suggest that the mother is protected 

from the response to PM, but the offspring are susceptible to the immune effects of in utero 

exposure. Particularly in response to DEP.  In an attempt to identify a potential mechanism and 

characterise the response further, the expression of placental genes that are important in fetal 

development and lung growth were assessed in Chapter 4. Exposure in utero to DEP, but not 

silica or iron oxide, increased placental gene expression of 11β-HSD, which is an important 

enzyme for the regulation of cortisol (Stewart and Krozowski, 1997). Maternal stress and 

elevation of cortisol have been linked to impaired development of the immune system 

(Marques et al., 2013). The specific mechanism for how DEP can induce altered regulation of 

cortisol and influence fetal immune development is unclear. However, cortisol has been shown 

to cross the placenta and effect the development of the hypothalamic–pituitary–adrenal axis 

(HPA axis) in the fetus (Wood and Keller-Wood, 2016, Duthie and Reynolds, 2013). This axis 

can stimulate the release of glucocorticoids which are known to suppress the immune system 

(Marques et al., 2013). This pathway is still being explored, and further research is needed to 

examine the link between DEP exposure and cortisol homeostasis. In utero exposure to DEP 

also upregulated PlGF and Ang-2 in the placenta. PlGF is a potent pro-angiogenic growth factor 

and upregulation of PlGF in the placenta is suspected of promoting angiogenesis (Carmeliet et 

al., 2001). Vascular structure in the placenta is critical for supplying the developing fetus with 

nutrients while removing waste. Poor placental vascularisation is linked to a range of 

developmental issues, including fetal growth restriction (Burton and Jauniaux, 2018, Krishna 
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and Bhalerao, 2011). Similarly, Ang-2 has been shown to be important during pregnancy and 

works synergistically with vascular endothelial growth factor and PlGF to modulate vascular 

development to meet the metabolic demands of the developing fetus (Kappou et al., 2015).  

 

Given the importance of these factors in angiogenesis, and fetal development, it was surprising 

that there was no effect of in utero PM exposure on somatic growth. However, it is possible 

that the upregulation of these pro-angiogenic pathways represents a compensatory mechanism 

to counteract the potential deleterious effect of DEP. This has been observed in previous studies. 

For example, Valentino et al. (2015) exposed rabbits in utero to ultrafine DEP and showed at 

day 14 post conception the fetus had reduced growth but by day 21 post conception there was 

no difference in fetal growth compared to control (Valentino et al., 2015). The authors 

suggested that blood flow in the placenta may have been restored enough during this time 

period to maintain fetal development. The elevation of PlGF and Ang-2 observed in this Thesis 

may protect fetal development against the effect of DEP exposure. However, it should be noted 

that the elevation of these proteins may also be harmful to the pregnant mother. For example, 

elevated serum PlGF is associated with the development of gestational diabetes (Eleftheriades 

et al., 2014). In line with this, epidemiological studies have shown an association between PM 

and gestational diabetes (Shen et al., 2017, Chen et al., 2011, Pedersen et al., 2017, Jo et al., 

2019). The effect seen in Chapter 4 on PlGF expression may link these observations. Further 

studies are needed to explore the relationship between PlGF and maternal and fetal health. 

Likewise, some studies have linked elevated Ang-2 to preeclampsia in pregnancy (Kappou et 

al., 2014, Han et al., 2012).  While other studies have shown the opposite effect  (Hirokoshi et 

al., 2005), the link between this harmful maternal condition and angiopoietin expression 

warrants further investigation. Given the expression of these pathways was only assessed by 

gene expression, further studies are required to determine the functional implications of these 
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changes. Future studies should examine protein levels in the placenta and explore potential 

pathways for how DEP can elevate PlGF, angiopoietin and cortisol signalling. Additionally, 

future studies will need to examine how the placental response changes during pregnancy. In 

the present study, the response was only examined at one time point, and further studies need 

to examine the placenta at earlier time points so as to track the potential placental changes 

occurring in response to maternal PM exposure.  

 

Like somatic growth, there was no effect of in utero exposure to PM on lung development as 

assessed by fetal and post-natal lung structure. This was unexpected as previous evidence has 

shown that in utero exposure to PM can alter lung development as assessed by lung function 

(Chen et al., 2018a, Jedrychowski et al., 2010). However, while we did not see changes in lung 

structure (tissue volumes and surface area), it does not necessarily mean that there were no 

changes in lung function. For example, Lopes et al. (2018) has shown that mice exposed 

prenatally to urban PM2.5 have increased lung elastin. Increased elastin can change the 

mechanics of the lungs without changing the overall volume of the lung. Therefore, additional 

studies using assessment of lung function (McGovern et al., 2013) are required to determine 

whether in utero PM exposure alters post-natal lung development and if this response is 

influenced by PM source.  

 

This Thesis explored the effect of exposure to PM from different sources on the maternal 

response and early development of the offspring. However, there are some limitations to note. 

One potential limitation was the dose used throughout this Thesis. The dose chosen in this 

study was 50 µg of PM applied three times over the gestation period. This dose was able to 

elicit a response in pregnant mice, which was what the experiment was trying to emulate, 
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however, a more real-world model would be to expose mice continually over the duration of 

their pregnancy (Rychlik et al., 2019, Goodson et al., 2019, Rousseau-Ralliard et al., 2019). 

Furthermore, only one strain of mouse was used. C57BL/6J mice have an immune response 

skewed toward a Th-1 response (Watanabe et al., 2004, Mills et al., 2000). It would be 

interesting to expose pregnant BALB/c or A/J mice which tend to have a Th-2 skewed immune 

response (Watanabe et al., 2004, Bavia et al., 2015, Mills et al., 2000). It is clear from all the 

Chapters that further mechanistic studies are required to determine the mechanism of the 

suppression of the response to PM in pregnancy, the processes leading to altered post-natal 

immune development and the link between these and placental function. 

 

For example, there is evidence to suggest that the uterine immune cells may play an important 

role in fetal immune development. Future studies could explore how the uterine immune cells, 

at different gestational time points, are responding to in utero exposure to PM. In particular, 

uterine natural killer (NK) and T cells are critical for fetal implantation and development 

(Moffett-King, 2002, Sojka et al., 2019). Assessment of these cell populations would allow for 

a greater understanding of the maternal-fetal immune response to PM exposure. In addition, 

given the evidence to suggest a potential link between cortisol signalling and fetal immune 

development, future studies could explore the effect of endogenous maternal application of 

glucocorticoids, in combination with PM exposure, on postnatal immune responses.  

 

In conclusion, this Thesis explored the relationship between the maternal response to exposure 

to PM, maternal health and fetal development. On the basis of the data presented in Chapters 

2, 3 and 4, it is clear that the physicochemical properties of the PM influence the response. 

While pregnancy modified the response to silica leading to partial protection from 
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inflammation, it was clear that PM from combustion sources (i.e. DEP) were the most 

detrimental to the fetus. Specifically, it seems that while somatic growth and lung development 

are not altered, in utero exposure to DEP alters immune development. An effect that was not 

observed with exposure to inorganic PM. While further work is needed, there was evidence to 

suggest that this may be mediated by the altered maternal immune environment (e.g. Treg 

upregulation) and placental function (e.g. cortisol signalling).  Further studies are needed to 

examine the mechanism for how PM is causing alterations in the immune environment and 

placental function so as to identify potential therapeutic targets to mitigate against the effects 

of maternal exposure to air pollution.  
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� Pregnancy ameliorates the inflammatory response to particulate matter.
� Pregnancy reduced lung inflammation in response to silica, but not other particles.
� Pregnancy increased production of CD4þCD25 þ T cells in response to diesel particles.
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a b s t r a c t

