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Abstract

Air pollution accounts for more than 7 million premature deaths worldwide. Using ultrafine carbon black (CB) and ozone (Os) as a
model for an environmental co-exposure scenario, the dose response relationships in acute pulmonary injury and inflammation
were determined by generating, characterizing, and comparing stable concentrations of CB aerosols (2.5, 5.0, 10.0 mg/m?), 05 (0.5, 1.0,
2.0 ppm) with mixture CB + O3 (2.5+0.5, 5.0+ 1.0, 10.0 + 2.0). C57BL6 male mice were exposed for 3h by whole body inhalation and
acute toxicity determined after 24h. CB itself did not cause any alteration, however, a dose response in pulmonary injury/
inflammation was observed with O; and CB + Os. This increase in response with mixtures was not dependent on the uptake but was
due to enhanced reactivity of the particles. Benchmark dose modeling showed several-fold increase in potency with CB + O3
compared with CB or O3 alone. Principal component analysis provided insight into response relationships between various doses
and treatments. There was a significant correlation in lung responses with charge-based size distribution, total/alveolar deposition,
oxidant generation, and antioxidant depletion potential. Lung tissue gene/protein response demonstrated distinct patterns that are
better predicted by either particle dose/aerosol responses (interleukin-1p, keratinocyte chemoattractant, transforming growth factor
beta) or particle reactivity (thymic stromal lymphopoietin, interleukin-13, interleukin-6). Hierarchical clustering showed a distinct
signature with high dose and a similarity in mRNA expression pattern of low and medium doses of CB + Os. In conclusion, we
demonstrate that the biological outcomes from CB + O; co-exposure are significantly greater than individual exposures over a range
of aerosol concentrations and aerosol characteristics can predict biological outcome.
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Inhalation co-exposure to ultrafine particulate and gaseous
components of air pollution represent more realistic exposure
scenario compared with individual particulate or gaseous
exposures. The World Health Organization (WHO) attribute air
pollution to be associated with approximately 7 million prema-
ture deaths per year making it one of the top 5 causes of mor-
tality (World Health Organization, 2016). A significant increase
in morbidity, hospitalizations, and economic losses (lost work-
days) are also associated with air pollution (Birnbaum et al,
2020). In the past year, approximately 160 million individuals
in the United States breathe air exceeding federal air quality
standards (GBDCRD, 2017; GBDRFC, 2016). These levels,

although lower than many more polluted areas of the world,
are still effective in exacerbating cardio-respiratory and other
systemic conditions in vulnerable populations (GBDCRD, 2017;
GBDRFC, 2016). Both short- and long-term exposure to particu-
late matter significantly increase mortality, morbidity, and
hospitalization rates (Anenberg et al., 2014; Apte et al., 2015).
Over the last decade, WHO’s Air Pollution Health Risk
Assessment (AP-HRA) and a significant body of literature have
positively associated the major pollutants like ozone (Os) and
particulate matter to cardiopulmonary, systemic, reproductive,
as well as cognitive disorders (Campen et al, 2009; Cleary
et al., 2018; Ghosh et al., 2021; Shehab and Pope, 2019).
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Epidemiological data suggest a positive association between
co-exposure to particulate matter and gases to pulmonary com-
plication related hospitalization rates (Rhee, 2018). A growing
body of evidence suggest interactive effects of exposure to differ-
ent types of particulates and gases including O3, NO,, and volatile
organic compounds (Mauderly and Samet, 2009). Co-exposure to
particulate matter and Os has already been linked to aggravated
cardiovascular outcomes, exacerbated lung injury in pre-existing
cardiovascular disease and increased airway and systemic
inflammation in elderly subjects (Hamade et al., 2008, 2010; Holz
etal., 2018; Wagner et al., 2014; Wong et al., 2018).

We recently described an ultrafine carbon black (CB) and Os;
inhalation co-exposure model to more accurately replicate par-
ticle and gases mixed exposures (Hathaway et al, 2021;
Majumder et al., 2021a,b). Ground level Os is one of the most reac-
tive components of air pollution and is classified as a criteria pol-
lutant by the U. S. Environmental Protection Agency (US EPA).
Epidemiological and clinical studies confirm a strong association
between short term acute exposure to Os and exacerbation of
pre-existing lung conditions in vulnerable population (Farhat
et al., 2013; Fauroux et al.,, 2000; Yang et al., 2003). The EPA esti-
mate a linear relationship between O; and global warming,
anticipating an approximately 14% increase in Os; associated
mortality level across the globe by 2030 (Wilson et al., 2017). CB is
a significant occupational and environmental health hazard,
with a wide range of application as a reinforcing agent in rubber,
paints, and in leather industries (Pirela et al.,, 2017; Rattanasom
et al., 2007; Singh et al.,, 2022). Occupational exposure to CB is
associated with inflammation and decline in lung function
(Harber et al., 2003; Zhang et al., 2014).

Previous studies on particulate matter as well as nanoparticles
clearly underpin the role of physicochemical characteristics in
dictating the biological activity of the particulates (Braakhuis
et al., 2014; Hussain et al., 2009, 2010; Nurkiewicz et al., 2008; Shin
et al., 2015). Although this phenomenon is well known for the
ultrafine/nanoparticles, the relative contribution/association of
different aerosol characteristics with biological activity in case of
ultrafine CB and Os mixed exposure is not known. Further, more
computational approaches to predict biological activity based on
aerosol characteristics are clearly needed to help hazard identifi-
cation/risk assessment of an ever-growing number of aerosols.
The purpose of this study was to elaborate the relationship
between different aerosol physicochemical characteristics, oxida-
tive properties, and uptake with pulmonary injury and inflam-
mation using 3 different exposure levels. Apart from the
multivariate analysis, we also used predictive screening (boot
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strap forest) to determine the relative contribution of these char-
acteristics in co-exposure induced inflammatory protein secre-
tions. We hypothesized that the contribution of differential
macrophage uptake and alteration in physicochemical character-
istics play important role in co-exposure induced increased bio-
logical activity.

Materials and methods

Exposure system, aerosol generation, and characterization

Whole-body inhalation exposures were conducted at various
concentrations of CB aerosols (2.5, 5.0, 10.0mg/m?), Os gas (0.5,
1.0, 2.0 PPM) or mixtures of the 2 toxicants (2.5 CB/0.5 Os, 5.0 CB/
1.0 O3, 10.0 CB/2.0 O3). The exposure system has been detailed
previously (Hathaway et al, 2021; Majumder et al, 2021a,b).
Briefly, bulk CB material (Printex 90, provided as a gift from
Evonik, Frankfurt, Germany) was aerosolized with a high-
pressure acoustical generator (HPAG, IEStechno, Morgantown,
West Virginia) then further deagglomerated with a venturi pump
(JS-60M, Vaccon, Medway, Massachusetts) attached to the output
of the generator. A light scattering device (pDr-1500, Thermo
Environmental Instruments Inc, Franklin, Massachusetts) was
used to estimate the mass concentration of the aerosol. O3 gas
was generated (HTUS00AC, Ozone Solutions, Hull, lowa) and
mixed with the CB aerosol and fed into a stainless-steel exposure
chamber (Cube 150, IEStechno). Chamber O3 levels were meas-
ured with a calibrated monitor (Model 202, 2B Technologies, Inc,
Boulder, Colorado). Os; monitor calibration was independently
verified using calorimetric O gas detector tubes (Sensidyne LP, St
Petersburgh, Florida). Mice were individually housed in stainless-
steel mesh cages within the chamber and the temperature (20—
22°C) and humidity (50-70%) were monitored and maintained
within accepted animal comfort levels during exposures.
Gravimetric measurements were conducted with 37 mm PTFE fil-
ters to report exposure mass concentrations and to continually
calibrate the pDr-1500. The CB and Os levels were kept at con-
stant, user-defined levels during exposures with automated feed-
back loops. Particle size distributions of the CB aerosol were
periodically sampled from the exposure chamber with (1) an elec-
trical low-pressure impactor (ELPI+, Dakati, Tempera, Finland);
(2) an aerosol particle sizer (APS 3321, TSI Inc, Shoreview,
Minnesota); and (3) a scanning mobility particle sizer (SMPS 3938,
TSI Inc). Elemental composition at CB and CB + O3 particle surfa-
ces was analyzed using X-Ray Photo Electron Spectroscopy (XPS)
technique using Physical electronics PHI 5000 Versa Probe XPS/
UPS.
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Lung histopathology

