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Abstract

Background: People are exposed to ambient particulate matter (PM) from multiple sources simultaneously in both
environmental and occupational settings. However, combinatory effects of particles from different sources have
received little attention in experimental studies. In the present study, the pro-inflammatory effects of combined expo-
sure to diesel exhaust particles (DEP) and mineral particles, two common PM constituents, were explored in human
lung epithelial cells.

Methods: Particle-induced secretion of pro-inflammatory cytokines (CXCL8 and IL-13) and changes in expression of
genes related to inflammation (CXCLS, IL-1q, IL-13 and COX-2), redox responses (HO-1) and xenobiotic metabolism
(CYP1AT and CYP1B1) were assessed in human bronchial epithelial cells (HBEC3-KT) after combined exposure to dif-
ferent samples of DEP and mineral particles. Combined exposure was also conducted using lipophilic organic extracts
of DEP to assess the contribution of soluble organic chemicals. Moreover, the role of the aryl hydrocarbon receptor
(AhR) pathway was assessed using an AhR-specific inhibitor (CH223191).

Results: Combined exposure to DEP and mineral particles induced increases in pro-inflammatory cytokines and
expression of genes related to inflammation and redox responses in HBEC3-KT cells that were greater than either
particle sample alone. Moreover, robust increases in the expression of CYPTA1 and CYP1B1 were observed. The effects
were most pronounced after combined exposure to a-quartz and DEP from an older fossil diesel, but enhanced
responses were also observed using DEP generated from a modern biodiesel blend and several stone particle
samples of mixed mineral composition. Moreover, the effect of combined exposure on cytokine secretion could also
be induced by lipophilic organic extracts of DEP. Pre-incubation with an AhR-specific inhibitor reduced the particle-
induced cytokine responses, suggesting that the effects were at least partially dependent on AhR.

Conclusions: Exposure to DEP and mineral particles in combination induces enhanced pro-inflammatory responses
in human bronchial epithelial cells compared with exposure to the individual particle samples. The effects are partly
mediated through an AhR-dependent pathway and lipophilic organic chemicals in DEP appear to play a central role.
These possible combinatory effects between different sources and components of PM warrant further attention and
should also be considered when assessing measures to reduce PM-induced health effects.
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Introduction

During the last decades, firm links have been established
between exposure to ambient particulate matter (PM)
and mortality and morbidity due to cardiovascular and
respiratory diseases [1-6]. Moreover, inhalation of vari-
ous types of PM remains a common cause of occupa-
tional lung diseases worldwide [7]. Ambient PM consists
of a complex mixture of particles derived from multi-
ple sources, which vary spatially and temporally [8-10].
Likewise, the workplace atmosphere may contain parti-
cles from multiple sources, depending on the occupation
and the tasks performed [11-13]. Although exposure to
multiple sources of particles may occur concomitantly,
experimental studies mainly focus on individual PM
components or sources of PM, or on mixed ambient PM
samples, and rarely assess combinations of particles from
different sources in a systematic way. While studies sug-
gest that combined exposure to PM and other environ-
mental factors may induce increased effects compared
with the individual compounds [14—18], the combination
of different types of PM has received little attention and
warrants further studies to fully understand the impact of
complex particle mixtures on human health.

Diesel exhaust particles (DEP) are generated through
combustion of diesel fuel by vehicles or diesel-powered
equipment and exposure occurs in both environmen-
tal and occupational settings. Particularly high levels of
exposure have been detected in underground mining
and tunnelling operations [19]. DEP consists of a carbon
nanoparticle core with a complex mixture of adhered
metals and organic chemicals, and the composition var-
ies depending on the fuel mixture, drive cycle, operating
conditions and combustion engine technology [20-22].
Controlled exposure studies show that exposure to diesel
exhaust can cause pulmonary and systemic inflammation,
endothelial dysfunction, and increased airway resistance
and hyperreactivity in human volunteers [23-26]. These
findings are supported by experimental studies showing
that DEP exposure induces pro-inflammatory responses
in vivo and in vitro [20, 27, 28]. Diesel exhaust is also
considered a human carcinogen [29]. The effects of DEP
are often attributed to soluble organic PM constituents,
such as polycyclic aromatic hydrocarbons (PAH), which
may induce inflammatory responses in part through aryl
hydrocarbon receptor (AhR)-dependent mechanisms
[30, 31].

Respirable mineral particles also represent a potential
health hazard in several occupational settings and expo-
sure may occur in conjunction with DEP due to the use
of diesel-powered equipment, for instance in mining
and tunnelling operations [11, 12, 19, 32-34]. Moreo-
ver, minerals may be major components of ambient PM
and can originate from both natural sources and human
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activity [35-37]. Traffic represents an important source
of mineral-rich particles in cities due to abrasion of the
road surface and resuspension of road dust [38, 39]. This
is especially problematic in Nordic countries due to the
widespread use of studded tyres during winter, which
increases road-surface abrasion [36, 38, 40]. While the
mineralogy of road dust and ambient PM is not com-
monly assessed, some studies have reported the pres-
ence of several different types of minerals, including
quartz, feldspars, mica and various clay minerals [41—
43]. However, the contribution of the mineral fraction
to PM-induced diseases is not fully known. Inhalation
of crystalline silica, usually in the form of a-quartz, is a
well-characterized health hazard and is associated with
pulmonary diseases such as silicosis, chronic obstructive
pulmonary disease and lung cancer [44—46]. While other
minerals have received less attention, previous studies
from our group suggest that a variety of mineral particle
samples can induce pro-inflammatory responses in vitro
and in vivo, and that the potency of the particles differs
between samples of different mineral composition [47-
50]. Moreover, recent studies show that several mineral
particle samples can induce cytotoxicity and cytokine
release of the same magnitude as quartz in immune cells
and bronchial epithelial cells in vitro [48]. Furthermore,
studies using road wear simulators suggest that mineral-
rich particles from asphalt composed of different stone
materials also vary in their ability to induce cytokine
release in macrophages [51, 52], suggesting that the pres-
ence of different stone materials in asphalt may possibly
confer different toxic properties to the resulting PM.

As both DEP and mineral particles are common con-
stituents of air pollution in environmental and occu-
pational settings their relative potency and potential
combinatory effects in terms of inducing human health
effects warrant further attention. In the present study,
the pro-inflammatory effects of combined exposure to
DEP and mineral particles were assessed in human air-
way epithelial cells to shed light on possible combina-
tory effects between these types of particles and whether
these effects exceed the effects of the individual particle
samples.

