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Abstract

Ambient particulate matter (PM), a component of air pollution, exacerbates airway inflammation 

and hyper-reactivity in asthmatic patients. Studies showed that PM possesses adjuvant-like 

properties that enhance the allergic inflammatory response; however, the mechanism(s) by which 

PM enhances the allergic response remains to be determined. The aim of this study was to assess 

how exposure to fine PM collected from Sacramento, CA, shapes the allergic airway immune 

response in BALB/c mice undergoing sensitization and challenge with ovalbumin (OVA). Eight-

week old BALB/c male mice were sensitized/challenged with phosphate buffered saline (PBS/

PBS; n = 6), PM/PBS (n = 6), OVA/OVA (n = 6), or OVA + PM/OVA (n = 6). Lung tissue, 

bronchoalveolar lavage fluid (BALF) and plasma were analyzed for cellular inflammation, 

cytokines, immunoglobulin E and heme oxygenase-1 (HO-1) expression. Mice in the OVA + 

PM/OVA group displayed significantly increased airway inflammation compared to OVA/OVA 

animals. Total cells, macrophages, and eosinophils recovered in BALF lavage were significantly 

elevated in the OVA + PM/OVA compared to OVA/OVA group. Histopathological grading 

indicated that OVA + PM/OVA treatment induced significant inflammation compared to OVA/

OVA. Both IgE and TNFα levels were significantly increased in OVA/OVA and OVA + PM/OVA 

groups compared to PBS/PBS control. The number of HO-1 positive alveolar macrophages was 

significantly elevated in lungs of mice treated with OVA + PM/OVA compared to OVA/OVA. Our 
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findings suggest that fine PM enhances allergic inflammatory response in pulmonary tissue 

through mechanisms involving increased oxidative stress.

Introduction

Allergic asthma is an immune disorder characterized by overactive IgE antibody responses 

to antigens (Bateman et al. 2008). There are two hallmark phenotypes of allergic asthma: (1) 

inflammatory, due to a T helper cell type 2 (Th2)-mediated immune response resulting in 

elevated inflammatory cells in the airways, and (2) airway hyper-reactivity, during which 

volume and flow of inhaled air decreases as a consequence of airway constriction. 

Numerous epidemiological studies demonstrated an association of increased asthma 

prevalence and exacerbation of symptoms with exposure to ambient air pollutants 

(McConnell et al. 2006; von Klot et al. 2002; Kim and Bernstein 2009; Jayawardene et al. 

2013; Cheng et al 2014; Chen et al, 2016; Greenberg et al, 2016).

The City of Sacramento is situated in California’s Central Valley, a region that contains 6 of 

the 10 cities in the nation with the worst air pollution (State of the Air 2015). Sacramento 

also ranks as the 14th city in the nation to display the highest short-term particle air 

pollution. In 2012, Sacramento County’s lifetime asthma prevalence was estimated to be 

10.6% for children (0-18 years old) and 16.4% for adults (18 years old and above), which is 

greater for both groups compared to the national rates of 9.5 and 8.2%, respectively 

(California Health Interview Survey 2012). Genetic factors cannot fully explain the higher 

incidence of asthma in Sacramento, and it is postulated that other factors, such as 

environmental exposures, may play an important role in promoting asthma susceptibility. 

Various studies demonstrated that particulate matter (PM) exposure is associated with 

enhanced sensitization to aeroallergens and worsening of asthmatic symptoms (Fuertes and 

Heinrich 2015; Bowatte et al. 2015; Fuertes et al. 2013; Mortimer et al. 2008). Particularly, 

living in close proximity to major highways has been strongly associated with a higher risk 

of childhood asthma (McConnell et al. 2006).

Although the immune system cannot become sensitized to PM, data suggest that PM possess 

immunological adjuvant activity that promotes allergic responses (Li et al. 2009; 2010); PM 

alone, in the absence of allergens, was found to modulate the inflammatory immune 

response towards an allergic/IgE-mediated response as previously reported by Diaz-Sanchez 

et al (1994; 1999). Oxidative stress was postulated as the primary mechanism underlying 

PM-mediated toxicity. However, given that PM contains hundreds to thousands of distinct 

constituents, it is likely that not all mechanisms by which PM exacerbates allergic responses 

or the key cells involved have been identified. Identifying the mechanisms underlying PM-

mediated toxicity is an important step in understanding how air pollution might exacerbate 

asthma in those with disease and make individuals with no history of atopy more susceptible 

to asthma and other allergies given that the incidence of asthma and allergy has risen 

substantially in the past decades.

