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ABSTRACT 

 

According to the World Health Organization (WHO), environmental air pollution is currently among 

the leading causes of death and disease globally. Particulate matter (PM) exposure has been linked 

to the exacerbation of acute respiratory diseases, especially in the most susceptible population’s 

subgroups, such as infants and chil\dren. Acute bronchiolitis, a common clinical condition 

characterized by inflammation and obstruction of bronchioles, is generally caused by a viral 

infection of the lower airways and is estimated to be the leading cause of hospitalization of infants 

worldwide. At present, the severity of the disease is only partially explained by current known 

predisposing risk factors but recent evidence suggests that short-term exposure to PM causing 

airway inflammation, might result in increased susceptibility to viral infections and bronchiolitis 

severity.  

Due to its anatomical location, the upper respiratory tract (URT) is persistently exposed to PM, 

which affects the airway microbiome: recent evidence has linked the effects of PM10 and PM2.5 to 

microbiota structure and composition. In this context, innate immunity plays a fundamental role in 

the first response to both exogenous agents and commensal/pathobionts components of 

microbiota. In particular, bacterial-derived Extracellular vesicles (bEVs) are emerging as essential 

interregnum messengers that could play a crucial role in communication with mammalian cells, by 

modulating the host immune system.  

The main aim of the work is to investigate how PM exposure might modulate the relation that occurs 

between the severity of acute bronchiolitis, the respiratory microbiota, and the host immune 

response mediated by bEVs. First, we showed that the exposure to PM2.5 from the Milan 

metropolitan area impaired the innate immunity response following an acute infectious stimulus in 

a zebrafish (Danio rerio) embryo model. In particular, PM induced a pro-inflammatory effect, which 

leads to a dampened leukocytic response to a subsequent inflammatory stimulus. In the second part 

of the thesis, we investigated the relationship between short-term exposure to PM (PM2.5 and PM10) 

and the severity of viral bronchiolitis through a population study involving infants with bronchiolitis 

(with and without Respiratory Syncytial Virus, RSV, infection) aged less than one year living in the 

area of Milan. A positive association was observed between the severity of the disease and PM2.5 

and PM10  exposure levels in the third week before the bronchiolitis peak. Moreover, we performed 

a metataxonomic analysis, comparing the composition of the bacterial portion of the nasal 
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microbiome (bNM) of infants with bronchiolitis and matched it to healthy controls, to unveil a 

plausible interplay of the URT microbiota in this framework. We observed a respiratory dysbiosis in 

bNM of infants with bronchiolitis. Furthermore, Haemophilus influenzae (Hi) was predicted as the 

most represented species and also positively modulated by PM exposure during bronchiolitis. Last, 

the immunomodulatory potential of Hi-deriving bEVs was investigated using the zebrafish embryo. 

With this model, we showed that Hi-bEVs promote a pro-inflammatory response by altering 

leukocyte trafficking in particular in the neutrophil population.  

Overall, our data support the role of PM exposure in influencing the interplay between respiratory 

viruses, such as RSV, and specific microbiota components of the URT, such as Hi, in modulating the 

host immune response, potentially determining the pathogenesis and severity of acute 

bronchiolitis.  
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1. Air pollution and Particulate matter (PM) 

 

Air pollution is  the contamination of the environment by any chemical, physical or biological agent 

that modifies the natural characteristics of the atmosphere, as defined by the World Health 

Organization (WHO, www.who.int/health-topics/air-pollution#tab=tab_1). Air pollution is the 

leading environmental risk factor to health globally. Currently, the joint effects of household and 

ambient air pollution are estimated to cause around 7 million deaths, mainly from 

noncommunicable diseases, and millions of lost years of healthy life annually (WHO, 2021 [1]). Air 

pollutants are usually classified according to their physical state, as well as they can also be 

distinguished between air pollutants in indoor and outdoor environments, as shown in Table 1.  

Table 1. Classification of air pollutants by physical state and environment (adapted from Bernstein et al., 

2004) [2]. 

 

Exposure to air pollutants is heavily dependent on their ambient concentration and in particular 

atmospheric particulate matter (PM) concentrations vary consistently both between and within 

regions across the world. According to the WHO, by reducing air pollution levels, countries can 

reduce the burden of different kinds of diseases, in particular chronic and acute respiratory diseases. 

Nevertheless, in 2019 it is estimated that more than 90% of the global population lived in areas in 

which the concentration levels of PM surpassed the air quality guideline thresholds established by 

the 2005 WHO guidelines. This situation is particularly problematic in northern Italy which is 

depicted in the European framework as one of the most polluted areas (Figure 1): 
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Figure 1. Average concentration of PM2.5 in Europe for 2018. Annual mean μg/m3 (EEA, 2020 [3]) 

 

In table 2 are reported the recommended standards levels of air quality for the main air 

pollutants, as suggested by the European environment agency (EEA) and WHO. 

 

Table 2. Standards for Air quality in EU and WHO 2021 guideline thresholds. 

 EU WHO  

NO2  200 μg/m3 (1h mean, 18 
times/year)  
40 μg/m3 (annual mean)  

25 μg/m3 (1-day mean)  
10 μg/m3 (annual mean)  

 

PM10  50 μg/m3 (1-day mean, 35 
days/year)  

45 μg/ m3 (1-day mean) 
15 μg/m3 (annual mean)   

 

PM2.5  25 μg/m3 (annual mean)  15 μg/m3 (1-day mean)  
5 μg/m3 (annual mean)  

 

SO2  350 μg/m3 (1h mean, 24 
days/year)  

40 μg/ m3 (1-day mean)   

O3  120 μg/m3 (8h mean, 25 
days/year)  

100 μg/ m3 (daily 8h mean)   

CO 10 mg/m3 (daily 8h mean) 4 mg/ m3 (1-day mean)  

 

Among the others, over the past few decades, PM, especially its fine fraction known as PM2.5, has 

emerged as a significant contributor to atmospheric pollution, by causing a wide range of harmful 

effects, including those on human health. PM is a combination of solid pollutants and liquid droplets 

that occur naturally or due to anthropogenic activity and can be observed at various dimensions 



- 9 - 

 

ranging from nanoscale to a maximum of 100 μm. A major source of PM is related to anthropogenic 

processes. In general, diesel usage, industrial activity, and road and agricultural-derived dust are 

considered among the main sources of PM [4–6]. In addition, natural phenomena must also be 

considered, especially in Italy where wildfires (both natural and human-caused) are frequent in the 

summer season [7] and where dust from the Saharan-Sahelian region is carried by winds [8]. In 

regions where the combustion of fossil fuels and biomasses is prevalent, the fine fraction of PM 

tends to be predominant. Overall, PM is defined as a complex mixture comprising chemical and 

biological elements, such as heavy metals, carbonaceous materials, aromatic hydrocarbons, and 

volatile compounds [9].  

Among all of the pollutants, exposure to PM10 and PM2.5 (with a diameter less than or equal to 10 

and 2.5 μm, respectively) is the primary cause of premature mortality and increase morbidity, 

particularly related to cardiovascular [10,11] and respiratory diseases [12–14]. For these latter, an 

example is reported by the study of Burnett and colleagues which analyzed data from 41 cohort 

studies, showing an association between PM2.5 exposure and respiratory diseases (Figure 2).  

 

 

Figure 2. Association between mean PM2.5 exposure (μg/m3) and mortality from noncommunicable diseases 

and lower respiratory illness. Data derived from an analysis of 41 cohort studies [14]. 

 

Exposure to PM2.5 can determine a short-term impact on health. There is a broader consensus that 

breathing this type of pollutant increases the risk of contracting and/or exacerbating acute 

respiratory diseases, particularly in the most susceptible subgroups of the population as infants and 

children [15,16]. Indeed, PM particles can access different locations within the respiratory system 
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based on their size. While PM10 particles can reach only the upper airways, conversely finer particles 

(≤PM2.5) can enter the terminal bronchioles and alveoli, triggering an immune response, and PM1 

are moreover sufficiently small to penetrate the bloodstream [5,17] (Figure 3).  

 

 

 
 

Figure 3. Size, primary composition, and deposition location of PM. PM10 is mainly deposited on the upper 

airways, until the trachea. PM less than 2.5 μm in diameter can get deep into the terminal bronchioles and 

alveoli, and some with a diameter less than 0.1 μm can potentially enter the bloodstream, leading to systemic 

effects on other organs. (Adapted from Yang et al. 2020 [5]) 

 

PM can damage the respiratory system by reducing airway epithelial defense and by altering the 

host’s immune response [18,19]. Indeed, among the other components of PM, some of the organic 

compounds, such as plant pollen, microorganisms, mold, spores, and microbial components (e.g., 

lipopolysaccharides (LPS)), confer an inflammatory potential [20–22]. How PM2.5 exposure can 

shape the inflammatory status in acute respiratory diseases represent a poorly understood topic, as 

well as its influence on the response to the occurrence of a respiratory infectious agent (e.g. 

bacterial or viral infections). Some studies in the last decade have focused on elucidating the 

potential role of PM in this framework, in particular on children’s diseases [9]. Evidence from 

different studies on large population cohorts of infants and children indicated that PM exposure 

triggers a potent systemic inflammatory reaction, leading to higher hospitalization rates due to 

higher susceptibility to pulmonary conditions like influenza [23] and pneumonia [24] as well as for 

viral bronchiolitis in infants, for which associations have been reported [16,25]. Several in vitro and 
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in vivo studies pointed out that exposure to PM2.5 and PM10 is capable to induce high levels of pro-

inflammatory markers such as IL-1β, IL-6, cxcl-8, MIP-1α/β, TNF-α, and Cox-2 [19,26–28], as well as 

it resulted potent activator of inflammasome complex [9,29,30]. Also, lung's immune response is 

affected by PM, leading to oxidative stress and systemic inflammation [31,32]. This effect is mainly 

due to reactive oxygen species (ROS) overproduction, that in turn, through the activation of Toll-like 

receptors (TLRs) (especially TLR4), can result in cellular and tissue damage [33,34] (Figure 4). 

Consistently, PM exposure could lead to airway inflammation [9,35]. Alveolar macrophages (AM) 

play an important role in response to PM trigger, aiding in clearing inhaled particles. In vivo and in 

vitro studies have shown that PM2.5 can interfere with AM physiological functions, by impairing 

phagocytic capacity and in some cases inducing M2 profile [36,37]. Moreover, PM can alter the 

function of other critical immune cells as neutrophils [38]. Overall, this scenario promotes a strong 

recruitment of leukocytes to the airways with impaired functionality (e.g. altered phagocytic ability) 

[27,39], thus resulting in an increased susceptibility to bacterial and viral infections due to a 

dampened immune response, especially in infants [18,40]. Consistently, it has been reported that 

PM exposure is associated to an increased rate of bacterial/viral replication and with more severe 

infection of respiratory tract [41,42]. Among them, an increased susceptibility was described also 

for respiratory syncytial virus (RSV) in infants [43,44], and confirmed by in vivo studies on mice [45], 

thus implying that there might exist potential synergistic effects between PM exposure and 

respiratory viral infections that may exacerbate inflammation. However, the precise mechanisms 

underlying the pathophysiology due to PM exposure on acute lung inflammation are yet to be 

clearly understood. 

   



- 12 - 

 

Figure 4. Overview of inflammatory effects elicited by PM in the respiratory system.  Adapted from Arias et 

al., 2020 [9]. 

 

2. Zebrafish (Danio rerio) as a model to study the innate immunity 

Zebrafish (Danio rerio) is a small freshwater teleost fish originally from South Asia and belonging to 

the Cyprinidae family. Over the last decades, it has emerged as a powerful and versatile model 

system for studying a multitude of processes in biomedical research. Among them, the function of 

innate immune cells and pathways can be studied in isolation in larval stage zebrafish, since the lack 

of an adaptive immune response until 3-4 weeks after fertilization (Figure 5) [46]. Zebrafish 

represents an ideal model for studying different aspects of innate immunity since its immune system 

remarkably resembles that of mammals [47]. Indeed, the inflammation response occurs similarly to 

mammals, with a conserved population of immune cells [48]. In addition, pro and anti-inflammatory 

cytokines are evolutionary conserved between human and zebrafish, thus providing an excellent 

system for modeling various molecular and cellular elements of inflammation such as pathogen 

effects during infections and immune cell migration to inflamed or wound sites [49–51].  

 

 

Figure 5. Overview of the development of the immune system in zebrafish. Dpf: days post fertilization 

(Modified from Mejer et al., 2011 [52]). 

 

Neutrophils and macrophages are the most important cell types of the innate immune system, and 

their primary function is to activate a response to exogenous stimuli, such as pathogens or 

environmental elements. Both zebrafish neutrophils [53] and macrophages [54] are similar to their 

mammals' equivalents. Functional leukocytes are already present in embryos by 30 hours post 

fertilization (hpf) [55,56]. Zebrafish macrophages can carry out phagocytosis, express pro-

inflammatory genes and undergo polarization, as well as form granulomas [57,58]. While 

neutrophils have conserved motility mechanisms and are capable of phagocytosis and of generating 
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neutrophil extracellular traps (NETs) and reactive oxygen species (ROS) [55,59–61]. To study the 

behavior of these cell populations, it is largely diffuse the use of well-established reporters that 

utilize cell-specific promoters: macrophages are commonly marked by the mpeg1.1 gene [62], while 

the neutrophil population is typically marked by myeloperoxidase (mpx) gene [63], one of the 

principal enzymes expressed by these cells upon activation [64]. At last, the optical transparency of 

zebrafish embryo and larva allow for monitoring in vivo leukocyte response to exogenous stimuli 

(Figure 6). 

 
  
 

 
 

Figure 6. Zebrafish transgenic lines, specific reporter for neutrophil (mpx:GFP) and for macrophage 

(mpeg1.1:mcherry) cell populations. Caudal region of 3 dpf larvae is shown. 

 

Zebrafish model for toxicological studies  

In this framework, zebrafish has emerged as a powerful animal model for environmental and 

toxicological studies [65–67]. Compared to higher vertebrates, zebrafish at the embryonic or larval 

stage offers numerous advantages as an intermediate model. The most emphasized feature of 

embryos is their relatively small size (around 4 millimeters at the embryonic stage) that together 

with the ability to produce hundreds of offspring every week and their optical transparency, make 

the zebrafish a reliable model for routine toxicity screening. Moreover, due to the chemical 

permeability of its skin, small molecules and particles, such as liposomes or nanoparticles, are well 

absorbed throughout the embryo and therefore the effects can be studied by simply adding them 

to the larval medium (i.e. by immersion assay) [68–70]. Alternatively, it is possible to investigate the 

effects by directly microinjecting the element of interest (e.g., suspension of pollutants) into 

different sites of the embryos, thus evaluating the immune response elicited (Figure 7).  
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Figure 7. Different ways to perform a toxicity assay on zebrafish. (a) Immersion assay, to directly expose 

embryo/larvae to the component under study (e.g. pollutants suspension); (b) Schematic representation of 

the different routes of microinjection in zebrafish larva (dorsal and lateral view); local injection in brain 

ventricle, intramuscular or into the yolk sac and systemic injection in the duct of Cuvier or intravenous (into 

the blood circulation). 

 

Zebrafish embryo has been widely used to evaluate the toxicity of nanoparticles and environmental 

pollutants [69,71], with the benefit of reducing time and costs of the mammalian models, and in 

accordance with the 3Rs principle [72]. Recently, it emerged as a model to study the effects of air 

pollutants and in particular of PM. As reviewed by Smoot et al., only in the last years (i.e., from 2015) 

some studies concerning investigations of the harmful effects of PM exposure using zebrafish as an 

alternative model have been published [71]. In almost all of them, the effects of PM derived from 

different sources (e.g., urban/rural areas, diesel exhaust) were assessed by immersion assay, in 

which embryos/larvae were exposed to PM directly in the growth medium. Most of the studies are 

based on the investigation of large-scale effects on multi-organs or developmental toxicity caused 

by PM exposure [66,73,74]. Few studies have analyzed the inflammatory effects of PM. For example, 

PM10 collected in Shandong (China) has been shown to induce an increase in ROS production and to 

elicit endoplasmic reticulum stress in embryos expose at an early stage [75]. In another work, 

authors have pointed out that urban PM2.5 (from Jinan area, China) exposure impaired embryo 

locomotion and caused developmental toxicity due to alterations in inflammation and autophagy 

pathways [76]. Moreover, exposure to hydrophobic components of PM, such as polycyclic aromatic 

hydrocarbons (PAH) has been shown to trigger inflammatory responses when absorbed in zebrafish 
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embryos [77]. However, no studies have directly investigated the effects on innate immunity and 

the functional mechanisms underlying the toxic outcomes of PM. 

 

3. RSV bronchiolitis in infants 

Acute bronchiolitis is a common condition that is diagnosed based on clinical symptoms, and it is 

identified by the presence of wheezing illness along with an upper respiratory tract infection. 

Usually, the disease begins with symptoms of coryza and a mild fever but then develops into 

coughing, tachypnea, hyperinflation, retractions in the chest wall between the ribs, grunting, and 

flaring of the nostrils [78]. Acute bronchiolitis is characterized by inflammation and edema of the 

airways, that together with an increased mucus production and necrosis of the airway epithelial 

cells, lead to obstruction of the bronchioles [79]. This syndrome affects mainly infants younger than 

12 months of age, due to the small size of their lower respiratory tract (i.e., bronchioles) (Figure 8).  

 

Figure 8. Bronchiolitis in infants is typically characterized by inflammation of bronchioles and mucus 

hyperproduction, with the consequent obstruction of the airways. 

 

In the vast majority of cases, the respiratory disease is caused by a viral infection of the lower 

airways, and respiratory syncytial virus (RSV) is the most prevalent viral agent for bronchiolitis in 

infants, causing about 70% of the cases (estimates are variable between 40 and 80% of incidence, 

depending on the region) [80–82]. However, other viral agents are associated with bronchiolitis, 

including rhinovirus, influenza, and parainfluenza viruses, as well as metapneumovirus, human 

bocavirus, and adenovirus [80,83,84]. Among infants, it is one of the most prevalent respiratory 
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tract diseases globally. Bronchiolitis is defined by a seasonal infection, typically starting in the latter 

part of October in the temperate northern hemisphere, reaching its highest incidence in January/ 

February, and concluding in April [85]. To date, the fundament of bronchiolitis treatment remains 

supportive care, with infants presenting moderate to severe respiratory distress often hospitalized 

(about 1% to 3% of total cases). The clinical approach to this common life-threatening condition 

exhibits significant variability, ranging from anti-inflammatory (e.g., corticosteroids) and antiviral 

therapies to respiratory support with high-flow oxygen systems and antibiotics treatments (for the 

concerns of bacterial superinfection) [79,80]. 

Focusing on RSV, the most common infecting agent involved in bronchiolitis, is a single-stranded 

RNA virus of the Paramyxoviridae family [86]. The attachment of the virus to the host cell and 

subsequent fusion with the cell involves two specific glycoproteins known as G (large glycoprotein) 

and F (fusion glycoprotein) [87]. The mechanism through which the virus binds to epithelial cells is 

not clear. Toll-like-receptor-4 (TLR-4) [79,88] and Annexin II [86] are two potential receptors for G 

and F glycoproteins. After entering, it replicates within the cells, causing both direct ciliary 

destruction and epithelial necrosis [79,89]. The cell destruction triggers a strong inflammatory 

response (mainly through TLRs and retinoic acid-inducible gene (RIG)-I signaling) with the activation 

of lymphocytes and polymorphonuclear leukocytes (PMNs). Moreover, neutrophil infiltration 

occurs and leads to edematous tissue with an increased mucus secretion, resulting in bronchiolar 

obstruction [86,89]  (Figure 9). 
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Figure 9. Host’s response to respiratory syncytial virus (RSV) infection. During viral replication, arising viral 

RNA, is recognized through Toll-like receptor 3 (TLR-3) and retinoic acid-inducible gene (RIG)-I-like receptors. 

The cellular infection induces the secretion of early inflammatory mediators, such as interferons (IFNs) and 

TNF-α, as well as chemokines like IL-8. Type I interferons induce an increase in pro-apoptotic elements within 

epithelial cells, whereas TNF-α and chemokines promote the recruitment of natural killer (NK) cells and 

polymorphonuclear leukocytes (PMNs) that possess the capability to eliminate infected cells, thus limiting the 

viral replication and spread to neighboring cells in the beginning of infection. Modified from Rossi et al. 2015 

[86]. 

 

Some risk factors have been diffusely recognized for viral acute bronchiolitis, such as premature 

birth, young age, and pre-existing pulmonary diseases [90,91]. However, most cases of illness occur 

without any prior predisposing risk factors in infants [80]. Some evidence suggests that 

environmental factors such as air pollution (e.g., PM) are related to the worsening of respiratory 

diseases in young children [13,92]. In addition, studies reported that exposure to PM might influence 

the inflammatory cascade that brings to RSV infection, disease development, and exacerbation in 

infants [25,93]. In vivo and in vitro studies found associations between exposure to PM and 

accelerated viral replication and more severe infections of the respiratory tract, essentially 

sustaining an increased susceptibility to RSV infection upon PM exposure, which in principle alter 
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the host’s inflammatory response [9,43,45]. Several retrospective studies on large cohorts of infants 

were carried out investigating a link between PM exposure and the risk of hospitalization and 

exacerbation due to viral bronchiolitis, but with inconsistent results [25,94–99]. Therefore, a full 

understanding of the role of air pollution (especially of the PM component) in disease onset and 

exacerbation is still lacking. 