Results

Combined exposure to a-quartz and diesel exhaust
particles induces secretion of pro-inflammatory cytokines
in human bronchial epithelial cells

Three DEP samples of different origin and composition
were selected for the present study. DEPg, was gener-
ated by an old diesel engine running on gas oil [53], while
DEPy, and DEPg,, were generated by a more modern die-
sel engine running on 1st generation biodiesel fuel blends
containing 7% and 20% fatty acid methyl ester (FAME),
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respectively, and represent the DEP more commonly
encountered today [21]. The endotoxin content of the
DEPy,, DEPy, and DEPg,, samples were 1.2, 8.6 and 7.2
EU/mg, respectively. Preliminary experiments showed
that exposure to DEPy,, DEPy, and DEPy,, caused sig-
nificant increases in CXC-motif chemokine ligand 8
(CXCL8) and interleukin (IL)-1p secretion (Additional
file 1: Figure S1) in hTERT and CDK4 immortalized
human bronchial epithelial cells (HBEC3-KT). Over-
all, DEPg, induced the highest maximum responses fol-
lowed by DEPy, while DEPg,, was the least potent.
The responses tended to increase up to 50 pug/mL, the
only exception being IL-1p secretion induced by DEPg,
which peaked at 200 pg/mL. At higher concentrations
the responses decreased almost to control levels, which
coincided with changes in cell metabolic activity, sug-
gesting that the viability of the cells was affected at these
concentrations (Additional file 1: Figure S1). Based on
these results, the concentrations of 25 and 50 ug/mL DEP
(2.6 and 5.3 pg/cm?) were chosen for the combination
experiments. The concentrations of 25, 50 and 100 pg/
mL a-quartz (2.6, 5.3 and 10.5 pg/cm?) were chosen
based on previous experiments published elsewhere [48].
A cytokine-binding assay was also performed to assess
whether non-specific binding of cytokines to DEP may
have interfered with the measurements [54]. At 50 pg/
mL, the DEPg, sample bound higher amounts of both
CXCL8 and IL-1p compared with the DEPy, and DEPg,,
samples, suggesting that the differences in cytokine
responses between these samples may be somewhat
underestimated using the current methodology (Addi-
tional file 2: Figure S2).

Next, HBEC3-KT cells were exposed to increasing
concentrations of a-quartz and DEP, both alone and
in combination, to assess possible combinatory effects
between the particle samples. While neither a-quartz
nor DEPy, alone decreased the viability of the HBEC3-
KT cells at these concentrations, combined exposure
caused a small decrease in viability that culminated at
approximately 10% mean reduction in metabolic activity
at the highest concentrations (Data not shown). However,
no statistically significant decrease in cell viability was
detected after exposure to DEPg; or DEPy,, in combina-
tion with a-quartz (Data not shown). The combination of
a-quartz and DEPp, induced significantly higher cytokine
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responses than the response induced by a-quartz alone
(Fig. 1la). Moreover, the combination of DEPg, and
increasing concentrations of a-quartz increased the par-
ticle-induced secretion of CXCL8 and IL-1p compared
with exposure to DEPy, alone, suggesting that a-quartz
may enhance the effect of DEPg, on cytokine release
(Fig. 1a). Although the responses were lower in magni-
tude, combined exposure to DEPy, and a-quartz also
induced a concentration-dependent increase in CXCL8
and IL-1f secretion that was significantly higher than the
effects of either particle sample alone (Fig. 1b). In com-
parison, DEPy,, induced lower levels of cytokine secre-
tion in combination with a-quartz than both DEP, and
DEPy, (Fig. 1c). While the combination of a-quartz and
DEPy,, induced a significantly higher response than
a-quartz alone at all concentrations, only a small increase
in CXCL8 and IL-1p secretion compared with DEPp,,
alone was detected (Fig. 1c). As the DEPg,, sample
induced lower levels of cytokines than DEPy, and DEPy,,
this sample was not included in further experiments.

The combination of a-quartz and DEP induces

the expression of genes related to inflammation and redox
responses

To characterize the particle-induced responses further,
the expression of a panel of genes related to inflamma-
tion and redox responses was assessed after 2, 6 and
12 h exposure to the DEP samples alone or in combina-
tion with a-quartz. CXCL8, IL-1p and IL-la are pro-
inflammatory cytokines that activate the inflammatory
response in recipient cells and recruit circulating immune
cells [55], while cyclooxygenase (COX)-2 is an enzyme
involved in the generation of pro-inflammatory prosta-
glandins [56]. Heme oxygenase (HO)-1 was included as a
marker for particle-induced redox responses [57]. Based
on the results in Fig. 1, 50 and 100 pg/mL a-quartz and
25 pg/mL DEPg, and DEPy, were chosen for the gene
expression analysis.

Exposure to DEPg, and a-quartz induced a time-
dependent increase in CXCLS, IL-1p, IL-1a and COX-2
expression that was highest after 12 h exposure (Fig. 2a—
d). As observed for cytokine release, expression was sig-
nificantly higher after combined exposure to a-quartz
and DEPy, compared to the individual effects of the two
particle samples (Fig. 2a—d). Interestingly, combined

(See figure on next page.)

exposure groups

Fig. 1 Cytokine responses after combined exposure to DEP and a-quartz. HBEC3-KT cells were exposed for 24 h to 25-50 pg/mL (2.6-5.3 ug/
cm?) DEPg, (A), DEPg; (B) and DEPg,, (C), and 25-100 ug/mL (2.6-10.5 pg/cmz) a-quartz, alone or in combination. The release of CXCL8 (i) and IL-13
(i) in the cell culture supernatants was measured using ELISA. Results are presented as boxplots of 6 independent experiments (Box: 25th-75th
percentile, whiskers: minimum and maximum values, line: median, +: mean). Statistically significant differences were determined using two-way
repeated measures ANOVA followed by Dunnett’s and Tukey post-tests. All values were log-transformed prior to statistical analysis to satisfy model
assumptions. *Statistically significant difference from the respective control at 0 pg/mL a-quartz. #Statistically significant difference between
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exposure to DEPg, and a-quartz induced a significant
increase in COX-2 expression after 2 h even though
a-quartz did not induce any significant effect by itself
(Fig. 2d). Similar trends were also observed for expression
CXCL8, IL-1B and IL-1a, although the effects did not
reach statistical significance in all cases (Fig. 2a—c). HO-1
expression was significantly increased after 2 h expo-
sure to both a-quartz and DEPy, and increased further
after 6 h (Fig. 2e). After 12 h exposure, the combination
of DEPg, and a-quartz induced an additional increase in
HO-1 expression that was significantly higher than after
exposure to the individual particle samples (Fig. 2e).

A time-dependent increase in gene expression was also
observed after exposure to DEPy, and a-quartz, which
was highest after 12 h exposure for CXCLS, IL-1, IL-1a
and COX-2, and after 6 h exposure for HO-1 (Fig. 3).
As observed for DEPy;, the combination of DEPy, and
a-quartz induced increased expression of CXCLS8, IL-1f,
IL-1a, COX-2 and HO-1 compared to the individual
particle samples, although the effects were not as pro-
nounced for all genes (Fig. 3). While a trend for increased
expression was observed at earlier time points, the com-
binative effects of DEPg, and a-quartz on CXCLS, IL-1a,
COX-2 and HO-1 expression were not significantly dif-
ferent from DEPy, alone until after 12 h exposure (Fig. 3).
A similar trend was also observed for IL-1f, but the
increase was not statistically significant (Fig. 3b). More-
over, the combinative effects of DEPy, and a-quartz on
IL-1a and HO-1 expression were not significantly differ-
ent from a-quartz at the same concentration, although a
trend for increased effects was observed (Fig. 3c, e).

