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Abstract

Background Epidemiological studies have related desert dust events to increased respiratory morbidity and
mortality. Although the Sahara is the largest source of desert dust, Saharan dust (SD) has been barely examined

in toxicological studies. Here, we aimed to assess the NLRP3 inflammasome-caspase-1-pathway-dependent pro-
inflammatory potency of SD in comparison to crystalline silica (DQ12 quartz) in an advanced air-liquid interface
(ALI) co-culture model. Therefore, we exposed ALl co-cultures of alveolar epithelial A549 cells and macrophage-like
differentiated THP-1 cells to 10, 21, and 31 pg/cm? SD and DQ12 for 24 h using a Vitrocell Cloud system. Additionally,
we exposed ALl co-cultures containing caspase (CASP) 17~ and NLRP3™~ THP-1 cells to SD.

Results Characterization of nebulized DQ12 and SD revealed that over 90% of agglomerates of both dusts were
smaller than 2.5 um. Characterization of the ALI co-culture model revealed that it produced surfactant protein C and
that THP-1 cells remained viable at the ALI. Moreover, wild type, CASP17/~, and NLRP3™~ THP-1 cells had comparable
levels of the surface receptors cluster of differentiation 14 (CD14), toll-like receptor 2 (TLR2), and TLR4. Exposing

ALl co-cultures to non-cytotoxic doses of DQ12 and SD did not induce oxidative stress marker gene expression. SD
but not DQ12 upregulated gene expressions of interleukin 1 Beta (IL1B), IL6, and IL8 as well as releases of IL-1(3, IL-6,
IL-8, and tumor necrosis factor a (TNFa). Exposing wild type, CASP1~/~, and NLRP3™/~ co-cultures to SD induced IL1B
gene expression in all co-cultures whereas IL-1B release was only induced in wild type co-cultures. In CASPT~/~ and
NLRP3™'~ co-cultures, IL-6, IL-8, and TNFa releases were also reduced.

Conclusions Since surfactants can decrease the toxicity of poorly soluble particles, the higher potency of SD than
DQ12 in this surfactant-producing ALI model emphasizes the importance of readily soluble SD components such
as microbial compounds. The higher potency of SD than DQ12 also renders SD a potential alternative particulate
positive control for studies addressing acute inflammatory effects. The high pro-inflammatory potency depending
on NLRP3, CASP-1, and IL-1f3 suggests that SD causes acute lung injury which may explain desert dust event-related
increased respiratory morbidity and mortality.
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Background

Epidemiological studies have revealed that desert dust
exposure increases respiratory morbidity and mortality
[1-5]. In toxicological studies, desert dusts from differ-
ent regions have been demonstrated to induce oxidative
stress and inflammatory signaling. Especially Asian sand
dust [6, 7], Middle East desert dust [8, 9], and Northern
American desert dust [10, 11] have been tested in animal
models as well as in cell culture models of epithelial cells
and macrophages. Studies comparing desert dusts from
different sources or different dust events reported varia-
tions in toxic potencies related to their heterogeneous
composition [7, 9, 12, 13]. Desert dusts are mixtures con-
taining amongst others inorganic particles, metals, and
ions as well as organic carbon compounds, microbial
components such as fungal f-glucans and bacterial endo-
toxins, and even viable microbes [7, 9, 14, 15].

Although Saharan dust (SD) accounts for over 50% of
the global desert dust emission [16], few studies have
addressed its toxicity: Organic extracts from SD col-
lected in Puerto Rico [17-19] and SD containing urban
pollutants from Mali [20] were shown to trigger oxida-
tive stress and inflammation using in vitro models of
bronchial epithelial cells. Furthermore, we could recently
demonstrate that SD collected on the Cape Verde islands
induced oxidative stress and inflammatory cytokines in
alveolar epithelial A549 cells as well as pro-inflammatory
cytokine secretion from macrophage-like THP-1 cells
[21]. The latter was strongly dependent on the NACHT,
LRR, and PYD domains-containing protein 3 (NLRP3)
inflammasome.

Activation of the NLRP3 inflammasome is a two-step
process that leads to the secretion of the pro-inflamma-
tory cytokine interleukin (IL)-1p from innate immune
cells such as macrophages. The first, or priming, step can
be mediated by toll-like receptor (TLR) signaling which
is triggered by microbial danger signals, e.g. lipopoly-
saccharides [22, 23]. Upon priming the expressions of
NLRP3 and pro-IL-1p are upregulated [22, 23]. The sec-
ond, or activation, step can be mediated by multiple stim-
uli, including bacterial pathogens and their components,
and particles such as quartz (extensively reviewed in
[24]). In the activation step, the NLRP3 inflammasome is
assembled, leading to the activation of caspase (CASP)-1,
which in turn cleaves pro-IL-1p to mature IL-1f [25, 26].
Mature IL-1p induces further cytokines such as IL-6 and
IL-8 [27-29]. The NLRP3-mediated production of IL-1f
has a critical role in acute lung injury [30-32] and is cru-
cial in the development of particle-induced lung inflam-
mation and fibrosis, i.e. silicosis [33, 34]. Apart from
IL-1P, the NLRP3 inflammasome-CASP-1 pathway also
leads to the release of IL-18 from macrophages [33, 35].
The role of IL-18 in silicosis is less well established than
of IL-1p [36-38]. Besides IL-1p, tumor necrosis factor o
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(TNFa) is the other critical early pro-inflammatory cyto-
kine for the development of acute lung injury [39] and
silicosis [40].