The non-lavaged lungs were fixed by tracheal instillation of 10%
neutral buffered formalin. Fixed tissue was processed for light
microscopy. Random transverse tissue blocks from the left lung
lobes were paraffin embedded, sectioned at a thickness of 5 pg
and stained with hematoxylin and eosin (H&E). Severity of
exposure-related lung lesions were semi-quantitively scored via
light microscopic examination, by a board-certified veterinary
pathologist (J.R.H.) in a blinded manner (no knowledge of individ-
ual exposure conditions). Criteria-based scores for specific airway
(bronchioles/alveolar duct) lesions (inflammation, epithelial
necrosis/exfoliation/loss, monocyte/macrophage hyperplasia)
were 0, no histopathology; 1, minimal, <10% of airway tissue
affected; 2, mild, 10% < 25% airway tissue affected; 3, moderate,
25% < 50% airway tissue affected; 4, marked, 50% < 75% airway
tissue affected; 5, severe, 75-100% airway tissue affected.

Electron paramagnetic resonance spectroscopic studies

Electron paramagnetic resonance (EPR) spin probe 1-hydroxy-3-
carboxymethyl-2,2,5,5-tetramethyl-pyrrolidine (CMH; Enzo Life
Sciences, Farmingdale, New York) was used to quantify the oxi-
dant potential of CB particles collected from exposure chamber
in the presence or absence of Os. The particles (CB, CB + Os_
10.0mg/m*® + 2.0ppm, 5.0mg/m® + 1.0ppm, and 2.5mg/m® +
0.25 ppm) were suspended at a concentration of 50 pg/mlin a cell
culture grade sterile PBS (treated with Chelex 100), followed by
incubation for 30 min at 37°C with 200 uyM CMH. The serum sam-
ples were collected after exposure to CB particles with and with-
out O; at different concentrations and were incubated with
200 uM CMH spin probe for 30 min at 37°C. The samples were
flash frozen in liquid nitrogen and stored at —80°C for further
quantification.  Bruker = EMXnano spectrometer  (Bruker
BioSciences, Billerica, Massachusetts) was used to measure the
EPR active CMe radical which was formed due to the oxidation of
CMH by the oxidative species on the surface of the CB particles.

At the time of EPR measurements, liquid samples were thawed
and loaded (50 pl) into glass capillary tubes that were sealed on
one end using Critoseal clay and placed inside a 4mm (OD) EPR
quartz tube. The quartz tube was positioned inside the resona-
tor/cavity and EPR spectra were recorded at room temperature.
The following EPR instrument settings were used: microwave fre-
quency, 9.615GHz; sweep width, 100 G; microwave power, 20
mW,; modulation amplitude, 1 G; modulation frequency, 100 kHz;
receiver gain, 50dB; time constant, 10.24ms; conversion time,
30ms, sweep time, 30s; number of scans, 1.

Ferric reducing ability of serum assay

The ferric reducing ability of serum (FRAS) assay solution was
prepared as described previously (Majumder et al., 2021a). FRAS
assay was used to screen the acellular oxidant potential of the
particles by quantifying the particulate capacity for antioxidant
depletion. Serum is a rich source of various types of antioxidants.
The antioxidant depletion potential of CB and CB + Os particles
was measured by reacting human serum (Sigma Aldrich, St
Louis, Missouri) with particles (CB, CB + Os;. 10.0mg/m* +
2.0ppm, 5.0mg/m? + 1.0 ppm and 2.5mg/m> + 0.5 ppm) at a con-
centration of 5.0 mg/ml, followed by sonication and incubation in
a shaker at 450 RPM at 37°C for 3h. The particles were separated
after the incubation by centrifugation at 14,000 g for 30 min. This
was followed by addition of 50l of serum to 1ml of FRAS solu-
tion, as described previously (Majumder et al, 2021b). The
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formation of blue color in the solution due to ferrous-
tripyridyltriazine complex was measured at 586 nm wavelength
in Spectramax iD5 plate reader. The reduction in the antioxidant
capacity of serum was quantified and reported as percentage
change with respect to control human serum.

Inhalation exposures

All animal procedures were approved by the WVU Institutional
Animal Care and Use Committee (IACUC). C56BL/6] male mice
(8weeks old) were purchased from Jackson Laboratory (Bar
Harbor, Maine) and acclimated at AAALAC accredited animal
facility at the West Virginia University Health Sciences Center.
All animals were maintained in a room with a 12-h light/dark
cycle and provided chow and water ad libitum. Mice were ran-
domly divided and exposed to filtered air, 3 different doses of
either CB (10.0, 5.0, and 2.5mg/m?), or Os (2.0, 1.0, and 0.5 ppm
and mixture) (CB + Os) (10.0mg/m® + 2.0ppm, 5.0mg/m® +
1.0ppm, and 2.5mg/m? + 0.5ppm) for 3 h. These concentrations
were referred to as low, medium, and high as presented
in Table 1. Animals were euthanized 24h post-exposure by
intraperitoneal injection of Fatal Plus (pentobarbital sodium,

250mg/kg).

Bronchoalveolar lavage fluid collection and analyses

Bronchoalveolar lavage fluid (BALF) was collected and quantified
as previously described (Hathaway et al., 2021; Majumder et al.,
2021a,b). Briefly, 1ml of cold sterile PBS was instilled through the
trachea and collected. The process was repeated 3 times to col-
lect approximately 3ml of BALF. Total cell number was deter-
mined using automated counter Countess II (Invitrogen,
Waltham, Massachusetts). The cells were centrifuged at 600 rpm
at 4°C for 5 min and the supernatant was collected and store at
—80°C for further analysis (enzyme linked immunosorbent assay
[ELISA], BCA, and dehydrogenase cytotoxicity [LDH] assay). The
pelleted cells were resuspended in PBS, and slides were prepared
by Cytospin (Thermo Fisher Scientific, Waltham, Massachusetts)
for differential counts. Slides were stained with Hema 3 (Fisher
Scientific, Pittsburgh, Pennsylvania) for the differential count
analysis. The total protein content in the BALF was quantified
using the Pierce BCA Assay kit (Thermo Fisher Scientific) as per
the manufacturer’s instructions. The LDH assay was performed
using the LDH Assay Kit (Promega, Madison, Wisconsin) as per
the manufacturer’s instructions.

Lung function measurement

The lung function measurements were performed 24h post-
exposure using Scireq Flexivent mechanical ventilator system
(SCIREQ, Inc, Montreal, Canada) as described by us previously
(Majumder et al, 2021b). The data were recorded using the
FlexiWare v8.0 software. Briefly, the mouse was anesthetized
with urethane (2mg/kg), tracheotomized with tracheal cannula
(18 gauge, 0.3 cmH,0.s/ml resistance) and mechanically venti-
lated at 150 breaths/min, tidal volume of 10ml/kg and a positive
end-expiratory pressure of 3cm H,0. After 2 deep inflations (30
cmH,0 pressure), the baseline lung function parameters were
measured by applying a broadband forced oscillation waveform
(matched to the animal breathing frequency). Data were fitted to
a single compartment or constant phase model to obtain the
Total Respiratory System Resistance (Rrs) and dynamic compli-
ance (Crs). The Forced Expiratory Volume at 0.1s (FEVO0.1) was
measured in triplicates using the NPFEE extension for Flexivent.
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Table 1. Exposure design for the study

Treatment Target Concentration

Low Carbon black 2.5mg/m?