The aim of this study was to investigate the role ambient fine PM (PM2.5) collected from an 

urban sampling site located in downtown Sacramento plays in allergic sensitization of a 

mouse model of human asthma. BALB/c mice were sensitized to the allergen ovalbumin 
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(OVA) via intranasal instillation on days 1, 3 and 5 followed by OVA challenge on days 

12-14. PM was introduced, with or without OVA, only during allergic sensitization to assess 

its effects in modulating the developing allergic immune response.

Methods

Ambient PM Collection, Extraction, and Chemical Characterization

Field studies were conducted during the summer 2011 at an urban sampling site located on 

the rooftop of a two story building at the northeast corner of T St. and 13th St. in downtown 

Sacramento, CA. The sampling site is surrounded by a mixture of residential, commercial 

and industrial sources and within a quarter mile of a major freeway interchange. Samples 

were collected using PM2.5 high-volume sampler systems equipped with PM10 size-selective 

heads, operating at a flow rate of 40 cfm and loaded with aluminum foil substrates for 

collecting the coarse PM fraction (PM10-2.5 = 2.5 <Dp< 10 μm) and Teflon coated 

borosilicate glass microfiber filters for collecting the fine PM fraction (PM2.5 = Dp< 2.5 

μm). Aluminum foil substrates were pre-baked at 500° C for 24 hr, and glass microfiber 

filters were pre-cleaned via successive sonication in milli-Q H2O, dichloromethane (DCM) 

and hexane (Hx). Field blanks were included for all investigations. The samplers were 

operated continuously for 1-2 week sampling intervals.

PM2.5 filter samples and field blanks were extracted using a multi-solvent filter extraction 

technique that combines sonication in multiple solvents, liquid-liquid extraction, 

microporous membrane filtration and detailed gravimetric analyses to (1) maximize 

extraction efficiency, (2) minimize compositional biases, (3) minimize extraction artifacts 

and (4) provide precise and accurate direct measurements of extracted PM mass. A 

comprehensive characterization of this method was published by Bein and Wexler (2014; 

2015).

All PM and field blank extracts were subjected to an exhaustive suite of chemical analyses, 

including trace metals via inductively coupled plasma-mass spectrometry (ICP-MS), water 

soluble inorganic and organic ions via ion chromatography, automated colorimetry and 

atomic absorption spectrophotometry (AAS), molecular organic compounds via thermal 

desorption-gas chromatography mass spectrometry (GC-MS), and elemental and organic 

carbon via thermal optical reflectance. A detailed description of the application of these 

analytical techniques to extract PM samples have been described by Bein and Wexler 

(2015). Lipopolysaccharide (LPS) levels were quantitated by Lonza Kinetic Chromogenic 

LAL Endotoxin-Assay (Basel, Switzerland) and found to be below the limits of detection 

(LOD) >0.005 endotoxin units.

Animal Model: Allergen and Particulate Matter Administration

Eight week old male BALB/c mice (22-24 g body weight) were obtained from Harlan 

Laboratories (Livermore, CA). Animals were housed at the Center for Health and the 

Environment at the University of California, Davis. The university’s Institutional Animal 

Care and Use Committee Experiments reviewed and approved the experimental protocols 

associated with the study. Twenty-four mice were acclimated for 2 weeks and randomly 
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divided into 4 exposure groups (each group n=6) that were sensitized/challenged with one of 

the following: (1) phosphate buffered saline (PBS)/PBS, (2) Sacramento PM2.5 (PM)/PBS, 

(3) OVA/OVA, or (4) OVA+PM/OVA.