Background: Little is known about the effect of pregnancy on the response to particulate matter. The aim
of this study was to determine if pregnancy increases the susceptibility to PM from different sources
using a mouse model.
Methods: Pregnant, eight-week-old C57BL/6J mice were exposed intranasally to 50 mg of diesel exhaust
particles (DEP), iron oxide (Fe2O3) or silica (SiO2) in 50 mL of saline, or saline alone, on gestational day (E)
7.5, E12.5 and E17.5. Groups of non-pregnant mice were exposed on day (D)0, D5 and D10. Biological
samples were collected 24 h after the last exposure. Serum IL-4 and IL-6 levels were quantified by ELISA.
Bronchoalveolar lavage (BAL) fluid was collected for inflammatory cells counts and assessment of IFN-ɣ,
IL-4, IL-5, IL-6, IL-8 and IL-10 levels by ELISA. The spleen and thymus were also collected and the per-
centage of B cells and CD4þ, CD8þ and CD4þCD25 þ T cells were determined by flow cytometry.
Results: Exposure to silica caused an influx of lymphocytes, eosinophils and neutrophils into the lung.
The magnitude of this response was suppressed by pregnancy. Pregnancy also enhanced the production
of CD4þCD25 þ T cells in response to DEP and silica exposure.
Conclusions: Collectively, our data suggest that pregnancy reduces the inflammatory response to silica
and alters the immune response to DEP. These responses were accompanied by pregnancy related
changes including increased IL-4 production, reduced IL-8 production and an increase in the proportion
of CD4þCD25 þ T cells in response to PM exposure.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Exposure to excessive levels of air pollution has been linked to
cardiovascular and respiratory morbidity and mortality (Brook
et al., 2010; Landrigan et al., 2017) and developmental alterations
in early life (Fuertes et al., 2015; Rich et al., 2015). One of the key
icine University of Tasmania

osky).
components of air pollution is particulate matter (PM), with PM
less than 10 mm in diameter (PM10) being able to bypass the upper
airway defences and deposit in the airways (Pope, 2000). Inhalation
of PM10 has been shown to elicit an inflammatory response
(Tamagawa et al., 2008; Tsai et al., 2012) which is thought to be
linked to the detrimental health outcomes associated with expo-
sure to air pollution. PM10 arises from a variety of sources such as
combustion-derived (e.g. diesel exhaust particles (DEP)) or from
crustal origins (e.g. silica or iron oxide). The physiochemical prop-
erties of PM10 are likely to have a significant impact on the nature
andmagnitude of the inflammatory response (Ortiz-Martínez et al.,
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2015) such that the health impacts will vary depending on the PM
source.

A multitude of studies have examined the link between expo-
sure to PM and health outcomes in at risk groups such as children
and elderly individuals (Lelieveld et al., 2015), but there remains a
lack of knowledge regarding other vulnerable sub-populations. For
example, pregnancy increases the susceptibility to intracellular
infections (Kourtis et al., 2014). This vulnerability is thought to be
caused by the immune modulation that accompanies the complex
interplay between the maternal immune system and the fetal-
placental unit (Mor and Cardenas, 2010). For example, pregnancy
is associated with an up-regulation of interleukin-4 (IL-4)
(Robinson and Klein, 2012). IL-4 can inhibit the release of interferon
gamma (IFN-g), an important cytokine for promoting cell mediated
immunity against viral infection, from Type 1 T-helper (Th1) cells
(Chapoval et al., 2010; Varin et al., 2010) as well as inhibiting
neutrophil and macrophage activation (Roth et al., 1996; Varin
et al., 2010). The down-regulation of these responses increases
the susceptibility to some respiratory insults during pregnancy.

PM inhalation causes a potent pro-inflammatory response
driven by macrophage activation and the recruitment of neutro-
phils (Jimenez et al., 2002). Given the importance of IL-4 in
modulating epithelial cell (White et al., 2010) and macrophage
responses (Varin et al., 2010), it is likely that upregulation of IL-4
during pregnancy will modify the response to PM (Tamagawa
et al., 2008; Tsai et al., 2012). While there has been one study
that has shown that pregnancy enhances the inflammatory
response to TiO2 particles, compared to non-pregnant mice
(Fedulov et al., 2008), no studies have systematically examined how
pregnancy alters the response to PM from different sources.
Therefore, we aimed to determine if pregnancy increases the sus-
ceptibility to PM from combustion (DEP) and crustal (silica and iron
oxide) PM using a mouse model.

2. Methods

2.1. Model of PM exposure

Eight-week-old C57BL/6J mice were obtained from a colony
housed at the University of Tasmania’s animal facility. All studies
were conducted in accordance with the Australian Code for the
Care and Use of Animals for the Scientific Purposes (8th Edition,
2013) and approved by the University of Tasmania Animal Ethics
Committee. Mice (n¼ 9e11 per group) were exposed intranasally,
under light methoxyflurane anaesthesia, to 50 mg of diesel exhaust
particle (DEP) (NIST, Gaithersburg, MD; < 2.5 mm), iron oxide
(Fe2O3) (Sigma-Aldrich, St. Louis, MO; < 5 mm) or silica (SiO2) (NIST,
Gaithersburg, MD; < 5 mm) in 50 mL of saline, or saline alone.
Pregnant mice were exposed on gestational day (E)7.5, E12.5 and
E17.5, while non-pregnant mice were exposed on day (D)0, D5 and
D10. Mice were euthanised by overdose with sodium pentobarbi-
tone (200mg/kg ip) 24 h after the last exposure.

2.2. Assessment of markers of systemic inflammation

Following euthanasia, cardiac puncture was performed with a
26 gauge needle to collect blood. The blood was left to clot,
centrifuged at 1500 G for 10min and serum was collected. The
concentrations of IL-4 and IL-6 in the serumwere analysed by ELISA
as per the manufacturer’s instructions (R&D systems, Minneapolis,
USA).

2.3. Assessment of markers of lung inflammation

Mice were tracheostomised, and a polyethene cannula inserted
and secured with a 3-0 silk suture. Saline (500 mL) was adminis-
tered into the lung via the cannula and flushed three times to
collect a bronchoalveolar lavage (BAL) sample. The BAL was trans-
ferred into 1.5mLmicrocentrifuge tube and centrifuged at 400 G for
5min. The supernatant was removed (for ELISA) and the cell pellet
was resuspended in 100 mL phosphate buffer saline (PBS). The cell
suspension (10 mL) was mixed with 10 mL of 4% Trypan blue (Life
Technologies, Carlsbad, CA). Live and dead cells were then counted
using a haemocytometer to obtain a total cell count. The remaining
90 mL was transferred to a slide by cytospin at 100 G (Thermo Sci-
entific, WalthamMA) for 5min. Slides were fixed for 1min in 100%
methanol and stained with Haem Kwik (HD Scientific Supplies,
Wetherill Park, NSW). A differential cell count was performed by
counting random fields of view until a total of 200 cells had been
counted under light microscopy. IFN-g, IL-4, IL5, IL-6, IL-8 and IL-10
levels in the supernatant were assessed by ELISA according to the
manufacturer’s instructions (R&D systems, Minneapolis, USA).
2.4. Cell harvest from the spleen and thymus

The thymus and spleen were excised and weighed. Each organ
was disaggregated through a 70 mmcell strainer (BD Bioscience, San
Jose, CA) with RPMI-1640 medium containing 10% fetal bovine
serum (FBS). Cells were then centrifuged at 500 G for 5min at 4 �C.
Supernatant was removed and cells were incubated at room tem-
perature with ACK lysis buffer for 5min (Thermo Fisher scientific,
Waltham, MA). Thymyocytes and splenocytes were washed and
resuspended in FACS buffer containing 1% bovine serum albumin
(Sigma-Aldrich, St. Louis, MO), 0.1% sodium azide (Sigma-Aldrich),
and 5mM EDTA (Sigma-Aldrich, St. Louis, MO) in Ca2þ and Mg2þ

free Hank’s balanced salt solution (Sigma-Aldrich, St. Louis, MO).
Cells were counted using a haemocytometer. 2.5 mg/mL of Fc block
(BD Biosciences, Franklin lakes, NJ) was added to minimise non-
specific binding of immunoglobulins.
2.5. Flow cytometric analysis of thymocyte and splenocyte cell
populations