In this study, we analyzed the effects of SD in an air-
liquid interface (ALI) co-culture model of A549 and dif-
ferentiated THP-1 cells combining two major advantages.
Firstly, the culture at the ALI enables more realistic expo-
sure conditions and causes more realistic properties,
e.g. production of surfactant and a lower surface ten-
sion through higher amounts of lipids [41-43]. Secondly,
the co-culture of both cell types enables their cross-talk.
Cytokines released from macrophages can substantially
enhance the cytokine response of epithelial cells [44,
45]. The other way around, contact with epithelial cells
shapes the activity of alveolar macrophages [46—49]. For
instance, surfactant proteins A and C have been reported
to attenuate the activations of TLR2 [48], TLR4 [49], and
cluster of differentiation (CD)14 [50] through microbial
components. Moreover, the surfactant lining can facili-
tate the uptake of particles by macrophages and epithelial
cells [51]. Also, surfactants can decrease the cytotoxicity
towards alveolar macrophages and the pro-inflammatory
activity of quartz dust [52—54]. While desert dust repre-
sents one of the main sources of global non-anthropo-
genic air pollution, to the best of our knowledge, to date,
desert dust has neither been tested in a co-culture of epi-
thelial cells and macrophages nor in an ALI co-culture
model.

Using this advanced ALI co-culture model, we aimed
to compare the potencies of SD and DQ12 quartz dust
to induce oxidative and pro-inflammatory signaling. In
addition, we sought to analyze the role of the NLRP3
inflammasome regarding potential pro-inflammatory
effects in this ALI co-culture model.

Results

Size distribution of nebulized dusts

To assess the size distribution of DQ12 and SD depos-
ited on the ALI co-cultures, we examined nebulized
dust by scanning electron microscopy (SEM) (Fig. 1;
Fig. S1, Additional File 1). Since a particle can consist of
smaller (primary) particles that agglomerated to a big-
ger compact particle which is considered to be relevant
for exposure, we did not assess the primary particle size
distribution but the agglomerate size distribution. The
sizes of agglomerates (including single particles) were
log-normally distributed with mode diameters of 223 nm
(variance of 6=2.18) and 176 nm (variance of 0=1.55) for
DQI12 and SD, respectively. Nebulized DQ12 consisted
of larger agglomerates than SD. About 93% and 97% of
DQ12 and SD agglomerates were smaller than 1.0 pm,
respectively. More than 99% of agglomerates of both
dusts were smaller than 2.5 um.
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Fig. 1 Cumulative agglomerate size distributions of area equivalent diameters. Suspensions of DQ12 quartz dust (A, C) and Saharan dust (B, D)
in endotoxin-free H,O containing 1.25% PBS were sonicated and nebulized onto 0.1 um pore-size nucleopore filters. SEM images were obtained at a
nominal magnification of 5,000 x (pixel size: 6.2 nm). Images A and B show excerpts from images used for size determination. For 500 agglomerates, the

area equivalent diameter was determined based on Feret,,, and Feret,

Characterization of the in vitro model

To analyze whether the surface levels of the receptors
CD14, TLR2, and TLR4 were different between differen-
tiated wild type, CASPI~'~, and NLRP3~/~ THP-1 cells,
we performed immuno-staining and assessed the cells
via flow cytometry (Fig. 2; Fig. S2, Additional File 2). We
did not observe significant differences in surface levels
between the genotypes for any of the investigated recep-
tors. These results indicate that wild type, CASPI~/~,
and NLRP3~/~ THP-1 cells can be used to assess the role
of the NLRP3 inflammasome-CASP-1 pathway with-
out confounding through differential surface levels of
upstream receptors.

We analyzed the capacity of co-cultures of A549 cells
with wild type, CASP1~'~, and NLRP3~'~ THP-1 cells
and A549 mono-cultures to produce surfactant pro-
tein C (SP-C) by immuno-staining and visualization by

diameters (C, D)

fluorescence microscopy (Fig. 3). Simultaneously, we
examined the presence of differentiated THP-1 cells after
48 h of ALI culture via staining of CD45. We observed
slightly stronger staining of SP-C for the co-cultures than
for A549 mono-cultures. The genotype of the THP-1
cells did not influence the intensity of SP-C staining.
CD45 staining indicated that THP-1 cells of all genotypes
were still present after 48 h of ALI culture. The correct
genotypes of THP-1 cells were confirmed by submerged
lipopolysaccharide (LPS) exposure of THP-1 cell mono-
cultures in parallel to ALI co-culture experiments and
comparison of the IL-1f release to the results from a pre-
vious study (Fig. S3, Additional File 3) [55].
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Fig. 2 Surface receptor levels of CD14, TLR2, and TLR4 of differentiated THP-1 cells. Differentiated wild type, CASP17/=, and NLRP3™~ THP-1 cells
were immuno-stained for surface CD14, TLR2, or TLR4. Fluorescence intensities were measured by flow cytometry. Representative histograms are shown
in A. The median fluorescence intensities from N=3 independent experiments are plotted in B (one biological replicate per group). A two-way ANOVA
with Tukey’s post hoc test was calculated (no significant differences between genotypes obtained; different shapes represent experimental runs)