The exposure protocol is depicted in Figure 1. Mice were sensitized on days 1, 3, and 5 and 

challenged on days 12-14. PM and OVA were administered in a total volume of 30 μl/day/

mouse of PBS (delivery vehicle) via intranasal instillation, which was selected to ensure 

complete and accurate delivery of PM. Ovalbumin, which was depleted of endotoxin via 

Detoxi-Gel™ endotoxin removal columns (Thermo Fisher Scientific Inc., Rockford, IL), 

was administered at a dose of 10 μg/day/mouse. PM was administered at a concentration of 

33.3 μg/day/mouse (100 μg total sensitization dose). PM was sonicated immediately before 

administration. PM/PBS and OVA+PM/OVA treatment groups only received PM during the 

sensitization period to assess its adjuvant-like effect on the adaptive response (challenge). In 

mice sensitized with OVA+PM, OVA and PM were dosed separately, approximately 15 min 

apart, to avoid particle-protein interactions. For detailed information regarding this 

experimental protocol, please refer to Castañeda and Pinkerton (2016). Animals were 

euthanized with pentobarbital solution (65 mg/ml) i.p. on day 15, 24-hr after the last 

intranasal challenge to assess pulmonary inflammation. Serology and histopathologic 

assessment of sentinel animals was conducted at the start and end of the experimental 

period, and results showed that mice were infection free.

Bronchoalveolar Lavage Fluid (BALF) and Cellular Analysis

Mice were cannulated intratracheally and lungs lavaged with two volumes of 0.7ml sterile 

PBS (Sigma Aldrich, St. Louis, MO). The lavage fluid was centrifuged at 500 × g for 15 min 

at 4°C. The supernatant was removed, frozen for future analysis, and cells resuspended in 

500 ul PBS. Cell numbers and viability were determined via hemocytometer using 0.4% 

trypan blue solution (Sigma-Aldrich). Cells were centrifuged onto slides (1.5 × 103 cells/

slide) using a Shandon Cytospin (Thermo Shandon, Inc., Pittsburg, PA). Slides were stained 

with hematoxylin and eosin (H&E) or DippKwik stain (American MasterTech, Lodi, CA) 

for cellular differential analysis. A total of 500 cells were counted per slide to determine 

macrophage, neutrophil, eosinophil, and lymphocyte cell composition of BALF.

Histological Analysis and Immunohistochemistry

The right lung was removed from the thoracic cavity by midline dissection and inflation 

fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) at 30 cm 

water pressure for one hr. The cranial, caudal, middle, and accessory lobes of the fixed lung 

were separated, embedded in paraffin wax, and cut into 5 μm sections mounted onto slides. 

Slides were stained with hematoxylin and eosin (H&E) or used for immunohistochemistry 

(see below).

Hematoxylin and eosin stained sections were employed for overall pathological assessment, 

including identification of sites of inflammation, and cell types involved. Sections from each 

of the 4 right lung lobes were assessed for inflammation based on extent and severity of: (1) 

epithelial/bronchoalveolar inflammation, (2) endothelial/perivascular inflammation, and (3) 

alveolar/parenchymal inflammation. Extent and severity of inflammation was scored using a 
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scale of 0 (no inflammation), 1 (mild), 2 (marked), 3 (extensive), and 4 (severe). Extent and 

severity scores were multiplied to determine the final score.

Immunohistochemistry

Staining for heme oxygenase-1 (HO-1) was performed by hydrating mounted tissue paraffin 

embedded sections in decreasing concentrations of ethanol (100, 95 and 75%), with a final 

wash in distilled water. Antigen retrieval was performed with ethylenediaminetetraacetic 

acid buffer (EDTA, Sigma Aldrich, St. Louis MO; 1mM, pH 8) at a temperature of 123˚C 

for 10 min at 18psi. Endogenous peroxidase was blocked with 3% hydrogen peroxide. 

Tissue sections were treated with protein block (Dako, Carpinteria, CA) to prevent non-

specific protein binding. This was followed by incubation with primary IgG antibody HO-1 

(Abcam, Cambridge, MA; ab13243, anti-mouse made in rabbit) at a dilution of 1:400 

(2.5μg/ml) for 1 hr at room temperature. Tissue sections were treated with the EnVision 

System horseradish peroxidase (HRP)-labeled anti-rabbit polymer (Dako, Carpinteria, CA) 

for 30 min and then with the 3,3′-diaminobenzidine (DAB) substrate chromogen (Dako) for 

5 min. Tissue sections were counterstained with hematoxylin (American MasterTech), 

dehydrated in increasing concentrations of ethanol (75, 95 and 100%), and coverslipped. A 

negative control consisted of non-immune IgG substituted for the primary HO-1 antibody 

that underwent identical methodology as HO-1 treated slides. HO-1 positive macrophages 

were counted in a total of 10 random high power fields (400x) beneath the epithelium of the 

central airway.