 

4. The nasal and upper respiratory tract (URT) microbiota 

The respiratory system is a complex organ system, which can be categorized into two distinct 

sections: the upper respiratory tract (URT) and the lower respiratory tract (LRT). In particular, the 

URT comprises the anterior nostrils, nasal cavity, paranasal sinuses, nasopharynx, and oropharynx. 

The entire surface of the respiratory system is inhabited by niche-specific bacterial communities and 

the URT is where the highest bacterial densities are typically found [100] (Figure 10).  

 

 

Figure 10. Particles deposition and physiological and microbial gradients along the respiratory tract. Inhaled 

particles of diameter ≥ 10 μm are deposited in the URT, whereas particles with diameter < than 1 μm can 

reach the lungs. The indicated physiological parameters define the selective growth conditions that are 

optimal for the different bacterial niches, ultimately shaping the microbial communities throughout the 

respiratory tract. Adapted from Wing Ho et al., 2017 [100]. 

 

The overall microbiota of the URT and in particular the bacterial nasal microbiota (bNM) can play a 

significant role in various physiological and pathological processes. Associations have been 

demonstrated between the composition of the microbiota and the onset and progression of such 

conditions [100]. bNM is typically composed of both resident and transient microorganisms and is 

characterized by the presence of commensal microbes and pathobionts that constitute 
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Actinobacteria, Firmicutes, and Proteobacteria as the most represented phyla [101]. Several studies 

have dedicated their efforts to identifying the composition of the bNM, establishing that it is largely 

composed of Corynebacterium spp., Moraxella spp., Dolosigranulum spp., Cutibacterium spp.,  

Streptococcus spp., Staphylococcus spp. Genera [100,102]. However, the composition of bNM is 

plastic and can vary over stages of life [101] (Figure 11). 

 

 

Figure 11.  Composition of bacterial nasal microbiota (bNM) at the different life-stages, from infancy to old 

age. Bacterial genera given in the figure were found during the specified time points or intervals of life stages 

by molecular methods (16S rRNA sequencing). Based on references in Kumpitsch et al., 2019. [101] 

 

Examining bNM of infants, studies have shown a transition in its composition during the first two 

years of life. Specifically, the microbiota shifts from a community that is more similar to the maternal 

skin or vaginal microbiota to one that is dominated by the Dolosigranulum, Moraxella, and 

Corynebacterium genera [101,103]. Generally, the bacterial communities belonging to other URT 

niches such as Moraxella spp. and Streptococcus spp., are frequently detected and recognized within 

the bNM community [100,104]. Similar to the other URT residential communities, the main function 

of bNM consists in enhancing the resistance against the colonization of pathogens, through 

competitive exclusion activity [100,103,105]. Studies have documented that the Corynebacterium 

spp. and Dolosigranulum spp. are capable of regulating the growth rate of common respiratory 
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pathobionts such as S. pneumoniae, H. influenzae, and S. aureus in URT, especially among younger 

individuals [106], thus maintaining a fragile balance between commensal and pathobiont bacteria 

inhabiting the respiratory mucosa. However, if any changes in the functional or compositional 

settlement of the bacterial membership occur, the functions that are provided to the host may be 

affected or even disrupted. This can result in a state of dysbiosis, which is often associated with 

various pathological conditions [100,101]. In turn, dysbiosis in the residential communities can be 

linked to infections of the URT, due to the loss of the beneficial and commensal part of the 

community [101,107,108]. The URT is persistently exposed to chemical and biological particulates, 

that can shape its environment and leads to dysbiosis [103]. Due to its anatomical location, the nasal 

cavity is the first structure interacting with exogenous elements and air pollutants such as PM, which 

can elicit a host immune response and activate nasal epithelium [101]. Both coarse and fine PM can 

penetrate and deposit in anterior nasal passages, thus interacting with bNM [100]. To date, the 

relation between bNM and PM exposure has been poorly investigated, however, some recent 

evidence has linked the effects of PM10 and PM2.5 to bNM structure and composition, both in healthy 

adults and subjects with allergic rhinitis, showing a positive association in particular with Moraxella 

taxa [102,109]. 

 

5. Immunomodulatory properties of Extracellular vesicles of Gram-negative 

bacteria 

Extracellular vesicles (EVs) are microscopic membranous structures secreted by most types of both 

eukaryotic and prokaryotic cells. They have emerged as essential intercellular messengers, 

implicated moreover in interregnum communication, and can modulate the host's immune system 

[110–112]. Both Gram-negative and Gram-positive bacteria produce EVs ranging from 10 to 300 nm 

in diameter [113], that are involved in different key functions, including bacterial biofilm formation 

and quorum sensing [114,115]. In particular, Gram-negative bacteria-derived EVs originate from 

controlled blebbing of the outer membrane, for this reason, called outer membrane vesicles (OMVs) 

[116]. Therefore, they are enriched of outer-membrane proteins, as well as lipopolysaccharide (LPS), 

have specific lipid compositions and the cargo molecules can vary in both quantity and composition, 

depending on the growing conditions [117–120]. In general, they can transport periplasmatic and 

cytosolic proteins, nucleic acids (both DNA and RNA), and virulence factors  [116,121–123]. 

Furthermore, OMVs have been detected in human nasal samples during the occurrence of 

infections, thus highlighting their possible significance in the pathogenesis and development of 
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infective diseases [124,125]. Given that OMVs transport virulence factors and can play a role in 

pathogenesis, it is reasonable to expect that host cells have evolved mechanisms to trigger an 

immune response when they meet OMVs. In particular, innate immunity plays a key role in response 

to OMVs, and neutrophil and macrophage cell populations are the main players involved (Figure 

12).  

 

Figure 12. Innate immunity response elicited on leukocytes by outer membrane vesicles (OMVs). OMVs 

comprise some danger-associated molecular patterns (DAMPs) which are like those of their parent bacteria, 

including outer membrane proteins, LPS, and DNA. DAMPs are recognized by host-pathogen recognition 

receptors (PRRs) on the membrane, such as the TLR-2 and TLR-4, which rise a downstream immune response 

by activating NF-κB signaling, thus leading to the production of pro-inflammatory agents. Modified from Tiku 

et al.,2021 [125]. 

 

Typically, neutrophils are the initial responders to an infection site and their significant impact on 

OMV challenge has been recently demonstrated through in vitro and in vivo studies. When 

stimulated in vitro with OMVs derived from N. meningitidis, human neutrophils were induced in the 

production of pro-inflammatory cytokines including TNFα, IL-1β, and macrophage inflammatory 

protein (MIP)-α and -β, as well as chemokines [126]. In addition, the injection of E. coli OMVs into 

mice's peritoneal cavity resulted in the production of CXCL1/IL-8 by endothelial cells, which then 

recruited neutrophils, thus reinforcing the proinflammatory consequences on neutrophils upon 

exposure to OMVs [127]. Nevertheless, further investigations are needed to assess whether 

neutrophils are capable to engulf and clearing OMVs as well as to determine whether bacteria 

employ virulence factors, that are released via OMVs, to interact with neutrophils and modulate the 

immune response.  



- 22 - 

 

OMVs can also affect macrophage response by binding to their cell surface pattern recognition 

receptors (PRRs). For instance, in vitro treatment of THP1 human macrophages with OMVs isolated 

from Legionella pneumophila, induced a strong pro-inflammatory response driven by TLR2 leading 

to overproduction of IL-8, IL-6, IL-1β, and TNF-α [128]. Similarly, E. coli OMVs were able in vitro to 

engage TLR4 in human epithelial cells through the LPS, eliciting a downstream production of IL-8 

[129]. Moreover, since OMVs are readily phagocyted by macrophages, can trigger intracellular PRRs. 

Consistently, some studies have shown that OMVs derived from different bacteria are capable to 

activate inflammasome-related pathways both in vitro and in in vivo mouse models [130,131].  

On the other hand, it has been reported that, besides their pro-inflammatory potential, OMVs can 

also elicit immune escape effects, by inhibiting the function of leukocytes, thus assisting bacteria in 

evading macrophages and neutrophils defense. For example, in vitro studies demonstrated the 

ability of E. coli OMVs in reducing the phagocytic ability of murine neutrophils, dampening their 

response [132]. Moreover, P. gingivalis OMVs have the potential to abrogate the expression of TNFα 

in human macrophages, thus attenuating the response against the bacterium [133]. Hence, it will 

be crucial to elucidate these findings through in vivo studies, to better understand the underlying 

mechanisms. For this purpose, new models to study EVs biology have been developed in the last 

years, such as the zebrafish embryo model [134,135]. 
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Aims and rationale of the thesis  

 

The research of my PhD thesis is based on the study of the harmful effects of airborne particulate 

matter (PM) exposure on the alteration of the immune response, with the purpose of investigating 

its impacts on the onset and severity of viral bronchiolitis in infants. To address the present study, I 

carried out in vivo analyses, setting up a zebrafish model to study the immunomodulatory effects of 

PM on the response to an infectious inflammatory stimulus. In the second part of the thesis, a 

population study involving infants with viral bronchiolitis was also performed to define a possible 

link between PM and bronchiolitis severity. Moreover, metataxonomic analysis on the population 

was carried out to explore a plausible interplay of the upper respiratory tract microbiome in this 

framework. Finally, the immunomodulatory potential of bacterial extracellular vesicles (EVs) of a 

bacterial species resulted involved in the aforementioned interplay was investigated in vivo in a 

newly set zebrafish model.  

The main starting hypothesis of the present thesis is illustrated in figure 13:   

The dysbiosis of the respiratory tract microbiota due to PM exposure could play a key role in 

promoting the onset and development of viral bronchiolitis in infants, by modulating host immune 

response also through bacterial EVs. This interplay is mediated by the effects of PM on the host 

response to viral infections. 

To test this hypothesis, my PhD project has followed four specific aims. An overview of the main 

study aims with the experimental design is described in figure 14.  

AIM 1. To examine in vivo the effects of PM exposure on the host innate immune response against 

an infectious inflammatory stimulus. For this study, a new zebrafish model of PM exposure is set up 

to elucidate the functional mechanisms underlying the immunomodulatory effects of PM exposure, 

and to model the specific effects of the exposure to a PM collected in the Milan metropolitan area 

on the innate immune response following a subsequent infectious acute inflammatory trigger. 

AIM 2. To investigate the relationship between short-term PM2.5 and PM10 exposure and severity of 

bronchiolitis in infants. This objective is addressed through a population study involving infants with 

viral bronchiolitis living in Milan. The PM analyzed in the aim 1 is similar in terms of chemical 

composition to the PM of Milan, potentially leading to comparable effects and thus allowing parallel 

considerations of outcomes. 
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AIM 3. To assess the composition of the upper respiratory tract microbial community of infants with 

bronchiolitis and to evaluate its association with PM exposure. For this purpose, 16S analysis is 

exploited to describe and compared the nasal microbiome of infants with bronchiolitis enrolled in 

the framework of the AIM 2, and matched healthy controls. Respiratory dysbiosis is  investigated to 

identify bacterial taxa differentially expressed.  

AIM 4. To evaluate in vivo the immunomodulatory potential of bacterial EVs derived from the 

bacterial species emerged in aim 3 (i.e., Haemophilus influenzae). To verify this feature, a new 

zebrafish model is set up to study effects of EVs derived from different biological sources. Using this 

model, functional analysis is performed on bacterial EVs to unveil a potential link with RSV infection 

and acute bronchiolitis.  
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Figure 13. Graphic synthesis of the central hypothesis of the thesis  
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 Figure 14. Graphical summary of the specific aims and experimental design of the thesis.
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NOTE: 

Part of the results presented are published in international peer-reviewed journal articles, as  

indicated in the summary of each chapter. 

This contribution is in part related to the BUG project, “Nasal microbiota, bronchiolitis and air 

pollution: the Good, the Bad and the Ugly”, supported by PRIN “progetti di ricerca di rilevante 

interesse nazionale” 2017 [grant number 2017HWPZZZ].  
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Chapter 1  
in vivo study of the 

immunomodulatory effects of 

Particulate Matter on the 

zebrafish model 
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1.1 Summary 

This part of the dissertation will focus on the investigation of how exposure to PM influences the 

response of the innate immune system. For this purpose, the effects of fine PM of Milan metropolitan 

area were analyzed. The analyses were conducted by taking advantage of the in vivo zebrafish 

embryo model, which is largely used in toxicological studies and is suitable to study innate immunity 

response. Indeed, zebrafish shares the main immune cell populations with higher vertebrates, 

including mammals, and, during the larval stage, the adaptive immune system is not yet developed, 

allowing for the study of innate responses in isolation.  

The main goals of the present chapter are i) to generate a new in vivo model that recapitulates the 

immunomodulatory effects of PM exposure observed in human, in order to study the underlying 

functional mechanisms; ii) to set a screening platform for the rapid assessment of the potentially 

harmful effects of PM and iii) to model the specific effects of PM exposure on the innate immunity 

response to an infectious inflammatory stimulus.  
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1.2 Materials and Methods 

 

1.2.1 Zebrafish husbandry 

Zebrafish (Danio rerio) strains AB (Wild type, Wilson lab, University College London, UK), Tg BAC(mpx 

:EGFP)i114 (known as Tg(mpx:EGFP)) [63] and Tg(mpeg1:mcherry) strains [62] were maintained 

according to international (EU Directive 2010/63/EU) and national guidelines (Italian decree No 26 of 

the 4th of March 2014) and raised at 28,5°C on a 14 h light/10 h dark cycle, in the fish facility at the 

University of Milan, Via Celoria 26, 20133 Milan, Italy (Aut. Prot. n. 295/2012-A – December 20, 2012). 

Embryos were collected by natural spawning, staged according to Kimmel et al. [136] and raised at 

28,5°C in E3 embryo/larvae growth medium (E3; Instant Ocean, 0,1% Methylene Blue) in Petri dishes, 

according to established techniques. Embryonic ages are expressed in hours post fertilization (hpf) 

and days post fertilization (dpf). In this work were used exclusively embryos/larvae up to 120 hpf. 

When necessary, from 24 hpf, 0,003% 1-phenyl-2-thiourea (PTU, Sigma Aldrich) was added to the E3 

to prevent pigmentation (this solution will be cited as “PTU” in the text). Embryos were washed, 

dechorionated and anaesthetized with 0.016% tricaine (Ethyl 3- aminobenzoate methanesulfonate 

salt; Sigma Aldrich) in E3, before observations, microinjection, tailfin amputation and image 

acquisitions. For imaging analysis, unless otherwise stated, embryos were fixed for 2 hours in 4% 

paraformaldehyde (PFA) in Phosphate Buffer Saline (PBS) at RT, then rinsed twice in PBS solution.  

 

1.2.2 Collection and preparation of PM2.5  samples 

PM2.5 samples were provided by Professor Andrea Cattaneo (University of Insubria). Fine particulate 

matter (PM2.5) was collected during different sampling campaigns over two months (within February 

and March 2019) in an outdoor urban background site in Como, a medium-sized town of Lombardy 

region (Northern Italy) belonging to the metropolitan area of Milan, and subsequently characterized, 

as described in Rovelli et al. [137]. 34.0% of the fine PM mass is composed by anions and 17.4% by 

cations (NO3
- (21.8%) and SO4

2- (10.8%) are the main inorganic ionic components), which represent 

the major contribution, followed by organic (14.1%) and elemental (0.5%) carbon. The elemental 

content is less than 0.5% and Zn and Fe are the most abundant elements (87% of the total amount). 

Dried PM2.5 samples were weighted and aliquoted in 4 mL glass vials containing 0.7-1.2 mg of dried 

material (Figure 16a) and stored at 4°C until use for the in vivo experiments. Just before use, the 
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whole sample was dissolved in the E3 embryo medium to reach a stock concentration of 700 μg/mL. 

To further dissolve completely the dried material, after the addition of the E3 medium, the glass vial 

was vortexed 2 times for 30’’ and then the resulting PM suspension was subjected to two sequential 

sonication processes at 30 kHz (30’’ each) to obtain a clean homogeneous suspension of straw-yellow 

color (PM2.5 suspension) (Figure 16b). Stereomicroscopic observation of the suspension was 

performed to ruled out aggregates or undissolved sample.  

 

Figure 16. PM2.5 sample. (a) Dried PM sample in glass vial; (b) PM suspension (700 μg/mL) in E3 embryo 

medium (straw-yellow color). 

 

1.2.3 Exposure of zebrafish embryos to PM2.5  

Embryos at 30 hpf were manually decohorionated, if necessary, and divided into groups of 30-35. 

Each group was transferred into a 6-well plate in a total volume of 4 mL of PTU added with PM2.5 

suspension at a final concentration of 15, 30, 45, 75 or 100 μg/mL per well. Control unexposed 

embryos were kept in PTU without addition of PM2.5 suspension. To avoid particles precipitation, 

immediately after the addition of PM2.5 suspension, the plate was shaked for 1’, then the embryos 

were incubated at 28,5°C for the indicated time. At 18 hours post-exposure (hpe) (2 dpf) embryos 

were observed under stereomicroscope to assessed mortality rate and to check for the precipitation 

of PM inside the well. For short exposure setting (SES) experiments, embryos were thoroughly 

washed three times with PTU, transferred into clean Petri dishes and incubated at 28,5°C in PTU. For 

long-exposure setting (LES) experiments, dead embryos were removed from wells with fine pipette 

tips (negligibly altering the volume) and live embryos were kept exposed to PM2.5 under same 

conditions until 42 hpe. At 42 hpe (3dpf) larvae were observed and washed as stated above and 



32 

 

live/dead and morphological analyzesis were performed under stereomicroscope. For survival rate 

analysis, larvae were scored as dead when heartbeat was absent, necrosis effects were present and 

movement in response to touch was absent, as previously described [138]. 

 

1.2.4 Acute infectious inflammatory stimuli in zebrafish larvae 

To generate zebrafish acute inflammation models, 3 dpf larvae (exposed or not to PM2.5) were 

microinjected systemically or locally with 5 mg/mL of Pseudomonas aeruginosa lipopolysaccharide 

suspension (Pa-LPS) (derived from strain ATCC 27316, Sigma Aldrich), a dose able to elicit a strong 

inflammatory response. For gene expression experiments, to obtain systemic delivery, 2 nL of Pa-LPS 

were microinjected into the duct of Cuvier (therefore into the circulation) of larvae (Figure 17a) , as 

described in [138]. At least 15 larvae were injected for each condition and after 8 hpi total RNA was 

extracted from them for mRNA levels analysis. For leukocyte recruitment experiments, Tg(mpx:EGFP) 

and Tg(mpeg1:mcherry) larvae were locally injected with 1 nL of Pa-LPS suspension intramuscularly  

(Figure 17b)  or in the hindbrain ventricle (Figure 17c), as previously described [59,139]. For intra-

muscle injection, Pa-LPS was delivered into the skeletal muscle of the trunk region, in the area within 

the second and the fifth somite before the yolk extension. 10-12 larvae were injected for each 

condition. As control, larvae were systemically/locally injected with physiological solution. 

Systemically/locally injected larvae were incubated at 28,5°C in PTU for the indicated time until the 

downstream immune response analysis. Each experiment was conducted at least in biological 

duplicate. 

 

1.2.5 Acute sterile inflammatory stimulus in zebrafish larvae (tailfin amputation model) 

To generate zebrafish sterile local inflammatory stimulus, 3 dpf larvae (exposed or not to PM2.5) were 

amputated of a portion of the tailfin with the use of a sterile scalpel blade, without damaging 

circulatory loop (Figure 17d)  , as described [51,141]. The properly amputated larvae were selected 

for the assay and incubated at 28,5°C in PTU. After 6 hours post-amputation (hpa) leukocyte 

recruitment in the caudal area of the tailfin was assessed. 
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Figure 17. Acute inflammatory stimuli in zebrafish larvae. (a-c) Schematic representation of the different routes 

of Pseudomonas aeruginosa LPS (Pa-LPS) microinjection: systemic delivery into the blood circulation (a) and 

local delivery intramuscular (b) or into the brain ventricle (c). (d) Schematic representation of tailfin amputation 

model. 