Ozone 0.5ppm

Carbon black + ozone 2.5mg/m® + 0.5 ppm
Medium Carbon black 5mg/m?

Ozone 1ppm

Carbon black + ozone 5mg/m> + 1ppm
High Carbon black 10mg/m?

Ozone 2ppm

Carbon black + ozone 10mg/m® + 2 ppm

Target exposure concentration for low, medium, and high dose of carbon black
(CB), ozone (0s), and carbon black + ozone (CB + Os).

Particle uptake by macrophages

Uptake of CB and CB + Oj particles in the lavage macrophages was
assessed to study the extent of interaction between macrophages
and particles. This interaction was assessed in terms of (1) % of CB
(black aggregates) positive lavage mononuclear cells and (2) amount
of CB uptake (area of the cell occupied by the CB aggregates). At least
500 cells were counted to calculate % CB positive macrophages.
Lavage cells (10,000) were spun on slides using Cytospin (Thermo
Fisher Scientific) for differential counts and stained with Hema 3
(Fisher Scientific). Slides were allowed to dry and coverslips were
applied before imaging. A total of 150 cells were imaged for each
mouse (approximately 10 images per slide) to calculate the area of
cell occupied by CB particles (Franca et al,, 2011). In total, 5 mice/
slides were analyzed from each treatment group. Each slide was
imaged multiple times scanning from bottom to top using Olympus
AX70 Microscope (Japan) at 40x magnification. The area of particle
uptake in macrophages was analyzed using the ImageJ Fiji software
as described previously (Kulkami et al., 2005). The images were first
deconvoluted by using the “Color Deconvolution” function. The
images were converted into 8-bit grayscale and then converted into
binary images by adjusting the threshold to include the black par-
ticles area. The area parameter was analyzed using the “Analyze
Particle” function. The total area of the particle positive macro-
phages was estimated by converting the images to binary images
and adjusting the threshold to capture the total cell area in the
image. The ROI manager was used to include only the particle posi-
tive macrophages for the analysis. The data were reported and com-
pared as a percentage of area covered by particles in macrophages.

Real-time PCR gene expression

The lung tissues were flash frozen in liquid nitrogen and pulver-
ized over dry ice. The lung tissue powder was further used for
RNA extraction and real-time PCR analysis. The RNA extraction
was performed using Qiagen Rneasy Mini Kit (Qiagen,
Germantown, Maryland) per the manufacturer’s recommenda-
tions (Qiagen). The RNA concentration and purity were measured
using Nanodrop. Reverse transcription was performed using the
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific), following the manufacturer’'s recommendation. The
Real-Time PCR was performed using AriamaX Real-time PCR
System (Agilent, Santa Clara, California). The relative expression
levels were normalized to 18s housekeeping gene using Aria
Real-Time PCR Software. Primer sequences are detailed in
Supplementary Table 1.

Enzyme linked immunosorbent assay

Enzyme linked immunosorbent assay (ELISA) was performed on
the BALF and lung tissue homogenate to quantify keratinocyte

chemoattractant (KC), tumor necrosis factor-o (TNF- o),
interleukin-6 (IL-6), interleukin-13 (IL-13), interleukin-1p (IL-1),
and thymic stromal lymphopoietin (TSLP) using the Duoset sand-
wich ELISA assay kits (R&D Systems, Minnesota) according to the
manufacturer’'s recommendations. The absorbance was read at
450nm wavelength in Spectramax iD5 plate reader. Lower limit
of detection for these assays were IL-1B (15.6pg/ml), TNF-o
(31.3 pg/ml), KC (15.6 pg/ml), IL-6 (15.6 pg/ml), IL-13 (62.5 pg/ml),
and TSLP (15.6 pg/ml).

Lung burden quantification

The lung burden at 24h post-CB and/or CB + Os; exposure was
quantified 24h after a single exposure following a previously
published protocol (Elder et al., 2005). Briefly, lungs were kept
in a solution of 25% KOH/methanol (wt/vol) at 60°C heated
block overnight, followed by centrifugation. The liquid was
carefully decanted and the pellets were resuspended in equal
volumes of nitric acid and methanol and kept at 60°C heated
block for 3 h. This was followed by centrifugation, careful
decantation of the supernatants, and resuspension of the pellet
in 1ml of 10% NP-40. The standard curve was made using par-
ticles and 10% NP-40. The absorbance was measured at 700 nm
wavelength.

Hydrogen peroxide (H,0,) quantification

The H,0, levels in lung homogenate and serum was quantified
using the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit
(Thermo Fisher Scientific). The lung tissues were flash frozen and
pulverized over dry ice followed by lysis using RIPA buffer and 1%
protease inhibitor cocktail. The protein extracted from lung tis-
sue and serum samples was reacted with HRP and the Amplex
Red dye for 45min at room temperature in dark. The H,0, reacts
with the Amplex red dye to form a red fluorescent oxidation
product, resorufin. The H,0, levels were quantified by measuring
the absorbances at 560nm wavelength using SpectraMax iD5
plate reader (Molecular Devices, California). The obtained values
were normalized to the protein content in the tissue using the
Pierce BCA Assay Kit (Thermo Fisher Scientific) (Kunovac et al.,
2019).

Statistics

Data are presented as mean * standard error of mean (SEM)
unless mentioned otherwise. Normality of data was determined
using either D’Agostino-Person and Shapiro-Wilk test.
Statistical differences were calculated using either 1-way or 2-
way Analysis of Variance (ANOVA) followed by Tukey’s post
hoc test, or a non-parametric ANOVA followed by Kruskal-
Wallis post hoc test using GraphPad Prism 8.3 (GraphPad
Software, San Diego, California). Differences between groups
were considered significant when p<.05. Differences between
control and exposed groups are denoted by *, whereas differ-
ence between treated groups at the same dose are denoted by
#. United States Environmental Protection Agency’s Benchmark
Dose Software (BMDS) Version 3 (US EPA, 2022) was used to
evaluate the Benchmark dose (BMD) response (Filipsson et al.,
2003; Haber et al., 2018). The Akaike Information Criterion (AIC)
was used for model selection, and the model with the lowest
AIC value was used to select the best model between the vari-
ous models. A change in 1 standard deviation (SD) in response
rate was used as the benchmark response (BMR). Multivariate
analysis including pairwise regression analysis, Pearson’s corre-
lation (r), non-parametric spearman’s (p), hierarchical clustering
analysis (HCA), and principal component analysis (PCA) were
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performed using JMP version 13 (SAS institute, Cary, North
Carolina) (Jolliffe and Cadima 2016; Ringner 2008). Predictive
screening was performed using Boot Strap Forest approach
(Klimberg and McCullough, 2016). The % contribution from the
screening was plotted as a heat map. To avoid the use of labo-
ratory animals for unnecessary duplication of our own recently
published information, including published cell count data for
only the highest dose group (Table 3) (Hathaway et al., 2021;
Majumder et al., 2021a) was used for meta-analysis. Lung tissue
gene expression and BALF protein expression assays for the
highest dose group were performed again on a pool of banked
samples from these studies.
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Results