Blood Plasma Collection and Immunoglobulin Analysis

Blood was collected immediately following euthanasia via cardiac puncture in EDTA coated 

cryotubes (BD, Franklin Lakes, NJ) and centrifuged at 3,000 × g for 10 min at 4°C to collect 

plasma. Plasma was utilized to quantify total immunoglobulin E (IgE) via ELISA. The 

ELISA was performed by coating 96-well plates (Maxisorp, Rockford, IL) overnight at 4°C 

with rat-anti mouse IgE capture antibody, 50 μl/well at a concentration of 5μg/ml in a 

coating buffer of sodium carbonate (NaCO3, Sigma Aldrich) and sodium bicarbonate 

(NaHCO3, Sigma Aldrich) in distilled water (ddH2O). Plates were washed with wash buffer, 

PBS-0.05% Tween (Sigma Aldrich), and blocked with 50μl 1% bovine serum albumin 

(BSA; Sigma Aldrich) for 1 hr at room temperature. Following the washing step, 50μl 

standards (IgE Calibrator Serum, Bethyl Laboratories, Montgomery, TX) and samples 

(diluted 1:5 in 1%BSA) were added to the wells and incubated for 2 hr at room temperature. 

Wells were subsequently washed with wash buffer and incubated with 50μl/well of rat anti-

mouse IgE-HRP detection antibody (1:1000 dilution; Southern Biotech, Birmingham, AL) 

for 1 hr at room temperature. Wells were washed and treated with 50μl/well of 3,3’,5,5’-

tetramethybenzidine (TMB) substrate (Pierce-Thermo, Rockford, IL) for 15 min in the dark. 

The reaction was stopped by adding 50μl/well of 2N H2SO4. Plates were immediately read 

using a Spectramax Microplate spectrophotometer (Molecular Devices, Sunnyvale, CA) at a 

wavelength of 450nm.

Pulmonary Cytokine Analysis

The left lung was collected, flash frozen and stored for biochemical analysis. Lung lobes 

were homogenized with a cell lysis kit (Bio-Rad, Hercules, CA). Total protein concentration 
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was assessed via Lowry protein assay (Bio-Rad). Lung homogenates were diluted 1:50 in 

1% BSA (Sigma Aldrich). ELISA’s for IL-1β, IL-5, IL-6, IL-17A, IL-25, and TNF-α were 

performed using Biolegend ELISA kits (BioLegend, San Diego, CA) according to the 

manufacturer’s protocol. Cytokine levels (ng/ml) were standardized to total lung protein 

(mg/ml) and expressed as nanograms of cytokine per milligram of lung tissue (ng/mg).

Statistical Methods

Data are expressed as means ± standard error of the mean (SEM). All comparisons (PBS/

PBS, PM/PBS, OVA/OVA, and OVA+PM/OVA) were assessed by one-way ANOVA 

followed by post hoc Tukey’s Multiple Comparison Test using GraphPad PRISM 5 software. 

A value of p<0.05 was considered statistically significant.

Results

Composition of PM

In brief, summertime PM2.5 in Sacramento was dominated by organic carbon (49% 

composition by mass), including polycyclic aromatic hydrocarbons(PAH) and non-aromatic 

hydrocarbons, and water soluble inorganic ions (21% composition by mass). Elemental 

carbon accounted for 1.4% of PM mass and various metals ranging from lithium to lead 

were detected at levels significantly above LOD.