1.2.6 Image acquisition and quantification of total/local leukocytes 

To study leukocytes activation, Tg(mpx:GFP) and Tg(mpeg1:mcherry) zebrafish transgenic reporter 

lines were used to follow the behaviour of neutrophils and macrophages, respectively. After PM2.5 

exposure and/or post-inflammatory trigger,, embryos/larvae were fixed in 4% PFA in PBS for 2 hours 

at RT, then washed three times in PBS and analysed. Single slice bright-field and fluorescent images 

of lateral/dorsal side of larvae were sequentially acquired using an epi-fluorescence 

stereomicroscope (M205FA, Leica, Germany) equipped with a fluorescent lamp and a digital camera 

and mounting mcherry-filter (excitation 587 nm) and GFP-filter (excitation of 488 nm). Images were 

processed using Adobe software, merging different focal planes when necessary. Neutrophils and 

macrophages were quantified as mpx+ and mpeg1+ cell count, respectively. For PM2.5-exposure 

experiments, quantification analysis was performed on whole embryo (total leukocytes count) and 

on head region (dashed box) at 18 and 42 hpe. For the acute inflammation trigger experiments, 

leukocytes recruitment was measured in the defined region of interest (brain ventricle, trunk region 

or caudal fin region; dashed boxes) and was assessed at 6 hpi in brain ventricle injection model, at 4 

hpi in intramuscular injection model or at 6 hpa in tailfin amputation model. For both experimental 

settings, cell count was performed by computation using of Fiji (ImageJ software, developer: Wayne 

Rasband) as already described [140,142]: i) manually selecting of the region of interest for the 

analysis with “polygon selection” tool (e.g. head area or whole body of the embryo/larva); ii) using 

of “subtract background” command, to avoid interference by the autofluorescence of the yolk sac; 

iii) running of the “Find maxima” function to detect single fluorescent cells. Alternatively, in tailfin 
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amputation model, macrophages were quantified as mpeg1+ signal area in the tailfin region (dashed 

box), by modified the protocol of the above Fiji analysis from step iii onwards, as described also by 

Phan and colleagues [59]: iii) running of  “make binary” function to convert the image to B&W; iiii) 

setting of a common threshold level; iiiii) running of “measure area” tool to determine the area of 

fluorescent pixels within the selected region of interest. Mean and SEM of cell count of at least two 

independent experiments are reported on graphs. 

 

1.2.7 Analysis of Reactive oxygen species (ROS) production in zebrafish larvae 

Live 3 dpf Tg(mpx:GFP) larvae exposed or not to PM2.5 and stimulated by intramuscular injection of 

Pa-LPS were assessed at 4 hpi for ROS production. ROS analysis was performed by using the 

commercial kit DHE (dihydroethidium, Santa Cruz biotechnology, US): 30 mM DHE stock solution was 

diluted in PTU to obtain a final concentration of 5 μM. Live Larvae were incubated for 15 minutes 

with DHE 5 μM in the dark (DHE is photosensitive) at 28.5°C, then washed three times in PTU and 

trunk region was immediately imaged using an epifluorescence stereomicroscope as described 

above. ROS production at the region of inflammation was measured in terms of DHE+ cell count as 

described by Phan et al. [59]. Whole body and local neutrophil migration at the injection site was 

measured through mpx+ cell count, as described above. Quantification of neutrophils actively 

producing ROS (mpx+ DHE+ cell count) was extrapolated as co-localization signal between red cells 

(ROS producers) related to green cells (neutrophils) through computation using of Fiji as follows: i) 

merging of different colour channels of the image; ii) using of “subtract background” function; iii) 

adjusting of brightness/contrast parameters for better visualization of overlapped signals; iiii) setting 

of a “colour threshold”; iiiii)  using of “measure area” function to determine overlapped fluorescent 

pixels of the image to extrapolate mpx+ DHE+ cells. Relative percent of neutrophils actively producing 

ROS was extrapolated by considering the ratio of mpx+ DHE+ cells and local neutrophil count (mpx+ 

DHE+/local mpx+). 

 

1.2.8 Determination of the expression level of inflammation mediator genes 

mRNA expression levels of inflammatory genes were assessed by reverse transcription-PCR and real-

time quantitative-PCR (RT-qPCR) assays. Total RNA was extracted from groups of 15-20 zebrafish 

larvae/condition using NucleoZOL reagent (Macherey-Nagel, Germany) according to the 

manufacturer’s instructions. Concentration and purity of RNA were measured using the Nanodrop 

spectrophotometer. RNA was treated with DNase I RNase-free (Roche Diagnostics, Switzerland) to 
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avoid possible genomic contamination. 1 μg of RNA was reverse-transcribed using the “ImProm II™ 

Reverse Transcription System” (Promega) using a mixture of oligo(dT) and random primers, according 

to manufacturer’s instructions. qPCRs were carried out in a total volume of 10 μl containing 1X iQ 

SYBR Green Super Mix (Promega), using proper amount of synthesized cDNA. qPCRs were performed 

using the QuantStudio 5 Real-Time PCR System (Applied Biosystems, ThermoFisher Scientific) 

following the manufacturer’s guidelines. Thermocycling conditions were 95°C for 10’, 95°C for 10’’, 

55°C for 30’’. All reactions were performed at least in triplicate for 40 cycles. The relative expression 

level of each gene was calculated according to the 2-∆∆Ct method [143]. For normalization purposes, 

rpl8 and β-actin genes were used as internal reference genes. Primers used in the analyses are listed 

in Table 3. Mean and SEM of at least three independent experiments were reported on graphs.  

 

Table 3.  qPCR primer list 

Gene Primer ff (5’- 3’) Primer rev (5’- 3’) Reference 

rpl8 CTCCGTCTTCAAAGCCCATGT TCCTTCACGATCCCCTTGATG Mazzola et al., Hematol, 2019 

β-actin GCACGAGAGATCTTCACTCC GCAGCGATTTCCTCATCCAT Cafora et al., Front. Microbiol, 2022 

il-10 TTCAGGAACTCAAGCGGGAT GACCCCCTTTTCCTTCATCTTT Ferrari et al. J. Mol. Sci, 2019 

il-1β TGGACTTCGCAGCACAAAATG CGTTCACTTCACGCTCTTGGATG Cafora et al., Sci rep, 2019 

tnf-α CTTCACGCTCCATAAGACCC GCCTTGGAAGTGAAATTGCC Cafora et al., Front. Microbiol, 2022 

il-6 TCAGAGACGAGCAGTTTGAG GAGAGGAGTGCTGATCCTGA Cafora et al. J. Mol. Sci, 2021 

cxcl8 CGACGCATTGGAAAACACAT TGTCATCAAGGTGGCAATGA Cafora et al. J. Mol. Sci, 2021 

sele CAGGACCACTGCAGAACAT CTGCATCTCCATAAGTTTAGCG Unpublished, designed with the 
Primer Blast tool (NCBI) 

edn1 GACCATGCTGACATCTGGATT CTTATTCCTGGAGTGACGTGC Unpublished, designed with the 
Primer Blast tool (NCBI) 

eng GATACGCACAGGGCATCC GCATCCGGATATGGAGAGGA Unpublished, designed with the 
Primer Blast tool (NCBI) 

icam1 CACCGCTGCAAACTATCTGG ACGAGACAAACGTGGATGGA Unpublished, designed with the 
Primer Blast tool (NCBI) 

vcam1a TGACATTGGGATTGAGCGAAG GCAGGTATTATGGCTACAGGC Unpublished, designed with the 
Primer Blast tool (NCBI) 

cox2a ATCCTGTTGTCAAGGTCCCA CAAGGGTGCGGGTGTAAT Unpublished, designed with the 
Primer Blast tool (NCBI) 

cox2b AATGCGATACGTGCTGACAT GCTTCCCAGCTTTTGTAACCA Unpublished, designed with the 
Primer Blast tool (NCBI) 

 

1.2.9 Statistical analysis 

The statistical analyses carried out on zebrafish experiments were performed using GraphPad (Prism) 

software version 8.0.2 for Windows. The normal distribution of all datasets, when necessary, was 
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guaranteed by Kolmogorov-Smirnov or Shapiro-Wilk normality test. Outliers’ data were excluded 

from analyses. Specific statistical tests were used to evaluate the significance of differences between 

experimental groups, as reported in the corresponding figure legend: unpaired two-tailed Student’s 

t-test with Welch correction when comparing two groups, One-sample t-test when comparing a 

group with an hypothetical value (when control group=1) or ordinary one-way analysis of variance 

(ANOVA) followed by Tukey post hoc correction for multiple comparisons. The results represent data 

derived from at least two (for cell count and area measurement analyses) or three (for qPCR 

molecular analyses) independent experiments and mean ± SEM were reported in the graphs. P-

value<0.05 was defined to indicate statistically significant differences. 
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1.3  Results 

   

1.3.1 Effects of PM exposure on innate immune response of zebrafish 

In the present paragraph of the results, the direct effects triggered by PM2.5 suspension on the innate 

immune system of zebrafish embryo were assessed. An adequate PM concentration was first set for 

the analyses and then the effects on leukocyte populations and inflammatory gene expression were 

investigated.  

 

1.3.1.1 Impact of PM2.5 on mortality rate and morphology of larvae 

Based on the scarce literature in the field [71,73,76], the effects of a range of PM2.5 concentrations 

between 15 and 100 μg/mL (15, 30, 45, 75, 100 μg/mL) were tested in the zebrafish model. Embryos 

were exposed to PM2.5 dissolved directly in the E3 medium + PTU (PTU) to prevent pigmentation, in 

plastic multi-well plates and incubated at the optimal growth temperature (28,5°C) for different 

periods. A non-negligible precipitation of black powder, deposited on the bottom of the plastic well, 

was observed under stereomicroscope after exposure to concentration equal or greater than 75 

μg/mL. Therefore, only the treatments with a concentration equal to or less than 45 μg/mL represent 

reliable amounts of exposure and were used for the following experiments. Embryos were exposed 

to PM2.5 from 30 hours post-fertilization (hpf), a developmental stage in which active innate immunity 

cell populations and blood circulation are already present [50]. In the first set of experiments, effects 

of the exposure to PM2.5 were compared in 30 hpf embryos with or without the chorion, (i.e. the 

acellular proteinaceous envelope surrounding the embryo until 72 hpf), can be manually removed at 

earlier stages. On the surface of the chorion of exposed not-dechorionated embryos a black powder 

was deposited, avoiding the direct contact with the embryo. Although embryo mortality was not 

observed, it was not possible to determine whether PM2.5 got in touch with the embryo. Hence, 

manually dechorionated embryos were used for the following exposure experiments. To mimic PM2.5 

exposure two exposure settings were tested (Figure 18): in the long exposure setting (LES), embryos 

were exposed for 42 hours to PM2.5 (from 30 hpf to 72 hpf), while in the short exposure setting (SES) 

for 18 hours (from 30 hpf to 48 hpf). Embryo mortality and morphology were analyzed at 48 hpf (18 

hours post-exposure start (hpe)) and at 72 hpf (42 hpe) (Figure 19). At 18 hpe no significant 

differences in embryo mortality were observed in comparison to the untreated controls, while at 42 

hpe LES resulted in high embryo toxicity, reaching 100% mortality already at the lowest PM2.5 
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concentration tested (i.e., 15 μg/mL) (Figure 19a). In comparison to not-exposed control embryos, 

SES did not increase the embryo mortality rate with concentration of 15, 30 and 45 μg/mL, while the 

exposure to concentrations equal or greater than 75 μg/mL resulted in high mortality rate (Figure 

19b). Larvae that survived after 75 μg/mL SES generally exhibited morphological alterations, with 

diffuse necrosis, yolk sac and pericardial edema and muscle fiber disorganization (Figure 19c), in line 

with the toxic effects observed with exposure to high concentrations of PM by other authors 

[66,73,76]. Accordingly, 45 μg/mL in SES were set as concentration and exposure-time limits for the 

following innate immune response analyses.  

 

 

 

Figure 18. Schematic representation of the two tested PM exposure settings: in long exposure setting (LES) 

embryos were exposed for 42 hours while in short exposure setting (SES) embryos were exposed for 18 hours. 
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Figure 19. Effects of PM in LES and SES on survival rate and morphology of embryos/larvae. (a-b) survival rate 

at 48 and 72 hpf is reported for LES (a) and SES (b) with different concentrations of PM2.5. (c) Representative 

72 hpf larvae after SES to different concentrations of PM; black arrowhead indicate morphological alterations 

of pericardial edema and tailfin. Scale bar=400μm. 

 

1.3.1.2 Effects of PM2.5 exposure on leukocyte activation 

To investigate the role of leukocyte populations in response to PM2.5 acute inflammatory stimulus, 

neutrophils and macrophages activation and recruitment was assessed. Tg(mpx:EGFP) and 

Tg(mpeg1:mcherry) zebrafish transgenic reporter lines, with green fluorescent neutrophils and red 

fluorescent macrophages respectively, were used to dissect the response of the two myeloid 

populations. In 30 hpf embryos, leukocytes are already mature and represent the main players in 

response to inflammatory stimuli active [50]. Embryos exposed to PM2.5 in SES were analyzed and 
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imaged under fluorescence stereomicroscope and leukocyte count was assessed (Figure 20). Both 

whole embryo and head region quantifications were performed (Figures 21a and 21b). The whole 

embryo average number of mpx+ neutrophils/embryo increased at 18 hpe (48 hpf) in the embryos 

exposed to the highest concentration of PM2.5 (45 μg/mL) (i.e., 73.0 vs 93.4, p-value 0.0018), while 

no difference was observed for 15 and 30 μg/mL (Figure 21b). An even more marked effect was 

observed at 42 hpe (in 72 hpf larvae), where the average number of activated neutrophils/embryo 

increased in embryos treated with all the PM2.5 in a concentration-dependent manner (i.e., controls, 

87.1 ; 15 μg/mL, 110.7, p-value 0.0145; 30 μg/mL, 111.0, p-value 0.0128; 45 μg/mL, 119.9, p-value< 

0.0001), suggesting that inflammatory effect of PM2.5 had not been resolved yet, being maintained 

even after the end of exposure window (SES, 30 – 48 hpf) (Figure 21c). As neutrophils are the first 

immune cells to be recruited toward a site of acute inflammation [50,51], we investigated their 

migration by measuring their recruitment to the head region of the larva after 48 hpe. Interestingly, 

an increase of neutrophils concentration in the head region was observed in larvae exposed to the 

higher concentration of PM2.5 with respect to control embryos (p-value 0.0004). Although not 

significant, an increase in neutrophil concentration in the head region was also observed for 15 and 

30 μg/mL PM exposure concentrations (Figure 21d). However, the ratio of the neutrophil count in 

the head over the whole embryo (i.e., head/total, %) did not show differences in larvae exposed with 

all concentrations of PM (Figure 21e). Considering macrophages activation, mpeg+ macrophages 

were quantified in Tg(mpeg1:mcherry) larvae (Figure 22a). No differences were observed in whole 

embryo count assay after exposure to 45 μg/mL of PM2.5 (Figure 22b). On the other hand, unlike the 

effect observed on the neutrophil population, the presence of macrophages in the head region 

increased in larvae exposed to 45 μg/mL of PM2.5 compared with controls (i.e., 33.17 vs 39.40, p-value 

0.463), and, consequently, their relative percentage (i.e., 32.8% vs 36.8%, p-value 0.361) (Figure 22c-

d).  
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Figure 20. Schematic representation of model setting. After SES to PM2.5, Immune response was analyzed on 

embryos/larvae at different time point after exposure (hours post-exposure, hpe). 

 

 
 

Figure 21. Effects of PM2.5 exposure on neutrophil activation. Tg(mpx:EGFP) embryos were analyzed after SES 

to PM2.5 at 18hpe and 42hpe and compared with unexposed controls. (a) Representative panel of 3 dpf larvae 

(42 hpe) exposed to different concentrations of PM2.5. White arrows indicate neutrophils concentration in the 

head region of larvae exposed to 30 and 45 μg/mL of PM2.5 . (b-c) Quantification of total neutrophils (mpx+ 

neutrophils in the whole embryo or larva) at 18hpe (b) and 42hpe (c). (d) Quantification of neutrophils in head 

region (dashed box) and (e) ratio of neutrophils count in head region over total neutrophils count. Each dot 

represents a single individual and results are presented as mean ± SEM. Statistical significance was assessed 

by One-way ANOVA followed by Tukey’s post hoc test: ***p < 0.001; **p < 0.01; *p < 0.05; ns= not significant. 

Scale bar=400μm. 
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Figure 22. Effects of PM2.5 exposure on macrophage activation. Tg(mpeg1:mcherry) embryos were analyzed 

after SES to PM2.5 at 42hpe and compared with unexposed controls. (a) Representative panel of 3 dpf larvae 

(42 hpe) exposed to 45 μg/mL of PM2.5 or unexposed. White arrow indicates macrophages concentration in the 

head region of larvae exposed to 45 μg/mL of PM2.5. Scale bars=400μm (left) and 200 μm (right) (b) 

Quantification of total macrophages (mpeg+ macrophages in the whole embryo or larva) at 42hpe. (c-d) 

Quantification of macrophages in head region (dashed box) and (e) ratio of macrophages count in head region 

over total macrophages count. Each dot represents a single individual and results are presented as mean ± 

SEM. Statistical significance was assessed by unpaired t-test with Welch’s correction: *p < 0.05; ns= not 

significant. 

 

1.3.1.3 PM2.5 exposure elicits inflammatory markers overexpression 

To further investigate at the molecular level the above-described altered leukocyte activation, the 

expression levels of pro-inflammatory cytokines and markers of endothelial activation were assessed 

in parallel experiments on the whole larvae, exposed or not to 45 μg/mL. At 72 hpf (48 hpe). The 

mRNA expressions of cxcl8, the primarily neutrophils chemotactic factor and of the key pro-

inflammatory cytokine il-1β  were increased (p-value 0.0199 and 0.0456, respectively) in PM-exposed 

larvae. Also, PM2.5 exposure provoked an increased in the expression of the pro-inflammatory 
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cytokines il-6 and tnf-α of about 6 and 3.5 times respectively (p-value 0.0017 and 0.0266, 

respectively)  in comparison to unexposed controls (Figure 23a-d), suggesting the induction of a 

robust pro-inflammatory state. Interestingly, at 55 hpf (25 hpe) also the expression levels of all 

analyzed endothelial markers appeared increased in PM-exposed embryos, in particular, endothelin1 

(edn1) (p-value 0.0057), endoglin (eng) (p-value 0.0011) and v-cam1a (p-value 0.0187) (Figure 

23f,h,i). Besides, selectin E (sele) and icam1 mRNA expression levels were increased without 

statistical significance, probably due to high variability (i.e., large SEMs) among the analyzed 

biological replicates (Figure 23e,g).  

 

 

 

Figure 23. Immunomodulatory effects of PM2.5 exposure on inflammatory markers expression. Embryos were 

analyzed after SES to 45 μg/mL of PM2.5  through RT-qPCR at 25 or 42hpe. (a-d) Relative expression levels of 

pro-inflammatory cytokines genes measured at 42hpe in larvae exposed or not to PM. (e-i) Relative expression 

levels of activated endothelial genes measured at 25hpe in larvae exposed or not to PM. Data were normalized 

on expression levels of control unexposed embryos. For each gene, results are presented as mean ± SEM of at 

least three independent experiments. Statistical significance was assessed by unpaired t-test: *p < 0.05; ns= 

not significant 
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1.3.2  Effects of PM2.5 exposure on the response to a subsequent acute inflammatory stimulus 

The effects on innate immunity response of a second inflammatory trigger were assessed on 

zebrafish larvae exposed to 45 μg/mL of PM2.5 for 18 hours (SES). As shown in Figure 24, in order to  

generate models of acute inflammation, two different types of stimuli were induced in 72 hpf larvae 

(at 48 hpe), a sterile inflammatory trigger, by the amputation of the caudal fin, or local/systemic 

infectious trigger, by microinjecting bacterial lipopolysaccharide (LPS) into the larva. In the present 

study, bacterial LPS (derived from P. aeruginosa, Pa-LPS) is used merely to generate an infectious 

inflammatory trigger, given its known high pro-inflammatory potential. 

Figure 24.  Schematic representation of model setting. After SES to PM2.5, a second inflammatory trigger was 

provoked to 72 hpf larvae and subsequent innate immune response analyses were performed after 4-8 hours 

from the second trigger. 

 

1.3.2.1 PM2.5 exposure alters leukocytes migration to infectious stimuli 

Leukocytes migratory stimulation was assessed after 6 hours post-injection (hpi) with 2 nL of Pa-LPS 

in the hindbrain ventricle of 3 dpf PM-exposed larvae. Overall, Pa-LPS injection induced a  migration 

of both leukocyte populations (Figure 25a), as also previously demonstrated by others [70,143]. 

Neutrophils recruitment toward the injection site was less abundant in larvae pre-exposed to PM2.5 

compared to not-exposed larvae (i.e., 41.4 vs 29.1, p-value 0.0221) (Figure 25b). Conversely, 

macrophage migration was apparently not affected in larvae subjected to the two inflammatory 

triggers, as the mean number of mpeg+ cells in the ventricle area/larva was similar to controls (i.e., 

controls=10.9; PM-exposed=11.4) (Figure 25c).  

To further investigate the response to Pa-LPS injection in another anatomical location, intramuscular 

injection was performed. This infectious trigger induced a strong local immune response in 72 hpf 

larvae, including leukocyte migration, as shown in the illustrative images of Figure 26a. Larvae pre-

exposed to PM2.5 showed an altered migration of neutrophils toward the injection site at 4 hpi, since 
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the average number of mpx+ cells was lower in comparison with not-exposed larvae (i.e., 29.0 vs 23.2, 

p-value 0.0196) (Figure 26b). Interestingly, the same effect in PM2.5-exposed larvae was observed on 

macrophage activation. Indeed at 4 hpi the mean number of mpeg+ cells at the site of infection was 

higher in not-exposed larvae (i.e. 4.6 vs 3.6, p-value 0.0444) (Figure 26c), highlighting a different 

sensitivity of the macrophage depending on the location of the generated acute stimulus. 