Aerosol characteristics

Realtime monitoring, size distributions, and depositions
Aerosol size distributions were estimated by real-time monitoring
which confirmed stable aerosol generation at all exposure levels
(Figure 1A). We previously published detailed analyses on aerosol
morphology using transmission and scanning electron micro-
scopy (Hathaway et al., 2021; Majumder et al., 2021a,b). APS-SMPS
concurrent measurements (mobility-based quantification) as
well as ELPI+ (charge-based measurements) confirmed that CB
and CB + O3 aerosols were not very different and were mainly
composed of nano/ultrafine particles. Size distributions are
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Figure 1. Aerosol exposure and characterization. A, Real-time monitoring of CB and O3 levels during different exposures. B, Aerosol size distribution of
CB (2.5, 5.0, and 10.0mg/m®) and CB + O (2.5mg/m> + 0.5 ppm, 5.0 mg/m? + 1.0 ppm, 10.0mg/m? + 2.0 ppm) aerosol particles collected from the
inhalation exposure chamber using an aerosol particle sizer (APS) in combination with scanning mobility particle sizer (SMPS) and an electrical low-

pressure impactor (ELPI+).
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Table 2. Aerosol distributions and deposition calculations

Physicochemical Determinants of CB + O; Co-exposure Toxicity

SMPS/APS CMD SMPS/APS #/ ELPI+CMD ELPI+#/ Alveolar Total Deposited
nm (GSD) cc nm (GSD) cc Deposited Dose (ug)
Dose (ng) (MPPD) (MPPD)
CB 2.5mg/m? 92.3(2.47) 0.66E+05 64.8 (2.23) 1.27E+05 1.17 2.33
CB 2.5mg/m? + 05 0.5ppm 89.7 (2.46) 0.70E+05 72.6 (2.29) 1.19E+05 1.23 2.42
CB 5.0mg/m? 97.1(2.42) 1.20E+05 63.6 (2.19) 2.54E405 2.46 4.87
CB 5.0 mg/m? + 05 1.0 ppm 93.0 (2.44) 1.28E+05 73.9(2.31) 2.13E405 2.47 4.87
CB 10.0 mg/m?> 85.8(2.48) 2.72E405 65.2 (2.28) 4.22E4+05 4.92 9.68
CB 10.0mg/m? + 03 2.0 ppm 85.7 (2.49) 2.89E4-05 72.5(2.59) 3.48E4-05 4.82 9.54

Count median diameters (CMD) and geometric standard deviations (GSD) calculations at the indicated exposure concentrations from CB and CB + O5 using SMPS/
APS and ELPI+. Total lung and alveolar deposition estimates using multiple path particle dosimetry (MPPD) software at the end of exposure without accounting for

clearance.
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Figure 2. Acellular characterization of aerosol reactivity. A, XPS analysis representing surface oxygen contents of CB and CB + O3 particles at low
(2.5mg/m? + 0.5 ppm), medium (5 mg/m? + 1 ppm) and high (10mg/m? + 2 ppm) dose. B, Representative X-band electron paramagnetic resonance (EPR)
spectra of CMe in PBS with single (CB) and co-exposure (CB + Os) particles suspension (50 pg/ml) at low (2.5 mg/m? 4 0.5 ppm), medium (5 mg/m* +
1ppm), and high (10 mg/m? + 2 ppm) dose. Histogram represents intensity of the first peak of EPR signals. C) FRAS assay of single (CB) and co-exposure
(CB + 03) aerosol at low (2.5 mg/m? + 0.5 ppm), medium (5 mg/m?® + 1ppm), and high (10mg/m? + 2 ppm) exposure dose. Data are presented as mean +
SEM of 3 independent experiments. Data analyzed by 1-way ANOVA followed by Tukey’s post hoc test. *p < .05.

presented in Figure 1B, whereas measured count median diame-
ter and geometric SD are presented in Table 2. Particle number
concentrations show a clear dose dependent increase. For low
medium and high exposures, multiple path particle dosimetry
(MPPD) model predicted 2.33, 4.87, and 9.68 ug deposition for CB
and 2.42, 4.87, and 9.54pg total deposited dose for CB + Os,
respectively. Gravimetric estimates (from particles collected onto
a filter inside the inhalation exposure chamber) confirmed aero-
sol concentrations remained within 5% of the target levels.

Surface characterization and oxidative potentials

Surface oxygen content measurement by XPS confirmed higher
amount of surface oxygen in the case of CB + O (for all the test
doses) compared with CB (Figure 2A). Particles in pristine CB aero-
sol had 3.5% surface oxygen content, while low, medium, and
high co-exposure aerosol particles had 8.6%, 5.4%, and 5.2% sur-
face oxygen content. Aerosol ability to generate oxidants was
evaluated by EPR using spin probe CMH which confirmed highest
oxidant generation by the medium and high concentrations,
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Change to

Air)
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BALF

0+0

BALF PMN
(x10%)

BALF Macrophages
6.1+1.9
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1.9
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6.1+
6.4+0.8
5.8+1.8

(x10°)

Table 3. Pulmonary injury and inflammation.
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while low concentration CB + O and CB produced the lowest oxi-
dant levels (Figure 2B). Figure 2C showing the ability of the par-
ticles to reduce antioxidant levels in human serum (FRAS assay)
further confirmed similar oxidant production potential of the co-
exposure particulate. The particulates were more potent at
medium and high exposure levels while the low dose and CB
ranked the lowest in potency.

Lung inflammation and injury

Lung inflammation was assessed by quantifying cellularity of the
BAL fluid and by determining cell differentials. A dose depend-
ence in total cell counts as well as macrophage and neutrophil
counts was more evident in the case of co-exposure (Table 3). Co-
exposure also demonstrated a greater induction in these indices
compared with individual exposures. Both O3 and CB + Og
induced increased BAL total protein levels, however, the differ-
ence between O3 and CB + O3 were only statistically significant at
the highest exposure levels (Table 3). Co-exposure significantly
induced lung injury (LDH increase in BAL) at medium and high
doses, while this response was only elicited by Os at the highest
exposure levels (Table 3). The level of hydrogen peroxide (H,0,)
in the lung tissue homogenate was significantly elevated by only
the co-exposure at the highest tested dose (Table 3).

Lung histopathology was performed to assess the lung injury
after exposure to low (2.5mg/m® and 0.5ppm Os) and medium
(5mg/m? and 1ppm) doses of CB, Os, and CB + Os. Control/air
and CB exposed mice had no histopathological alterations though
CB-laden macrophages were noted in CB exposed mice at both
low and medium exposures (Figs. 3A, B, and E). Low dose Os alone
exposure did not induce any inflammatory cell influx or bron-
chiolar epithelial necrosis, while medium dose Os did induce epi-
thelial necrosis without associated cellular inflammation
(Figs. 3C, F, and inset panel F). Co-exposure at both low and
medium dose induced an influx of centriacinar inflammatory
cells, mainly neutrophils, and airway epithelial necrosis (Figs. 3D,
inset panel D, G, and inset panel G). Semiquantitative scoring for
inflammation and epithelial necrosis is presented in Figures 3H
and 3I. Macrophage hyperplasia was a feature of only co-
exposure and was noted at both low and medium dose exposures
(Figure 3]). Histopathological alterations after the high dose expo-
sures were previously reported (Hathaway et al., 2021; Majumder
etal., 2021a).