For flow cytometric analysis, 1� 106 cells were stained as fol-
lows. Fluorescent conjugated cell surface marker staining was
performed in the dark on ice for 30min. Cells were washed twice
with FACS buffer. Cells were resuspended in 10 nM of 406-
diamidino-2 Phenylindole dihydrochloride (DAPI) (Sigma-Aldrich,
St. Louis, MO) followed by 5min incubation on ice. Antibodies for T
cell subset detection panels were: anti-CD3FITC (clone 17A2, Bio-
legend, San Diego, CA), anti-CD4APC (clone RM4-5, Biolegend, San
Diego, CA), anti-CD8aPE/Cy�7 (clone 53e6.7, Biolegend, San Diego,
CA), anti-CD25PE (clone PC61, Biolegend, San Diego, CA). B cells
were identified with anti-CD19BV421 (clone 6D5, Biolegend, San
Diego, CA). Immunofluorescent staining was analysed using a BD
FACSCANTO II analytical flow cytometer (BD Biosciences). Flow
cytometry data was analysed using FCS Express 6 (DeNovo soft-
ware, Glendale, CA). Fluorescence minus one (FMO) controls were
used for gating analysis. Compensationwas performed using single
colour stained cells, and compensation matrices were calculated
and applied. Single cells were gated based on forward scatter (FSC)
height compared with FSC area. Singlets were then gated as low
side scatter (SCC) and low FSC on FSC compared with SSC. DAPI
staining was used to eliminate dead cells, with a BV421 stain used
as a dump channel to removed unwanted B cells from the T cell
panel.
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2.6. Statistical analysis

Between group comparisons were made using a two-way
analysis of variance (ANOVA) with Holm-Sidak post-hoc tests.
Data were transformed where necessary to satisfy the assumptions
of homoscedasticity and normal distribution of the error terms.
Data were analysed in SigmaPlot 11 (Systat, Erkrath, Germany) and
reported as mean (SD). P-values of <0.05 were considered statis-
tically significant.

3. Results

3.1. Systemic inflammation

Pregnancy increased serum IL-4 levels (p< 0.001) (Fig. 1).
However, exposure to DEP, silica and iron oxide had no effect on IL-
4 levels (p¼ 0.63). All serum IL-6 levels were below the limit of
detection of the assay (data not shown).

3.2. Lung cytokines

Pregnant mice had increased IL-4 levels (p¼ 0.046) as well as
decreased IL-8 levels (p< 0.001) in the BAL compared to non-
pregnant mice (Fig. 2C). Exposure to PM had no effect on IL-4
(p¼ 0.46). Mice exposed to DEP, pregnant and non-pregnant, had
higher levels of IL-8 in the BAL than those exposed to silica
(p¼ 0.005), however, neither had altered levels compared to saline
exposedmice (p¼ 0.26 and p¼ 0.07, respectively) and the response
Fig. 1. Serum IL-4 concentrations. Pregnant (black bars) eight-week-old C57BL/6J mice were
in 50 mL of saline, or saline alone, on gestational days (E) E7.5, E12.5 and E17.5. Non-pregnan
24 h after the last exposure and IL-4 levels were assessed by ELISA. Data are presented as

Fig. 1. Bronchoalveolar lavage cytokine concentrations. Pregnant (black bars) eight-week ol
(Fe203) or silica (Si02) in 50 mL of saline, or saline alone, on gestational days (E) E7.5, E12.5 an
BAL fluid was collected 24 h after the last exposure and IL-4 (A), IL-6 (B), and IL-8 (C) lev
(n ¼ 9e11 per group).
was not modified by pregnancy (p¼ 0.23). IL-6 levels were not
modified by pregnancy (p¼ 0.06) or PM exposure (p¼ 0.07)
(Fig. 2). IL-5, IL-10 and IFN-g were measured but all levels were
below the limit of detection of the assay (data not shown).
3.3. Differential cell counts in the lung

Non-pregnant mice exposed to silica had increased numbers of
lymphocytes (p< 0.001) (Fig. 3B), neutrophils (p< 0.001) (Fig. 3C)
and eosinophils (p< 0.001) (Fig. 3D) in the BAL fluid compared to
saline exposed non-pregnant mice. DEP and iron oxide had no ef-
fect on lymphocyte (p¼ 0.73 and p¼ 0.92 respectively) (Fig. 3B),
neutrophil (p¼ 0.69 and p¼ 0.56 respectively) (Fig. 3C) or eosin-
ophil (p¼ 0.55 and p¼ 0.45 respectively) (Fig. 3D) numbers in the
BAL. Pregnancy reduced the silica induced lymphocyte (p¼ 0.045)
(Fig. 3B) and neutrophil (p¼ 0.01) (Fig. 3C) influx as measured in
the BAL fluid. Neither, pregnancy (p¼ 0.40) nor PM10 (p¼ 0.12)
exposure had an effect on macrophage counts (Fig. 3A).
3.4. Spleen and thymus weight

Pregnancy resulted in a significant increase in spleen weight
(p< 0.001) (Fig. 4A) and a significant decrease in thymus weight
(p< 0.001) (Fig. 4B). Exposure to PM10 did not significantly alter the
weight of either the spleen or thymus (p¼ 0.40 and p¼ 0.65
respectively).
exposed intranasally to diesel exhaust particles (DEP), iron oxide (Fe203) or silica (Si02)
t controls (white bars) were exposed on day (D) D0, D5 and D10. Serum was collected
mean (SD). ***p < 0.001. (n ¼ 9e11 per group).

d C57BL/6J mice were exposed intranasally to diesel exhaust particles (DEP), iron oxide
d E17.5. Non-pregnant controls (white bars) were exposed on day (D) D0, D5 and D10.

els were assessed by ELISA. Data are presented as mean (SD). *p < 0.05, ***p < 0.001.



Fig. 2. Bronchoalveolar lavage cell counts. Pregnant (black bars) eight-week-old C57BL/6J mice were exposed intranasally to diesel exhaust particles (DEP), iron oxide (Fe203) or
silica (Si02) in 50 mL of saline, or saline alone, on gestational days (E) E7.5, E12.5 and E17.5. Non-pregnant controls (white bars) were exposed on day (D) D0, D5 and D10. BAL fluid
was collected 24 h after the last exposure and macrophage (A), lymphocyte (B), neutrophil (C) and eosinophil (D) numbers were counted. Data are presented as mean (SD).
*p < 0.05, **p < 0.01, ***p < 0.001. (n ¼ 9e11 per group).

Fig. 3. Spleen and thymus weights. Pregnant (black bars) eight-week-old C57BL/6J mice were exposed intranasally to diesel exhaust particles (DEP), iron oxide (Fe203) or silica (Si02)
in 50 mL of saline, or saline alone, on gestational days (E) E7.5, E12.5 and E17.5. Non-pregnant controls (white bars) were exposed on day (D) D0, D5 and D10. 24 h after the last
exposure the spleen (A) and thymus (B) was collected and weighed. Data are presented as mean (SD). ***p < 0.001. (n ¼ 9e11 per group).
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3.5. Thymocyte and splenocyte populations

Pregnancy increased the percentage of CD4þ (p< 0.001) and
CD4þCD25þ (p< 0.001) T cells in the spleen (p< 0.001) (Fig. 5A and
E) and decreased the percentage ofCD8þ T cells (p ¼ 0.02) (Fig. 5C).
Conversely, pregnancy decreased the percentage of CD4þ T cells in
the thymus (p< 0.001) (Fig. 5B) and increased the percentage of
CD8þ T cells in the thymus (p< 0.001) (Fig. 5D). Pregnancy modi-
fied the response to PM10 exposure (p¼ 0.015) whereby pregnant
mice exposed to DEP (p< 0.001) and silica (p¼ 0.009) had a higher
percentage CD4þCD25 þ T cells in the thymus compared to non-
pregnant mice (Fig. 5F; Fig. 6). There was no effect of iron oxide
exposure (p¼ 0.77) on the CD4þCD25 þ Tcell population (Fig. 5F) in
the thymus, however, pregnancy increased the percentage of these
cells in the spleen (p< 0.001) with no effect of PM10 exposure
(p¼ 0.18) (Fig. 5E).