 

 
 

Figure 25. Immunomodulatory effects of PM2.5 exposure on neutrophil and macrophage recruitment after an 

acute infectious stimulus. Tg(mpx:EGFP) and Tg(mpeg1:mcherry) embryos exposed or not in SES to 45 μg/mL 

of PM2.5 were analyzed for leukocytes migration at 6 hours post local LPS injection (or mock-injection) into brain 

ventricle. (a) Representative panel of PM-exposed and unexposed 3 dpf larvae at 6 hpi of LPS. (b) mpx+ 

neutrophils count and (c) mpeg+ macrophages count at 6 hpi in head region (dashed box). Each dot represents 

a single individual and results are presented as mean ± SEM. Statistical significance was assessed by unpaired 

t-test with Welch’s correction: *p < 0.05; ns= not significant. Scale bar=200μm.  

 



46 

 

 
Figure 26. Immunomodulatory effects of PM2.5 exposure on neutrophil and macrophage recruitment after an 

acute infectious stimulus. Tg(mpx:EGFP) and Tg(mpeg1:mcherry) embryos exposed or not in SES to 45 μg/mL 

of PM2.5 were analyzed for leukocytes migration at 4 hours post local intramuscular injection with LPS. (a) 

Representative panel of PM-exposed and unexposed 3 dpf larvae at 4 hpi of LPS. (b) mpx+ neutrophils count 

and (c) mpeg+ macrophages count at 4 hpi in trunk region (dashed box). Each dot represents a single individual 

and results are presented as mean ± SEM. Statistical significance was assessed by unpaired t-test with Welch’s 

correction: *p < 0.05. Scale bar=100 μm.   

 

 

1.3.2.2 PM2.5 dampened the expression of pro-inflammatory genes in response to infectious 

stimuli  

The experimental design described above (section 1.3.2.1) was used also to test the effects on the 

inflammatory gene expression. 3 dpf exposed and unexposed larvae were systemically injected with 

Pa-LPS suspension into the circulation to quickly induce a strong inflammatory stimulus, as already 

reported [144,145], and after 8 hours post-injection immune response was assessed. As controls, for 

both PM-exposed and unexposed larvae, physiological solution was injected. In the graphs is 

reported the ratio of the expression levels of unexposed over PM-exposed larvae (Nexp/exp), each 

normalized on the value of the control (physiological solution) of the same category (Figure 27). 

Consistently with the effect on the migration of leukocytes, the relative expression level of the pro-
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inflammatory cytokines was significantly lower in PM-exposed larvae. In particular, il-1β relative 

expression resulted more than doubled in unexposed (i.e., ratio= 2.28, p-value 0.0352), il-8 almost 

doubled (i.e., ratio =1.81, p-value 0.0217) and tnf-α more than tripled (i.e. ratio=3.2, p-value 0.0449) 

(Figure 27a,c,d). Also, ROS production-related marker cox2a was lower in larvae upon PM2.5 exposure 

(p-value 0.0237) (Figure 27f). On the other hand, although not significantly (p-value 0.171), the 

relative level of the anti-inflammatory cytokine il-10 resulted conversely higher in pre-exposed larvae 

(Figure 27e). 

 

  
 

Figure 27. Immunomodulatory effects of PM2.5 exposure on the response to a systemic infectious stimulus. 

Larvae exposed or not in SES to 45 μg/mL of PM2.5 were analyzed for inflammatory markers expression at 4 

hours post systemic injection with LPS or physiological solution. (a-g) Relative gene expression of inflammatory 

markers considering the ratio between levels of ctrl unexposed +LPS over the levels of PM-exposed +LPS larvae 

(each value normalized on its own control represented by physiological solution-injected larvae). For each gene, 

results are presented as mean ± SEM of three independent experiments (Dots represent single experiment). 

Statistical significance was assessed by one sample t-test. *p < 0.05; ns= not significant. 

 

1.3.2.3 ROS production in response to infectious stimuli is impaired by exposure to PM2.5 

To investigate whether the effects of PM2.5 exposure may impair respiratory burst in response to 

infectious stimuli, 3 dpf Pa-LPS intramuscular-injected Tg(mpx:GFP) larvae pre-exposed or not with 

PM2.5 were assessed for intracellular ROS production through Dihydroethidium (DHE) staining, a cell 

permeable probe that fluoresces (red) when it reacts with superoxide within the cell. At 4 hpi live 

larvae were stained with DHE, and neutrophils and ROS local quantification was performed (Figure 
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28a). At 4 hpi DHE+ cell count was significantly decreased in larvae pre-exposed to PM2.5 (i.e., 6.6 vs 

9.3 p-value 0.0342), suggesting a dampened ROS-mediated response (Figure 28b). Considering the 

average number of neutrophils actively producing ROS/larva (i.e., mpx+DHE+ cell count) no marked 

differences between the two categories were observed (Figure 28c). However, even though recruited 

neutrophils at the infection site were less in pre-exposed larvae as expected by previous analyses 

(see 1.3.2.1, Figure 25), they were able to produce the same amount of ROS with respect to controls. 

Indeed, the relative amount of mpx+ DHE+ cells normalized on the number of neutrophils locally 

recruited at the site of infection resulted significantly increased, of about 4.7% (i.e., unexposed 

controls=13.5% vs PM-exposed=18.2%, p-value 0.0412) (Figure 28d). 

 

 

 

Figure 28. Immunomodulatory effects of PM2.5 exposure on ROS production after an acute infectious stimulus. 

Tg(mpx:EGFP) embryos exposed or not in SES to 45 μg/mL of PM2.5 were analyzed for the production of ROS 

through DHE staining assay at 4 hours post local intramuscular LPS injection. (a) Representative panel of PM-

exposed and unexposed 3 dpf larvae at 4 hpi of LPS. Upper part, schematic representation of injection site and 
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lateral view of whole injected-larva; left panel DHE staining, middle panel mpx+ neutrophils, right panel merge, 

an injection site (dashed box). Scale bars= 500μm (upper panel) and 20 μm (lower panel) (b) DHE+ cells 

quantification in injection region (dashed box); (c) quantification of neutrophils actively producing ROS (mpx+ 

DHE+ cell count); (d) percent of mpx+DHE+ cells over locally recruited mpx+ cells at the injection region. Results 

are presented as mean ± SEM (Dots represent data for single individuals). Statistical significance was assessed 

by unpaired t-test with Welch’s correction. *p < 0.05; ns= not significant. 

 

1.3.2.4 PM2.5 exposure alters leukocytic response to sterile wounds 

To further analyze the effects of PM2.5 exposure on a sterile inflammatory trigger [63], a small portion 

of the tailfin of 3 dpf larvae pre-exposed or not to PM2.5 was amputated and leukocytes recruitment 

to the caudal region of larva was quantified (Figure 29a). At 6 hours post-amputation (hpa), when 

leukocyte migration reaches the peak at site of injury [51], both neutrophils and macrophages 

migrated toward the wounded area, but exposure to PM2.5 reduced their migration capacity (Figure 

29b-c). 
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Figure 29. Immunomodulatory effects of PM2.5 exposure on neutrophil and macrophage recruitment after an 

acute sterile stimulus. Tg(mpx:EGFP) and Tg(mpeg1:mcherry) embryos exposed or not in SES to 45 μg/mL of 

PM2.5 were analyzed for leukocytes migration at 6 hours post amputation (hpa) of the tailfin. (a) Representative 

panel of PM-exposed and unexposed 3 dpf larvae at 6 hpa. (b) mpx+ neutrophils count and (c) mpeg+ area at 6 

hpa at the site of injury (red dashed box). Each dot represents a single individual and results are presented as 

mean ± SEM. Statistical significance was assessed by unpaired t-test with Welch’s correction: *p < 0.05.  Scale 

bar= 50μm. 
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1.4  Discussion 

 

Clinical and epidemiological research extensively demonstrated the association between PM 

exposure and numerous adverse systemic inflammations and physiological diseases [146,147]. A 

greater impact has been reported for specific hypersusceptible categories, such as infants [9]. To 

effectively address this public health danger, strengthening actions are needed, especially for some 

areas such as the city of Milan, situated in one of the most polluted regions of all Europe (i.e., Po 

valley), as reported by WHO and EEA [1,148].  

Evidence from in vitro and in vivo studies suggests that short-term exposure to PM2.5 and PM10 leads 

to airway inflammation [9,35] mainly due to the induction of high levels of several pro-inflammatory 

markers, such as the key cytokines IL-1β, IL-6, IL-8, granulocyte/macrophage colony-stimulating 

factor (GM-CSF), MIP-1α/β, TNF-α, and Cox-2 [9,149,150] and due to increased endothelial activation 

and oxidative stress [21,32,151]. This scenario promotes a strong recruitment of leukocytes to the 

airways, with impaired physiological activity (e.g., altered phagocytic ability) [27,39]. The aberrant 

hyperactivation of immune cells might result in an increased susceptibility to bacterial and viral 

infections, due to an enhanced infection burden, particularly in infants. For example, high levels of 

airway inflammation have also been associated with severe bronchiolitis [152,153]. In vivo 

experimental models represent essential tools to shed light on the mechanisms underlying PM 

toxicity since fundamental information on the biological system can be gathered through the study 

of peculiar molecular and cellular responses that cause the different physiological outcomes [9]. 

Mammalian models, despite having an intermediate level of complexity, are generally expensive and 

time-consuming and have also ethical implications. In the last years, the mouse model has been used 

to study the effects of PM exposure on the airways, but it resulted not suitable for dissecting the 

short-term immunomodulatory impact on innate immunity response [9,71], which represents the 

first fundamental response to exogenous inflammatory stimuli. Zebrafish has emerged as a powerful 

animal model for environmental and toxicological studies [65–67]. In the last years, studies 

concerning investigations of the harmful effects of PM on environmental health using zebrafish as an 

alternative model have been published, as reviewed by Smoot et al., [71].  However, most of these 

studies are based on the investigation of large-scale effects on multi-organs or developmental toxicity 

caused by PM exposure [66,73,74]..  Zebrafish represents an ideal model for studying innate 

immunity due to the lack of adaptative response in the first weeks of life [46] and due to the 
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conservation of the immune cell populations with humans [48]. In this part of the thesis, we 

generated an in vivo zebrafish model with the aim to mimic the immunomodulatory effects of the 

PM-exposure in humans. For these purposes, the experiments were conducted by using the PM2.5 

collected in an urban site of the metropolitan area of Milan (Como, 40 km north of Milan) during the 

winter 2019 and provided by the group of Professor Andrea Cattaneo (University of Insubria, Como) 

[137]. The chemical composition of the sampled PM had already been characterized and was similar 

to the PM of urban areas of Milan [154–156], potentially leading to comparable effects on the 

immune response. To date, only few studies have analyzed the inflammatory effects of PM using 

zebrafish model [75–77]. Moreover, in the most of them the authors analyzed the effects of urban 

fine-PM with a different chemical composition in comparison with the present study, due to the 

different geographical collection area (e.g. the most of studies were conducted in China). Indeed, the 

PM used in the cited studies, although with similar % content of organic carbon and inorganic ionic 

components, result in general richer in some metals as lead (10-20 folds), manganese (5-10 folds), 

cadmium (>100 folds) and chrome (3-5 folds) [66,75,76,157–159]. Moreover, a direct focus on the 

effects on innate immunity and the functional mechanisms underlying the toxic outcomes of PM is 

lacking. 

The exposure of zebrafish embryos to 45 μg/mL of PM2.5 for a relative short time-window (i.e. 18 

hours) was individuated as an appropriate exposure setting that did not induce mortality or 

morphological alterations of the embryos, allowing the study of innate immunity. On the contrary, a 

concentration-dependent effect was observed as, from the concentration of 75 μg/mL of PM2.5, the 

mortality rate went to about 75-85% and survival larvae presented marked morphological alteration 

and diffused necrosis. The toxicity exhibited at concentrations greater than 45 μg/mL could be due 

to mechanical effects, since PM2.5 might be accumulated on the surface of the embryo, therefore 

inhibiting molecule exchange with the growth medium, such as O2 uptake. In the few published 

studies in the field [71], the authors exposed embryos to a concentration of urban-derived PM2.5 

more than triple and even up to 200 μg/mL without observing high mortality rate. These differences 

might be explained mainly by a different preparation of PM samples and by different areas of 

collection (e.g., urban areas of Beijing, China or Washington DC, USA). Moreover, different timing of 

exposure must be considered: we decided to expose embryos from the stage of 30 hpf, a 

developmental stage in which they possess fully mature leukocyte populations [50]. In general, we 

observed that exposure to PM2.5 elicited strong pro-inflammatory effects in zebrafish larvae. Some 

key pro-inflammatory markers, such as il-1β, il-6, tnf-α and cxcl8 were upregulated, in line with those 
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described altered in the context of human airway inflammation [9,149,150]. Epidemiological studies 

on the association of il-6 with PM2.5 exposure reported inconsistent results [153,160,161], although 

il-6 and cxcl8 overexpression is known to be prognostic markers positively associated with viral-

induced respiratory symptoms [9,162]. The described inflammatory environment was confirmed by 

the analysis of the activation of leukocytes, as already shown following environmental exposure to 

PM in human subjects [9,163]. The hyperactivation of neutrophils in larvae was observed both in 

early (25 hours) and late (42 hours) time post-exposure in a concentration-dependent manner. To 

note, in the late time point analyzed neutrophils activation was even more marked, since it was 

present also at lower concentrations of PM2.5 (i.e., 15 and 30 μg/mL). This outcome may be due to a 

positive feedback loop effect, dependent on the increased presence of activated neutrophils. Indeed, 

cxcl8, the main chemokine to which neutrophils respond, resulted concurrently upregulated at that 

time point (42 hpe). This effect has been largely described and feedback amplification is critical to 

the neutrophil-mediated response to tissue damage by exogenous agents [164]. Interestingly, we did 

not observe the concomitant activation of the macrophage cell population, suggesting a different 

responsiveness of the two cell populations to PM2.5 exposure. Nevertheless, as for the neutrophil 

population, we also observed an impaired distribution of macrophages, since their concentration was 

increased in the head region of larvae at 42 hpe. Notably, in this region, at the stage of 2 dpf, some 

sensitive structures accessible to exogenous agents, such as branchial arches and rudiment of gills 

and mouth, are present [136]. The preferential recruitment we observed was likely due to the direct 

contact between these structures and PM2.5 particles, which in turn may have been cleared through 

local phagocytic activity. Exposure to labeled-PM in future experiments would address this 

hypothesis. As we used mpeg reporter to follow live macrophage activity, we had no information on 

the predominant pro/anti-inflammatory setting of macrophages [58]. Nonetheless, since the 

observed overexpression of tnf-α at 42hpe, we could speculate the pro-inflammatory M1-like setting 

as the predominant one. Association of PM exposure with endothelial dysfunction (e.g., vascular 

endothelium activation by increasing VCAM-1 and ICAM-1 level) leads to increased risk of 

cardiovascular diseases [161,163,165]. In line with this evidence, activated endothelial markers were 

upregulated in PM-exposed embryos, increasing the value and adherence of this model of 

inflammation.  

Several epidemiological and in vivo studies have shown associations between short-term exposure 

to PM and the alteration of the immune response, leading to an increased risk of contracting and/or 

exacerbating acute respiratory diseases in children [15,16,166]. For example, RSV infections are 
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promoted by an inflamed airways environment due to impaired weaker immune defenses, leading 

to the development of more severe forms of bronchiolitis, especially in infants [25,93,167]. Yet, the 

mechanisms that alter the immune response to an acute inflammatory stimulus (e.g., bacterial or 

viral infections), and which underlying short-term PM2.5 toxicity is still unclear. Neutrophils and 

monocytes/macrophages recruitment plays an essential role in the first response to acute 

inflammatory stimuli [168]. To model this context and dissect the underlying molecular mechanisms, 

we assessed the effects caused by infectious and sterile second inflammatory triggers on the innate 

immune response of larvae pre-exposed to 45 μg/mL of PM2.5. To our knowledge, this is the first time 

that immunomodulatory effects of PM exposure have been tested after a second acute inflammatory 

trigger in the zebrafish model [71]. We took advantage of Pa-LPS local/systemic injection models, to 

induce rapid acute inflammatory stimuli: microinjection of bacterial LPS at high concentration inside 

the brain ventricle or intramuscularly in larvae at 3 dpf elicited strong leukocytes recruitment 

[70,169,170]. These models provoke strictly local inflammation sites, thus representing suitable 

systems to study leukocytes recruitment toward a defined region. The analysis of neutrophil behavior 

in these models showed a reduced migratory capacity in PM2.5-exposed larvae. To note, we did not 

observe an altered macrophage migration after the brain ventricle inflammatory trigger. PM2.5 

exposure alone resulted in an augmented concentration of macrophages in head region, thus the 

altered response to a second inflammatory trigger in the same region could likely be masked and 

consequently undetectable. Therefore, this effect was probably not due to a different sensitivity of 

the two leukocyte populations, but was due to the model system used. 

The production of ROS is mainly exerted by phagocytes and plays a key role in the elimination of 

infectious agents through the respiratory burst. Indeed, when ROS production is altered the 

infections could more easily exacerbate [59,171,172]. It is well known that PM2.5 exposure provokes 

an impairment in ROS production, thus potentially exposing it to oxidative stress and pathogens 

colonization [173,174]. From our analysis, ROS production following local inflammatory stimulus was 

decreased in PM2.5 pre-exposed larvae. A limitation of the ROS detection assay that we performed 

(i.e. DHE) was the impossibility to determine the effects of PM exposure alone on ROS production. 

Nevertheless, these data  suggest a dampened ROS-mediated response in larvae. However, by 

analyzing neutrophils actively producing ROS, we did not observe differences between PM-exposed 

and not-exposed larvae. Therefore, since PM exposure leads to a decrease in neutrophil recruitment 

at the inflamed site, our results highlighted a potential overload in neutrophils activity in larvae pre-

exposed to PM. In turn, the impaired respiratory burst might lead to a lowered responsiveness to 
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infectious stimuli. In line with this, the gene expression of inflammatory cytokines after an acute 

systemic inflammatory trigger resulted altered, highlighting an attenuate systemic response to the 

second stimulus. In addition, we tested this framework in a sterile model of inflammation, by 

analyzing leukocyte migration toward a wound site, obtaining similar results that emphasized a 

dampened response of the assessed leukocytic populations.  
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CHAPTER 2 
Effects of PM exposure on 

bronchiolitis and respiratory 

microbiota in infants 
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2.1 Summary 

 

Acute bronchiolitis is commonly caused by a viral infection of the lower airways and is estimated to 

be the leading cause of hospitalization of infants and young children worldwide. Respiratory syncytial 

virus (RSV) infection represents the causative agent of the vast majority of the cases. The severity of 

the disease is only partially explained by current known risk factors. Since some studies have pointed 

out as environmental factors, especially air pollution, could modulate the phenotype of this disease, 

the present chapter of the thesis will investigate the effects of short-term exposure to airborne 

particulate matter (PM) on the onset and severity of RSV bronchiolitis in infants. The present 

population study takes advantage of a cohort composed of 110 infants with bronchiolitis and 49 

matched healthy controls living in the area of Milan, Italy. The analyses are based on estimates of 

PM10 and PM2.5 obtained from ARPA Lombardy and assigned to each subject. The respiratory 

microbiota is at the interface between the environment and the host and mounting evidence 

indicates that it has a role in modulating the effects of airway pollutants as well as in the protection 

against pathogens. Thus, the composition of the upper respiratory tract microbiota of infants was 

also explored by metataxonomic approaches (16S analysis) on nasal swab samples. The main aims of 

the present chapter are i) to investigate the relationship between PM exposure and severity of RSV 

bronchiolitis; ii) to unveil a possible correlation between respiratory microbiota pattern and the 

probability of being diagnosed with RSV bronchiolitis, as well as the impact of PM exposure on the 

nasal microbiota alterations identified. 
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2.2 Materials & Methods 

 

2.2.1 Subject recruitment and schedule 

Subjects of this study were recruited between November 2019 and February 2020 at the pediatric 

emergency department of the Fondazione IRCCS Ca′ Granda Ospedale Maggiore Policlinico, Milan, 

Italy. 110 infants <1 year of age visiting the emergency department for bronchiolitis were enrolled 

and defined as cases. Bronchiolitis was diagnosed in infants with acute infection of the upper airways 

in the previous week, followed by acute respiratory distress with persistent cough and diffuse 

crackles on auscultation, as described in Milani et al. [175]. Infants who had pre-existing health 

conditions that could be associated with a more serious clinical course of bronchiolitis (infants 

suffering from bronchopulmonary dysplasia or under chronic immunosuppressant treatment) were 

excluded. 49 infants matched for age and gender and with no symptoms compatible with ongoing 

inflammatory processes were enrolled during routine visits (e.g., vaccine) and defined as healthy 

controls (HC). At the enrollment, for each subject, two nasal swabs were collected following WHO 

guidelines (https://goo.gl/pMzSrT) and stored in sterile plastic vials at -80°C until nucleic acid extraction 

for downstream analyses. Bronchiolitis severity score on 110 cases was assessed by a trained 

pediatrician according to standard protocols [176]. This evaluation was based on the following 

parameters: oxygen saturation (>95% =0, 95–90% =1, <90% =2), thoracic retractions (no retractions 

=0; present =1; present with nasal flare =2), respiratory frequency (<45/min =0; 45–60/ min =1; >60/ 

min =2), and capacity to feed (normal =0; reduced =1; strongly reduced =2). From the sum of these 

parameters, the disease severity was defined as severe (>7), moderate (4-6), or mild (<4) [175,177]. 