Bronchoalveolar Lavage Fluid (BALF) and Immune Cell Differential Analysis

Immune cells (macrophage, neutrophil, eosinophil, and lymphocyte) collected in the BALF 

were differentially counted to assess the manner in which PM impacts the pulmonary 

allergic response (Figure 2). Mice sensitized/challenged with OVA+PM/OVA displayed 

significantly higher numbers of total cells, macrophages, and eosinophils than animals 

treated with OVA/OVA. These findings suggest that PM exacerbated the allergic 

inflammatory response, as the eosinophil is a key immune cell involved in Th2-mediated 

immune responses. Although both neutrophil and lymphocyte cells were significantly 

elevated in OVA/OVA and OVA+PM/OVA treatment groups compared to controls, there was 

no marked difference between these two exposed groups.

Histopathology and Scoring

To further assess the localization of the immune cells in pulmonary tissue and degree of 

inflammation, blinded histopathological scoring of the left lung was performed to evaluate 

the extent and severity of inflammation. Micrographs of lung demonstrated a greater influx 

of macrophages, neutrophils, and eosinophils to the subepithelium of airways in addition to 

airway epithelial hyperplasia in mice treated with OVA+PM/OVA compared to animals 

administered OVA/OVA (Figure 3, D vs C). The overall histopathological score of lung 

tissue, which was based on additive scores from pulmonary bronchiolar, perivascular, and 

alveolar regions, supports these observations (Figure 3E, Total Lung). Predominant 

inflammation occurred in the parenchymal region (Figure 3E, Alveolar).
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Plasma Immunoglobulin E (IgE)

To determine whether the allergic response was detectable systemically, total plasma IgE 

protein levels were quantified. Both OVA/OVA and OVA+PM/OVA treatment groups 

displayed significantly higher IgE plasma levels compared to controls (Figure 4), 

demonstrating OVA administration produced an IgE-mediated allergic response. Notably, 

PM alone numerically enhanced IgE levels, although not significantly different from control.

Pulmonary Cytokine Analysis

The enhancement of allergic inflammation by PM prompted investigation of cytokines 

(IL-1β, IL-6, IL-17A and TNFα) associated with PM-mediated pulmonary inflammation 

(Mitschik et al. 2008). In addition, levels of IL-5 and IL-25 cytokines, both eosinophil 

chemoattractants, were measured. Both IL-25 and TNFα protein levels were significantly 

elevated in both OVA/OVA and OVA+PM/OVA treatment groups compared to control (Table 

1).

Pulmonary Heme Oxygenase-1 (HO-1) Expression

Because inflammatory effects of PM have been attributed to oxidative stress (Li et al. 2008; 

2009; 2013), protein expression of HO-1 in lung tissue was determined. Epithelial cells, 

fibroblasts, and macrophages were positive for HO-1 expression (Figure 5, A-D), especially 

following OVA/OVA and OVA+PM/OVA treatment. Further, the number of HO-1 positive 

macrophages in the OVA+PM/OVA group was significantly higher than OVA/OVA (Figure 

5E). HO-1 positive cells were seldom seen in control and PM/PBS groups.

Discussion

The purpose of this study was to assess whether exposure to PM2.5 during allergic 

sensitization in a BALB/c mouse model of asthma modulates inflammatory responses during 

allergic challenge in the absence of PM. PM used in this experiment was collected from the 

downtown area of the City of Sacramento near three major highways, and the dose used is 

equivalent of a one- to two-week exposure to high ambient PM levels for humans. The 

primary endpoint of this study was to evaluate airway inflammation based on recovered 

BALF cells. Secondary endpoints aimed to characterize the inflammatory cytokine profile to 

elucidate PM-mediated toxicological effects as well as examine lung HO-1 expression as an 

indicator of oxidative stress. The findings of our study demonstrate that PM2.5 enhanced 

allergic airway inflammation, as suggested by elevated influx of immune cells into the 

pulmonary compartment. These observations are supported by histopathological scoring 

analysis: compared to OVA/OVA treatment, OVA+PM/OVA administration resulted in 

epithelial perturbations, including greater immune cell migration to the subepithelial and 

alveolar regions. In addition, exposure to PM2.5 during allergic sensitization significantly 

elevated eosinophil pulmonary recruitment compared to allergen sensitization without PM. 

Taken together, evidence indicates that PM modifies and enhances the initial development of 

the allergic immune response in mice.