Benchmark dose response modeling was performed on the CB,
O3, and CB + O5 dose response data using different lung injury
and inflammatory responses measured. It is clear from this mod-
eling that inflammation related parameters have lower BMD
compared with injury parameters and a clear potentiation is seen
with co-exposure (Table 4). We demonstrate that mixed inhala-
tion exposure to CB and Os result in greater biological toxicity as
indicated by a significant reduction in BMD. The reduction or
increased toxicity observed was true as observed with the BMD
calculated for all the pulmonary endpoints evaluated. In case of
mixed exposure, CB dose reduces 2.24, 3.25, 21.81, and 12.58 fold
for BALF LDH, proteins, total cell influx, and macrophage influx,
respectively. Similarly, with O; the dose required for a BMD
change reduces 2.84, 1.13, 2.30, and 1.36 fold for BALF LDH, pro-
teins, total cell influx, and macrophage influx, respectively, for
mixed exposures compared with Os; alone. A lesser decrease in
case of O3 compared with greater magnitude changes in case of
CB potentially indicate a greater contribution of O; in the
observed responses. Principal component analysis (PCA) was per-
formed to interpret the response from each animal from the mul-
tidimensional pulmonary injury and inflammation data. PCA of
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Figure 3. Histopathological assessments of lung tissue after low and medium dose exposures. Lung tissues were collected 24 h post-exposure, fixed in
neutral buffered formalin, and stained with H&E. Light photomicrographs of sections from (A) filtered air, (B) CB 2.5 mg/m?, (C) O3 0.5 ppm, (D) CB + O3
(2.5mg/m? + 0.5 ppm), (E) CB 5.0mg/m?, (F) O3 1.0 ppm, (G) CB 405 (5.0mg/m® + 1.0 ppm). Tissues were semi-quantitatively scored in a blinded manner
by a board-certified veterinary pathologist for (H) inflammatory cell influx, (I) airway epithelial injury/cell death, and (J) macrophage hyperplasia. b,
bronchiole; tb, terminal bronchiole; ad, alveolar duct; v, blood vessel; stippled arrows, inflammatory cell infiltration; solid arrows, necrotic/exfoliated
airway epithelial cells. Insets on (D), (F), and (G) are higher magnification on the areas where pathological lesions are noted.
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Table 4. The BMD modeling of lung injury (BALF LDH and BALF total protein) and lung inflammation (total cell influx and alveolar
macrophages) parameters after exposure to air (control), CB, Os, and CB + Os for 3h followed by euthanasia 24 h post-exposure

Exposure BALF LDH BALF Total Protein Total Cell Influx Alveolar Macrophages
BMD BMDL BMD BMDL BMD BMDL BMD BMDL
CB (mg/m?) 9.39 7.26 12.06 42.76 9.39 42.80 9.40
O3 (ppm) 2.39 1.46 0.84 0.90 0.56 0.93 0.66
CB + O3 (mg/ 419+0.84 35+4+0.71 3.7+0.74 2.740.55 1.96+0.39 1.4340.29 3.440.68 2.940.58
m?> + ppm)
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Figure 4. Score plot of the first 2 components of the principal component analysis showing pulmonary injury and inflammatory response after exposure
to air (control), CB, Os, and CB + Os at low (2.5 mg/m? and/or 0.5 ppm), medium (5 mg/m? and/or 1 ppm), and high (10mg/m? and/or 2 ppm), for 3h
followed by euthanasia 24 h post-exposure. The response of animals from each group and their clustering was highlighted qualitatively by the oval.

the co-exposure groups clearly indicated a dose-dependent
response (Figure 4). The response of low and medium concentra-
tions clustered together and was closer to the response of air
exposed animals. The high dose exposure, however, had a dis-
tinct response from the other 2 doses. The PCA loading plot fur-
ther showed BALF LDH and total protein response was akin and
the response from BALF PMN influx, BALF AM influx, and total
cell influx was similar. PCA of all the exposures together pre-
sented in Supplementary Figure 1 shows similarity in response
with animals exposed to high O; and medium dose of co-
exposure, similarity in response of air with all doses of CB
exposed animals, no change in response between low dose Os
and low dose co-exposure, and a distinct response with high dose
co-exposure.

Co-exposure induced lung function decline

Exposure to both medium (5mg/m® +1ppm) and high dose
(10mg/m® + 2 ppm) of CB + O induced a significant increase in
respiratory resistance (Rrs), a decrease in dynamic compliance
(Crs), and decline in forced expiratory flow at 0.1s (FEV0.1) in co-
exposure animals compared with air (Table 3). However, no
change in Rrs and FEV0.1 was observed in lower doses of co-
exposure (2.5mg/m® CB + 0.5ppm Os) or individual CB and Os
exposures at any tested dose (Table 3).

Macrophage uptake of particles

CB uptake was quantified in lavage macrophage by (1) quantifying
% of macrophages taking up particles and (2) by quantifying area
occupied by CB in each macrophage (Figure 5A). A dose dependent
increase in CB positive BAL macrophages number was observed,
while in case CB + Os the number of cells was significantly lower
than CB at medium and high doses (Figure 5B). Moreover, no dose-
dependent increase was observed between medium and high
doses. Further, we quantified area per macrophage occupied with

CB aggregates and found a dose dependent increase with CB par-
ticles that was not observed in the case of CB + O5 (Figure 5C).

Lung carbon burden after CB and CB + O3 exposure

Lung burden was quantified 24 h post-exposure and after highest
co-exposure (10mg/m® CB + 2ppm Os). A significantly greater
amount of CB (1.5*0.05pg/lung) was detected in the lungs of
mice after co-exposure compared with the CB alone exposure
(0.8 +0.08 pg/lung) (Figure 5D). At the medium dose co-exposure
(5mg/m?® CB + 1ppm Os), we detected significant amount of CB
in the lungs (1.1 +0.08 pg/lung) of co-exposure mice. However,
the CB burden in the CB alone medium exposure was below the
detection limit (0.8 pg CB) of our lung burden assay.

Correlation of aerosol characteristics with lung
inflammation/injury parameters

Aerosol distribution (mobility/charge) and deposition cor-
relations

Different aerosol physicochemical parameters can impact the
biological outcome by changing deposition, uptake, and clear-
ance. These relationships have been deciphered in detail for
individual toxicants. However, the relative contribution of these
parameters in mixed particulate and gas exposures have not
been explored. In the current work, using correlation analysis
we evaluated the strength of these associations between aerosol
physicochemical characteristics and lung inflammation/injury.
A comprehensive list of these correlations can be found in
Supplementary Figure 2 and File 2. A heatmap based on the cor-
relation coefficient values is presented as Figure 6A and top sig-
nificant (p<.05) correlations are highlighted in Figure 6B.
Charge-based aerosol size distribution was strongly and posi-
tively correlated with total and alveolar lung deposition (r=0.88,
CI [0.756-0.945)), BAL total cells (r=0.71, CI [0.455-0.859]), and
neutrophil counts (r=0.67, CI [0.403-0.842]). Another top
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Figure 5. Particle uptake. A, Representative images of in vivo uptake of particles (CB and CB + Os) by broncho-alveolar lavage macrophages (x40 and
%100 magnification) at low (0.5 ppm and/or 2.5 mg/m?), medium (1 ppm and/or 5 mg/m?), and high (2 ppm and/or 10 mg/m?) exposures for 3 h, followed
by euthanasia 24 h post-exposure. Quantification of particle uptake by (B) percentage particle positive macrophages and (C) percentage of particle area
in macrophages. D, Lung burden quantification of particles (CB and CB + Os) 24 h post-exposure. Data analyzed by 2-way ANOVA followed by Tukey’s
post hoc test. *p < .05 versus CB + O; at same dose, p < .05 low versus medium dose, $p <.05 medium versus high dose, &p <.05 low versus high dose.