By using a standardized questionnaire, for each infant information including age, gender, weight and 

length (at birth and enrollment), ethnicity, delivery mode, allergies, attendance to daycare, presence 

and the number of siblings and pets, and history of antibiotics treatments were collected. Moreover, 

information about demographics, lifestyle, and habits from both parents was also collected, as well 

as information on the use of antibiotics during pregnancy/breastfeeding and the outcome of a vaginal 

swab at the end of the pregnancy for Group B Streptococcus from the mother.  

This study was approved by the ethical committee of the Fondazione IRCCS Ca′ Granda Ospedale 

Maggiore Policlinico (Milan, Italy) and an informed consent was obtained by the parents of the 

infants. 
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2.2.2 Particulate matter (PM) exposure data collection  

Daily airborne PM10 and PM2.5 concentrations were retrieved from daily mean estimates of municipal 

aggregate values measured by Regional Environmental Protection Agency (ARPA) Lombardy, which 

were contained in the Open Data Lombardy Region database (https://www.dati.lombardia.it). Daily 

pollutant concentrations were estimated based on the ARIA Regional Modeling (www.aria-net.it), a 

chemical-physical model of air quality that simulates the dispersion and chemical reactions of 

pollutants in the atmosphere. Meteorological data, emissions, and concentrations at the beginning 

of a simulation period are integrated with the data measured from the monitoring stations of ARPA 

Lombardy air quality network. The domain of the simulation with the air quality model ARIA covers 

the whole Lombard territory, with a grid of 1x1Km2 cells, providing daily estimates at municipality 

resolution available from the website. The estimated levels of daily PM10 and PM2.5 concentrations of 

the municipality of residence were assigned to each subject for the 29 days preceding the severity 

score retained for the analysis (from day -1 to day -29). PM levels of the Municipality of Milan were 

considered as representative of mean concentrations during the day of enrollment (day -0) or during 

hospitalization. Subsequently, the average exposure levels were calculated for each of the four weeks 

before enrollment. 

 

2.2.3 RSV RNA detection 

To extract viral RNA from the nasal swab sample, Qiagen QIAamp Virlal RNA Mini kit was used 

according to the manufacturer’s guidelines. Purified RNA was eluted in 50 μl and stored at -80°C. The 

quantification of RSV RNA level was performed by using a commercial RT-qPCR kit (PrimerDesign 

genesig; PrimerDesign Ltd.). QuantStudio3 real-time PCR system (Applied Biosystem) was used to 

carry out qPCR and the generation of a standard curve and template negative controls (sterile water) 

were included in each assay.  

 

2.2.4 Microbiome analysis: sample processing 

Total bacterial DNA was extracted from the second nasal swab using QIAamp® UCP Pathogen Mini 

(QIAGen, Germany) following manufacturers guidelines. The obtained DNA was then stored at -20°C 

until the samples were shipped to our collaborators (Institute of Biomedical Technologies, National 

Research Council, Segrate, Italy) to perform quantitative and qualitative assessment, PCR 

amplification and sequencing analysis (including libraries preparation). Metabarcode sequencing 
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analyses were performed to investigate the bacterial nasal membership. rRNA gene region V3-V4 

was amplified and then sequenced through the Illumina MiSeq platform using a paired-end library of 

300 bp insert size. 

2.2.5 Microbiome analysis: sequencer output upstream analysis 

Raw sequencing reads were, at first, merged in a single fragment covering the whole V3-V4 16S rRNA 

amplicon (size: ~460bp) by PandaSeq [178] thanks to the fact that the forward and reverse read of 

the sequencing fragment had about 150 overlapping bases. Then, low-quality bases and reads were 

removed using the “split_libraries_fastq.py” script in QIIME v.1.9.0 [179]. Operational taxonomic 

units (OTUs) were created by UCLUST algorithm at 97% identity in QIIME and retaining only those 

supported by 5 or more reads as bona fide OTUs. Taxonomic assignment of OTUs was performed by 

RDP classifier [180] against SILVA 132 database (https://www.arb-

silva.de/fileadmin/silva_databases/qiime/Silva_132_release.zip) using 0.8 as the confidence 

threshold. In order to have a meaningful description of the microbial ecosystem, a total of 10 samples 

with less than 2000 reads each were excluded from the analysis; thus, the final dataset comprised 

149 samples, 103 bronchiolitis cases and 46 healthy controls. 

 

2.2.6 Microbiome analysis: downstream analysis 

Downstream statistical analyses (including alpha- and beta-diversity evaluations) were also carried 

out in QIIME 1.9.0 suite. Alpha-diversity analysis was performed using several metrics (i.e.: Shannon’s 

diversity, chao1 diversity index, observed species indices). Beta-diversity analysis was based on 

unweighted and weighted UniFrac distances [181] and represented by Principal Coordinate Analysis 

(PCoA), where the first and second principal components (PC1 and PC2) explained the largest possible 

variance among samples. A Permutational Multivariate Analysis of Variance (PEMANOVA) using 

Distance Matrices (pseudo-F ratios) was used to define whether there was a significant difference 

among the experimental groups. 

2.2.7 Microbiome analysis: species -level analysis 

Species-level identification within the Haemopilus genus was performed by aligning with BLAST (v 

2.2.26) [182] all the reads belonging to that genus to a custom reference database made up collecting 

all available reference sequences in NIH-NCBI database 

(ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/bacteria/) as of 09/10/2020. All genomes with a 

ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/bacteria/
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finishing status of “complete genome”, “Scaffold” or “Contigs” were selected. Overall, 45930 

sequences from 905 strains belonging to 13 species (i.e.: H. aegyptius, H. haemoglobinophilus, H. 

haemolyticus, H. haemophilus, H. influenzae, H. massiliensis, H. paracuniculus, H. parahaemolyticus, 

H. parainfluenzae, H. paraphrohaemolyticus, H. pittmaniae, H. quentini, H. sputorum) were retrieved. 

BLAST-derived matches were filtered in order to retrieve an unequivocal classification for each read. 

When a read mapped identically on two or more references from different species, the classification 

was reset to “Unclassified Haemophilus”.  

 
2.2.8 Statistical analysis 
 

The summary statistics of the characteristics related to study subjects were reported in terms of in 

terms of mean and standard deviation (SD) or median and 1st quartile – 3rd quartile, as appropriate, 

for continuous variables and in terms of frequency and percentage for categorical variables. 

Differences between case and control groups were assessed through t-test or the Wilcoxon signed 

sum rank test for continuous variables, as appropriate, or through Pearson’s chi-square test or 

Fisher’s exact test for categorical data. 

Regarding the effect of PM2.5 and PM10 on bronchiolitis severity, univariate and multivariable ordinal 

logistic regression models were fitted. The response variable was the severity score, using seven 

ordinal categories. To evaluate short-term exposure, PM levels were retrieved back to 30 lags day 

from the day of enrollment and as averages over the following time periods: one week, two weeks, 

three weeks and one month; the average of PM in first, second, third and fourth week was also 

calculated.  

Multivariable analyses were adjusted for age, gender, ethnicity, and use of antibiotics in the month 

before enrollment and use of antibiotics during pregnancy. After verifying the presence of an 

association in an univariate model, potential confounders were included in the multivariable model. 

Estimated effects are reported as β and 95% CI associated with an increase in PM exposure of 1µg/m3.  

To assess differences between the alpha-diversity indices in cases and controls we applied ANCOVA 

models adjusted for age, gender, ethnicity, use of antibiotics in the last month, PM mean levels during 

the third week before the bronchiolitis assessment and apparent temperature. The alpha-diversity 

indices were log-transformed to achieve a normal distribution. Marginal mean were reported as 

geometric means and 95% CI. 
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To evaluate the differences between genera relative abundances in cases and controls, we applied 

negative binomial regression for over-dispersed count observations. We tested the presence of over-

dispersion based upon the Lagrange Multiplier (LM) test. Models were adjusted for age, gender, 

ethnicity, use of antibiotics in the last month, PM exposure during the third week before the 

assessment and apparent temperature. Estimated effects are reported as marginal geometric means 

and 95% CI. To take into account the high number of comparisons, we calculated q-FDR values using 

the multiple comparison methods based on Benjamini–Hochberg False Discovery Rate (FDR). 

To examine the potential modifying effect of PM on the association between case control status and 

genera relative abundance we added an interaction term between PM and case control status in each 

model. We evaluated whether the effect of bronchiolitis on genera relative abundances differs 

depending on PM levels. The values selected for PM were the following: mean - SD (PM10:21.2µg/m3, 

PM2.5:16.2 µg/m3), mean (PM10:36.9 µg/m3, PM2.5:28 µg/m3) and mean + SD (PM10:52.7 µg/m3, 

PM2.5:39.8 µg/m3). Statistical analyses were performed with SAS software (version 9.4; SAS Institute 

Inc., Cary, NC, USA). A two-sided p-value of 0.05 was considered statistically significant.  
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2.3 Results 
 

2.3.1 Characteristics of the enrolled subjects and PM exposure assessment. 

A total of 110 infants with bronchiolitis (mean age 6.3 ± 5.5 months, 60.9 % males), were included as 

cases for the study. 49 infants matched for age and sex with cases (mean age 6.5 ± 5.7 months, 55.1 

% males), during routine primary care visits and with no symptoms compatible with ongoing 

inflammatory processes, were enrolled as healthy controls (HC). The main characteristics of the 

overall study population are reported in Table 3. The subjects lived mainly in the metropolitan area 

of Milan (HC=93.9%, cases=98%) and the ethnicity was matched in the two study groups (mostly 

Caucasians, HC=93.9%, cases=79%). No differences were found between the two study groups for 

weight and length both at birth and at enrollment. A higher percentage of cases (22.9%) assumed 

antibiotics after birth with respect to HC (8,2%), but not during the month before the enrollment. 

Some of the known risk factors for the contraction of RSV infection differed between the two groups 

and in particular, the mean gestational age, the daycare attendance, and the presence of siblings 

were higher in cases. No differences were observed between the parents of the two groups (Suppl. 

Table 1), excluding the assumption of antibiotics during breastfeeding, which was lower in the 

mothers of the cases (HC=24,5%, cases=11,1%; p-value=0,0309).  

 

Table 3 - Characteristics of study participants by case-control status (N=159). 

Characteristics Case (N=110) HC (N=49) p-value 
    

Age, months mean ± SD 6.3 ± 5.5 6.5 ± 5.7 0.7928 ƚ  
   

Gender, N (%)    
Males 67 (60.9) 27 (55.1) 

0.4916● 

Females 43 (39.1) 22 (44.9)  
   

Birth weigth, g mean ± SD 3204 ± 550 3301 ± 459 0.2857 ƚ 
Birth lenght, cm mean ± SD 49.6 ± 2.2 50.2 ± 2.7 0.1493 ƚ  

   
Weigth, g mean ± SD 7197 ± 2238 7111 ± 2237 0.8396 ƚ 

Lenght, cm mean ± SD 64.8 ± 10 63.8 ± 8.3 0.6180 ƚ  
   

Living area, N (%)    
City of Milan 73 (66) 33 (67.4) 

0.2690* 
 

 

 

  

Province of Milan, outside city area 35 (32) 13 (26.5) 
Province of Monza Brianza 1 (0.9) 2 (4.1) 

Province of Varese 1 (0.9) 0 (0.0) 
 

Outside Lombardy region 0 (0.0) 1 (2.0) 
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Ethnicity, N (%)    
Cuacasian 87 (79) 46 (93.9)  

 
0.1042* 

African 6 (5.4) 0 (0.0) 
Asian 11 (10.0) 3 (6.1) 

Multi-ethnic 6 (5.4) 0 (0.0)  
   

Delivery mode, N (%)    
Vaginal delivery 68 (61.8) 36 (73.5) 

0.1455*  

 

  

Vacuum 5 (4.6) 2 (4.1) 
Emergency cesarean section 12 (10.9) 7 (14.3) 

 
Elective cesarean section 

 
25 (22.7)       4 (8.2) 

 
    
   

Systemic antibiotic after birth, N (%)    
Yes  25 (22.9) 4 (8.2) 

0.0274* 

  

No 84 (77.1) 
45 (91.8) 

 
   

  Systemic antibiotic in the last month, N(%)    
Yes  6 (5.4) 0 (0.0) 

0.1782* 

  

No 104 (94.6) 
49 (100.0) 

 
   

Allergy, N (%)    
Yes  3 (2.8) 1 (2.1) 

1 * 

  

No 105 (97.2) 
47 (97.9) 

 
   

Daycare attendance, N (%)    
Yes  26 (23.9) 5 (10.2) 

0.0457● 

  

No 83 (76.1) 
44 (89.8) 

 
   

Siblings, N (%)    
Yes  80 (72.7) 20 (40.8) 

0.0001● 

  

No 30 (27.3) 
29 (59.2) 

 
   

Number of siblings, N (%)    
0 31 (28.2) 29 (59.2) 

<0.0001* 

 

 

 

 

  

1 50 (45.4) 14 (28.6) 
2 23 (20.9) 2 (4.1) 
3 6 (5.5) 1 (2.0) 
4 0 (0.0) 2 (4.1) 
5 0 (0.0) 

1 (2.0) 

Siblings attending daycare/school, N (%)    
Yes 73 (92.4) 

16 (80.0) 0,1130 

  

No 6 (7.6) 4 (20.0)  
    

Pets at home, N (%)    
Yes  25 (22.7) 7 (14.6) 

0.2410●  No 85 (77.3) 41 (85.4) 
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Current breastfeeding, N (%)    

0.5749● 

  

Yes 69 (62.7) 

33 (67.4) 

No 41 (37.3) 16 (32.7)  
    
 

Gestational age, weeks median [Q1-Q3] 
   

 
38 [38-40] 40 [38;40] 

 
0.0096Δ 

 
    

Bronchiolitis severity score, median [Q1;Q3] 3 [2;4] 0 [0;0] 
0.4051● 

   

 

SD: standard deviation, Q1: first quartile, Q3: third quartile. 

Continuous variables are expressed as mean ± SD or as median [Q1;Q3] as appropriate, discrete variables are 

expressed as counts (%). 

ƚ  The p-values were calculated by T-test. 

Δ The p-values were calculated by Wilcoxon signed rank sum test. 

● The p-values were calculated by chi-square test. 

* The p-values were calculated by Fisher exact test 

 

2.3.2 Bronchiolitis severity assessment 

On the total of 110 infants with bronchiolitis enrolled as cases, positivity to RSV was detected in 64 

(58%) through RT-qPCR assay. Considering total cases (n=110), the bronchiolitis severity was scored 

as mild in 75 subjects (68%), moderate in 34 (31%), and severe in only one (0.6%) case. Among the 

64 infants positive for RSV (RSV+), the score of bronchiolitis was mild in 39 (61%) and moderate in 25 

(39%). Mean severity scores of RSV+ and RSV- categories did not differ significantly (p-value= 0,1180) 

(Figure 30). 
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p-value from t-test= 0.1180 

 Severity score of bronchiolitis 
  N min max median q1 q3 mean SD 

Cases of bronchiolitis 110 0 7 3 2 4 2.89 1.48 

  N min max median q1 q3 mean SD 

RSV - 46 0 7 3 2 3 2.63 1.55 

RSV +  64 0 6 3 2 4 3.08 1.41 

 

Figure 30. Bronchiolitis severity score (0 to 7) in infants with (RSV+) or without (RSV+) respiratory syncytial 

virus infection. Mean, distribution and standard deviation (SD) are shown. q1= 1st quartile; q3= 3rd quartile  

 

2.3.3 Association between short-term PM10 and PM2.5 exposure and bronchiolitis severity 

Daily mean concentrations of PM10 and PM2.5 were assigned to each case (n=110) and the means 

calculated for each time lag preceding the bronchiolitis severity peak (Day 0) are given in 

Supplementary Table 2. To verify the possible effect of PM2.5 and PM10 exposures, a multivariable 

regression model was applied to bronchiolitis severity scores (N=110) and the results of the analysis 

are reported in Table 4. Mean PM2.5 concentrations were positively associated with bronchiolitis 

severity on day -2 (β 0.0214; 95%CI 0.0011–0.0417; p = 0.0386), day -5 (β 0.0313; 95%CI 0.0054–

0.0572; p = 0.0179), day -14 (β 0.0284; 95%CI 0.0078–0.0490, p = 0.0069), day -15 (β 0.0496; 95%CI 

0.0242–0.0750; p = 0.0001) and day -16 (β 0.0327; 95%CI 0.0080–0.0574; p = 0.0093). Mean PM10 

levels were positively associated with the bronchiolitis severity score on day -2 (β 0.0175; 95%CI 

0.0015–0.0326; p = 0.0347), day -5 (β 0.0333; 95%CI 0.0067–0.0469; p = 0.0036), day -14 (β 0.0268; 
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95%CI 0.0062–0.0379; p = 0.0026), day -15 (β 0.0477; 95%CI 0.0167–0.0545; p < 0.0001) and day -16 

(β 0.0336; 95%CI 0.0049–0.0412; p = 0.0008). Moreover, PM2.5 and PM10 mean concentration levels 

of the third week before the enrollment (day -14 -20) were positively associated with the bronchiolitis 

severity score (β 0.0478, 95%CI 0.0173–0.0679, p = 0.0034; β 0.0426, 95%CI 0.0159–0.0797, p = 

0.0010, respectively). Consistent results of association analyses were observed considering only 

PM2.5 and PM10 exposure levels and bronchiolitis severity score of RSV+ infants (Supplementary Table 

3). 
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Table 4  Association between short-term exposure to PM2.5 and PM10 and bronchiolitis severity score (N=110 cases of bronchiolitis). 