Exposure to DEP and a-quartz induces expression

of xenobiotic metabolism enzymes CYP1A1 and CYP1B1
Cytochrome p450 (CYP) 1A1 and CYP1B1 are enzymes
involved in xenobiotic metabolism that may metaboli-
cally activate organic chemicals in DEP, such as PAHs,
and are marker genes for canonical AhR-activation
[58, 59]. Exposure to DEPy, induced time-dependent
increases in expression of CYP1A1l and CYP1B1, both
alone and in combination with a-quartz (Fig. 4). While
the responses were greatest after 12 h exposure, robust
increases in the expression of both genes were detected
already after 2 h. The effects on CYP expression were
primarily induced by DEPg,, as evident by the small
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effect of a-quartz compared with DEPy, and the simi-
larity between the combination of particles and DEPg,
alone (Fig. 4). In contrast to the effects on genes related
to inflammation and redox responses (Fig. 2), no sig-
nificant difference in expression was detected between
cells exposed to DEPy, alone or in combination with
a-quartz at any concentration or time point (Fig. 4).

Exposure to DEPg, also induced an increase in the
expression of both genes but appeared to follow a dif-
ferent time course than DEPg,. The CYP1A1 expression
was highest after 2 h and decreased at 6-12 h (Fig. 5a).
For CYP1B1 the effect was similar, but the expression
was highest after 12 h exposure (Fig. 5b). As for DEPg,,
no significant increase in CYP1Al expression was
detected after exposure to DEPy, in combination with
a-quartz, although a small concentration-dependent
increase was observed after 2—6 h and a small decrease
after 12 h (Fig. 5a). Similar results were observed for
CYP1B1. However, the small increase observed at 6 h
after combined exposure was significantly higher than
the response induced by DEPy, alone (Fig. 5b).

The effects of DEP are partly dependent on the aryl
hydrocarbon receptor pathway

The high effects on CYP expression induced by the
DEPg, and DEPy, samples seen in Figs. 4 and 5 sug-
gest that the responses to these particles may in part be
mediated by AhR. To directly assess the involvement
of this pathway, the cells were treated with 10 uM of
the AhR-specific inhibitor CH223191 for 30 min prior
to particle exposure. This set of experiments was only
performed using the DEPy, sample as it produced the
strongest effects in combination with a-quartz. The
concentration of 25 ug/mL DEPp, and 100 pg/mL
a-quartz were chosen as these concentrations were
the lowest to cause significant increase in both CXCL8
and IL-1pP release compared with the individual parti-
cle samples when applied in combination. Pre-treat-
ment with CH223191 caused a statistically significant
decrease in CXCL8 and IL-1pB secretion induced by
the combination of DEPy, and a-quartz, and CXCLS8
induced by DEPy, alone, confirming that the effects of
the experimental treatments involving DEPy, are par-
tially dependent on the AhR pathway (Fig. 6).

(See figure on next page.)

a-quartz. #Statistically significant difference between exposure groups

Fig. 2 Expression of genes related to inflammation and redox responses after combined exposure to DEPy, and a-quartz. HBEC3-KT cells were
exposed to 25 pg/mL (2.6 pg/cmz) DEPgy and 50-100 pg/mL (5.3-10.5 pg/cmz) a-quartz for 2 h (i), 6 h (ii) and 12 h (iii), alone or in combination. The
expression of CXCL8 (A), IL-1B (B), IL-1a (C), COX-2 (D) and HO-1 (E) was determined using gPCR. Results are expressed as fold change compared to
unexposed cells and presented as boxplots of 4 independent experiments (Box: 25th-75th percentile, whiskers: minimum and maximum values,
line: median, 4+: mean). Statistically significant differences were determined using two-way repeated measures ANOVA followed by Dunnett’s and
Sidak's post-tests and were calculated from the normalized CT values. *Statistically significant difference from the respective control at 0 pg/mL
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Soluble organic components of DEP contribute

to the increased effects of combined exposure to DEP

and a-quartz

Studies suggest that much of the effects of DEP can be
attributed to soluble organic chemicals [30, 31, 60, 61].
To determine whether soluble particle constituents were
responsible for the effects observed in the present study,
HBEC3-KT cells were exposed to corresponding concen-
trations of DEPy, or lipophilic organic extracts of DEPy,
(DEE) alone or in combination with a-quartz. None
of the experimental treatments caused any significant
change in cell viability (Data not shown). Both DEPg,
and DEE induced increased secretion of CXCL8 com-
pared with unexposed controls (Fig. 7a). When applied in
combination with 100 pg/mL «a-quartz, CXCL8 secretion
increased significantly compared with exposure to DEPg,
and DEE alone, even though a-quartz was largely inef-
fective by itself in this set of experiments (Fig. 7a). While
DEPy, and DEE failed to induce a statistically significant
increase in IL-1p secretion when applied alone, IL-1f
secretion increased significantly when cells were exposed
in combination with a-quartz (Fig. 7b). Interestingly, the
relative increase in CXCL8 and IL-1p release from expo-
sure to DEPy, and DEE alone compared to combined
exposure with a-quartz was similar for the native parti-
cles and the extracts. Taken together, the results suggest
that much of the effects of combined exposure to DEP
and a-quartz may be attributed to lipophilic organic
chemicals.

Stone particles of different mineral composition potentiate
the effects of DEP on cytokine release and expression

of genes related to inflammation and redox responses

Finally, the combinative effects of DEP and minerals in
HBEC3-KT cells were assessed using stone samples of
mixed mineral composition. Again, only the DEPg, sam-
ple was used in this set of experiments as it produced
the strongest effects on cytokine release in combina-
tion with a-quartz. Samples of anorthosite, rhomb por-
phyry and quartz diorite particles (<10 um) were derived
from crushed stone material and consist of a mixture of
different minerals, including feldspar, quartz, epidote,
hornblende, calcite, chlorite and muscovite. The charac-
teristics of the stone particle samples and their ability to
induce cytotoxicity and pro-inflammatory cytokines have
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been described in a previous study using the same cell
model as in the present study [48]. Moreover, the mineral
composition of the samples is included in the online sup-
plement of the current study (Additional file 3: Table S1).
Due to the lower toxicity of these particle samples com-
pared to a-quartz, the concentration-range was extended
to 200 ug/mL. For comparison, experiments were also
conducted in parallel using a-quartz at the same concen-
trations (Additional file 4: Figure S3 and Fig. 8).