3.6. Fetal outcomes

There was no effect of PM exposure on average litter size
(p¼ 0.074) or fetal weight (p¼ 0.282) (data not shown).

4. Discussion

We aimed to determine if pregnancy alters the response to PM
exposure. We found that silica exposure caused the largest in-
flammatory response and that pregnancy significantly suppressed
this response. Pregnancy also increased the percentage
CD4þCD25 þ T cells in the thymus following exposure to silica and
DEP; a response that was absent in non-pregnant mice. Collectively



Fig. 5. T cell populations. Pregnant (black bars) eight-week-old C57BL/6J mice were exposed intranasally to diesel exhaust particles (DEP), iron oxide (Fe203) or silica (Si02) in 50 mL
of saline, or saline alone, on gestational days (E) E7.5, E12.5 and E17.5. Non-pregnant controls (white bars) were exposed on day (D) D0, D5 and D10. 24 h after the last exposure, the
spleen (A, C, E) and thymus (B, D, F) were collected and CD4þ (A, B), CD8þ (C, D) and CD4þCD25þ (E, F) T cell populations were quantified by flow cytometry. Data are presented in
mean (SD). *p < 0.05, **p < 0.01, ***p < 0.001. (n ¼ 9e11 per group).

Fig. 6. Representative CD4þCD25 þ in response to DEP. Pregnant (right panel) eight-week-old C57BL/6J mice were exposed intranasally to diesel exhaust particles (DEP) in 50 mL of
saline on gestational days (E) E7.5, E12.5 and E17.5. Non-pregnant controls (left panel) were exposed on day (D) D0, D5 and D10. 24 h after the last exposure, the thymus was
collected and CD4þCD25 þ T cell populations were quantified by flow cytometry.
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these observations suggest that, contrary to a range of other res-
piratory insults, pregnancy ameliorates the response to PM
exposure.

Exposure to silica caused a significant influx of lymphocytes,
neutrophils and eosinophils into the lung, whereas the DEP and
iron oxide had no effect on these cells. The cellular response to PM
is dependent on the physical and chemical properties of the par-
ticles (Ovrevik et al., 2015). Given the fundamental difference in the
physio-chemical properties between DEP, consisting of a carbon
black core with surface bound transition metals and organic
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compounds, and silica, an inorganic and largely insoluble molecule,
the variation in response to PM from different sources is to be ex-
pected. The observation that silica was the most potent, is consis-
tent with the wealth of literature on the pro-inflammatory effect of
silica exposure (Nemmar et al., 2005; Roberts et al., 2012; Driscoll
et al., 1991). However, our data suggest that pregnancy amelio-
rates the silica-induced inflammatory cell influx in the lung. While
this is in contrast to the increased inflammatory response to TiO2
that has previously been described (Fedulov et al., 2008), it is
consistent with data from other pro-inflammatory diseases, such as
rheumatoid arthritis, in which inflammation becomes suppressed
during pregnancy, resulting in attenuation of symptoms (Crocker
et al., 2000). This immunosuppression is thought to result from
the Th-2 biased immune response during pregnancy which, in-
fluences the release of IL-4 from the decidua into the circulation
(Bachy et al., 2008). We have also shown that pregnancy increased
serum and BAL IL-4 levels. Increased IL-4 has been shown to sup-
press neutrophil infiltration (Seki et al., 2012) and inhibit IL-8
release (Standiford et al., 1990), which is consistent with the
decrease IL-8 we observed in the BAL of pregnant mice. IL-8 is an
important neutrophil chemoattractant (Baggiolini and Clark-Lewis,
1992) and its reduction in pregnancy, along with increased IL-4,
may result in the suppression of the neutrophilic response to PM
we observed in the silica-exposed pregnant mice. We also observed
an increase in eosinophils in non-pregnant mice in response to
silica, however we did not observe the concomitant increase in IL-5
that would be expected (Greenfeder et al., 2001). It is possible that
IL-5 levels had peaked earlier in the inflammatory response and
returned to basal levels by the 24 h timepoint. While we only
observed this suppression of inflammation in response to silica,
suggesting that the response is PM source specific, it is important to
note that we did not see the expected increase in inflammation in
the non-pregnant DEP exposed mice. Again, this may be due to the
fact that we assessed inflammation 24 h post-exposure, beyond the
time-course of DEP induced inflammation in mice (Larcombe et al.,
2013).

Pregnancy increased spleen weight but decreased thymus
weight. This might have been expected as circulating hormones
such as progesterone, estrogen and cortisol all cause thymus

involution and spleen hyperplasia (Sasaki and Ito, 1981; €Oner and
Ozan, 2002). The change in weight, particularly of the thymus, is
thought to influence the immune system and, consequently, the
inflammatory response (Swami et al., 2012). In the spleen, the
percentage of CD8þ T cells decreased in pregnant mice, while the
thymus showed an increase in the percentage of CD8þ Tcells. While
the function of CD8þ T cells in pregnancy remains unknown, there
is evidence to suggest CD8þ T cells are important for fetal tolerance
(Lissauer et al., 2012). CD8þ T cells have been shown to be raised in
the peripheral blood during pregnancy and have been linked to the
function of the uteroplacental interface (Loewendorf et al., 2014).
Exposure to PM, regardless of pregnancy status, did not influence
the percentage of CD8þ T cells. It should be noted that pregnancy
lowered the silica-induced increase in lymphocyte numbers but it
is unclear which population of lymphocytes was affected.

Pregnancy caused an increase in the percentage of CD4þ T cells
in the spleen and a reduction in the percentage of CD4þ T cells in
the thymus. While these responses were not altered by PM, preg-
nancy did cause an increase in the percentage of CD4þCD25 þ Tcells
in the spleen, but only in DEP- and silica-exposed mice in the
thymus. CD4þCD25 þ T cells have been noted to be important for
regulating the immune response during pregnancy (Guerin et al.,
2009). During pregnancy, CD4þCD25 þ T cells increase as they are
thought to be important for fetal tolerance (Burt, 2013) which could
explain the rise in CD4þCD25 þ T cells in the spleen we observed.
Additionally, Mj€osberg et al. (2007) has shown the potential for
CD4þCD25 þ T cells to suppress both the Th1 and Th2 response
during pregnancy. Hence, the increase in CD4þCD25 þ T cells in
pregnant mice in response to silica and DEP is consistent with the
reduced lung inflammatory response that was observed in some
groups. CD4þCD25 þ T cells have been shown to suppress the in-
flammatory response to fine PM (Zhang et al., 2014). Thus, the
upregulation of CD4þCD25 þwe observed in the pregnant mice
may be an adaptive response to protect the mother, and potentially
the fetus, from the detrimental effect(s) of DEP exposure. Collec-
tively, our data suggest that pregnancy promotes an immunosup-
pressive environment that ameliorates the lung inflammatory
response induced by inhalation of PM.

One of the major limitations of this experiment was the time
point at which the BAL samples were collected BAL samples were
collected 24 h after exposure and this may have been too late to see
the response to some of the PM exposures, particularly DEP (Boylen
et al., 2011). A time point between 6 and 12 h after exposure may
have been more appropriate to quantify the response to PM. The
dose of PM used is also important to consider. The dose of PM used
is also important to consider. Exposure of mice to 100 mg of DEP has
been shown to cause a similar carbon black loading pattern to that
observed in humans exposed to ambient pollution (Boylen et al.,
2011). This dose is also in the range of doses (50e250 mg) used by
the only other study examining the effect of pregnancy to PM
exposure (Fedulov et al., 2008). To ensure that mice were exposed
across their gestation, mice were exposed 3 times. So, while the
dosewe used was high based on body-weight, it is within the range
of doses that are relevant for proof of principle experiments such as
those outlined in the present study. It is also important to consider
the potential impact of pregnancy itself on exposure to PM;
something that we did not model in our system. For example,
pregnancy is known to have a significant influence on respiratory
physiology such that there is a marked increase in minute venti-
lation (Lomauro and Aliverti, 2015). Thus, a pregnant woman may
be exposed to higher concentrations of PM than a non-pregnant
woman meaning the apparent protective effect we observed may
be negated. This is an issue that warrants further investigation.