PM10 β SE 95% CI P-value 

  
  

PM2.5 β SE 95% CI P-value 

Day 0 0.0099 0.0090 -0.0077 0.0275 0.2684 Day 0 0.0067 0.0110 -0.0148 0.0283 0.5399 

Day -1 0.0131 0.0078 -0.0022 0.0283 0.0932 Day -1 0.0116 0.0092 -0.0065 0.0297 0.2089 

Day -2 0.0175 0.0083 0.0013 0.0338 0.0347 Day -2 0.0214 0.0104 0.0011 0.0417 0.0386 

Day -3 0.0051 0.0074 -0.0094 0.0197 0.4876 Day -3 0.0070 0.0099 -0.0124 0.0263 0.4802 

Day -4 0.0125 0.0086 -0.0044 0.0295 0.1462 Day -4 0.0112 0.0100 -0.0083 0.0308 0.2601 

Day -5 0.0333 0.0114 0.0109 0.0557 0.0036 Day -5 0.0313 0.0132 0.0054 0.0572 0.0179 

Day -6 0.0088 0.0094 -0.0097 0.0272 0.3504 Day -6 0.0040 0.0115 -0.0185 0.0265 0.7279 

Day -7 0.0049 0.0096 -0.0139 0.0237 0.6101 Day -7 -0.0032 0.0120 -0.0267 0.0204 0.7929 

Day -8 0.0067 0.0095 -0.0119 0.0252 0.4813 Day -8 0.0035 0.0109 -0.0180 0.0249 0.7506 

Day -9 0.0061 0.0096 -0.0128 0.0249 0.5287 Day -9 0.0047 0.0122 -0.0192 0.0285 0.7009 

Day -10 0.0067 0.0087 -0.0103 0.0237 0.4387 Day -10 0.0097 0.0106 -0.0110 0.0304 0.3589 

Day -11 0.0021 0.0075 -0.0126 0.0168 0.7799 Day -11 0.0029 0.0097 -0.0162 0.0220 0.7652 

Day -12 0.0136 0.0082 -0.0025 0.0297 0.0985 Day -12 0.0143 0.0100 -0.0053 0.0339 0.1520 

Day -13 0.0205 0.0095 0.0018 0.0392 0.0321 Day -13 0.0190 0.0114 -0.0034 0.0414 0.0962 

Day -14 0.0268 0.0089 0.0093 0.0443 0.0026 Day -14 0.0284 0.0105 0.0078 0.0490 0.0069 

Day -15 0.0477 0.0107 0.0268 0.0686 <0.0001 Day -15 0.0496 0.0130 0.0242 0.0750 0.0001 

Day -16 0.0336 0.0101 0.0139 0.0534 0.0008 Day -16 0.0327 0.0126 0.0080 0.0574 0.0093 

Day -17 0.0234 0.0109 0.0021 0.0447 0.0315 Day -17 0.0250 0.0137 -0.0019 0.0518 0.0681 

Day -18 0.0139 0.0088 -0.0034 0.0311 0.1154 Day -18 0.0145 0.0110 -0.0071 0.0361 0.1890 

Day -19 0.0179 0.0104 -0.0025 0.0383 0.0855 Day -19 0.0204 0.0130 -0.0051 0.0459 0.1176 

Day -20 0.0193 0.0103 -0.0010 0.0395 0.0621 Day -20 0.0238 0.0134 -0.0024 0.0500 0.0754 

Day -21 0.0059 0.0097 -0.0130 0.0249 0.5381 Day -21 0.0049 0.0125 -0.0196 0.0293 0.6956 

Day -22 0.0033 0.0091 -0.0144 0.0211 0.7134 Day -22 -0.0030 0.0124 -0.0273 0.0213 0.8091 

Day -23 -0.0006 0.0092 -0.0186 0.0175 0.9510 Day -23 0.0021 0.0122 -0.0219 0.0260 0.8656 

Day -24 0.0044 0.0093 -0.0139 0.0227 0.6373 Day -24 0.0046 0.0118 -0.0185 0.0278 0.6952 

Day -25 0.0056 0.0090 -0.0120 0.0232 0.5344 Day -25 0.0092 0.0113 -0.0129 0.0313 0.4146 

Day -26 0.0033 0.0086 -0.0135 0.0202 0.6975 Day -26 -0.0019 0.0109 -0.0232 0.0195 0.8641 

Day -27 -0.0041 0.0089 -0.0215 0.0134 0.6479 Day -27 -0.0033 0.0111 -0.0251 0.0185 0.7675 

Day -28 0.0079 0.0080 -0.0077 0.0235 0.3225 Day -28 0.0122 0.0105 -0.0085 0.0329 0.2473 



69 

 

Day -29 0.0056 0.0091 -0.0122 0.0234 0.5381 Day -29 0.0095 0.0114 -0.0129 0.0319 0.4078 

 -1st week AVG (Day 0-6) 0.0235 0.0117 0.0005 0.0466 0.0449  -1st week AVG (Day 0-6) 0.0235 0.0143 -0.0046 0.0516 0.1012 

 -2nd week AVG (Day  -7 -13) 0.0151 0.0119 -0.0082 0.0384 0.2040  -2nd week AVG (Day  -7 -13) 0.0150 0.0147 -0.0138 0.0438 0.3064 

 -3rd week AVG (Day -14 -20) 0.0426 0.0129 0.0173 0.0679 0.0010  -3rd week AVG (Day -14 -20) 0.0478 0.0163 0.0159 0.0797 0.0034 

 -4th week AVG (Day -21 -27) 0.0032 0.0110 -0.0184 0.0248 0.7688  -4th week AVG (Day -21 -27) 0.0030 0.0143 -0.0251 0.0311 0.8327 

 -2 week AVG (Day  0 -13) 0.0284 0.0143 0.0003 0.0565 0.0473  -2 week AVG (Day  0 -13) 0.0289 0.0177 -0.0058 0.0635 0.1025 

 -3 week AVG (Day  0 -20) 0.0425 0.0154 0.0122 0.0728 0.0059  -3 week AVG (Day  0 -20) 0.0051 0.0094 -0.0133 0.0234 0.5890 

 -4 week AVG (Day -21 -27) 0.0318 0.0151 0.0023 0.0614 0.0348  -4 week AVG (Day -21 -27) 0.0336 0.0191 -0.0038 0.0709 0.0782 

 

β (95% CIs) at different time lags (from day of bronchiolitis assessment to the previous 30 days) and for different 7-day moving average are calculated for a 1 

µg/m3 increase in PM10 and PM2.5. Multivariable continuous ordinal regression models adjusted for age, sex, ethnicity, assumption of systemic antibiotics 

during pregnancy and assumption of systemic antibiotic in the last month were used to estimate β-regression coefficients. Significant associations are in bold. 
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2.3.4 Compositional overview and diversity evaluation of bacterial nasal microbiota (bNM) in the 

entire study population  

Amplicon-based 16S sequencing analysis was performed to characterize the bNM of both cases with 

bronchiolitis and HC in order to explore the composition, evaluate diversity, and to further 

investigate possible impacts of PM exposure on the analyzed bacterial community. The bNM 

analysis was conducted on a final number of 149 nasal swabs collected from 103 cases and 46 HC. 

Considering the entire study population, 6 phyla made up 99,5% of the total relative abundance of 

the bNM, which was dominated by the Proteobacteria (mean relative abundance= 62,3%), 

Firmicutes (20,5%) and Actinobacteria (11,4%) phyla, as showed in Figure 31. Examining the nasal 

bacterial community in more detail, of the 367 genera identified, 20 made up about 90% of the total 

relative abundance. Among them, the top 5 represented taxa were identified as Moraxella (39,8%), 

Haemophilus (13,9%), Streptococcus (11,2%), and Corynebacterium_1 (8,9%) (Figure 32).  

 

 

Figure 31. Descriptive bNM phylum-profile composition. (A) Mean relative abundances of the entire study 

population (cases, N= 103; HC, N= 46). (B) Average top 6 phila relative abundance in the entire study 

population. 
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Figure 32. Descriptive bNM genus-profile composition. (A) Mean relative abundances of the entire study 

population (cases, N= 103; HC, N= 46). (B) Average top 6 genera relative abundance in the entire study 

population. 

 

Alpha and beta-diversity analyses were performed to describe bNM diversity features in the case 

and HC groups. To investigate the diversity within the collected samples, alpha-diversity analysis 

was performed by using the Shannon, Chao1, and observed_species indices, providing information 

about the evenness and richness features of the examined bacterial communities. The comparison 

of the three indices pointed out no differences between cases and HC groups (p-value ≥ 0,05). For 

each tested index, geometric means and p-value derived from the statistical analysis adjusted for 

the PM2.5 and PM10 mean levels of the third week before assessment (-3rd week AVG) are shown 
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in Tables 5 and 6, respectively. Beta-diversity analyses were performed by applying both the 

Unweighted and Weighted_Normalized UniFrac metrics to compare the composition of the bNM 

communities between cases and HC groups. A Principal coordinate analysis (PCoA) plot was 

generated, pointing out that the principal components (PC) 1 and 2 explained 6,0% and 3,8% of the 

variance between the nasal bacterial communities of cases and HC when both taxa presence and 

abundance as well as phylogenetic diversity were considered, as illustrated in Figure 33. Analysis of 

similarity (PERMANOVA) showed a separation between cases and HC samples (Unweighted 

Normalized UniFrac distance, p-value=0,001; Weighted Normalized UniFrac distance, p-

value=0,004), suggesting differences in bNM diversity.  

 

Table 5 - α-diversity indices in case and control group (considering PM10 mean levels). 
 

CASE  (N=103) HC  (N=46) 
p-value 

  Geometric mean 95% CI Geometric mean 95% CI 

Shannon 5,3241 4,6593 5,989 5,241 4,4703 6,0116 0,6860 

Chao1 2102,82 1759,75 2445,89 2058,22 1660,57 2455,87 0,6743 

Observed species 395,92 339,69 452,15 396,93 331,75 462,11 0,9538 

 

Means and relative 95% CI were estimated by linear regression models adjusted for age, gender, ethnicity, 

use of antibiotics in the last month, PM10 mean levels during the third week before the bronchiolitis 

assessment and apparent temperature. 

 

Table 6 - α-diversity indices in case and control group (considering PM2.5 mean levels).  
 

CASE  (N=103) HC  (N=46) 
p-value 

  Geometric mean 95% CI Geometric mean 95% CI 

Shannon 5,3256 4,6618 5,9893 5,2415 4,4712 6,0119 0,6825 

Chao1 2105,92 1763,49 2448,35 2059,78 1662,33 2457,24 0,6633 

Observed species 396,5 340,34 452,66 397,19 332,01 462,38 0,9682 

 

Means and relative 95% CI were estimated by linear regression models adjusted for age, gender, ethnicity, 

use of antibiotics in the last month, PM2.5 mean levels during the third week before the bronchiolitis 

assessment and apparent temperature. 
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Figure 33. β-diversity analysis. PCoA plot of the similarities between the case and HC groups based on 

Unweighted and Weighted normalized UniFrac distance. Samples referred to cases and HC are colored in 

blue and orange, respectively.  

 

2.3.5 bNM composition and PM exposure effects in cases and controls 

Since a positive association was observed between the mean PM levels of the third week before 

enrollment (-3rd week AVG, see section 2.3.3) and bronchiolitis severity, further analyses on PM effects 

were conducted considering this specific exposure interval. The -3rd week AVG PM exposure levels 

of the study population are reported in Table 7. Including these levels in the model of analysis, of 

the total genera identified (N=367), the top 6 in which relative abundance was ≥ 1% in at least one 

experimental group are reported in Tables 8 (adjusted for PM10 exposure) and 9 (adjusted for PM2.5 

exposure). Among them, only Haemophilus and Dolosigranulum were differentially represented 

between cases and HC groups: in both the implemented models the mean relative abundance of 

Dolosigranulum was higher in HC (FDR from PM10 adjusted model= 0,0078; FDR from PM2.5 adjusted 

model= 0,0070). On the contrary, the mean relative abundance of Haemophilus was higher in cases 

(FDR from PM10 adjusted model= 0,0099; FDR from PM2.5 adjusted model= 0,0267).   
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Table 7.  Mean PM exposure levels in the entire study population (N case= 103, N HC=46) 

  
  

Mean (μg/m3) SD 

PM10  mean levels during the third week 
before the assessment 

36,95 15,73 

PM2.5  mean levels during the third week 
before the assessment 

28,01 11,77 

 

 

Table 8. Genera relative abundances adjusted for PM10  exposure in case (N=103) and HC (N=46) groups. 

 

Means and relative 95% CI were estimated by negative binomial regression models adjusted for age, gender, 

ethnicity, use of antibiotics in the last month, PM10 mean levels during the third week before the assessment 

and apparent temperature. In bold the genera with significant differences between cases and HC (according 

to FDR p-value). 

 

Table 9. Genera relative abundances adjusted for PM2.5 exposure in case (N=103) and control (N=46) groups. 

 

Means and relative 95% CI were estimated by negative binomial regression models adjusted for age, gender, 

ethnicity, use of antibiotics in the last month, PM2.5 mean levels during the third week before the assessment 

and apparent temperature. In bold the genera with significant differences between cases and HC (according 

to FDR p-value). 

 
CASE  (N=103) HC  (N=46) 

p-value 
FDR 

p-value GENUS  geometric mean 95% ci geometric 
mean 

95% ci 

Dolosigranulum 0,70 0,18 2,8 2,89 0,67 12,54 0,0000 0,0078 

Haemophilus 12,33 4,20 36,18 3,23 0,90 11,51 0,0001 0,0099 

Corynebacterium_1 2,60 1,01 6,67 5,55 1,93 15,99 0,0022 0,2652 

Neisseria 0,51 0,24 1,10 1,38 0,45 4,25 0,0130 0,7975 

Staphylococcus 2,55 0,94 6,88 3,58 1,13 11,36 0,3189 1,0000 

Moraxella 39,86 17,93 88,57 36,06 14,36 90,59 0,7034 1,0000 

Streptococcus 5,24 2,42 11,34 4,91 1,96 12,32 0,7683 1,0000 

 
CASE  (N=103) HC  (N=46) 

p-value 
FDR 

p-value GENUS  geometric mean 95% ci geometric 
mean 

95% ci 

Dolosigranulum 0,72 0,18 2,84 2,92 0,67 12,64 0,0000 0,0070 

_Haemophilus 11,67 3,99 34,13 2,80 0,78 10,11 0,0001 0,0267 

Corynebacterium_1 2,59 1,01 6,64 5,55 1,93 15,95 0,0021 0,2601 

Neisseria 0,53 0,25 1,14 1,43 0,47 4,38 0,0127 0,7793 

Staphylococcus 2,63 0,98 7,08 3,52 1,12 11,08 0,2503 1,0000 

Moraxella 39,78 17,85 88,67 36,13 14,37 90,83 0,6934 1,0000 

Streptococcus 5,22 2,40 11,32 4,87 1,93 12,25 0,7823 1,0000 
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Further investigation was performed to assess whether -3rd week AVG PM10 and PM2.5 exposure 

could modify the relation between cases or HC and the relative abundance of Haemophilus and 

Dolosigranulum genera. A significant interaction was observed only for Haemophilus and -3rd week 

AVG PM10 exposure level (p-value of interaction= 0,0489), suggesting a modifier effect of PM10 

exposure, while no interactions emerged for Dolosigranulum (Table 10). Therefore, further analyses 

were focused on the Haemophilus genus. The modifier effect of PM10 and PM2.5 on Haemophilus 

relative abundance was also assessed by studying different levels of exposure (i.e. -3rd week AVG 

PM levels ± SD, Figure 34). Significant differences between case and HC groups on Haemophilus 

relative abundance were observed at the three selected PM levels, -3rd week AVG PM levels (PM10 

p-value< 0,0001, PM2.5 p-value= 0,0002), -3rd week AVG PM levels + SD (PM10 p-value< 0,0001, PM2.5 

p-value= 0,0004), and -3rd week AVG PM levels - SD (PM10 p-value> 0,05, PM2.5 p-value= 0,0218). 

Interestingly, differences in Haemophilus relative abundance between case and HC increased with 

increasing PM exposure levels, for both PM10 and PM2.5, except for  PM2.5 mean vs mean - SD. 

 

Table 10. Interaction of case and HC between genera and-3rd week AVG PM exposure. 

Genus Parameter p-value of interaction 

Haemophilus -3rd week AVG PM10 *case_HC 0,0489 

Dolosigranulum -3rd week AVG PM10 *case_HC 0,871 

Haemophilus -3rd week AVG PM2.5 *case_HC 0,3927 

Dolosigranulum -3rd week AVG PM2.5 *case_HC 0,8597 
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Figure 34. Interaction effect of case_HC status and PM on Haemophilus relative abundance. Difference 

between case and HC group on Haemophilus relative abundance at 3 selected levels of PM (mean - SD, mean, 

and mean + SD values). Data derived from negative binomial regression models adjusted for age, gender, 

ethnicity, apparent temperature and use of antibiotics in the last month. Adjusted geometric means and 

relative 95% CI are reported. (A) Modifier effect of PM10, (B) modifier effect of PM2.5 

 

2.3.6 Species-level analysis on Haemophilus genus 

Species-level composition was investigated for Haemophilus genus by employing paired reads 

derived from 16S analysis. Since analysis of the full Haemophilus species NCBI database pointed out 

69% of unclassified reads, therefore, in order to predict possible species composition, only high-

quality reads derived from a subgroup of 139 cases and HC were mapped against ad hoc 

Haemophilus species database obtained from modified NCBI database. As a result, a lower % of 

unclassified reads was obtained (38,8% of the total analyzed reads), mainly due to the overlap of 
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the two species influenzae and aegyptius, frequently reported as being part of the same species 

with the latter classified as a biogroup of the former. The most represented predicted species were 

influenzae, identified in most cases and HC (82,52% and 73,91% respectively), followed by 

haemolyticus (in 48,54% of cases and 41,3% of HC) and parainfluenzae (in 34,95% of cases and 

52,17% of HC), as shown in Table 11. In terms of relative abundance, Haemophilus influenzae was 

predicted as the most represented species in both cases (57,3 %) and HC (47,4%), in fact 

representing almost the entire composition of the taxa. (Figure 35). These results suggested that 

influenzae is the species that colonized the upper respiratory tract of infants.  

 

Table 11. Subjects with relative abundance of Haemophilus species >0 in cases and HC groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    subjects with relative 
 abundance > 0 (N) 

subjects with relative  
abundance > 0 (%) 

genus  
Haemophilus case 96 90,57 

HC 43 89,58 

species  
h__influenzae case 85 82,52 

HC 34 73,91 
h__haemolyticus case 50 48,54 

HC 19 41,3 
h__parainfluenzae case 36 34,95 

HC 24 52,17 
h__aegyptius case 25 24,27 

HC 2 4,35 
h__sputorum case 10 9,71 

HC 9 19,57 
h__pittmaniae case 6 5,83 

HC 3 6,52 
h__massiliensis case 3 2,91 

HC 0 0 
h__quentini case 2 1,94 

HC 0 0 
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Figure 35. Bar plot of mean relative abundance of Haemophilus species in bNM of cases and HC. Average top 

3 and unclassified species (“Uncl. Haemophilus”) relative abundance in cases and HC samples are reported. 

  

main species (%) 

 case HC 

influenzae 57,3 % 47,4 % 

unclassified 35,9 % 38,3 % 

haemolyticus 3 % 3,6 % 

parainfluenzae 3 % 9,5 % 

other 0,8 % 1,2 % 
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2.4  Discussion 

 

Acute bronchiolitis is a common clinical condition characterized by inflammation and obstruction of 

the bronchioles affecting mainly infants. This syndrome is considered the main cause of 

hospitalization of infants worldwide [80]. In the vast majority of cases, it is caused by a viral infection 

of the lower airways, and respiratory syncytial virus (RSV) is the most prevalent viral agent for 

bronchiolitis in infants [80–82]. Although some risk factors have been recognized (e.g. pre-existing 

pulmonary diseases and young age) [90,91], most cases of illness occur without any prior 

predisposing risk factors in infants [80]. Some evidence suggests that environmental factors such as 

air pollution (e.g. particulate matter (PM)) are related to the worsening of respiratory diseases in 

young children [13,183]. In the present population study involving infants younger than one year of 

age we have demonstrated for the first time an association between the severity of bronchiolitis 

and PM2.5 and PM10  exposure levels. The results of previous retrospective studies investigating a link 

between PM exposure and the risk of hospitalization or clinical encounters in infants with 

bronchiolitis were inconsistent. On one hand, in two studies conducted in USA and Canada, on a 

large cohort of infants (~10.000 and 20.000 subjects involved), the authors found no association 

between exposure levels of PM2.5/PM10 and bronchiolitis hospitalization or patient clinical 

encounters for bronchiolitis, respectively [94,95]. On the other hand, studies carried out in Italy, 

France, and Israel found that higher exposure to PM10 increased the risk of hospitalization of infants 

with bronchiolitis  [16,25,96]. A similar association also emerged in a study conducted in Hong Kong 

over the period 2008-2018 on ~30.000 children younger than 2 years of age, in which acute 

bronchiolitis-related hospitalization was associated with a high concentration of PM10 [98]. Lastly, 

the findings of a study involving approximately 12.000 polish infants who had been hospitalized for 

RSV bronchiolitis indicated that short-term PM2.5 and PM10 exposure, together with other air 

pollutants, might explain more than 20% of total hospitalizations [99]. A full understanding of the 

role of air pollution in the onset and exacerbation of bronchiolitis is still lacking. By examining 

individual data of 110 infants visiting the pediatric emergency department of Polyclinic hospital of 

Milan, the potential role of PM in bronchiolitis development was confirmed, as a positive association 

was observed between short-term PM2.5 and PM10 exposure levels and increased disease severity. 

It has been suggested that exposure to air pollutants, especially PM, might play a key role in the 

viral spread and transmission [184,185], and in particular, it could influence the inflammatory 

cascade leading to RSV infection with, as consequence, the development of bronchiolitis in infants 
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[25,93]. Since it is known that the peak of bronchiolitis symptoms occurs approximately within two 

weeks after the viral infection [16,186], the positive association here described between 

bronchiolitis severity and the exposure levels of PM2.5 and PM10 of the third week before enrollment 

supports the hypothesis that elevated levels of PM can worsen the pathogenesis of the disease. 

Moreover, these data were also strengthened considering that the same positive association was 

observed by analyzing the data of the subpopulation of infants with RSV+ bronchiolitis. 

There is increasing evidence indicating that PM2.5 and PM10 exposure can trigger airway 

inflammation [9,35] by inducing the expression of pro-inflammatory cytokines such as IL-1β, IL-6, 

and IL-8 [9,149,150]. In turn, severe bronchiolitis is correlated with elevated levels of airway 

inflammation [152,153]. Consistently, these evidence could provide a rationale for the link observed 

in this study between the severity of bronchiolitis in infants living in Milan and PM2.5 and PM10 

exposure levels of the third week preceding the severity peak. Moreover, the data on in vivo model 

shown in chapter 1 of the thesis, which elucidated the effects of a PM similar to the PM2.5 in the 

urban area of Milan [154–156] and collected in the same winter of the present study, demonstrated 

a pro-inflammatory impact of PM2.5, together with the capacity of impairing the immune response 

to an infectious inflammatory stimulus. Overall, these results support the hypothesis that PM 

influences the pathogenesis of bronchiolitis in infants (Figure 36).  