PM is primarily formed through (1) combustion processes, such as gas and diesel engines, 

cooking, power plants and wildfires, (2) mechanical abrasion processes, such as windblown 
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dust, sea spray and various agricultural activities, and (3) photochemical processing, 

including nucleation and secondary organic aerosol (SOA) formation. Depending upon the 

source, PM may be composed of internal and/or external mixtures of inorganic compounds, 

metals, trace elements, elemental carbon (black carbon or soot) and an exhaustive list of 

organic compounds, including PAH (Ghio et al, 2012). PM were found to deplete 

endogenous antioxidants and induce the production of reactive oxygen species (ROS), 

promoting a state of cellular oxidative stress (Ayres et al. 2008; de Oliveira et al, 2014). 

Particle deposition in the lung primarily enhances oxidative stress in mucosal epithelium and 

alveolar macrophages, triggering redox-sensitive pathways such as NFκB that lead to the 

secretion of pro-inflammatory cytokines promoting tissue injury and inflammation (Brown 

et al. 2006). The effects of Sacramento air pollution were studied in a BALB/c mouse model 

in which oropharyngeal aspiration of fine PM (2.5 μm in size: PM2.5) collected in 

Sacramento induced pulmonary inflammation via neutrophil recruitment (Van Winkle et al. 

2015).

Various cytokines (IL-1β, IL-5, IL-6, IL-17A, IL-25, and TNFα) were assessed to better 

understand the augmented inflammatory response exhibited in the OVA+PM/OVA group vs. 

OVA/OVA. However, no clear relationships between enhanced cellular pulmonary 

recruitment with PM treatment and these cytokines were found. The levels of IL-5, which 

serves as an important chemoattractant for eosinophils, and IL-25, a cytokine that promotes 

airway eosinophilia and Th2-mediated inflammation, were similar between these groups. It 

is possible that PM may mediate eosinophil migration to the lung via other eosinophil 

chemoattractants, such as CCL11, CCL24, and/or CCL26 chemokines. TNFα is an 

important cytokine involved in the extravasation of monocytes and neutrophils from the 

blood by upregulating endothelial selectins and integrins during inflammation. There was a 

trend for PM to elevate TNFα levels, but the results were not significant. The study was 

limited by a low sample size (n) and time between analysis (day 15) and PM exposure (days 

1, 3, and 5), which may have masked any significant changes in cytokines. Notably, PM 

exposure alone (PM/PBS) elevated TNFα levels despite its final administration 10 days 

prior to analysis, lending support to the hypothesis that PM alone exerts a sustained pro-

inflammatory effect. This may explain PM adjuvant-like effect when given in conjunction 

with the allergen.

Various investigations demonstrated that HO-1 serves as a marker of PM-mediated oxidative 

stress in in-vivo models (Ayres et al. 2008; Carosino et al. 2015; Kooter et al. 2006; Li et al. 

2000; 2003). In this study, HO-1 levels were evaluated via immunochemical staining in 

pulmonary tissue. Allergic sensitization, with and without PM, led to distinct expression 

patterns of HO-1 in epithelial cells, macrophages, and fibroblasts that were less frequent in 

control sham and PM only. Exposure to PM during allergic sensitization to OVA led to a 

significant increase in HO-1 expressing macrophages compared to mice sensitized in the 

absence of PM. This observation may be explained by uptake of PM through alveolar 

macrophages, leading to cellular oxidative stress. The combination of OVA and PM 

exposure during sensitization may enhance macrophage cellular activation, compared to 

OVA-alone and augment secretion of pro-inflammatory mediators that may modulate early 

acute inflammatory response during sensitization, leading to enhanced inflammation upon 

allergen challenge.
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Based upon the findings of this study, it is difficult to draw conclusions as to the 

mechanisms underlying PM-enhanced allergic responses. PM-mediated oxidative stress was 

previously found to enhance dendritic cell activation leading to greater Th2 lymphocyte 

responses in mice (Li et al. 2013). Our results lend support to these observations as both PM 

treated groups (PM/PBS and OVA+PM/OVA) displayed a significantly elevated number of 

lymphocytes in the recovered BALF, a feature not present in the OVA/OVA administered 

mice. Further, HO-1 expression was found to be markedly higher in macrophages of animals 

administered OVA+PM/OVA vs OVA/OVA, despite the fact that macrophages recovered 

through BALF showed no particle content. Therefore PM may induce prolonged oxidative 

stress when given in concert with allergen compared to PM alone. PM-mediated enhanced 

activation of antigen presenting cells such as macrophages and dendritic cells may 

ultimately augment activation of the adaptive immune system (versus OVA-alone treatment), 

promoting lymphocyte proliferation, recruitment, and ultimately more severe inflammation. 