Exposure to anorthosite, rhomb porphyry and quartz
diorite particles induced concentration-dependent
decreases in cell viability, culminating at approximately
15-30% reduction at the highest concentrations (Fig. 8a).
However, no additional decrease was detected when the
cells were exposed to stone particle samples in combi-
nation with DEPg,. All stone particle samples induced
statistically significant increases in CXCL8 and IL-1p
release compared with unexposed controls, starting at
100 or 200 ug/mL (Fig. 8b, c). Combined exposure with
DEPyg, tended to increase the release of both cytokines
compared with the individual particle samples (Fig. 8b,
c). For IL-1pB, the response induced by combined expo-
sure was significantly greater than the response induced
by DEPy, alone for all stone particle samples (Fig. 8c). All
stone particle samples caused significant increases in the
expression of CXCLS, IL-1p, IL-1a, COX-2 and HO-1
(Fig. 9a—e). Moreover, combined exposure with DEPy,
induced a further increase in gene expression, exceed-
ing the effects of exposure to the individual particulate
samples (Fig. 9a—e). Although the effects of the stone
particle samples on cytokine release and gene expres-
sion were lower than observed for a-quartz at the same
concentrations (Additional file 5: Figure S3 and Fig. 9),
these results clearly show that the effects of combined
exposure to DEP and mineral particles on pro-inflamma-
tory responses in HBEC3-KT cells also extend to min-
eral samples composed primarily of minerals other than
o-quartz.

None of the stone particle samples significantly altered
the expression of CYP1A1 and CYP1B1 by themselves,
although they seemed to potentiate the effects of DEPy,
on CYP expression when administered in combina-
tion (Fig. 9f, g). Combined exposure caused a significant
increase in CYP1A1l compared with DEPy, alone for
all stone particle samples, and a significant increase in

(See figure on next page.)

a-quartz. #Statistically significant difference between exposure groups

Fig. 3 Expression of genes related to inflammation and redox responses after combined exposure to DEPy; and a-quartz. HBEC3-KT cells were
exposed to 25 pg/mL (2.6 pg/cmz) DEPg; and 50-100 pg/mL (5.3-10.5 pg/cmz) a-quartz for 2 h (i), 6 h (ii) and 12 h (iii), alone or in combination. The
expression of CXCL8 (A), IL-1B (B), IL-1a (C), COX-2 (D) and HO-1 (E) was determined using gPCR. Results are expressed as fold change compared to
unexposed cells and presented as boxplots of 4 independent experiments (Box: 25th-75th percentile, whiskers: minimum and maximum values,
line: median, 4+: mean). Statistically significant differences were determined using two-way repeated measures ANOVA followed by Dunnett’s and
Sidak's post-tests and were calculated from the normalized CT values. *Statistically significant difference from the respective control at 0 pg/mL
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Fig. 4 Expression of CYP1AT and CYP1B1 after combined exposure to DEPy, and a-quartz. HBEC3-KT cells were exposed to 25 pg/mL (2.6 ug/
cm?) DEPg, and 50-100 pg/mL (5.3-10.5 pg/cmz) a-quartz for 2 h (i), 6 h (ii) and 12 h (iii), alone or in combination. The expression of CYPTAT1 (A)
and CYP1B1 (B) was determined using gPCR. Results are expressed as fold change compared to unexposed cells and presented as boxplots of 4
independent experiments (Box: 25th—75th percentile, whiskers: minimum and maximum values, line: median, +: mean). Statistically significant
differences were determined using two-way repeated measures ANOVA followed by Dunnett's and Sidak’s post-tests and were calculated from
the normalized CT values. *Statistically significant difference from the respective control at 0 pg/mL a-quartz. #Statistically significant difference
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CYP1BI for anorthosite (Fig. 9f, g). Pre-incubation with
the AhR antagonist CH223191 caused a strong inhibition
of cytokine release induced by the combined exposure to
DEPj, and anorthosite, rhomb porphyry or quartz dior-
ite (Fig. 10), suggesting that these combinatory effects
were almost completely dependent on AhR signalling, as
also observed with a-quartz (Fig. 6).

Discussion

PM in ambient air and occupational settings often con-
sists of a mixture of particles from multiple sources.
While the effects of PM mixtures have been the subject
of numerous experimental studies, few have assessed the
effects of combined exposure to particles from differ-
ent sources in a systematic way. In the present study, the
effects of DEP and mineral particles, two common PM
constituents, were assessed in human bronchial epithe-
lial cells after exposure to the particle samples alone and
in combination. The results show that combined expo-
sure to DEP and mineral particles significantly increased
the particle-induced pro-inflammatory responses in

HBEC3-KT cells, as compared to their individual effects.
This suggests that combinatory effects of exposure to
particles and particle components from different sources
may contribute to or exacerbate the adverse health effects
triggered by complex PM. Furthermore, the present find-
ings suggest a central role for lipophilic organic chemi-
cals in these effects.

In the present study, combined exposure caused
increases in cellular responses that were greater than
exposure to either particle sample alone. This included
increased secretion of the pro-inflammatory cytokines
CXCL8 and IL-1B, and increased gene expression of
CXCLS8, IL-1p, IL-1a, COX-2 and HO-1. The effects
were detected for both DEPy, and for DEPy, in combi-
nation with a-quartz, and for DEPyg, in combination with
anorthosite, rhomb porphyry and quartz diorite parti-
cles, suggesting that the enhanced effects can be induced
by several exposure scenarios. Moreover, in several cases
the effect of combined exposure far surpassed the effects
of the particle samples alone, which was particularly
prominent for the release of CXCL8 and IL-1f and for
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the expression of CXCL8 and COX-2. However, more
in-depth studies will be needed to confirm whether the
effects of combined exposure are additive or synergistic
(62, 63].

Few other studies have assessed the effects of com-
bined exposure to minerals and combustion particles
in experimental systems [64—66]. Tomasek et al. [66]
exposed an alveolar 3D co-culture at air-liquid interface
(ALI) and pseudo-ALI to volcanic ash particles in com-
bination with the National Institute of Standards and
Technology (NIST) standard reference material (SRM)
2975, a DEP derived from an industrial forklift. How-
ever, the results were mostly negative, and only a small
non-significant increase in tumor necrosis factor (TNF)a
and IL-1f secretion was observed after combined expo-
sure compared to the particle samples alone [66]. Simi-
lar results were reported in the same cell model exposed
to volcanic ash and complete gasoline exhaust, which
produced no significant change in cytotoxicity or mark-
ers of oxidative stress and inflammation [65]. In a study