To better elucidate the mechanism underlying the  effects of PM that we have described, we studied 

the upper airway bacterial community of the entire study population, by comparing the composition 

of the bacterial nasal microbiota (bNM) of 106 infants with bronchiolitis (cases) and 48 healthy 

controls (HC). The colonization of the respiratory microbiota by certain bacteria can confer a 

protective or deleterious effect on viral infections [187], possibly modulating the immune system 

[188,189]. In particular, some species (e.g., Moraxella catarrhalis) have been shown to reduce host 

antiviral defense functions of bronchial epithelial cells [190–192], and this effect has been suggested 

also for RSV infections [193,194], thus potentially affecting the severity of the disease [90,195]. In 

general, the Phila-structure we observed is consistent with other studies, since Proteobacteria is 

commonly a dominant taxa in nasal and lung microbiota of infants < 2 years of age [196,197], as 

well as for the composition of the microbiota genera, which revealed Corynebacterium, Moraxella, 

Haemophilus, and Staphylococcus to represent the majority of genera [198]. However, as pointed 

out by β-diversity analyses, we observed a respiratory dysbiosis at genus-level in bNM of infants 

with bronchiolitis in comparison to matched HC. Indeed, besides bNM structure consistency, the 

reduction in terms of bNM diversity of cases was mainly attributable to the increase in common 
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respiratory pathobionts, such as of Haemophilus genus, and to the concomitant decrease of 

beneficial commensal bacteria of Dolosigranulum and Corynebacterium genera. These latter are 

reported to control the rate of proliferation of common respiratory pathobionts, especially in 

younger individuals [106,199]. Since it has been previously described that exposure to air pollution 

alters respiratory tract microbial composition [102], we further investigated whether PM10 and/or 

PM2.5 exposure influenced the bNM composition of infants. The bacterial nasal community is 

considered the first structure hit by PM inhaled particles because of its anatomical location, 

therefore, the modifying effects of short-term PM exposure can be easily studied. The models 

adjusted for -3rd week AVG PM exposure pointed out Haemophilus and Dolosigranulum as 

differential genera in infants with bronchiolitis. Interestingly, a modifier effect of -3rd week AVG 

PM10 exposure on being case or HC was observed only on Haemophilus relative abundance, while 

no interactions emerged for Dolosigranulum. Since PM2.5 levels are sometimes affected by 

estimation errors, we further performed analyses on specific levels of -3rd week AVG PM exposure 

for both PM10 and PM2.5. From these analyses, we were able to describe a modifier effect on 

Haemophilus not only for PM10 but also for PM2.5, with a greater impact as exposure levels increased. 

These results suggested that Haemophilus was the only genus affected by PM as a dampened impact 

of PM emerged in cases with bronchiolitis. Therefore, PM exposure could modify the relationship 

of the relative abundance of Haemophilus between cases and HC, with greater difference as the PM 

level increases.  

Species-level analyses on Haemophilus genus were also performed by using 16S data on ad hoc 

database to predict the putative composition of the bNM. The most represented predicted species 

were influenzae, identified in the most of subjects, both cases and HC, and with higher relative 

abundance. These results suggested that influenzae was the species that colonized the upper 

respiratory tract of infants since it was the closest to the trend showed by Haemophilus genus, and 

in parallel, the other identified species were scarcely represented. Consistently with our findings,  

other studies have shown that the upper respiratory tract microbiota of infants < 1 year old and 

with RSV infection resulted characterized by an overrepresentation of the genus Haemophilus, 

which also emerged associated with nasopharyngeal viral load and increased level of pro-

inflammatory cytokines (e.g. CXCL8) [193]. In this context, Haemophilus influenzae was usually 

described as the most represented predicted species [90,200]. This and our evidence suggest that 

interactions between respiratory viruses, especially RSV, and specific components of the upper tract 
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as Haemophylus influenzae could modulate the host immune response, thus potentially driving 

clinical disease severity.  

We further investigated the features of Haemophilus influenzae to evaluate its immunomodulatory 

potential, and to better elucidate its potential involvement in airway inflammation and promotion 

of viral infection. In particular, in the last part of the present thesis, we performed functional 

analyses in vivo to assess the effects of its secreted extracellular vesicles on the host immune 

response.  

 

 

 

Figure 36. Hypothesis linking PM exposure and bronchiolitis severity. 
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2.5  Appendix 

 

Supplementary Table 1 - Characteristics of the parents of study participants (N=159). 

Characteristics 
(Mother) 

Case (N=110) HC (N=49) p-value 

    
Age, years mean ± SD 35 ± 4.6 34.8 ± 5.6 0.8500 ƚ  

   
Education, N (%)    

Elementary school 0 (0.0) 5 (4.6) 

0.1176●  

 

  

Junior high school 2 (4.1) 14 (12.8) 
High school 12 (24.5) 29 (26.6) 

University 35 (71.4) 61 (56.0) 

 
   

Smoking, N (%)    
Yes 7 (14.6) 10 (9.2) 

0.3150● 

  

No 
41 (85.4) 

99 (90.8) 

 
   

Maternal smoking during pregnancy, 
N (%) 

   

Yes 4 (8.5) 7 (6.4) 

0.7351* 

  

No 
43 (91.5) 

102 (93.6) 

 
   

Chronic diseases, N (%)    
Yes 11 (22.5) 31 (28.7) 

0.4120● 

  

No 
38 (77.6) 

77 (71.3) 

 
    
   

Allergy, N (%)    
Yes 17 (34.7) 43 (39.4) 

0.5989● 

  

No 
32 (65.3) 

66 (60.6) 

 
   

Systemic antibiotics during 
pregnancy, N (%) 

   

Yes 13 (26.5) 27 (25.0) 

0.8384● 

  

No 
36 (73.5) 

81 (75.0) 
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SD: standard deviation. 

Continuous variables are expressed as mean ± SD or as median [Q1;Q3] as appropriate, 

discrete variables are expressed as counts (%). 

ƚ  The p-values were calculated by T-test. 

Δ The p-values were calculated by Wilcoxon signed rank sum test. 

● The p-values were calculated by chi-square test. 

* The p-values were calculated by Fisher exact test 

 
   

Systemic antibiotics during 
breastfeeding, N (%) 

   

Yes 12 (24.5) 12 (11.1) 

0.0309● 

  

No 
37 (75.5) 

96 (88.9) 

Vaginal swab for Group B 
Streptococcus, N (%) 

   

Positive 5 (10.6) 14 (13.6) 

0.6139● 

  

Negative 
42 (89.4) 89 (86.4) 

Characteristics 
(Father)  

Case (N=110) HC (N=49) p-value 

    
Age, years mean ± SD 37.1 ± 6.3 38.7 ± 6.5 0.1612 ƚ  

   
Education, N (%)    

Elementary school 1 (1.0) 0 (0.0) 

0.1800* 
 

 

 

  

Junior high school 17 (16.5) 8 (16.7) 
High school 36 (35.0) 10 (20.8) 

University 49 (47.6) 29 (60.4) 
Above University 0 (0.0) 

1 (2.1) 

 
   

Smoking, N (%)    
Yes 41 (38.7) 13 (27.1) 

0.1625● 

  

No 65 (61.3) 35 (72.9) 

 
   

Chronic diseases, N (%)    
Yes 13 (12.3) 7 (14.9) 

0.6562● 

  

No 93 (87.7) 
40 (85.1) 

 
    
   

Allergies, N (%)    
Yes 30 (28.3) 17 (35.4) 

0.3745● 

 
 

No 76 (71.7) 
31 (64.6) 
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Supplementary Table 2. Levels of PM10 and PM2.5 exposure for each time lag (N=110 cases of bronchiolitis). 

 

 PM10 (μg/m3)  PM2.5 (μg/m3) 

 Min Max Mean SD Min Max Mean SD 

Day 0 9.7 96.3 41.8 19.8 7.8 70.1 31.7 15.4 

Day -1 9.7 130.6 42.0 21.8 6.9 105.9 31.6 17.2 

Day -2 8.8 130.6 42.4 21.5 4.4 105.9 32.0 16.1 

Day -3 12.7 135.0 44.3 23.2 9.9 105.9 33.3 16.6 

Day -4 9.7 130.6 42.5 22.5 6.2 105.9 32.5 17.7 

Day -5 4.9 89.3 38.9 18.5 5.0 70.0 29.6 14.5 

Day -6 8.1 130.6 42.3 23.1 6.5 105.9 32.3 17.9 

Day -7 6.9 130.6 42.1 23.2 5.5 105.9 31.8 17.5 

Day -8 7.3 130.6 41.5 20.3 5.7 105.9 31.3 16.0 

Day -9 9.7 123.9 40.9 20.8 6.7 96.3 30.8 16.0 

Day -10 8.9 130.6 41.9 22.0 7.1 105.9 32.0 17.0 

Day -11 5.5 130.6 40.8 22.0 4.8 105.9 31.0 16.5 

Day -12 8.9 130.6 39.5 21.3 7.8 105.9 30.2 16.1 

Day -13 7.2 89.3 37.2 19.7 5.7 70.0 28.3 15.2 

Day -14 9.7 130.6 37.4 22.0 6.3 105.9 28.4 17.2 

Day -15 11.0 96.3 37.7 18.5 6.8 70.1 28.4 14.1 

Day -16 9.7 96.3 38.1 19.4 7.5 70.1 28.8 14.4 

Day -17 9.7 90.4 36.8 18.6 8.1 67.4 28.0 13.9 

Day -18 9.2 135.0 37.7 22.2 7.8 92.6 28.7 16.7 

Day -19 7.2 130.6 37.8 22.6 6.4 105.9 28.7 17.0 

Day -20 9.7 96.3 35.7 19.0 5.8 70.1 27.1 14.4 

Day -21 8.2 130.6 35.9 19.9 6.4 105.9 27.3 15.5 

Day -22 9.7 92.7 36.1 19.2 7.1 69.1 27.6 14.4 

Day -23 3.1 96.3 37.0 21.5 1.1 70.1 27.9 15.7 

Day -24 5.6 90.4 36.2 20.2 4.5 70.0 27.6 15.3 

Day -25 11.3 130.6 35.2 20.1 6.7 105.9 26.9 15.4 

Day -26 7.3 135.0 36.5 21.0 4.5 92.6 27.9 15.9 

Day -27 7.8 87.6 36.4 19.6 5.8 64.3 27.4 14.9 

Day -28 6.9 130.6 35.5 22.3 4.4 105.9 27.0 16.7 

Day -29 9.7 130.6 35.7 19.1 8.2 105.9 27.3 14.7 

-1st week AVG (Day 0-6) 15.0 77.0 42.3 15.9 11.0 59.0 32.1 11.9 

-2nd week AVG (Day  -7 -13) 16.0 80.0 40.7 16.3 12.0 61.0 30.9 12.2 

-3rd week AVG (Day -14 -20) 16.0 79.0 37.5 15.9 14.0 60.0 28.4 11.9 

-4th week AVG (Day -21 -27) 13.0 79.0 36.3 16.8 10.0 60.0 27.7 12.6 

-2 week AVG (Day 0 -13) 15.0 73.0 41.5 14.0 12.0 55.0 31.4 10.3 

-3 week AVG (Day 0 -20) 18.0 68.0 40.0 13.3 -14.0 82.0 19.1 17.3 

-4 week AVG (Day 0 -27) 18.0 68.0 38.9 13.1 13.0 51.0 29.6 9.6 
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Supplementary Table 3. Association between exposure to PM2.5 and PM10 and bronchiolitis severity score (N= 64 cases of RSV+ bronchiolitis). 

PM10 β SE 95% CI P-value 

 

PM2.5 β SE 95% CI P-value 

Day 0 0.0077 0.0108 -0.0134 0.0289 0.4730 Day 0 0.0069 0.0140 -0.0205 0.0344 0.6192 

Day -1 0.0187 0.0093 0.0005 0.0369 0.0442 Day -1 0.0218 0.0118 -0.0013 0.0448 0.0639 

Day -2 0.0310 0.0123 0.0069 0.0551 0.0118 Day -2 0.0416 0.0165 0.0092 0.0739 0.0118 

Day -3 0.0036 0.0098 -0.0155 0.0228 0.7085 Day -3 0.0106 0.0145 -0.0178 0.0390 0.4644 

Day -4 0.0116 0.0114 -0.0107 0.0339 0.3068 Day -4 0.0127 0.0143 -0.0153 0.0408 0.3741 

Day -5 0.0218 0.0143 -0.0063 0.0499 0.1277 Day -5 0.0249 0.0188 -0.0120 0.0618 0.1858 

Day -6 0.0018 0.0135 -0.0246 0.0283 0.8915 Day -6 0.0033 0.0179 -0.0318 0.0383 0.8539 

Day -7 0.0000 0.0138 -0.0271 0.0270 0.9976 Day -7 -0.0012 0.0185 -0.0374 0.0351 0.9496 

Day -8 0.0123 0.0131 -0.0135 0.0381 0.3494 Day -8 0.0152 0.0172 -0.0186 0.0490 0.3775 

Day -9 0.0029 0.0139 -0.0243 0.0301 0.8341 Day -9 0.0051 0.0192 -0.0325 0.0428 0.7892 

Day -10 0.0058 0.0111 -0.0161 0.0276 0.6049 Day -10 0.0079 0.0140 -0.0196 0.0353 0.5738 

Day -11 0.0008 0.0109 -0.0206 0.0223 0.9404 Day -11 0.0025 0.0146 -0.0261 0.0311 0.8657 

Day -12 0.0153 0.0110 -0.0062 0.0369 0.1639 Day -12 0.0167 0.0141 -0.0109 0.0443 0.2353 

Day -13 0.0158 0.0130 -0.0097 0.0412 0.2238 Day -13 0.0179 0.0166 -0.0146 0.0505 0.2809 

Day -14 0.0285 0.0115 0.0059 0.0511 0.0135 Day -14 0.0337 0.0143 0.0056 0.0618 0.0186 

Day -15 0.0611 0.0150 0.0318 0.0904 <0.0001 Day -15 0.0820 0.0200 0.0429 0.1212 <0.0001 

Day -16 0.0437 0.0136 0.0170 0.0704 0.0014 Day -16 0.0617 0.0183 0.0258 0.0976 0.0008 

Day -17 0.0336 0.0151 0.0040 0.0631 0.0261 Day -17 0.0493 0.0199 0.0102 0.0884 0.0134 

Day -18 0.0089 0.0102 -0.0111 0.0289 0.3816 Day -18 0.0125 0.0138 -0.0144 0.0395 0.3625 

Day -19 0.0175 0.0127 -0.0074 0.0424 0.1691 Day -19 0.0216 0.0171 -0.0120 0.0551 0.2083 

Day -20 0.0276 0.0137 0.0009 0.0544 0.0430 Day -20 0.0373 0.0182 0.0017 0.0729 0.0402 
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Day -21 0.0078 0.0139 -0.0194 0.0351 0.5735 Day -21 0.0166 0.0183 -0.0193 0.0525 0.3647 

Day -22 -0.0026 0.0132 -0.0285 0.0232 0.8429 Day -22 -0.0068 0.0184 -0.0429 0.0293 0.7118 

Day -23 0.0041 0.0133 -0.0221 0.0302 0.7609 Day -23 0.0142 0.0186 -0.0223 0.0506 0.4464 

Day -24 0.0104 0.0130 -0.0151 0.0358 0.4252 Day -24 0.0197 0.0175 -0.0146 0.0539 0.2607 

Day -25 0.0063 0.0136 -0.0203 0.0330 0.6416 Day -25 0.0176 0.0192 -0.0200 0.0552 0.3593 

Day -26 0.0019 0.0109 -0.0195 0.0234 0.8606 Day -26 0.0017 0.0149 -0.0274 0.0309 0.9072 

Day -27 -0.0045 0.0118 -0.0277 0.0186 0.7001 Day -27 -0.0067 0.0153 -0.0366 0.0232 0.6601 

Day -28 0.0146 0.0106 -0.0062 0.0354 0.1695 Day -28 0.0215 0.0138 -0.0056 0.0485 0.1194 

Day -29 0.0009 0.0134 -0.0254 0.0272 0.9487 Day -29 0.0054 0.0182 -0.0303 0.0410 0.7684 

-1st week AVG (Day 0-6) 0.0225 0.0152 -0.0073 0.0522 0.1391 

 

-1st week AVG (Day 0-6) 0.0313 0.0208 -0.0094 0.0720 0.1314 

-2nd week AVG (Day -7 -13) 0.0165 0.0165 -0.0159 0.0490 0.3179 -2nd week AVG (Day -7 -13) 0.0227 0.0221 -0.0206 0.0661 0.3047 

-3rd week AVG (Day -14 -20) 0.0466 0.0166 0.0141 0.0792 0.0050 -3rd week AVG (Day -14 -20) 0.0659 0.0224 0.0220 0.1099 0.0033 

-4th week AVG (Day -21 -27) 0.0034 0.0158 -0.0276 0.0343 0.8305 -4th week AVG (Day -21 -27) 0.0118 0.0218 -0.0309 0.0545 0.5877 

-2 week AVG (Day 0 -13) 0.0291 0.0191 -0.0083 0.0666 0.1272 

 

-2 week AVG (Day 0 -13) 0.0417 0.0266 -0.0104 0.0938 0.1169 

-3 week AVG (Day 0 -20) 0.0454 0.0204 0.0054 0.0854 0.0260 -3 week AVG (Day 0 -20) 0.0078 0.0117 -0.0152 0.0307 0.5059 

-4 week AVG (Day 0 -27) 0.0401 0.0211 -0.0012 0.0814 0.0573 -4 week AVG (Day 0 -27) 0.0622 0.0300 0.0034 0.1210 0.0380 

 

β (95% CIs) at different time lags (from day of bronchiolitis assessment to the previous 30 days) and for different 7-day moving average are estimated for a 1 

µg/m3 increase in PM10 and PM2.5. Multivariable continuous ordinal regression models adjusted for age, sex, ethnicity, assumption of systemic antibiotics during 

pregnancy and assumption of systemic antibiotic in the last month were used to estimate β-regression coefficients. Significant associations are in bold. 
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CHAPTER 3:   

in vivo investigation of the 

immunomodulatory potential 

of bacterial EVs (bEVs) on 

zebrafish model 
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3.1 Summary 

 

Extracellular vesicles (EVs) are emerging as essential intercellular messengers and there is evidence 

that bacterial-derived EVs (bEVs) could play a crucial role in interregnum communication, being able 

to modulate the host immune system. In the present chapter, the immunomodulatory potential of 

the EVs will be investigated in an in vivo model. We took advantage of the zebrafish embryo model, 

which recently emerged as a suitable model to study EVs biology and their effect on the innate 

immune response. We set-up a method to study the immunomodulatory effects of EVs derived from 

different biological sources, which was published on a methodological journal [201]. Furthermore, 

in this framework we studied EVs derived from human smooth muscle cells and plant-derived EVs. 

The former exhibited pro-inflammatory potential and the latter exhibited anti-inflammatory and 

antioxidant properties, thus demonstrating the reliability of the zebrafish model, capable of 

detecting the immunomodulatory properties of EVs regardless of the kingdom of derivation. The 

first study was published on an international journal [140] and the second is now under revision 

(listed with #3 in the previous page).  

Haemophilus influenzae (Hi) was individuated as the main species of interest from the 

metataxonomic analysis described in the chapter 2, since its mean relative abundance was higher 

in infants with bronchiolitis compared with controls and this difference was observed after the 

exposure to different levels of both PM10 and PM2.5. Given this evidence, the main aim of this 

chapter is to investigate how Hi may affect the immune response in the host, with a potential relapse 

in the pathogenesis of the acute bronchiolitis. At this purpose, the immunomodulatory potential of 

Hi deriving bEVs isolated from in vitro exponential phase culture was investigated by using the 

zebrafish functional model. 
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3.2 Materials & Methods 

 

3.2.1 Isolation and characterization of bacterial derived EVs 

Not typeable strain of Haemophilus influenzae (strain L-378, ATCC 49766) was cultured on BD 

Chocolate Agar (GC II Agar with IsoVitaleX) at 37°C in microaerophilia o/n and then inoculated in 

Brain heart infusion (BHI) broth supplemented with Vitox (1:50) and HTM (1:250 [= NAD 15ug/ml 

+EME 15ug/ml]) until exponential phase is reached (OD600 ~= 1.8), after ~6-7 hours post inoculum 

Figure 37. bEVs of exponential phase culture were isolated following MISEV 2018 guidelines [202]. 

In brief, Hi bacterial culture was serially centrifuged at 1000 xg, 2000 xg and 3000 xg for 15’ at 4°C 

each step. 20 mL of exponential phase culture were centrifuged at 5000 xg for 15’ at 4°C and 

supernatant was filtered at 0,2 μm pore size. Aliquot of filtered supernatant was plated on 

Chocolate agar to assess for bacterial presence. Then, to completely remove bacterial cells debris, 

supernatant was filtered with 0,45 μm pore size filter. 32 mL of filtered supernatant were 

transferred in four ultracentrifuge tubes and centrifuged at 110.000 xg for 4 hours at 4°C. For each 

tube, pellet was resuspended in 1 mL of the obtained supernatant in the tubes, the rest of 

supernatant was carefully discarder. 8 mL of the filtered supernatant (not ultracentrifuged) of the 

same experiment were added to the tubes. The samples were ultracentrifuged at 110.000 xg for 4 

hours at 4°C. The supernatant was thoroughly discarder and pellet was resuspended in 300 μL of 

triple filtered PBS (with 0,1 μm pore size filter). As control, 16 mL of BHI supplemented with HTM 

and Vitox without bacterial inoculum was processed with the same procedure. For in vivo 

experiments, an aliquot of bEVs was added with 0,04 M sucrose and stored in a cooling box at -80°C 

until use.  