<DL denotes lower than detection limit of the assay (0.8 pg).

correlated parameter was total lung deposition that significantly
positively correlated with BAL PMN/neutrophils (r=0.89, CI
[0.790-0.953]), BAL total cells (r=0.85, CI [0.712-0.934]), BAL
macrophages (r=0.75, CI [0.530-0.883]), and BAL LDH (r=0.59,
CI [0.247-0.810]). Finally, alveolar deposition was significantly
positively correlated with BAL PMN/neutrophils (r=0.89, CI
[0.789-0.953]), BAL total cells (r=0.85, CI [0.712-0.934]), and BAL
macrophages (r=0.75, CI [0.530-0.883]). Similar patterns were
obtained by spearman correlation (Supplementary Table 2). All
these correlations were statistically significant (p<.05) and
absolute significance is presented in Supplementary Table 2.

Aerosol oxidative potential correlations

When particulate have higher oxidation potential, the antioxi-
dants levels in the human serum (used as a test substance) are at
a lower level (p<.05) and it correlated with BAL total cells
(r=-0.90, CI [0.958-0.778]), BAL macrophages (r=-0.86, CI
[0.943-0.712]), and BAL PMN/neutrophils (r=0.86, CI [0.943-
0.712]). Spin probe CMH-based measurements by EPR

demonstrated positive and significant (p <.05) correlation with
BAL proteins (r=0.89, CI [0.634-0.972]), BAL LDH (r=0.82, CI
[0.442-0.952]), and surface oxygen (r=-0.98, CI [0.998-0.938]).
Particle surface oxygen measurement (XPS) demonstrated nega-
tive and significant (p <.05) correlation with BAL total cells (r =
—0.58, CI [0.790-0.266]), BAL macrophages (r = —0.57, CI [0.738-
0.248]), and BAL LDH (r=-0.421, CI [0.710-0.011]). Similar pat-
terns were obtained by spearman correlation (Supplementary
Figure 2 and Table 2). All these correlations were statistically sig-
nificant (p<.05) and absolute significance is presented in
Supplementary Table 2.

Lung tissue gene expression

Real time PCR-based gene expression at the mRNA level was per-
formed on an array of genes. A manual annotation of groups of
genes based on known functionality was performed (Figure 7A).
In line with pulmonary injury and inflammation observed earlier,
co-exposure induced gene expression changes were greater in
magnitude compared with individual exposures and were more
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Figure 6. Multivariate analysis linking aerosol characteristics and oxidative properties of the mixtures to pulmonary injury and inflammation. A) Heat
map representing Pearson correlations of aerosol characteristics and oxidative characteristics of the mixtures with biological outcomes. B) Table
outlining the top correlated biological variables with aerosol characteristics and oxidative characteristics based on p-value.
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Figure 7. Lung tissue real-time mRNA expression. A) Heat Map representing the fold changes of mRNA gene expression in lung tissue after exposure to
air (control), CB, O3, and CB + O3 at low (2.5 mg/m? and/or 0.5 ppm), medium (5.0 mg/m? and/or 1 ppm), and high (10.0 mg/m? and/or 2.0 ppm), for 3h,
followed by euthanasia 24 h post-exposure. The values are normalized to Log2-fold change. Data analyzed by 2-way ANOVA followed by Tukey’s post
hoc test. *p < .05 versus control, #p < .05 versus CB + O3 single exposure at same dose, “p <.05 CB + O3 low versus high dose, $p <.05 CB + O3 medium
versus high dose, &p <.05 CB + O3 low versus medium dose. B) Hierarchical clustering analysis (HCA) of mRNA gene expression after exposure to air
(control) and CB + O at low (2.5mg/m? + 0.5 ppm), medium (5.0 mg/m? + 1.0 ppm), and high (10.0mg/m® + 2.0 ppm) doses, for 3 h, followed by

euthanasia 24 h post-exposure.

prominent at either lower or higher end of the exposure spec-
trum. This response was significant (p <.05) except in case of
antioxidant genes which show similar induction by both high
dose Oz and CB + Os. Genes related to alarmin signaling/chronic
disease modulation (Tslp, 1I-33, II-13, II-13ral, Il13ra2), pro-
inflammatory response (Kc, Tnf-o, 1I-1f, IL-6) and mucin (Muc5ac,
Muc5b) also demonstrated similar pattern. M2 macrophage polar-
ization markers (Argl, Ym1), usually induced in chronic diseases,
were increased at the lowest and highest dose but not at the
medium dose, while Tgf-f was only induced at the lowest dose.
Antioxidant response genes (nuclear factor-erythroid factor 2-
related factor 2 (Nrf2) and Hmox-1) were induced maximally at
the medium exposure levels for both O; and CB + Os.
Interestingly, IL-13, Tgf-B, and Tslp demonstrated more significant
mRNA expression induction at the lowest exposure than higher
exposures. An HCA approach was also performed for the co-
exposure groups to evaluate the grouping of genes based on
exposure dose (Figure 7B). This approach yielded different group-
ing of genes compared with the literature-based functional anno-
tation that is presented in Figure 6A. This approach yielded

groups of genes that responded maximally to the lowest dose (lI-
13, Tgf-B, Tslp, and Kc), medium dose (Muc5b, II-13ra2, Nrf2, II-
13ral, Hmox-1) and the highest dose (Argl, Muc5ac, Ym1, II-33, II-
18, Muc5b, II-13ra2, Tnf-a).

BALF inflammatory mediator secretion and predictor
screening

An array of mediators were quantified using ELISA on BAL fluid.
Secretion of all the mediators (IL-13, IL-6, TSLP, KC, IL-1B, trans-
forming growth factor beta [TGF-B], and TNF-o) was significantly
(p <.05) increased by the co-exposure at the highest tested dose
(Figure 8A). Secreted cytokines can be grouped based on distinct
patterns of secretion. The first group, which showed enhanced
secretion without a clear dose response pattern, consisted of dual
function (pro- and anti-inflammatory) cytokines (IL-6, IL-13) and
epithelial alarmin TSLP. Interestingly, the greatest increase in IL-
13 levels were noted after co-exposure at all the tested co-
exposure concentrations. A significant increase (compared with
control) in the secretion of IL-6 and IL-13 was also noted by Os
exposure at the highest exposure level. The second group

€20z Aenige €0 UO Jasn Juswuianos) Aq 906S.29/19/1/1 6 | /2|91E/19SX0)/Ww0o dno"olWwapea.//:sdiy Wwol) papeojumoq



IL-13
IL-6-
TSLP-
KCH
IL-1pB-
TGFB-
TNFa

T
0, CB+0;
High

T T T T T — T
Air CB O; CB+O; CB O, CB+O; CB

Low Medium

IL-13
IL-6 * *#t|lAg
KC * x| A

TNF-u *#|lAS$

T T T T T T T T T T
Air CB 03;CB+0; CB 0;CB+0; CB 03 CB+0,
Medium High

Low

Log2 Fold change

@ -

o
Log2 Fold change®

Majumderetal. | 73
12
§
Eim \‘/.
3
2,
L=>§) -+ IL-13
'g" 3 \/ -= TSLP
& — e H
: ; . g:’
& ¥ & %s
N i - KC
dsp ,o“sb & %?5 -= TNFa
& g...‘ - IL1p
a - TGFp
¢
o
C & (?.0 &
IL-1p .
40
TGFPR c
i=l
=
Ke I 303
TNFo Z
208
TSLP- N ©
o~
1L-13 . 10
i Ewl,
S & O 5 Q& & RN
pd’ds °1§ QQO\Q Q\QQ{,Q?% @'Q %91‘? é‘ﬁ vs"'b\\ *}S"Q ‘g@q
) o ) o &
& & & £ & &
e"ao'a O a\%oo @of\ s\o‘s\c;a \3‘\@ r &
5_'\)& & 080 QQQO ‘>\<’\9 o“° 'QY' ‘:b“? 3
& t°" o~ geee \°Q -\-0
& v &
& F e