In summary, pregnancy ameliorates the pro-inflammatory
response induced by PM10. While acknowledging the issues asso-
ciated with timing of the measurement of the response, this effect
seems to be PM source-specific. During pregnancy, there was a
reduction in the inflammatory response induced by silica. This
reduction in inflammatory responsewas consistent with the overall
increase in IL-4 levels, and decrease in IL-8 levels, associated with
pregnancy along with the propensity to up-regulate the production
of CD4þCD25 þ T cells. Taken together, our observations suggest
that pregnancy may protect against the inflammatory effects of air
pollution. However, there is an inconsistency between thematernal
response and the fetal response, with a broad range of detrimental
effects reported for the developing fetus (Baïz et al., 2011; Suglia
et al., 2007; Chen et al., 2018), which warrant further investigation.
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� In utero exposure to DEP, but not silica, decreased %CD19 þ CD1dhighCD5þ B cells in female mice.
� In utero exposure to DEP, but not silica, decreased post-natal IFN-g production by splenocytes.
� The inflammatory response to DEP varied between sexes.
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a b s t r a c t

Our understanding of the impact of in utero exposure to PM on post-natal immune function and the
subsequent response to PM exposure is limited. Similarly, very few studies have considered the effect of
exposure to PM from different sources. Thus, the aim of this study was to examine how in utero exposure
to PM from different sources effects the post-natal response to pro-inflammatory and immune stimuli.
C56BL/6J pregnant mice were exposed intranasally on gestational day (E)7.5, E12.5 and E17.5e50 mg of
diesel exhaust particles (DEP), silica or saline. At 4-weeks post-natal age, sub-groups of male and female
mice were exposed intranasally to 50 mg of DEP or saline. Lung inflammatory responses were assessed
6 h later by quantifying inflammatory cells and cytokine production (MCP-1, MIP-2, IL-6). In separate
groups of mice, the spleen was harvested to quantify B and T cell populations. Splenocytes were isolated
and exposed to lipopolysaccharide or poly I:C for assessment of cytokine production. Exposure to DEP in
utero decreased %CD1dhighCD5þ B cells in female mice and IFN-g production by splenocytes in both
sexes. Male mice had elevations in macrophage and lymphocyte numbers in response to DEP whereas
female mice only had elevated IL-6, MCP-1 and MIP-2 levels. In utero exposure to silica had no effect on
these measures. These data suggest that in utero exposure to PM alters immune development and post-
natal immune function. This response is dependent on the source of PM, which has implications for
understanding the community health effects of exposure to air pollution.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Inhalation of particulate matter (PM) makes a significant
contribution to global morbidity and mortality (Cohen et al., 2017).
Exposure to PM has been linked to the development and exacer-
bation of respiratory and cardiovascular diseases (MacNee and
Donaldson, 2003; Nordling et al., 2008; Chen et al., 2013; Du
et al., 2016). PM is typically characterised by its aerodynamic
icine University of Tasmania

osky).
diameter, with PM less than 10 mm in size (PM10) being able to
bypass the upper respiratory system defences and reach the lungs
(Kim et al., 2015). However, the source of PM10, and hence its
chemistry, varies spatially and temporally. For example, PM from
combustion sources typically dominates the urban environment
whereas wind-blown dust from crustal sources may be more
prevalent in regional areas or during severe weather events in
larger cities (Lewtas, 2007; Chen et al., 2011; Aryal et al., 2012;
Alessandrini et al., 2013). While both combustion-derived and
crustal PM have been linked to adverse health effects (Lewtas,
2007; Esmaeil et al., 2014), it is likely that the health implications
of exposure to PM from these different sources varies considerably.
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In recent years there has been an increased focus on the effect of
exposure to PM in vulnerable populations. There is now a growing
body of evidence that in utero exposure represents a keywindow of
susceptibility to the health effects of PM. For example, epidemio-
logical studies have shown associations between exposure to urban
pollution in utero and premature birth, lower birth weight and the
development of asthma (Rich et al., 2015; Lee et al., 2018).
Consistent with this, in utero exposure to diesel exhaust particles
(DEP), a common source of combustion-derived PM, enhances the
post-natal development of allergic airway responses in mouse
models (Fedulov et al., 2008; Clifton et al., 2016) suggesting that the
association is causal. In addition, we have recently shown that
exposure to PM in utero alters post-natal immune cell populations,
and that themagnitude of the response varies between PM samples
(Chen et al., 2018) which is likely to be linked to variations in the
physico-chemical properties of the PM. While this observation may
explain the epidemiological association between early life PM
exposure and an increased risk of asthma, it also implies that post-
natal responses to other immunogenic stimuli, such as further
exposure to PM or a pathogen, may be altered following in utero PM
exposure.

The overall aim of this study was to assess the effect of in utero
exposure to PM from different sources on the post-natal response
to pro-inflammatory and immune stimuli. We achieved this using
our well-established mouse model of maternal exposure to
combustion-derived (DEP) and crustal (silica) PM (Chen et al., 2018;
Thaver et al., 2019). We assessed the effect of these in utero expo-
sures on immune cell populations, somatic growth, the post-natal
response to PM (DEP) in vivo and the response of splenocytes to a
range of stimuli ex vivo.

2. Methods

2.1. Animal model

Eight-week old C57BL/6J pregnant mice were obtained from a
colony housed at the University of Tasmania. All experiments were
approved by the University of Tasmania Animal Ethics Committee
and conformed to the guidelines of the National Health and Med-
ical Research Council (Australia). Mice were exposed intranasally
under light methoxyflurane anaesthesia to either 50 mL saline
(n ¼ 20 dams), 50 mL of saline containing 50 mg DEP (NIST, Gai-
thersburg, MD; SRM 1650b; particle size < 1 mm; characterised by
26 certified PAHs) (n ¼ 17 dams) or 50 mg silica (cristobalite; NIST,
Gaithersburg, MD; particle size < 6 mm) (n ¼ 20 dams) on gesta-
tional days (E)7.5, E12.5 and E17.5. This exposure regime was cho-
sen so that the exposures were spread across gestation and
represented doses that lead to a similar macrophage particle
loading pattern to that observed in human populations (Boylen
et al., 2011). We have previously shown that this exposure proto-
col results in maternal inflammation and immune modulation
(Thaver et al., 2019). Mice were allowed to give birth and offspring
were raised until they were 4-weeks old. 2 males and 2 females
were randomly selected from each litter and exposed intranasally
to 50 mL of saline or 50 mL of saline containing 50 mg of DEP. 6 h after
exposure, all mice, including the remainingmice in each litter, were
euthanised by ketamine/xylazine overdose for assessment of lung
inflammation or tissue harvest for isolation of splenocytes. Body
weight and length were measured for all mice.

2.2. Lung inflammation

Lung inflammation was assessed as described previously
(Thaver et al., 2019). Briefly, following euthanasia, mice were tra-
cheostomised and a polyethene cannula was inserted into the
2

trachea and secured with a silk suture. Saline (500 mL) was
administrated into the lung via the cannula and flushed 3 times to
collect a bronchoalveolar lavage (BAL) sample. The BAL was trans-
ferred to a 1.5 mLmicrocentrifuge tube and centrifuged at 400 G for
5min. The supernatant was removed for assessment of interleukin-
6 (IL-6), monocyte chemoattract protein-1 (MCP-1) and macro-
phage inflammatory protein-2 (MIP-2) by ELISA as per the manu-
facturer’s instructions (R&D systems, Minneapolis, USA). These
cytokines were selected as key markers of the innate response to
DEP exposure. We have previously shown that DEP exposure elicits
a robust inflammatory response in the lung that is characterised by
the expression of these cytokines (Boylen et al., 2011). The cell
pellet was resuspended in 100 mL of PBS.10 mL of the cell suspension
was stained with trypan blue to obtain a total cell count using a
haemocytometer. The remainder of the cell suspension was trans-
ferred onto a slide by cytospin at 100 G for 5 min. Slides were fixed
with methanol and stained with Haem Kwik (HD scientific sup-
plies, Wetherill Park, NSW). A differential cell count was performed
by light microscopy by counting randomly selected fields of view
until 200 cells had been counted.
2.3. Splenocyte isolation