In parallel, immediately after isolation procedure, an aliquot of bEVs was characterized by flow 

cytometry analysis. Immunophenotypization assay was performed to quantify the EVs of Gram-

negative origin, using a flow cytometer (MACSQuant, Miltenyi Biotec) according to a standardized 

protocol [203]. Before the analysis, a step of gating calibration was carried out using Fluoresbrite 

Carboxylate Size Range Kit I (0.2, 0.5, 0.75, and 1 μm) to properly set the instrumentation. 60 μL 

aliquots of each sample (i.e. derived from bacterial culture and from processed growth medium as 

control) were stained in the dark with 5(6)-carboxyfluorescein diacetate N-succinimidyl ester (CFSE) 

0.2 μM at 37°C for 20’. CFSE is a cell permeant non-fluorescent pro-dye, which produces fluorescent 

reaction when reacts with intracellular esterases, that convert the molecule to a fluorescent ester. 
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CFSE+ is used to assess EV integrity and can be detected through the FITC detection channel. Then, 

CFSE stained samples were incubated with specific anti-LPS unconjugated primary antibody (LPS; 

gram-negative; Invitrogen Thermo Fisher Scientific, Waltham, USA) combined with a secondary IgG-

antimouse (IgG (H + L), Superclonal™ Recombinant Secondary Antibody, Alexa Fluor 647-Invitrogen) 

for 20min at 4°C before detection procedure. To eliminate aggregates, Ab was previously 

centrifuged at 17,000 xg for 30’ at 4°C. Autofluorescence of the antibodies was also detected by 

acquiring a PBS-stained control. To determine the concentration of double stained EVs (CFSE and 

LPS (APC) positive events/μL), quantitative multiparameter analysis on flow cytometry data was 

carried out by using FlowJo Software (Tree Star, Inc.) (Figure 38). For each experiment, Hi-bEVs 

suspensions were diluted in triple filtered PBS to a concentration of 100 and 200 LPS+/CFSE+ 

events/μL (bEVs 100 and bEVs 200, respectively). 

  

 

Figure 37. Representative growth curve of Haemophilus influenzae liquid culture under optimal conditions. 

OD600= optical density measured at a wavelength of 600 nm. 

 

 

Figure 38. Representative outcome of flow cytometry analysis for the quantification of Hi-EVs suspension. (a) 

side scatter (SSC) plot;  (b) dot plot with gating for CFSE+  fluorescence (FITC); (c) dot plot for experimental 

sample (SSC+ CFSE + ANTI-LPS antibody (APC)). 
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3.2.2 Microinjection of zebrafish with EVs 

For gene expression experiments, to directly administrate EVs suspensions into the circulation, 2 

dpf larvae were microinjected systemically into the duct of Cuvier with 2 nL of the indicated 

concentration of Hi bEVs, as described in [201]. At least 20 larvae were injected for each condition 

and incubated in E3 at 28,5°C. After 20 hpi, total RNA was extracted from 3 dpf larvae for 

quantitative PCR analysis. For leukocyte recruitment experiments, Tg(mpx:EGFP) and 

Tg(mpeg1:mcherry) were used to follow the behaviour of neutrophils and macrophages, 

respectively. 3 dpf larvae were locally injected with 1 nL of EVs suspension in the hindbrain ventricle. 

At least 9 larvae were injected for each condition and incubated in PTU at 28,5°C. At 6hpi, injected 

larvae were fixed in PFA 4% in PBS for 2 hours at RT and washed three times in PBS before leukocytes 

analysis. As control, larvae were systemically/locally injected with processed growth medium or 

bacterial broth prepared as described above (section 3.2.1). Each experiment was conducted at least 

in biological duplicate. 

 

3.2.3 Acute sterile inflammatory stimulus model (tailfin amputation)  

To generate zebrafish local acute inflammation, 3 dpf Tg(mpx:EGFP) and Tg(mpeg1:mcherry) larvae 

were amputated of a portion of the tailfin with the use of a sterile scalpel blade, without damaging 

circulatory loop, as described in [51,141]. Properly amputated larvae were selected for the assay 

and exposed to bEVs or processed bacterial broth (control) diluted 1:10 in a total volume of 500 μL 

of PTU at 28,5°. After 6 hours post-amputation (hpa), larvae were fixed in 4% PFA in PBS for 2 hours 

at RT and leukocyte recruitment in the caudal area of the tailfin was assessed through fluorescence 

microscopy. 

3.2.4 Leukocyte migration analysis: image acquisition and quantification of leukocytes 

To study leukocytes activation and migration, Tg(mpx:EGFP) and Tg(mpeg1:mcherry) zebrafish 

transgenic reporter lines were used. Single slice bright-field and fluorescent images of lateral side 

(for tailfin amputation model) or dorsal side (for brain ventricle model) of larvae were sequentially 

acquired using an epi-fluorescence stereomicroscope (M205FA, Leica, Wetzlar, Germany) equipped 

with a fluorescent lamp and a digital camera and mounting mcherry-filter (excitation 587 nm) and 

GFP-filter (excitation of 488 nm). Images were processed using Adobe software when necessary to 

merge different focal planes. Neutrophils were quantified through mpx+ cell count and macrophages 

through mpeg1+ cell count. For local injection experiments, leukocyte recruitment was measured in 
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the defined region of interest (i.e. brain ventricle, caudal fin region; dashed boxes) and was assessed 

at 6 hpi in brain ventricle model, and after 6 hours from injury in tailfin amputation model. For both 

experimental settings, cell count was performed by computation using of Fiji (ImageJ software, 

developer: Wayne Rasband) as already described [70,142]: i) manually selecting of the region of 

interest for the analysis with “polygon selection” tool (e.g. brain ventricle of the larva); ii) using of 

“subtract background” command, to avoid interference by the autofluorescence of the yolk sac; iii) 

running of the “Find maxima” function to detect single fluorescent cells. Mean and SEM of cell count 

of at least two independent experiments are reported on graphs. 

 

Zebrafish husbandry: See Materials and methods of Chapter 1 section 1.2.1. 

Determination of the expression level of inflammation mediator genes: See Materials and 

methods of Chapter 1, section 1.2.8. 

Statistical analysis: See Materials and methods of Chapter 1 section 1.2.9. 
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3.3  RESULTS 

 

3.3.1 Immumodulatory effects of bEVs derived from Haemophylus influenzae (Hi) 

The immunomodulatory potential of EVs derived from in vitro exponential phase culture of a not 

typeable strain of Hi was tested by using the zebrafish functional model. The general experimental 

method used for the following experiments is reported in Figure 39. 

 

Figure 39. Schematic representation of the experimental method used for the study of the bacterial EVs 

derived from Hi. 

 

3.3.1.1 Effects of Hi-bEVs injection on innate immune response  

The immunomodulatory potential of bEVs derived from exponential phase culture of Hi was tested 

by administration through microinjection in zebrafish larvae. Effects on leukocyte populations was 

investigated to dissect mechanisms of interaction by taking advantage of Tg(mpx:EGFP) and 

Tg(mpeg1:mcherry) zebrafish transgenic reporter lines, with labeled neutrophils and macrophages, 

respectively. 1 nL of different doses of Hi-bEVs suspensions was locally microinjected in the 

hindbrain ventricle of 3 dpf larvae and leukocytes recruitment was quantified after 6 hpi in the 

defined area of head (dashed box, Figure 40a). As control, 1 nL of processed Hi growth medium was 

injected. The mean number of mpeg+ macrophages at the site of bEVs injection was higher in larvae 

treated with the higher dose of bEVs (bEVs 200) in comparison with controls (i.e. 8.6 vs 14.9, p-value 

0.0030). While the lower dose (bEVs 100) induced no substantial effects on the migratory capacity 
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of macrophages, underlining a dose-dependent pro-inflammatory effect (Figure 40b). Neutrophils 

are normally the first responders at a site of bacterial infection and moreover some studies have 

reported an important role upon Gram-negative bEVs challenge [125,126]. Interestingly, with 

respect to macrophages, a more pronounced effect was observed on mpx+ neutrophils after local 

bEVs inoculation. Indeed, both high and low doses were able to elicit a significant increase in 

neutrophil recruitment to the brain ventricle area (i.e., control= 6.2; vs bEVs100=12.6, p-value 

0.0011 ; bEVs200=22.6, p-value<0.0001). To note, higher dose elicited a significant increase in 

migration with respect to the lower one (Figure 40c). The described result indicates that Hi-bEVs 

can act as chemotactic stimulus, particularly toward neutrophil population, provoking an alteration 

in leukocyte trafficking. To dissect at molecular level the impact of Hi-bEVs on innate immunity, in 

parallel experiments, the bEVs were systemically injected in 48 hpf embryos and the expression of 

pro-inflammatory cytokines was assessed at 20 hpi. Consistently with the effect on leukocyte 

behavior, a pro-inflammatory effect on larvae was observed upon bEVs treatment. In particular, the 

levels of il-1β and tnf-α were increased in bEVs200-injected larvae of approximately 8- and 4-fold in 

comparison to control, respectively (1β, p-value 0.0153; tnf-α, p-value 0.0191) (Figure 41), 

suggesting Hi-bEVs to favor an inflammatory milieu in larvae. Moreover, both the tested doses were 

able to increase the levels of il-6 and cxcl8 mRNA (il-6 bEVs100, p-value 0.0485; il-6 bEVs200, p-value 

0.0229; cxcl8 bEVs100 p-value 0.0276; cxcl8 bEVs200 p-value 0.0137). The latter is a chemokine 

linked to neutrophils activity, which were observed hyperactivated in the above-described model. 

To remark, dose dependence was observed in gene expression modulation (Figure 41).  
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 Figure 40. Immunomodulatory effects of Hi-EVs on neutrophil and macrophage recruitment. Tg(mpx:EGFP) 

and Tg(mpeg1:mcherry) 3 dpf larvae were analyzed for leukocytes migration at 6 hours post local injection of 

different doses of bEVs suspension or broth (ctrl) into the brain ventricle. (a) Representative panel of 3 dpf 

larvae at 6 hpi. (b) mpeg+ macrophages count and (c) mpx+ neutrophils count at 6 hpi in head region (dashed 

box). Each dot represents a single individual and results are presented as mean ± SEM. Statistical significance 

was assessed by One-way ANOVA followed by Tukey’s post hoc test: ***p < 0.001; **p < 0.01; *p < 0.05; ns= 

not significant. Scale bar=200μm. 
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Figure 41.  Immunomodulatory effects of Hi-EVs on inflammatory markers expression. Larvae were analyzed 

for the expression of pro-inflammatory cytokines through RT-qPCR at 8 hours post systemic injection of 

different doses of bEVs suspension or broth (ctrl). Relative gene expression levels of bEVs-treated larvae are  

normalized on expression levels of control larvae (broth-injected, dashed line=1). For each gene, results are 

presented as mean ± SEM of at least three independent experiments. Statistical significance was assessed by 

One sample t-test. *p < 0.05; ns= not significant 

 

3.3.1.2 Effect of Hi-bEVs exposure on an acute inflammatory trigger 

 The immunomodulatory effects of Hi-derived EVs were also assessed in a model of acute 

inflammatory trigger using the zebrafish tailfin transection model. Previous studies have shown that 

leukocytes are recruited toward wound site in zebrafish larvae, representing a model of 

inflammatory response [204,205]. A piece of the caudal fin was sterilely amputated and larvae were 

subsequently exposed to the higher selected dose of Hi-bEVs (bEVs 200) suspension, directly added 

in growth medium. Leukocytes recruitment to the region of the tailfin was quantified at 6 hours 

post-amputation (hpa), when leukocyte migration reaches the peak at the site of injury [51] (Figure 

41a). At this time point, exposure to Hi-bEVs did not elicit a significant impairment in leukocytes 

migratory capacity at the wound-site, as the average numbers of mpx+ neutrophils and mpeg+ 

macrophages were like controls exposed to Hi broth (Figure 41b-c). Probably a higher dose of bEV 

might be necessary to elicit a response using this type of inflammation model. 
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Figure 42. Immunomodulatory effects of Hi-EVs on neutrophil and macrophage recruitment after an acute 

sterile stimulus. Tg(mpx:EGFP) and Tg(mpeg1:mcherry) embryos were exposed to bEVs200 or to broth (ctrl) 

and analyzed for leukocytes migration at 6 hours post amputation (hpa) of the tailfin. (a) Representative 

panel of bEVs-exposed and broth-exposed 3 dpf larvae at 6 hpa. (b) mpx+ neutrophils count and (c) mpeg+ 

macrophages count at 6 hpa at the site of injury (red dashed box). Each dot represents a single individual and 

results are presented as mean ± SEM. Statistical significance was assessed by unpaired t-test with Welch’s 

correction: ns=not significant. Scale bar=50μm. 
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3.4   DISCUSSION 

 

EVs are microscopic membranous structures secreted by most type of both eukaryotic and 

prokaryotic cells. They have been emerged as essential intercellular messengers, capable of 

modulating the host's immune system [110–112]. Recent research has provided evidence that 

bacterial-derived EVs (bEVs) have a fundamental role in the interactions with mammalian host cells 

and are able to modulate host immune response [125]. Nevertheless, providing evidence of their 

physiological relevance remains challenging due to the lack of suitable model organisms [134]. Thus, 

in vivo models are needed to study the effects of EVs of different type and derivation on innate 

immunity. In the last years, zebrafish has emerged as an adequate model to study EVs biology and 

their impact on innate immune response [134,135], due to the lack of adaptative response in the 

first weeks of life and to the essential conservation of the molecular pathways driving immune 

response as well immune cells with human [46,48]. Moreover, the optical transparency of the 

embryo allows for direct visualization of both immune cells and EVs [135]. We have set-up a 

zebrafish model to investigate on the immunomodulatory effects of EVs derived from different 

biological sources [201]. The aim of this chapter was to dissect the potential role of EVs derived from 

Haemophilus influenzae (Hi) in the context discussed above in the chapter 2. Firstly, we have set-up 

the model by analyzing the effects of EVs derived from human cell culture. EVs were isolated from 

in vitro culture following the MISEV guidelines, thus through largely standardized protocols [202]. 

We demonstrated that, when delivered in vivo, EVs derived from cancer cell lines (e.g., Caco-2 cell 

line) can modulate immune system response. Caco-2 EVs were able to decrease the level of pro-

inflammatory markers when systemically injected in zebrafish embryos. Caco-2 are partially 

differentiated cells that represent an early step of tumorigenesis in which immunosuppressant 

potential is crucial for tumor survival [206]. In another study, zebrafish model was used to assess 

the immunomodulatory effects of EVs derived from human vascular smooth muscle cells (hVSMC) 

overexpressing the enzyme PCSK9, involved in atherosclerosis [207]. Overexpression of PCSK9 has 

been shown to induce the generation of EVs with an increased pro-inflammatory potential in terms 

of expression of il-1β and cxcl8 and an higher activation of macrophages [140]. Moreover, we 

showed that plant-derived EVs, secreted by Citrus limon L. [208], elicited anti-inflammatory and 

antioxidant effects when delivered in the growth medium of zebrafish larvae before an acute 

inflammatory stimulus (paper under revision). Therefore, we demonstrated the reliability of the 
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zebrafish model, capable of detecting the immunomodulatory properties of EVs derived from 

different kingdoms. As far as we know, this is one of the first works in which zebrafish is used to 

study the effects of exogenous EVs on conserved biological mechanisms [134]. Recent works have 

shown a direct interaction between exogenous EVs and zebrafish immune cells, confirming the 

prospect of using the zebrafish embryo as a powerful tool. Indeed, when injected, labeled 

exogenous EVs are taken up by macrophages and endothelial cells, promoting downstream effects 

[135].  

EVs secreted from Gram-negative bacteria (bEVs) naturally modulate host immune signaling [125], 

however their effects on innate immunity still not completely understood and may vary depending 

on bacterial genre and milieu. In literature, Gram-negative derived bEVs are often described to 

promote pro-inflammatory effects, due to the presence of LPS, but in some cases they  can promote 

immune escape effects toward host immunity, by dampening leukocytic response [125]. Hi is an 

opportunistic pathogen of human airways [209]. In the previous chapter 2, Hi has been identified as 

the main species of interest from the metataxonomic analysis since its mean relative abundance 

was higher in infants with bronchiolitis compared with controls. Therefore, in this chapter the 

immunomodulatory potential of Hi deriving bEVs isolated from in vitro exponential phase culture 

was investigated. We observed a strong pro-inflammatory potential of Hi-bEVs when injected in 

zebrafish embryos, with an increase of about 3,5 and 8-fold of the two main pro-inflammatory 

cytokines tnf-α and il-1β respectively, after intravascular delivery. Also, following the injection of Hi-

bEVs in the hindbrain ventricle of larvae, a method commonly used to study leukocytes migration 

as it is a closed and vascularized cavity, the migration of leukocytes was increased, as already 

described for other bacterial species [125]. Neutrophils are normally the first responders at a site of 

infection and some in vitro studies reported an important role upon Gram-negative bEVs challenge 

[125,126]. Consistently, in our model a more pronounced effect was observed on neutrophils than 

in macrophages after local bEVs inoculation. The results indicated that the Hi-bEVs can act as strong 

chemotactic stimulus, highlighting an alteration in leukocyte trafficking, particularly of neutrophil 

population. Interestingly, the specificity of these effects was demonstrated with the dose-

dependence response. Only in the tailfin amputation model, we did not observe any effect following 

bEVs administration, probably due to a too low dose of bEV added to the medium. 

In conclusion, we had successfully demonstrated the potency of zebrafish as a model for the study 

of the immunomodulatory potential of different types of human and non-human derived EVs. With 

this model we demonstrate that Hi-bEVs promote an inflammatory response that, in the human 
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respiratory tract, might represent a favorable situation for further infections such as RSV infection. 

For future analyses, we plan to compare the effects of bEVs derived from bacterial culture in 

different growth phases (e.g. stationary phase and biofilm) [210] to better recapitulate airway 

scenario. Moreover, EV cargo analysis could improve the informative power of the model, 

implementing the possibility to correlate immune system response to specific molecules. Lastly, to 

better elucidate the impact of PM on the nature of bEVs secreted by Hi, bEVs isolated from in vitro 

Hi culture exposed to PM would have to be tested. 
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CONCLUSIONS 

 

Overall, in the present work we have described the evidence supporting the role of PM exposure in 

the modulation of acute viral bronchiolitis in infants. To address aim 1, we set up a new reliable 

model of zebrafish in order to study the immunomodulatory effects of the short-term exposure to 

PM. With this model we demonstrated a pro-inflammatory effect of PM exposure and its ability to 

affect the host’s innate immune response against an infectious inflammatory trigger. Concerning 

the zebrafish model of PM exposure, it is a promising system to dissect the mechanisms underlying 

the toxic effects of different types of PM, as well as a rapid and sensitive tool for toxicity screening. 

In regard to aim 2, we found a direct association between both PM2.5 and PM10 exposure levels and 

the severity of bronchiolitis. In particular, the PM levels in the third week preceding the peak of 

severity were associated with the severity of the disease.  According to the results obtained, we 

strengthened the hypothesis that PM could modulate airway inflammation and consequently 

promote viral infection. Therefore, we can speculate that the use of preventive measures to limit 

the spread of respiratory viruses (e.g. reducing the duration of exposure to environments that may 

carry contagious agents) or to alleviate inflammation of the airways (e.g. proactively utilizing inhaled 

anti-inflammatory compounds) in the days following high levels of PM2.5 or PM10 exposure could be 

an effective strategy, especially for infants at risk of severe bronchiolitis. Future prospective studies 

should investigate and confirm whether preventive strategies might reduce the burden of this 

disease.  

To address aim 3, we characterized upper respiratory tract bacterial dysbiosis in infants with 

bronchiolitis, showing the overrepresentation of the genus Haemophilus and predicting influenzae 

as the most represented species. We showed that these taxa were modulated by PM during 

bronchiolitis, suggesting that their abundance within bacterial nasal community could affect the 

severity of bronchiolitis in the period following high levels of PM exposure. Therefore, we speculate 

that the interactions between specific bacteria of the upper respiratory tract, as Haemophylus 

influenzae (Hi), and respiratory viruses, especially RSV, might modulate the host immune response, 

thus potentially driving disease severity. Concerning aim 4, we further elucidated a potential 

mechanism underlying the described effect by setting up a new zebrafish model to study the effects 

of bacterial extracellular vesicles (bEVs), through which we demonstrated the pro-inflammatory 
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potential of Hi-derived EVs. This study has some limitations, since we did not evaluate synergistic or 

antagonistic effects of PM in modulating the inflammatory pathways when in presence of Hi-bEVs, 

as well as the impact of PM on the nature of the secreted bEVs. Furthermore, analyses on bEVs 

derived from Hi cultures exposed to PM could provide stronger support to our hypothesis. However, 

in the present study the aim was to evaluate the immunomodulatory potential of EVs, and our 

evidence supports the hypothesis that the bacterial EVs release may be involved in the microbiota-

host immune response interaction, by modulating airways inflammation thus promoting further 

pathogen (viral) infections, such as RSV. 
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