by Farris et al. [64], the effects of SRM 2975 and quartz
were assessed in rats after intratracheal instillation of
doses relevant to workers in hydraulic fracturing opera-
tions. While combined exposure modified the effects on
lung injury and inflammation, no consistent increase in
biological endpoints were detected across doses and time
points, and DEP tended to decrease the quartz-induced
levels of several inflammatory markers in the lung when
administered together [64]. Nevertheless, combined
exposure induced an increase in the number of neutro-
phils, which persisted up to 1 month after exposure, indi-
cating increased lung inflammation. The NIST SRM 2975
used in these studies is a sample originally intended as a
standard for chemical analysis but is frequently used in
toxicological studies. Notably, this DEP sample was col-
lected at high temperatures, which limits the condensa-
tion of PAHs and other semi-volatiles [67]. Consequently,
SRM 2975 is essentially a denuded DEP with consider-
ably lower levels of PAHs and other organic constitu-
ents than the samples used in the present study, as well
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(10.5 pg/cm?) a-quartz. The release of CXCL8 (A) and IL-18 (B) in the cell culture supernatants was measured using ELISA. Results are presented as
boxplots of 5 independent experiments (Box: 25th-75th percentile, whiskers: minimum and maximum values, line: median, ++: mean). Statistically
significant differences were determined using two-way repeated measures ANOVA followed by Dunnett's and Sidak's post-tests. All values were
log-transformed prior to statical analysis to satisfy model assumptions. *Statistically significant difference from the respective control. #Statistically
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as other DEP samples tested [21, 30, 53, 67, 68]. Thus, it
seems likely that the more limited combinatory effects
observed in Tomasek et al. [66] and Farris et al. [64]
could be explained by the lack of organic material in SRM
2975. Several studies suggest that lipophilic particle con-
stituents are important drivers of the pro-inflammatory

effects of DEP [30, 31, 60, 61]. This is also exemplified
in the present study where lipophilic organic extracts of
DEPy, (DEE) induced similar responses in combination
with a-quartz as the native DEPy, particles. However, it
should be noted that the pro-inflammatory potential of
DEP does not necessarily correspond to the content of
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Fig. 9 Expression of genes related to inflammation and redox responses after combined exposure to DEPg, and stone particles. HBEC3-KT cells
were exposed to 25 pg/mL (2.6 ug/cm?) DEPg, alone or in combination with 200 pug/mL (21.1 pg/cm?) a-quartz, anorthosite, rhomb porphyry or
quartz diorite for 12 h. The expression of CXCL8 (A), IL-13 (B), IL-1a (C), COX-2 (D) and HO-1 (E), CYP1A1 (F) and CYP1B1 (G) was determined using
gPCR. Results are expressed as fold change compared to unexposed cells and presented as boxplots of 5 independent experiments (Box: 25th—-75th
percentile, whiskers: minimum and maximum values, line: median, +: mean). Statistically significant differences were determined using two-way
repeated measures ANOVA followed by Dunnett’s and Sidak’s post-tests and are calculated from normalized CT values. *Statistically significant
difference from the respective control at 0 ug/mL mineral particles. #Statistically significant difference between exposure groups

organic particle constituents, suggesting that the specific  induce biological effects through other particle constitu-
composition rather than the total organic content may be  ents, such as more polar compounds, metals or the car-
of importance [69, 70]. Moreover, SRM 2975 appears to  bon particle core [71-74].
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In the present study, the pro-inflammatory effects
of DEP alone and in combination with a-quartz var-
ied between the DEP samples generated from differ-
ent fuels. DEPg, induced the highest levels of CXCLS8
secretion followed by DEPy,, while DEPy,, induced the
lowest amount. The IL-1B response was more similar
between the DEP samples, although there was a tendency
for lower response in cells exposed to DEPg,,. A similar
order of potency was observed when cells were exposed
to DEP and a-quartz in combination, with DEPy, induc-
ing the highest CXCL8 and IL-1f responses. In addi-
tion, the increase in both cytokines was higher and more
consistent with DEP,; compared with DEPp,,, reaching
statistical significance compared with DEP alone. While
DEPy, and DEPy; induced comparable levels of CXCLS,
IL-1B, IL-1a, HO-1 and COX-2 expression, DEPy, tended
to induce somewhat higher responses in combination
with a-quartz. As reviewed by Moller et al. [75], previ-
ous studies assessing the pro-inflammatory effects of
emissions from biodiesel and conventional petroleum
diesel in experimental animals or in lung epithelial cells
in vitro have shown inconsistent results, with some stud-
ies reporting higher toxicity of biodiesel emissions than
conventional diesel fuel, and others reporting similar or
lower effects. The more pronounced effects of the DEPy,
and DEPg, samples compared with DEPp,, observed
in the present study might indicate that increasing the
biodiesel content of the fuel may decrease the pro-
inflammatory effects of the resulting particles. However,
this should be interpreted with some caution as the dif-
ferences between the DEPy, and the DEPy,; and DEPp,,
samples could partly be due to differences in engine
technology and sampling conditions, rather than the fuel
composition.

The increased pro-inflammatory effects of combined
exposure were also observed using particle samples
of mixed mineral composition derived from crushed
stone material. As for a-quartz, exposure to anorthosite,
rhomb porphyry or quartz diorite particles in combi-
nation with DEPg, induced significant increases in the
secretion of pro-inflammatory cytokines and expression
of genes related to inflammation and redox responses
compared with exposure to the individual particle sam-
ples. The potency of the mineral samples in combination
with DEPg, was mostly in line with the order of potency
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reported for the individual samples in previous stud-
ies using the same cell model, with a-quartz being the
most potent followed by anorthosite, while rhomb por-
phyry and quartz diorite induced lower and similar levels
[48]. Considering that the anorthosite does not contain
any quartz (Additional file 3: Table S1) [48], these results
clearly show that the increased effects of combined expo-
sure cannot be explained by quartz content alone, sug-
gesting that other mineral components are important.
Consequently, this means that minerals not commonly
considered particularly toxic may increase the effects of
DEP when administered in combination.

The AhR pathway is highly expressed in lung tissue and
can be activated by components of particulate air pollu-
tion, such as PAHs [58, 59]. In the present study, robust
increases in expression of the AhR-target genes CYP1A1
and CYP1B1 were detected after exposure to DEP, both
alone and in combination with mineral particles. Moreo-
ver, exposure to the AhR-specific inhibitor CH223191
prior to particle exposure significantly attenuated the
particle-induced cytokine responses, further suggest-
ing a role of the AhR pathway in the pro-inflammatory
effects of DEP and minerals in HBEC3-KT. This is in
line with previous studies from our group and others
showing that AhR is involved in the pro-inflammatory
responses induced by DEP or DEP extractable organic
chemicals in airway epithelial cells and vascular endothe-
lial cells [30, 53, 76]. AhR is known to regulate a number
of cytokine genes directly through conventional xenobi-
otic response elements (XRE) in their promotor region
or through interactions with other transcription factors
such as nuclear factor kappa B (NF-kB) [76-78]. Canoni-
cal ligands for AhR include PAHs and halogenated aro-
matic hydrocarbons, many of which are abundant in
combustion-derived PM [58, 59]. In the present study,
lipophilic organic extracts of DEPg, showed enhanced
effects on cytokine secretion similar to the native par-
ticles when administered together with quartz, sug-
gesting a central role for soluble organic chemicals.
Moreover, previous chemical characterization of the
DEP samples suggests that the content of PAHs corre-
sponds to the order of potency observed in the present
study, with DEPy, containing the largest amount, fol-
lowed by DEPy, and DEPg,, [21, 30, 53]. This is in line
with the results of Brinchmann et al. [30] who showed

(See figure on next page.)