Figure 8. Predictor screening of broncho-alveolar lavage cytokines. A) Heat map representing the cytokine quantification in broncho-alveolar lavage
fluid after exposure to air (control), CB, Os, and CB + O at low (2.5 mg/m? and/or 0.5 ppm), medium (5.0 mg/m? and/or 1.0 ppm), and high (10.0mg/m?
and/or 2.0 ppm) doses for 3h followed by euthanasia 24 h post-exposure. B) Heat map representing the cytokine quantification in lung tissue
homogenate after exposure to air (control), CB, Os, and CB + O3 at low (2.5 mg/m? and/or 0.5 ppm), medium (5.0 mg/m? and/or 1.0 ppm), and high
(10.0mg/m? and/or 2.0 ppm) doses for 3 h followed by euthanasia 24 h post-exposure The values are normalized to Log? fold change. Data analyzed by
2-way ANOVA followed by Tukey’s post hoc test. *p < .05 versus control, #p < .05 CB + O5 versus single exposure at same dose, “p <.05 CB + O3 low
versus high dose, $p < .05 CB + O3 medium versus high dose, &p < .05 CB + O; low versus medium dose. C) Heat map representing percentage
contribution of aerosol characteristics in cytokine production based on boot strap forest approach.

consisted of typical inflammatory cytokines such as KC, TNF-a,
IL-1B, and chronic disease modulator TGF-B. These cytokines fol-
lowed a dose-response dependent increase.

Lung tissue homogenate were evaluated for the cytokine/che-
mokine (IL-13, IL-6, KC, and TNF-o) levels (Figure 8B). A signifi-
cant increase in all these cytokine/chemokines were seen after
highest dose co-exposure (10mg/m?® CB + 2ppm Os). IL-13 was
induced by co-exposure at all the exposure levels, whereas IL-6
was also induced by Oz at 2ppm. This demonstrated a similar
trend as lavage ELISA.

A boot strap forest-based machine learning approach was uti-
lized to study the relative contribution of different aerosol char-
acteristics in cytokine production (Figure 8C). Oxidative status
(antioxidant depletion capacity of the aerosol and lung tissue
H,0, levels) was among the significant contributors for IL-18, KC,
and TGF-B secretion, whereas uptake was most significant con-
tributor for the rest of the cytokines.

Discussion

In this study, we aimed at understanding the pulmonary toxicity
of ultrafine CB and Os inhalation co-exposure at different expo-
sure levels and attempted to determine the correlation/contribu-
tion of different physiochemical characteristics in lung injury
and inflammation. We demonstrated that co-exposure causes
significantly greater pulmonary toxic potential compared with

individual exposures as evidenced by sharp decrease in BMD.
Quantifying the uptake of the mixtures and evaluating the toxic-
ity showed interesting relationship between uptake and toxicity
for mixtures. In addition, using multivariate analysis we elabo-
rate the correlation of physicochemical and oxidative character-
istics of the mixtures to pulmonary injury and inflammation. A
boot strap forest approach predicted relative contribution of dif-
ferent physiochemical characteristics on the response of individ-
ual cytokines measured.

We previously described mechanisms of lung inflammation
and lung function decline after inhalation co-exposure to CB
and O; (Majumder et al., 2021a). The highest particle dose in
that study was equivalent to an alveolar deposited dose of a
worker after 8h exposure at the current U. S. Occupational
Safety and Health Administration (OSHA) permissible exposure
limit (3.5mg/m? (Majumder et al., 2021a). This dose translated
to 35days of PM 2.5 exposures at current national ambient air
quality standard (35ug/m®). In addition, a 2-ppm dose was
selected for exposure to Os alone that is 4 times the dose capa-
ble of inducing neutrophilia in humans. This selection was
made keeping in consideration differences in deposition due to
differences in human and murine anatomy (Hatch et al., 1994,
2013). However, here we report additional findings to consider-
ably lower concentrations of both CB (equivalent exposure of
17.5 and 8.75days of PM 2.5 exposure at current permissible
concentrations) and Os; exposures at 2 times and same dose
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that induces neutrophilia. Thus, utilizing more relevant expo-
sure concentrations, we are providing a detailed evaluation of
co-exposure responsive lung inflammatory and injury markers
as well as describe the correlations of different aerosol charac-
teristics with lung toxicity.

Our findings of increased CB retention in the lung in case of
CB and Os; co-exposure indicate the possibility of persistent
adverse outcomes as retention of particulates in the lungs has
been linked to chronic pulmonary phenotypes in case of a variety
of environmental exposures and engineered nanoparticle expo-
sures (Fraser et al., 2021; Oberdorster et al., 1994, 2015; Riediker
et al., 2019). Furthermore, as this co-exposure particles can pro-
duce more reactive oxygen species (detected in the lungs and sys-
temic circulation) this increase the possibility of aggravating
systemic diseases and for an extended period. Lung function data
confirm the changes in functional respiratory parameters (Rrs,
Crs, and FEVO0.1) after exposure to medium and high co-exposure
concentrations, whereas individual exposures and low dose co-
exposure did not induce any functional change. These observa-
tions at the highest dose exposures are in line with our recently
published study using a similar dose (Majumder et al., 2021a).
This data clearly point toward a greater functional impact of co-
exposure compared with individual exposures at medium and
high doses.

The dose response data were used to determine relative
potency of the test aerosols using BMD modeling. The BMD
approach is statistically more robust and resulting values are
inherently less uncertain than other dose response metrics. This
approach has been used to understand responses of other
inhaled particulate pollutants (engineered nanomaterials and
fibers) (Kuempel et al.,, 2006; O'Brien and Cummins 2010; Pink
et al., 2020; Weldon et al., 2018). Here, we describe a significant
reduction in both CB and O3 dose in the case of mixed exposures
which confirms our previous findings of increased biological
activity of mixed CB and O; exposure compared with single toxi-
cant exposures (Hathaway et al., 2021; Majumder et al., 2021a).

Uptake of particulate materials (particulate matter, engi-
neered nanoparticles) in most of the cases is considered essential
for biological activity (Hussain et al., 2009; Maynard et al., 2006;
Patel et al., 2015; Zheng et al., 2018). We previously demonstrated
that after Os-reacted CB particle exposure, macrophages released
CXCR3 receptor ligands that play an important role in the endo-
thelial cell responses (impaired scratch healing and monolayer
permeability) (Majumder et al., 2021b). Here, in case of CB expo-
sure alone, we observed a linear increase in % macrophages in
lavage that take up the particulate. However, in the case of co-
exposure this response plateaued with medium and high dose. At
these 2 doses there was not a significant increase in % macro-
phages that take up the particulates. When compared with CB, in
the CB + Os group, a significantly smaller number of macro-
phages were detected to contain CB aggregates at medium and
high exposure levels. The increase in toxicity and plateau of
uptake suggests increased biological potency and a differential
surface reactivity of the co-exposure aerosols. Although we
observe that similar characteristics are involved in single and co-
exposure outcomes, it is important to note that the potency is sig-
nificantly enhanced. Surface reactivity can be deduced from the
acellular assays such as oxidant generation capacity (EPR study
using spin probe CMH) and reduction of antioxidants in human
serum (FRAS assay). These findings further corroborate the con-
clusion that interaction with Os increased surface reactivity of CB
particles. However, it is important to note that while both
medium and high exposures produced similar oxidant levels by

EPR analysis, FRAS assay indicated a dose-dependent antioxidant
depletion. Multiple published reports confirm the utility of FRAS
assay in detecting the oxidative potential of the particulate mate-
rials (Fraser et al., 2020; Rogers et al., 2008). Moreover, it is impor-
tant to note that we recently demonstrated that reactive oxygen
species generation is a critical factor behind enhanced biological
activity of the co-exposure (Hathaway et al, 2021; Majumder
et al., 2021a,b). Thus, in case of mixed exposures, while we are
seeing similar physicochemical characteristics involved in toxic
response, oxidant dependence is significantly greater.