Splenocytes were isolated as described previously (Thaver et al.,
2019). Briefly, the spleen was removed after euthanasia and dis-
aggregated through a 70 mm cell strainer (BD Bioscience, San Jose,
CA) with RPMI-1640 medium. The homogenised tissue was
centrifuged at 500 G for 5 min. The supernatant was removed and
cells were resuspended in ACK lysis buffer for 5 min at room
temperature (Thermo Fisher scientific, Waltham, MA). Splenocytes
were washed and resuspended in buffer containing 1% bovine
serum albumin (Sigma-Aldrich, St. Louis, MO), 0.1% sodium azide
(Sigma-Aldrich St. Louis, MO), and 5 mM EDTA (Sigma-Aldrich, St.
Louis, MO) in Ca2þ and Mg2þ free Hank’s balanced salt solution
(Sigma-Aldrich, St. Louis, MO).
2.4. Flow cytometry

1 � 106 splenocytes from each sample were exposed to Fc block
and stained with fluorescent conjugated monoclonal antibodies
against cell surface markers in the dark on ice for 30 min. After
staining, cells were washed twice with buffer. Cells were resus-
pended in 10 nM of 406-diamidino-2 phenylindole dihydrochloride
(DAPI) (Sigma-Aldrich, St. Louis, MO) for 5 min on ice. Antibodies
for T cell subsets were as follows: anti-CD3FITC (clone 17A2, Bio-
legend, San Diego, CA), anti-CD4APC (clone RM4-5, Biolegend, San
Diego, CA), anti-CD8aPE/Cy_7 (clone 53e6.7, Biolegend, San Diego,
CA) and anti-CD25PE (clone PC61, Biolegend, San Diego, CA). B cells
were identified and removed from the T cell panel with anti-
CD19BV421 (clone 6D5, Biolegend, San Diego, CA). For the B cell
panel, splenocytes were stained with anti-CD19FITC (clone 6D5,
Biolegend, San Diego, CA), CD1d (1B1, Biolegend, San Diego, CA) and
CD5 (53e7.3, Biolegend, San Diego, CA). Immunofluorescent
staining was analysed using a BD FACSCANTO II flow cytometer (BD
Biosciences). Flow cytometry data was analysed using FCS Express
6 (DeNovo software, Glendale, CA). Fluorescence minus one (FMO)
controls were used for gating analysis. Compensation was per-
formed using single colour stained cells and compensation
matrices were calculated and applied. Single cells were gated based
on forward scatter (FSC) height compared with FSC area. Singlets
were then gated as low side scatter (SSC) and low FSC on FSC
compared with SSC. DAPI staining was used to eliminate dead cells.



Fig. 1. Body weight (A), body length (B) and spleen weight (C) for 4 week old male and
female mice exposed in utero to saline (blue), DEP (red) or silica (green). ***p < 0.001.
n ¼ 20 per group. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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2.5. Splenocyte cell culture

1 � 106 splenocytes harvested from the mice were seeded at on
24 well plates in DMEM (Thermo Fisher Scientific, Waltham, Mas-
sachusetts) with 10% fetal bovine serum (FBS) (Fisher Biotech
Australia, Wembley, WA) in an incubator with 5% CO2 at 37 �C.
Media was replaced 24 h later. Splenocytes were then either
exposed to media (control), 1 mg/mL lipopolysaccharide (LPS; E.Coli
0111:B4, Sigma-Aldrich St. Louis, MO) or 1 mg/mL
polyinosinicepolycytidylic acid (Poly I:C) (Sigma-Aldrich St. Louis,
MO) for 24 h. LPS and poly I:C were used to mimic bacterial and
viral exposure. The supernatant was collected and assessed for IL-6,
IL-10 and interferon-gamma (IFN-g) production by ELISA as per the
manufacturer’s instructions (R&D systems, Minneapolis, USA).
These cytokines were chosen asmarkers of innate responses to pro-
inflammatory stimuli (Varma et al., 2001; Paterson et al., 2003).

2.6. Statistical analysis

In line with the factorial design (3 � 2 or 3 � 3) design of all of
the experiments, two-way analysis of variance (ANOVA) with
Holm-Sidak post-hoc tests was used for between group compari-
sons. Data were transformed as necessary to satisfy the assump-
tions of homoscedasticity and normal distribution of the error
terms. All analyses were performed using SigmaPlot 11 (Systat,
Erkath, Germany). Data are reported as mean (SD) and p values of
<0.05 were considered statistically significant.

3. Results

3.1. Somatic growth

In utero exposure to DEP or silica did not alter body weight
(p ¼ 0.137), body length (p ¼ 0.206) or spleen weight (p ¼ 0.317)
(Fig. 1). The lack of an effect on spleen weight remained after cor-
recting for body weight (p ¼ 0.403). There was however a signifi-
cant difference between the sexes, with males being heavier and
longer than females (p < 0.001 for both comparisons) (Fig. 1A,B).
Males also had larger spleens than females (p < 0.001) (Fig. 1C).

3.2. Lung inflammation

3.2.1. Total cell counts
In utero exposure to DEP or silica did not alter baseline BAL total

cell counts from male (p ¼ 0.72) or female (p ¼ 0.66) offspring
(Fig. 2). In male mice, post-natal exposure to DEP increased the BAL
total cell count compared to mice exposed post-natally to saline
(p ¼ 0.021) (Fig. 2A). However, the post-natal DEP effect was not
altered by in utero exposure to PM (p¼ 0.75). In contrast, post-natal
exposure to DEP had no effect on total cell count in female mice
when compared to female mice exposed post-natally to saline
(p ¼ 0.87) (Fig. 2B).

3.2.2. Differential cell counts
In utero exposure to either DEP or silica did not alter baseline

macrophage (p ¼ 0.73; Fig. 3A), lymphocyte (p ¼ 0.93; Fig. 3B),
neutrophil (p ¼ 0.74; data not shown) or eosinophil (p ¼ 0.27; data
not shown) numbers in the BAL of male mice. Similarly, in utero
exposure to DEP or silica did not alter macrophage (p ¼ 0.73;
Fig. 3C), lymphocyte (p ¼ 0.22; Fig. 3D), neutrophil (p ¼ 0.25; data
not shown) or eosinophil (p ¼ 0.54; data not shown) numbers in
female mice. Post-natal exposure to DEP increased macrophage
(p ¼ 0.018; Fig. 3A) and lymphocyte (p¼ 0.026; Fig. 3B) numbers in
the BAL of malemice but had no effect on neutrophil (p¼ 0.57; data
not shown) or eosinophil (p ¼ 0.2; data not shown) numbers when
3

compared to male mice exposed post-natally to saline. In utero
exposure to DEP or silica did not further modify the macrophage
(p ¼ 0.73; Fig. 3A), lymphocyte (p ¼ 0.77; Fig. 3B), neutrophil
(p ¼ 0.26; data not shown) or eosinophil (p ¼ 0.24; data not shown)



Fig. 2. Bronchoalveolar lavage total cell counts from 4 week old male (A) and female
(B) mice exposed in utero to saline (blue), DEP (red) or silica (green) and exposed post-
natally to either saline or DEP (cell/mL). *p < 0.05. n ¼ 8e10 per group. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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numbers in male mice exposed post-natally to DEP. Post-natal
exposure to DEP in female mice had no effect on macrophage
(p ¼ 0.78; Fig. 3C), lymphocyte (p ¼ 0.24; Fig. 3D), neutrophil
(p ¼ 0.37; data not shown) or eosinophil (p ¼ 0.16; data not shown)
numbers when compared to female mice exposed post-natally to
saline. In utero exposure to DEP or silica did not further modify the
effect on macrophage (p ¼ 0.88; Fig. 3C), lymphocyte (p ¼ 0.83;
Fig. 3D), neutrophil (p ¼ 0.71; data not shown) or eosinophil
(p ¼ 0.57; data not shown) numbers in female mice exposed post-
natally to DEP.