Fig. 10 The effects of AhR-inhibition on the cytokine responses induced by combined exposure to DEPy, and stone particles. HBEC3-KT cells were
exposed to the AhR-specific inhibitor CH223191 (10 pM) for 30 min prior to 24 h exposure to 25 ug/mL (2.6 pug/cm?) DEPg, and 200 ug/mL (21.1 ug/
cm?) anorthosite (A), rhomb porphyry (B) and quartz diorite (C). The release of CXCL8 (i) and IL-1( (ii) in the cell culture supernatants was measured
using ELISA. Results are presented as boxplots of 5 independent experiments (Box: 25th—-75th percentile, whiskers: minimum and maximum values,
line: median, 4+: mean). Statistically significant differences were determined using two-way repeated measures ANOVA followed by Dunnett’s and
Sidak's post-tests. All values were log-transformed prior to statical analysis to satisfy model assumptions. *Statistically significant difference from the
respective control. #Statistically significant difference between exposure groups
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that lipophilic extracts of DEP induced IL-1p, CXCLS,
COX-2 and HO-1 expression in human endothelial cells
through mechanisms partly dependent on AhR. How-
ever, it should be noted that the residual particles after
extraction of organic chemicals have been reported
to induce CYP1A1 expression to a larger extent than
organic extracts [31], suggesting that the carbon particle
core or less extractable components may also contrib-
ute to the effects of DEP. In addition to their capacity as
AhR agonists, metabolism of PAHs, for instance by CYP
enzymes, may cause the formation of electrophilic and
redox-active metabolites, such as diol epoxides, radical
cations and quinones, which may damage cellular mac-
romolecules [79]. In the present study, the expression of
HO-1, an enzyme linked to the redox-sensitive pathway
nuclear factor erythroid 2-related factor 2 (Nrf2) [57],
was elevated in cells exposed to DEP and minerals in
combination, suggesting a possible role for formation of
reactive oxygen species (ROS) and oxidative stress. How-
ever, previous studies from our group suggest that DEP
activates AhR and pro-inflammatory responses at lower
concentrations and occur in the absence of effects on
HO-1 expression [30, 53], suggesting that the effects on
oxidative stress could be a high dose phenomenon rather
than an underlying mechanism. Taken together, the
results of the present study suggest that lipophilic organic
chemicals in DEP are involved in the effects of combined
exposure, which are mediated through activation of the
AhR signalling pathway.

The possibility of altered effects from combined expo-
sure to pollutants may be of concern from a public and
occupational health perspective, especially if the effects
are increased, the threshold dose for adverse effects is
lowered, or if the combination causes adverse effects that
are not caused by the individual compounds. In the pre-
sent study, the in vitro pro-inflammatory effects of com-
bined exposure to DEP and mineral particles surpassed
the effects of the individual particulates, suggesting that
combined exposure may be more detrimental to human
health. Consequently, our findings indicate that the
potential benefits of phasing out or eliminating specific
sources of PM, such as diesel fuel combustion, could be
greater than anticipated based on studies of the individ-
ual components, and possibly exceed the effects of more
general measures to reduce overall emissions of total PM.
Thus, characterisation of possible combinatory effects
between particles from different sources could aid poli-
cymakers in determining more efficient mitigating meas-
ures targeting the pollutants that contribute the most to
adverse effects.

There are some limitations with the current study
that should be mentioned. First, the current study uses
a simplified in vitro model, consisting of monocultures
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of lung epithelial cells exposed under submerged condi-
tions, and does not mimic the complexity of in vivo expo-
sure. Thus, care must be taken when extrapolating these
results to human exposure scenarios. Recent advances
in in vitro model systems include more complex 3D cell
models consisting of multiple cell types and exposure at
ALI which offer a more relevant model system for inha-
lation exposure [80—82]. Second, the concentrations used
in this study are quite high. Li et al. [83] estimated that
24 h exposure to 79 pg/m® PM, ; in urban air could trans-
late to 204 pg/cm? in the upper airways, 2.3 pg/cm? in the
tracheobronchial region, and 0.05 pg/cm? in the alveo-
lar region. In comparison, the concentrations used in
the present study were in the range of 2.6-21.1 pg/cm?
However, it’s important to note that exposure to DEP and
minerals is also relevant for exposure in occupational
settings, such as mining and tunnel construction, where
the particle concentrations may be orders of magnitude
higher than in ambient air. For reference, the US OSHA
regulates most mineral dust as respiratory dust (PM;) in
general, with an occupational exposure limit of 5 mg/m?3
as an 8-h time weighted average [84]. Nevertheless, the
concentrations used in the present study are likely higher
than concentrations that could be expected to occur in
most real-life exposure scenarios, which should be con-
sidered when interpreting the results of the study. Thus,
future studies should focus on verifying the findings in
more advanced model systems and more relevant expo-
sure concentrations. However, it should be noted that
Farris et al. [64] found that combined exposure to DEP
and a-quartz induced significant increases in neutrophil
influx in rat lungs at doses they estimated to be relevant
for high exposure in hydraulic fracturing operations, sug-
gesting that the effects observed in the current study are
not just a high dose phenomenon or an artefact of the cell
model system.

Conclusions

The present study indicates that combined exposure to
DEP and mineral particles, two common constituents
of PM in ambient air and occupational settings, induces
pro-inflammatory responses in human lung epithelial
cells that often greatly exceed the effect of either sample
alone. The effects were observed both with DEP gener-
ated using an older diesel engine running on petroleum
diesel and DEP from modern biodiesel blends, as well as
several mineral samples of different composition, which
adds to the robustness of the findings. The responses
were partly mediated through an AhR-dependent path-
way, and lipophilic organic chemicals in DEP seemed to
be major determinants. Taken together, the results of the
present study emphasize that combinatory effects of dif-
ferent source-specific components of ambient PM could
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be an important factor driving the adverse health effects.
Importantly, future studies should address whether tar-
geting specific key components of ambient PM may lead
to larger health benefits than general measures to reduce
the overall emissions.