This modulation of the immune response between OVA/OVA vs OVA+PM/OVA may not 

have been discernible in this investigation since cytokine analysis was performed 10 days 

(day 15) after the final PM dose (day 5), providing sufficient time for resolution of the acute 

inflammatory effects attributed to PM. Alternatively, various factors may influence cytokine 

responses such as PM source variability, concentration and method of administration.

The source of the PM used in this experiment was obtained from downtown Sacramento (T 

Street and 13th Street). Similar to other cities located in the Central Valley, Sacramento is 

susceptible to air flow stagnation periods where local PM emissions, such as from 

agriculture and regional background sources, might mix with urban emissions to form a 

highly complex airshed (Herner et al. 2005). The PM used in this study likely includes 

various PM sources, such as from vehicular, commercial, factory, residential, landscaping, 

construction, and agriculture. The collection site was less than 2000 feet from a major 

highway (Highway 50/80) and approximately 1 mile east and 1 mile west of two major 

California Highways (Highway 5 and 99, respectively), which likely resulted in a PM 

composition high in fossil fuel combustion emissions from gasoline and diesel engines. The 

collection site location was specifically selected because investigators demonstrated that PM 

collected near highways is able to exacerbate allergic conditions (Kelly and Fussell 2011; 

Peterson and Saxon 1996; McConnell et al. 2006). Our results are in agreement as data 

demonstrated that Sacramento PM2.5 exerts significant toxicity in an animal model of 

allergic airway inflammation. Specifically, exposure to Sacramento PM2.5 only during 

allergen sensitization, and not during allergen challenge, produced chronic inflammatory 

effects, exacerbating allergic inflammatory responses by augmented recruitment of immune 

cells into the pulmonary compartment. Our study, therefore, lends support to the postulation 

that PM in air pollution possesses adjuvant-like properties in modulating development of 

immune responses, likely enhancing adaptive immune consequences. Although a clear 

relationship between PM toxicity and cytokine levels was not established, the low level of 

HO-1 expression in PM-only treated animals suggests that PM modulates early innate 

immune responses during allergen sensitization, concurrently enhancing allergic 

inflammatory responses. This is partly supported by elevated lymphocyte levels seen in our 

model in both PM treated groups (PM/PBS and OVA+PM/OVA). Deiuliis et al (2012) 

showed that PM alone activate pulmonary T cells. However, data are lacking that 
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demonstrate how PM in concert with allergens impact adaptive immune responses. Future 

studies needs to examine effects of PM on antigen presenting cells, such as macrophage and 

dendritic cells, and whether PM in the presence of allergens might amplify cell activation of 

these cells to produce greater B cell and T cell priming and subsequent adaptive responses.

In conclusion, our study demonstrated that exposure to PM2.5 from the City of Sacramento 

during allergen sensitization modulates the immune response, exacerbating allergic response 

via increased monocyte and eosinophil recruitment into the lung. HO-1 pulmonary tissue 

expression suggests oxidative stress is a possible explanation for the observed enhanced 

toxicity mediated by PM; however, no clear mechanistic relationship was established based 

upon various analyzed cytokines. These findings are novel in that this is the first report, to 

our knowledge, that demonstrates an urban/rural PM composition from the City of 

Sacramento enhances allergic airway inflammation in an animal model. Further study is 

needed to investigate the possible mechanisms through which PM mediates its 

immunotoxicological effects. The high rate of asthma in Sacramento cannot fully be 

explained by genetic predisposition, it is highly likely that environmental components such 

as air pollutants play an important role in enhancing asthma susceptibility in non-atopic 

populations (i.e., in individuals with no family history of asthma or allergy). Ultimately 

these observations highlight the need for more careful regulation of PM emissions that 

possess the potential to promote allergy by enhancing allergic sensitization, particularly in 

susceptible populations such as children.
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Figure 1. 
Allergic sensitization and challenge protocol. Mice were sensitized (day 1, 3, and 5) and 

challenged (day 12-14) intranasally with PBS (30 μl/day; delivery vehicle; white triangles), 

PM (33.3 μg/day, light grey triangles), OVA (10 μg/day, dark grey triangles) or OVA+PM. 