3.2.3. BAL cytokines
Exposure to either DEP or silica in utero had no effect on baseline

IL-6 (p¼ 0.14; Fig. 4A), MCP-1 (p¼ 0.19; Fig. 4B) or MIP-2 (p¼ 0.27;
Fig. 4C) in male mice. Similarly, in utero exposure to DEP or silica
had no effect on baseline IL-6 (p ¼ 0.45; Fig. 4D), MCP-1 (p ¼ 0.63;
Fig. 4E) or MIP-2 (p¼ 0.59; Fig. 4F) levels in female mice. Post-natal
exposure to DEP did not alter IL-6 (p ¼ 0.22; Fig. 4A), MCP-1
(p ¼ 0.85; Fig. 4B) or MIP-2 (p ¼ 0.44; Fig. 4C) levels in male
mice. In utero exposure to either DEP or silica had no effect on IL-6
(p ¼ 0.46; Fig. 4A), MCP-1 (p ¼ 0.56; Fig. 4B) or MIP-2 (p ¼ 0.18;
Fig. 4C) levels in female mice. However, post-natal exposure to DEP
increased IL-6 (p ¼ 0.004; Fig. 4D), MCP-1 (p < 0.001; Fig. 4E) or
4

MIP-2 (p ¼ 0.004; Fig. 4F) levels in female mice when compared to
mice exposed post-natal to saline. Prior in utero exposure did not
modify the increase in IL-6 (p ¼ 0.52; Fig. 4D), MCP-1 (p ¼ 0.22;
Fig. 4E) or MIP-2 (p ¼ 0.33; Fig. 4F) as a result of post-natal expo-
sure to DEP.

3.3. Immune cell populations

3.3.1. B cells
Exposure to either DEP or silica in utero had no effect on baseline

%CD19 B cells (p ¼ 0.35; Fig. 5A) or %CD19 þ CD1dhighCD5þ B cells
(p ¼ 0.27; Fig. 5B) in male mice. Similarly, for female mice, in utero
exposure to either DEP or silica did not alter baseline %CD19 B cells
(p ¼ 0.83; Fig. 5C). However, in utero exposure to DEP reduced %
CD19 þ CD1dhighCD5þ B cells (p ¼ 0.009; Fig. 5D) in female mice.
Post-natal exposure to DEP did not alter %CD19 B cells (p ¼ 0.72;
Fig. 5A) or %CD19þ CD1dhighCD5þ B cells (p¼ 0.82; Fig. 5B) in male
mice. Furthermore, in utero exposure to DEP or silica did not alter %
CD19 B cells (p ¼ 0.36; Fig. 5A) or %CD19 þ CD1dhighCD5þ B cells
(p ¼ 0.79; Fig. 5B) in male mice when exposed post-natally to DEP.
Additionally, post-natal exposure to DEP did not alter %CD19 B cells
(p ¼ 0.96; Fig. 5C) or %CD19 þ CD1dhighCD5þ B cells (p ¼ 0.20;
Fig. 5D) in female mice. Furthermore, in utero exposure to either
DEP or silica did not further alter %CD19 B cells (p¼ 0.73; Fig. 5C) or
%CD19 þ CD1dhighCD5þ B cells (p ¼ 0.51; Fig. 5D) in female mice
exposed post-natally to DEP.

3.3.2. T cells
Exposure to either DEP or silica did not alter baseline %

CD3þCD4þ (p ¼ 0.35; Fig. 6A), %CD3þCD8þ (p ¼ 0.13; Fig. 6B) or %
CD3þCD4þCD25þ (p ¼ 0.05; Fig. 6C) T cells in male mice. Similarly,
in utero exposure to either DEP or silica did not alter baseline %
CD3þCD4þ (p ¼ 0.35; Fig. 6D), %CD3þCD8þ (p ¼ 0.13; Fig. 6E) or %
CD3þCD4þCD25þ (p ¼ 0.05; Fig. 6F) T cells in female mice. Post-
natal exposure to DEP did not alter %CD3þCD4þ (p ¼ 0.26;
Fig. 6A), %CD3þCD8þ (p ¼ 0.31; Fig. 6B) or %CD3þCD4þCD25þ

(p ¼ 0.15; Fig. 6C) T cells in male mice. In contrast, while post-natal
exposure to DEP did not alter %CD3þCD4þ (p ¼ 0.48; Fig. 6D) or %
CD3þCD4þCD25þ (p ¼ 0.58; Fig. 6F) T cells it did reduce %
CD3þCD8þ T cells (p ¼ 0.034; Fig. 6E) in female mice. In utero
exposure to DEP or silica did not modify this response.

3.4. Splenocytes responses

In utero exposure to either DEP or silica did not alter baseline IL-
6 (p ¼ 0.88; Fig. 7A) or IL-10 levels (p ¼ 0.33; Fig. 7B) in male mice.
However, exposure to DEP in utero reduced baseline IFN-g levels
(p < 0.001; Fig. 7C) compared to male mice exposed in utero to
saline. Similarly, in utero exposure to either DEP or silica did not
alter baseline IL-6 (p ¼ 0.63; Fig. 7D) or IL-10 levels (p ¼ 0.40;
Fig. 7E) in female mice but exposure to DEP in utero reduced
baseline IFN-g levels (p ¼ 0.012; Fig. 7F) compared to female mice
exposed in utero to silica. Stimulation with LPS increased IL-6
production compared to control (p < 0.001; Fig. 7A) but exposure
to poly I:C had no effect (p ¼ 0.48; Fig. 7A) in male mice. Stimu-
lationwith LPS resulted in higher IL-10 levels than stimulationwith
poly I:C (p ¼ 0.027; Fig. 7B) in male mice, although this level was
not higher than control (p¼ 0.11). However, stimulationwith either
LPS or poly I:C did not alter IFN-g levels (p ¼ 0.91; Fig. 7C) in male
mice. Stimulation with either LPS or poly I:C did not alter IL-6
(p ¼ 0.7; Fig. 7D), IL-10 (p ¼ 0.13; Fig. 7E) or IFN-g (p ¼ 0.98;
Fig. 7F) in female mice. None of the responses to LPS or poly I:C
were modified by prior in utero exposure to silica or DEP (p > 0.05
for all comparisons).



Fig. 3. Bronchoalveolar lavage levels of macrophages (A, C) and lymphocytes (B, D) in 4 week old male (A, B) and female (C, D) exposed in utero to either saline (blue), DEP (red) or
silica (green) and exposed post-natally to either saline or DEP. *p < 0.05. n ¼ 8e10 per group. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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4. Discussion

This study aimed to examine the effect of in utero exposure to
either DEP or silica on somatic growth, the post-natal inflammatory
response to DEP, post-natal immune development, and post-natal
immune function. There were several key observations from this
study. Firstly, in utero exposure to DEP, but not silica, reduced the
percentage of splenic CD19 þ CD1dhighCD5þ B cells and baseline
IFN-g production by splenocytes. Secondly, there were funda-
mental differences in the response to DEP exposure between sexes
that was independent of prior in utero exposure. Interestingly,
exposure in utero to either DEP or silica had no effect on somatic
growth nor did it modify the inflammatory response to a subse-
quent post-natal exposure to DEP. Collectively, these data suggest
that in utero exposure to combustion-derived PM (e.g. DEP) alters
immune development and post-natal immune function whereas
exposure to crustal PM (e.g. silica) has no effect on the outcomes
that were measured. This highlights the importance of assessing
the health effects of PM from different sources as legislative
guidelines are currently based entirely on particle size. The obser-
vation that there were clear differences in the magnitude of the
response, depending on the outcome measured, between male and
female mice to post-natal exposure to DEP also highlights the
importance of understanding the effects of sex on the response to
5

air pollution.
Exposure in utero to DEP altered immune development with a

reduction in %CD19 þ CD1dhighCD5þ B cells in female mice. While
the mechanism for the DEP-induced reduction in
CD19 þ CD1dhighCD5þ B cells is unknown, it is important to
consider the consequences of this effect. CD19 þ CD1dhighCD5þ B
cells, or B10 cells (Tedder, 2015), are critical regulators of the im-
mune system due to their production of IL-10, which is an impor-
tant inflammatory modulator (Saraiva and O’Garra, 2010;
Kalampokis et al., 2013). Thus, lower numbers of
CD19 þ CD1dhighCD5þ B cells may lead to a decreased ability to
produce IL-10 in response to an inflammatory stimulus. It is inter-
esting that we did not observe an effect of in utero DEP exposure on
IL-10 production in splenocytes; although it should be noted that
none of the stimuli used caused an up-regulation of IL-10 so we
were unable to quantify any impairment in this response. Regard-
less, the reduction in CD19 þ CD1dhighCD5þ B cells could lead to
dysregulation of IL-10 production (Saadane et al., 2005) resulting in
impaired immune responses. In agreement with this DEP effect on
B10 cell populations, in utero exposure to DEP reduced baseline
production of IFN-g by splenocytes. However, this observation
should be treated with caution given we found no effect on
B10 cells in male mice. IFN-g is a critical cytokine in the anti-viral
response, which implies that in utero exposure to DEP may