Material and methods

Particle samples

Min-U-Sil 5, referred to as a-quartz in the main body
of the text, was purchased from the US Silica company
and is a ground silica sample of high purity (Median size
1.6 um) (US Silica Co., Berkeley Springs, WV, USA).
The generation and characterisation of the anorthosite,
rhomb porphyry and quartz diorite particle samples have
been described in a previous publication [48]. Briefly, the
samples were delivered by stone aggregate producers in
the size range of 8—16 mm and crushed further in a Los
Angeles test machine before extracting the fraction of
particles below 10 um by gravitational settling in water.
The mineral composition of the samples was determined
using X-ray diffraction (XRD) analysis (Additional file 3:
Table S1). The particle size distributions of the samples
were similar with > 95% of the particle being below 10 um
and a mean particle size of approximately 4.2 pm, 3.2 um
and 3.5 pm for the anorthosite, rhomb porphyry and
quartz diorite samples, respectively. The specific surface
area of the particles was 7.2 m*/g for the anorthosite and
rhomb porphyry samples, and 5.1 m?/g for the quartz
diorite sample [48]. The process of collection and char-
acterization of the DEP samples has also been described
in previous publications [21, 53]. Briefly, DEPg, was col-
lected by scraping deposited particles from the wall of
the main exhaust pipe of a diesel engine (Deutz, 4-cylin-
der, 2.2 L, 500 RPM) running on gas oil (Petroplus Refin-
ing Teesside Ltd., United Kingdom), and was provided
by Dr. Flemming R. Cassee (RIVM, Netherland). The
DEPy, and DEPg,, samples were collected from a Euro
5 diesel engine without diesel particle filter (Common
Rail 3" generation injection system, 1.2 L, 1248 cm®,
max power 75 bhp, max torque 190 nM, production year
2014) running on 1st generation biodiesel fuel contain-
ing either 7% or 20% fatty acid methyl ester (FAME) in
diesel oil, respectively. Both DEPy, and DEPg,, were col-
lected directly from the exhaust on polytetrafluoroeth-
ylene (PTFE)-coated glass fiber filters (70 mm; Pallflex,
Emfab filters, TX40HI20WW). Particles were then gently
scraped of the filters for use in cell culture experiments.

Preparation of particle stock solutions

All particle stock solutions were prepared in cell cul-
ture medium and sonicated for 5 min on ice using a
Vibra-Cell™ probe sonicator (Sonics & Materials Inc.,
Newtown, CT, USA) to ensure even suspension of the
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particles. Due to difficulties in dispersing the DEP parti-
cles in cell culture media, the suspended particles were
vortexed for 10 min and centrifuged on 1200 x g to pel-
let the particles prior to sonication. The primary particle
stock concentration was 2 mg/mL for all samples, which
was further diluted in the wells to yield the final con-
centrations. The mineral particle stocks were prepared
in glass vials while the DEP samples were prepared in
1.5 mL Eppendorf tubes.

Endotoxin concentrations in the particle stocks

Endotoxin in the DEPy,, DEPy, and DEPg,, particle stock
was quantified using the Pierce” Chromogenic Endo-
toxin Quant Kit (ThermoFisher Scientific, Waltham, MA,
USA) with minor alteration noted in Grytting et al. [48].
Particle suspensions and endotoxin standard solutions
were prepared using HyClone " Water (Fisher Scientific,
Waltham, MA, USA) and Lonza Pyrogen-free Test Tubes
(Fisher Scientific, Waltham, MA, USA). The concentra-
tion of endotoxin in the a-quartz, anorthosite, rhomb
porphyry and quartz diorite samples has been reported
in a previous study [48].

Preparation of diesel exhaust particle extract

Soluble organic chemicals were extracted by sequen-
tial washing in water under pressure at increasing tem-
perature (25-150 °C), followed by a final washing with
methanol (100 °C). The extracted organic material was
dissolved in dimethyl sulfoxide (DMSO) for use in cell
culture experiments at a concentration corresponding to
the mass of DEP used to generate the extracts. Organic
chemicals in the extracts were determined using a ther-
mal optical analyser (Sunset Laboratories, Tigard, OR,
USA), while individual substances were identified by gas
chromatography mass spectrometry using a 6890 Series
II Plus GC coupled to a 5975C MS detector (Agilent,
Santa Clara, CA). Based on the chemical analysis and
an initial screening for effects on cytotoxicity and pro-
inflammatory responses (Brinchmann et al. unpublished
results), only the methanol soluble, lipophilic fraction
was included in the present study.

Cell cultures and exposure

HBEC3-KT

HBEC3-KT cells (ATCC, Manassas, VA, USA) were cul-
tured in LHC-9 medium (Lonza, Basel Switzerland) in
collagen-coated T75 flasks and maintained at 37 °C in
a humidified atmosphere containing 5% CO,. The cells
were loosened with trypsin (Sigma-Aldrich, Saint-Louis,
MO, USA) and passaged twice every week to maintain
proper cell culture conditions. Prior to the experiments,
cells were seeded on collagen-coated 12-well cell cul-
ture plates at a concentration of 80,000 cells per well
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(21,000 cells/cm?) in 1 mL LHC-9 medium. After 24 h,
the LHC-9 medium was replaced, and the cells incubated
for an additional 24 h. Then, 24 h prior to exposure, each
well was washed with 1 mL phosphate-buffered saline
(PBS) before adding 1 mL of DMEM F12 medium (Gibco
by Thermofischer, Waltham, MA, USA) supplemented
with penicillin—streptomycin (Lonza, Basel, Switzerland),
ampicillin (New York, NY, USA) and amphotericin B
(Sigma, St. Louis, MA, USA).

Exposure regime and sample preparation

HBEC3-KT cells were exposed in 0.4 mL DMEM F12
in 12 well cell culture plates. Particle samples were vor-
texed vigorously before adding them to the cell culture to
ensure even suspension of the particles. Following expo-
sure, the cells were incubated at 37 °C in an atmosphere
containing 5% CO, for 2, 6, 12 or 24 h, depending on the
experimental design. A microscope image of the cells at
the end of an experiment is provided in figure S4 in Addi-
tional file 5. To assess the involvement of the AhR path-
way, the cells were exposed to 10 uM of the AhR specific
inhibitor CH223191 (Sigma-Aldrich, Saint-Louis, MO,
USA) for 30 min prior to exposure to the particles. The
inhibitor stock was dissolved in DMSO at a concentra-
tion of 10 mM and was diluted in cell culture medium
to give the final concentration. The final DMSO con-
centration in the well was kept below 0.1% and was bal-
anced between wells. Following exposure, the cell culture
supernatants were transferred to 1.5 mL Eppendorf tubes
and centrifuged at 290 x g for 10 min to remove cells and
debris. The supernatants were then transferred to new
Eppendorf tubes and centrifuged for an additional 10 min
at 1200 x g to remove particles. For mRNA isolation, the
cell culture plates were put on ice and each well washed
twice with cold PBS (4 °C) after removing the medium.
Both the supernatants and the cell culture plates were
then stored at — 80 °C awaiting analysis.