Mice were euthanized 24 hr after the final challenge (day 15) to assess pulmonary 

inflammation.
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Figure 2. 
Cellular profiles of recovered bronchoalveolar lavage fluid (BALF) from mice sensitized/

challenged with PBS/PBS (control; white), PM/PBS (light grey), OVA/OVA (dark grey), or 

OVA+PM/OVA (black). Total cellular influx, macrophages, neutrophils, eosinophils, and 

lymphocytes are shown for all 4 groups in number of cells/ml. PM enhanced OVA-induced 

allergic inflammation with respect to total cells, macrophages, and eosinophils. Results are 

presented as mean ± SEM (n=6 mice per group). Bars indicate a significant difference of p < 

0.05 between groups.
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Figure 3. 
Histopathological analysis of total lung and specific lung compartments. (A-D) Micrographs 

of lung tissue (200x magnification) stained with hematoxylin & eosin (H&E). (E) 

Histopathological analysis of lung tissue stained with H&E. OVA/OVA treatment resulted in 

significant pulmonary inflammation compared with PBS/PBS control treatment. OVA

+PM/OVA treatment significantly enhanced inflammation over OVA/OVA treatment. Data is 

presented as mean ± SEM (n=6 mice per group). Bars indicate a significant difference of p < 

0.05 between groups. The scale bar represents a distance of 100 micrometers.
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Figure 4. 
Immunoglobulin E (IgE) levels from blood plasma of mice sensitized/challenged with PBS/

PBS, PM/PBS, OVA/OVA, or OVA+PM/OVA. Concentration is shown as nanograms (ng) of 

IgE per milliliter (ml) plasma. Data is presented as mean ± SEM (n = 3-5 mice per group). 

Bars indicate a significant difference of p < 0.05 between groups.
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Figure 5. 
Hemeoxygenase-1 (HO-1) analysis. (A-D) Micrographs of paraffin embedded lung tissue 

sections immunohistochemically stained with HO-1 (brown stain, 200x magnification). The 

inserts show magnified macrophages within the respective image. The scale bar represents a 

distance of 100 micrometers. (E) The frequency of HO-1 positively stained alveolar 

macrophages in one total field of view (400x). Data is presented as mean ± SEM (n = 5-6 

mice per group). Bars indicate a significant difference of p < 0.05 between groups.
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Table 1

Pulmonary Cytokines (ng/mg)

PBS/PBS PM/PBS OVA/OVA OVA+PM/OVA

IL-1β 3.593 ± 1.268 3.453 ± 0.457 6.315 ± 1.157 5.336 ± 0.361

IL-5 44.727 ± 6.609 40.041 ± 4.625 65.227 ± 10.096 68.002 ± 5.048

IL-6 1.226 ± 0.155 1.105 ± 0.150 1.894 ± 0.302 1.769 ± 0.156

IL-17A 0.110 ± 0.010 0.121 ± 0.025 0.295 ± 0.049*† 0.233 ± 0.029

IL-25 1.299 ± 0.186 1.479 ± 0.269 2.508 ± 0.434* 2.527 ± 0.211*

TNFα 0.003 ± 0.001 0.013 ± 0.002 0.024 ± 0.005* 0.026 ± 0.004*

Groups are listed as sensitization/challenge treatment: PBS = phosphate buffer saline, PM = particulate matter, OVA = ovalbumin; Cytokines: IL = 
interleukin, TNFα = tumor necrosis factor alpha.

Cytokine levels were quantified via ELISA and were standardized to total lung protein and expressed as nanograms (ng) of cytokine per milligram 
(mg) of lung tissue. Data is presented as mean ± SEM (n = 5-6 mice per group),

*
p < 0.05 versus PBS/PBS,

†
p < 0.05 versus PM/PBS.
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