Increasing concentration of mixed exposure leads to a
decrease in the CB aggregate area in macrophages, while a dose
dependent increase was observed in the case of CB alone. A
potential explanation of this change is increased toxicity leading
to macrophage cell death. Indeed, we observed increased LDH
release with increasing co-exposure doses. Previous literature
confirms increased toxicity of macrophages after exposure to
varied air pollutants including PM, Os, and ultrafine/nanopar-
ticles (Devlin et al., 1994; Gowdy et al., 2021; Patial and Saini 2020;
Sunil et al., 2012; Wei et al., 2021; Wottrich et al., 2004). However,
the increase in LDH could be due to toxicity of several cell types
including epithelial cells and non-mono-nuclear cells (neutro-
phils, etc.). A potential reduction in phagocytic ability due to the
co-exposure can also result in similar result. Particulate expo-
sures are known to impact the uptake mechanisms which can
result in altered bacteria/virus uptake (Hussain et al., 2009;
Pacheco et al., 2013; Vranic et al., 2013). This can have serious con-
sequences in terms of clearance of a later infection and mounting
an effective immune response. Work is currently being per-
formed to further elaborate on these mechanisms. However, as
demonstrated by us previously and in this manuscript, there is
an increased ROS production in the lungs. Oxidant generation
can lead to reduced phagocytic ability (Anderson et al., 2002) and
cell death (Hussain et al., 2010). We previously demonstrated that
uptake of CB particles in the epithelial cells occur by both energy
dependent and independent processes and recently reported a
decrease in ATP production after CB and Oz co-exposure
(Hathaway et al., 2021). A consequence of these processes is an
increased lung burden of CB in case of Os (co-exposure scenario).
Alternatively, the reduction in uptake at higher doses can poten-
tially be a homeostatic/protective mechanism induced due to
alterations in the cellular metabolic state (Caceres et al.,, 2020).
The Ym1 and Arginase 1 (Argl) are M2 phenotype markers and
M2 macrophages have been shown to express higher phagocyto-
sis abilities (Schulz et al., 2019). This potentially indicates a
homeostatic response to clear the particles. The impacts on mac-
rophage death/survival and endocytosis abilities can happen
together or independent of each other. Further studies are
ongoing to elaborate the mechanisms involved in these proc-
esses.

Apart from pulmonary injury and inflammation, we showed
significant alteration in mRNA and protein secretions with co-
exposures compared to single exposures. An enhanced biological
activity of co-exposure compared with individual exposures was
evident even at the lowest dose for Tslp, II-13, Tgf-g, and I-1p.
These genes are known to play an important role in chronic pul-
monary disorders such as asthma, chronic obstructive pulmonary
disease (COPD), and fibrosis (Kabesch et al., 2006; Verma et al,
2018; Wang et al, 2018). In general, co-exposure induced gene
expression changes were more prominent at either the lower or
higher end of the exposure spectrum. Antioxidant response genes
(Hmox-1 and Nrf-2) did not follow the pattern of the earlier genes.
N1f-2 is a master regulator of cellular antioxidant defenses and is
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known to play an important role in Oz induced pulmonary dam-
age (Cervellati et al., 2020; Cho et al., 2013; Henriquez et al., 2017).
Hmox-1 is an antioxidant enzyme induced by a multitude of oxi-
dative stimuli and is also implicated in O induced (Li et al., 2000;
Takahashi et al., 1997). The antioxidant response genes did not
induce greater gene expression compared with individual expo-
sures. This could be due to an impaired capacity of the lungs to
mount an antioxidant response after co-exposures. Taken
together, we saw an increased antioxidant depletion capacity and
greater H,0, production with co-exposures, translating into a
more serious oxidative imbalance. Oxidative imbalances play a
significant role in air pollution induced toxicity as well as in the
pathogenesis of multiple chronic disorders that are exacerbated
by air pollution (Ambroz et al., 2016; Domej et al., 2014; Kelly and
Fussell, 2017). Lung has a complex architecture including multiple
cell types and a myriad of other components that can influence
redox balance including glutathione, lipids, and surfactants. In
the current work, we have evaluated the pulmonary damage,
inflammation, and uptake using recovered BALF and a broader
pathological understanding is needed to fully understand the
alterations occurring at the organ level. Although macrophages
are the primary responders involved in particle clearance and as
such the uptake was evaluated in recovered alveolar macro-
phages from BALF, more work is warranted to understand the
uptake by other cell types and evaluate spatial interactions with
various redox elements present in the lung.

Our results collectively point toward a chronic disease condu-
cive phenotype, ie, over expression of M2 macrophage markers
(Argl and Ym1), mucin genes (Muc5b and Muc5c) and IL-13 secre-
tion. These findings corroborate the findings of increased IL-13
levels after air pollution exposure and their potential role in
chronic disease susceptibility (Nadeau et al., 2010; Pourazar et al.,
2004; Williams et al., 2008). In addition, these results have a
mechanistic aspect as IL-13 is known inducer of mucin genes, M2
macrophage phenotype, and Th2 dominated immune response
in chronic respiratory diseases such as asthma and COPD (de
Vries, 1998; Duffield, 2003; McKenzie et al., 1993).

Our study has multiple strengths including a realistic co-
exposure system, use of multiple doses of O; and CB ranging
from occupational to environmental exposure scenarios provid-
ing relevant deposition levels, use of statistical approaches to
identify the correlation of biological outcomes with aerosol phys-
icochemical characteristics, use of a BMD approach for ranking
of exposures, and evaluation of multiple readouts for inflamma-
tion and injury. However, our study does have some limitations
that include use of male mice only, use of fixed ratio for CB and
Os, and use of single exposure at relatively higher exposure con-
centration rather than a chronic exposure scenario. We observed
a discordance between the mRNA expression and protein expres-
sion levels. Genome wide research conducted over the last 2 dec-
ades showed although correlation exists between mRNA and
protein expression levels, such patterns are far from perfect.
This could be due to various factors including transcription to
translational defects, post-translational modifications, cyclic
expression with check points and due to timing lag between
mRNA and protein expression. Further expansive temporal stud-
les are required to decipher these interesting trends and such
studies will hopefully elaborate the differentially observed
effects.

In conclusion, the BMD of the pulmonary injury and inflam-
mation response demonstrates that inhalation co-exposure to
CB and O; result in greater pulmonary toxicity compared with
individual CB or Os exposures. Interestingly, the uptake of the
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particulate was suppressed with an increasing dose of the CB +
O3 mixture, but the toxicity escalated with increasing dose of the
mixture, suggesting that the particles from CB + Os; mixtures at
higher dose were more potent in inducing toxicity. We also iden-
tified aerosol physicochemical characteristics of the mixtures
that correlated with biological outcomes and predict the relative
contribution of these parameters on individual inflammatory
cytokine secretions. Our results indicate a greater modulation of
chronic disease mediators by the co-exposure at the lowest
tested levels that points towards a greater potential to exacer-
bate chronic pulmonary disease. Further research is underway
with even more reduced levels of both CB and O3 as well as using
animal models of respiratory disorders to further investigate the
pathophysiological impacts of co-exposure. With this study and
our recent work, we have detailed the interactive outcomes after
ultrafine CB and Os inhalation exposure. Future studies should
investigate the impact of different mixing ratio of O3 and CB and
chronic exposure at ambient levels to further elucidate the inter-
active outcomes in this exposure model.

Supplementary data

Supplementary data are available at Toxicological Sciences online.
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