Release of pro-inflammatory cytokines

The concentrations of CXCL8 and IL-1f in the cell cul-
ture supernatant were measured using Cytoset (Invitro-
gen by Thermo Fischer Scientific, Waltham, MA, USA
and Novex by Life Technologies Waltham, MA, USA) or
Duoset (R&D systems, Minneapolis, MN, USA) enzyme-
linked immunosorbent assay (ELISA) kits, respectively,
both applied according to the manufacturer’s instruc-
tions. Samples were diluted in the recommended assay
buffer to stay within the appropriate range of the assay.
ELISA was performed in Nunc Maxisorb plates (Thermo
Scientific, Waltham, MA, USA). Absorbance was meas-
ured using a Sunrise plate reader (Tecan, Ménnerdorf,
Switzerland).
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Cytotoxicity

Cytotoxicity was assessed by the alamarBlue assay (Inv-
itrogen by thermofischer scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. The cells
were incubated for 60 min with 0.4 mL alamarBlue solu-
tion, diluted 1:10 in cell culture medium, at 37 °C in an
atmosphere containing 5% CO,. Fluorescence was meas-
ured using a Clariostar plate reader (BMG LABTECH,
Ortenberg, Germany).

Gene expression analysis

RNA was isolated using the NucleoSpin RNA Plus kit
(Macherey-Nage, Diiren, Germany) according to the
manufacturers’ recommendations. The content and qual-
ity of the RNA in each sample were determined using a
DS-11 spectrophotometer (Denovix, Wilmington, DE,
USA). Next, RNA was reverse transcribed into cDNA
using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems by Thermofischer, Waltham, Ma,
USA) and an S-100 thermal cycler (BioRad, Hercules,
CA, USA). Gene expression of CXCLS8, IL-1a, IL-1B,
IL-6, HO-1, COX-2, CYP1Al, CYP1B1l and GAPDH
was determined by quantitative real-time polymerase
chain reaction (qPCR) using a CFX96 Touch Real-Time
PCR Detection System (BioRad, Hercules, CA, USA)
with pre-designed TagMan Gene Expression Assays
(CXCL8: Hs00174103_m1, IL-la: Hs00174092_ml,
IL-1p: Hs01555410_m1, COX2: Hs00153133_m1, HO-1:
Hs01110250_m1, CYP1Al: Hs01054797_gl, CYP1B1:
Hs02382916_s1, GAPDH Hs02758991_gl1) and TagMan
Universal PCR Master Mix (Both from Thermofis-
cher, Waltham, MA, USA). The expression of each
gene was normalized against the housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and expressed as fold change compared to unexposed
control, calculated according to the AACt method
(ACt=Ct[Gene of Interest] — CtfGAPDH]; AACt=ACt-
[Treated] — ACt[Control]; Fold change =2[— AACt]).

Binding of cytokines to particles

Non-specific binding of cytokines to the DEPy,, DEPy,
and DEPg,, samples was measured as described in pre-
vious studies [54]. Solutions of 200 pg/mL CXCL8 and
62.5 pg/mL IL-1B were prepared using the standard
from ELISA kits and incubated with 50 pg/mL particles
in DMEM cell culture medium in a 24 well cell culture
plate at 37 °C in an atmosphere containing 5% CO,. After
24 h, the medium was transferred to 1.5 mL Eppendorf
tubes and centrifuged for 10 min at 1200 x g to pellet the
particles. The concentrations of cytokines remaining in
the supernatant was measured using ELISA. The amount
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of cytokine binding by the a-quartz, anorthosite, rhomb
porphyry and quartz diorite samples has been published
in a recent study [48].

Statistical analyses

The concentration—response relationships for the differ-
ent particle samples were analysed by one-way analysis
of variance (ANOVA) followed by Dunnett’s post-test
for multiple comparisons, while the effect of combined
exposure to multiple agents was analysed using two-way
ANOVA followed by Dunnett’s, Tukey or Sidik’s post-
tests, depending on the experimental design. A repeated
measures design, in which all values from a single experi-
ment were defined as a subject, was used throughout to
account for variation between experiments not related to
the experimental treatment. Geisser-Greenhouse correc-
tion was applied to account for deviations from spheric-
ity. Log-transformation was used in cases where the data
did not meet model assumptions.
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Additional file 1: Figure S1. DEP-induced cytotoxicity and cytokine
release. HBEC3-KT cells were exposed to 12.5-200 pg/mL (1.3-21.1 pg/
cm?) DEPg, (A), DEP; (B) or DEPg,, (C) for 24 h. The release of CXCLS (i)
and IL-18 (i) in the cell culture supernatants was measured using ELISA
while cell viability (iii) was determined using alamarBlue assay. Results
are presented as mean£SD (n=3-7). Statistically significant differences
were determined using one-way repeated measures ANOVA followed by
Dunnett’s post-test. Values not adhering to model assumptions were log-
transformed before statistical analysis. * Statistically significant difference
from the respective control.

Additional file 2: Figure S2. Non-specific binding of cytokines to the
DEP samples. Solutions of 200 pg/mL CXCL8 (A) or 62.5 pg/mL IL-1$

(B) were incubated with 50 pug/mL (5.3 pg/cm?) DEPg, DEPg;, or DEPg,,
for 24 h. The concentrations cytokines remaining in the medium were
measured using ELISA. The experiment was performed in triplicate and is
presented as percentage of control (mean =+ SD).

Additional file 3: Table S1. Mineralogical composition of the anorthosite,
rhomb porphyry and quartz diorite samples.

Additional file 4: Figure S3. Cytotoxicity and cytokine responses after
combined exposure to DEP and a-quartz at higher concentrations.
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HBEC3-KT cells were exposed to 25 pg/mL (2.6 ug/cm?) DEPg, and 100~
200 ug/mL (10.5-21.1 ug/cm?) a-quartz for 24 h, alone or in combination.
Cytotoxicity (A) was measured by AlamarBlue assay, while the release of
CXCL8 (B) and IL-1P (C) in the cell culture supernatants was measured
using ELISA. Results are presented as boxplots of 6 independent experi-
ments (Box: 25th-75th percentile, whiskers: minimum and maximum
values, line: median, 4+: mean). Statistically significant differences were
determined using two-way repeated measures ANOVA followed by Dun-
nett’s and Tukey post-tests. Values not adhering to model assumptions
were log-transformed before statistical analysis. * Statistically significant
difference from the respective control at 0 ug/mL a-quartz. # Statistically
significant difference between exposure groups.

Additional file 5: Figure S4. Microscope image of the cells after expo-
sure. A microscope image of HBEC3-KT cells after exposure to vehicle (A),
100 pg/mL (105 pg/cm?) a-quartz (B), 50 ug/mL (5.3 pg/cm?) DEP, (C) or
100 pg/mL a-quartz in combination with 50 ug/mL DEPg, (D) for 24 h
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