Fig. 4. Bronchoalveolar lavage levels of IL-6 (A, D), MCP-1 (B, E) and MIP-2 (C, F) in 4-week old male (AeC) and female (DeF) mice exposed in utero to either saline (blue), DEP (red)
or silica (green) and exposed post-natally to either saline or DEP. *p < 0.05. n ¼ 8e10 per group. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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impair the post-natal viral response. Again, it is notable that the
viral mimic stimulus we used, poly I:C, did not alter IFN-g pro-
duction so we were unable to determine whether in utero DEP
exposure impacted on the functional IFN-g response. Future studies
using live virus may be more informative. Nonetheless, these data
suggest that in utero exposure to DEP impacts immune develop-
ment and function. Importantly, these responses were specific to
DEP exposure and were not observed in the silica-exposed mice.
This reiterates the importance of considering PM source when
6

assessing the potential health implications of exposure.
The lack of an effect of silica suggests that the impact on post-

natal immune responses we have observed only occurs in
response to combustion derived PM (e.g. DEP). While we did not
explore the potential mechanisms in this particular study, it is likely
that the fetal and post-natal effects of maternal exposure are due to
direct effects of the PM on the fetus through placental transfer, and/
or indirectly through modulation of the maternal immune and
inflammatory response to PM exposure. It has been shown that



Fig. 5. Percentage of splenic CD19þ and CD19 þ CD1dhighCD5þ B cells in 4-week old male (A) and female (B) mice exposed in utero to either saline (blue), DEP (red) or silica (green)
and exposed post-natally to either saline or DEP. *p < 0.05. n ¼ 8e10 per group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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carbon black, the core component of DEP, can cross the human
placenta (Bove et al., 2019). We have also shown that DEP exposure
causes modulation of maternal immune cell populations (Thaver
et al., 2019). Thus, it is likely that DEP has effects on the devel-
oping immune system via both direct and indirect effects on fetal
immune responses. No studies have assessed the capacity of silica
to cross the placenta, however, given the size of the silica particles
used, it is unlikely that placental transfer of silica PM occurred in
this study. We have previously shown that there is a robust, albeit
dampened, inflammatory response to silica PM in pregnant mice
(Thaver et al., 2019). Interestingly, in that study, silica had no impact
on maternal immune cell populations (Thaver et al., 2019). So, the
absence of an effect of silica on fetal immune development in the
present study may be due to a lack of placental transfer of silica PM
or, minimal impact on the maternal immune system; both of which
seem to occur in response to DEP. Collectively, our observations
suggest that maternal exposure to silica PM, a major component of
wind-blown crustal dust (Zosky et al., 2014), is unlikely to have an
effect on fetal immune development.

Collectively, the response to post-natal DEP was as expected (Li
7

et al., 2008). It caused an inflammatory response in the lung and
altered T cell populations. Unexpectedly, none of these responses
were influenced by in utero exposure to PM suggesting that
maternal exposure to PM has little direct impact on the response to
post-natal PM exposure. However, these experiments revealed
some interesting differences between sexes in the response to DEP.
Male mice exposed to DEP exhibited elevated total cell counts and
an influx of macrophages and lymphocytes in the lungs. In contrast,
there were no changes in cell counts in female mice exposed to DEP
post-natally. However, female mice had elevated levels of IL-6,
MCP-1 and MIP-2 and a reduction in CD8þ T cells, while none of
these responses were observed in male mice. These sex differences
are largely consistent with our previous studies where we noted
that female mice had a more severe inflammatory response to DEP
exposure, characterised by early upregulation of inflammatory cy-
tokines that was largely absent in the male mice at the same
timepoint (Boylen et al., 2011). While we did observe some cyto-
kine production in male mice in the previous study, it is worth
noting that the mice used in the present study were much younger
and age is known to influence the response to PM (Lelieveld et al.,



Fig. 6. Percentage of CD3þCD4þ (A, D), CD3þCD8þ (B, E) and CD3þCD4þCD35þ (C, F) T cells in the spleen of 4-week old male (AeC) and female (DeF) mice exposed in utero to either
saline (blue), DEP (red) or silica (green) and exposed post-natally to either saline or DEP. *p < 0.05. n ¼ 8e10 per group. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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2018). The broader effect on cytokine production and alterations in
immune populations in the female mice (i.e. reduction in CD8þ T
cells) is consistent with the literature suggesting that females are
more susceptible to the effects of air pollution (Clougherty, 2010).
8

The fact that we did not observe an effect on inflammatory cell
populations in the lung in female mice in the present study may be
due to timing of our observations. Our cross-sectional assessment
of the response may not have coincided with the peak responses in



Fig. 7. Levels of IL-6 (A, D), IL-10 (B, E) and IFN-g (C, F) produces by splenocytes harvested from male (AeC) and female (DeF) mice exposed in utero to either saline (blue), DEP (red)
or silica (green) in response to exposure to saline, LPS or poly I:C. *p < 0.05, **p < 0.01, ***p < 0.001. n ¼ 8 per group. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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the outcome measured. This may, in part, contribute to the sex
differences we observed.

However, it is also likely that fundamental differences in the
response to a range of physiological stimuli between sexes also
played a role in our observations. Consistent with this, splenocytes
isolated from males showed increased IL-6 production, and some
evidence of IL-10 production, in response to LPS. This response is
consistent with the known effect of LPS on the inflammatory
response (Schreiber et al., 1993; Pengal et al., 2006; Beurel and Jope,
2009). However, we were unable to detect a similar response in the
splenocytes isolated from the female mice.

This study had a number of potential limitations which should
be acknowledged. One potential limitation was the dose of PM
9

used. The dose was chosen based on our previous work showing
comparable levels of macrophage particle loading to that observed
in human populations (Boylen et al., 2011). However, we did not
completely mimic the chronic low level exposure that typically
occurs in human populations. While our splenocyte data was
informative, in that we were able to clearly demonstrate impair-
ments in post-natal IFN-g production, the in vitro stimuli used did
not alter production of key cytokines (IL-10 and IFN) so we were
unable to assess whether these responses were impaired by in utero
PM exposure. Future experiments should use live pathogens to
assess the effect of in utero PM exposure on post-natal immune
function.

In summary, the aim of this study was to assess the effect of in
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utero exposure to PM from different sources on the post-natal
response to pro-inflammatory and immune stimuli. In utero expo-
sure to DEP, but not silica, reduced numbers of
CD19 þ CD1dhighCD5þ B cells in female mice and IFN-g release by
splenocytes isolated from male and female mice. Additionally, this
study highlighted differences in responses between male and fe-
male mice to DEP exposure. Collectively, these data suggest that in
utero exposure to DEP impairs immune development and post-
natal immune function with potential implications for the
response to viral infections. This effect was not observed in
response to silica suggesting it is specific to combustion-derived
PM. These observations have implications for our understanding
of the health effects of early life exposure to PM from different
sources.
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