Toxicities of DQ12 quartz dust and Saharan dust at the air-
liquid interface

We exposed the co-cultures to DQ12 and SD at the
ALI using a Vitrocell Cloud 12a. To verify exposure to
the dusts and visualize the morphology of the nebulized
dusts, transmission electron microscopy (TEM) grids
were loaded in parallel to the ALI co-cultures and were
subsequently assessed via SEM (Fig. S4, Additional File
4). Due to surface tension, the dusts on the TEM grids
agglomerated during drying. The agglomerates of both
dusts were of a rather compact shape. DQ12 appeared
to have sharper edges than SD. The deposited doses
were quantified via quartz crystal microbalance (sQCM)
(Table S1, Additional File 5).

Absence of cytotoxicity. To monitor the cytotoxicity
of DQ12, SD, and LPS in the ALI co-cultures, we exam-
ined the release of adenylate kinase (AK) (Fig. 4). Neither
DQI2 nor SD induced cytotoxicity at the tested doses.
The release of AK into the basolateral compartment was
relatively high, compared to the lysis control. This could
be due to the short incubation time of 15 min with Triton
X-100 which was not sufficient to allow diffusion of AK
to the basolateral compartment.

Absence of oxidative stress. To analyze oxidative
stress, we assessed the mRNA levels of the marker genes
heme oxygenase 1 (HMOXI), apurinic-apyrimidinic
endonuclease 1/redox factor 1 (APEI/REFI), gamma-
glutamylcysteine synthetase (GGCS), and NAD(P)H
quinone dehydrogenase (NQOI) via quantitative reverse
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Fig.3 Surfactant production and macrophage viability at the air-liquid interface (ALI). Co-cultures of A549 cells with wild type (WT), CASP1~/~, and
NLRP3™~THP-1 cells as well as A549 mono-cultures were fixed after 48 h of cultivation at the ALL Nuclei were stained with Hoechst 33342. Immunostain-
ing of surfactant protein C (SP-C) and CD45 was performed. Representative images were obtained at 100 x magnification

transcription polymerase chain reaction (qRT-PCR)
(Fig. 5). None of the investigated marker genes was dys-
regulated upon 24 h of exposure to DQ12 or SD. The pos-
itive control for inflammatory effects, LPS, was tested in
parallel. LPS did not induce the oxidative stress marker
genes either.

Pro-inflammatory effects of SD. To analyze pro-
inflammatory effects, we examined the gene expressions
of IL1B, IL6, IL8, TNFA, and IL18 and cytokine releases
of IL-1p, IL-6, IL-8, TNFa, and IL-18 (Fig. 6). Surpris-
ingly, DQ12 did not affect any of these cytokines. On
the other hand, SD significantly enhanced cytokine gene
expression and release. The highest tested dose of 31 pg/
cm® SD upregulated IL1B and IL6 gene expression as well
as IL-1P and IL-6 release about three to five-fold. At the
same dose, IL8 gene expression and IL-8 release were
upregulated about two-fold. TNFA gene expression was
not significantly upregulated. TNFa release was induced
at all tested SD doses whereas only at the medium dose

statistical significance was reached. IL18 gene expression
was not affected by SD exposure. The concentrations of
released IL-18 remained below the limit of detection for
controls and all SD doses. The increases in the expres-
sions of IL1B, IL6, and IL8 as well as release of IL-1p and
IL-6 showed a dose-dependent trend. The lack of this
trend for IL-8 release might be due to increasing inter-
ference with the IL-8 ELISA with increasing SD dose
(see Fig. S5, Additional File 6). As expected, the posi-
tive control LPS strongly induced the gene expression of
IL1B, IL6, IL8, and TNFA and the release of all investi-
gated cytokines. LPS did not affect the gene expression
of IL18. In summary, SD was a more potent inducer of
pro-inflammatory cytokines than DQ12.

NLRP3 inflammasome dependence of cytokine
releases. To address the role of the NLRP3 inflamma-
some, we exposed ALI co-cultures with THP-1 wild
type and CRISPR/Cas9-generated THP-1 CASPI~/~
and NLRP3™'~ cells (hereinafter “wild type co-cultures’,
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Fig. 4 DQ12 quartz dust and Saharan dust were not cytotoxic. Air-liquid interface (ALl) co-cultures were exposed to DQ12 and Saharan dust (SD)
at doses in the range of 0-31 ug/cm? for 24 h or to 250+60 ng/cm” LPS for 21 h. The apical (A) and basolateral (B) release of adenylate kinase (AK) was
examined as a marker of cytotoxicity using the ToxiLight assay. ALl cultures treated with 0.5% Triton X-100 served as lysis control. The values are plotted as
means + standard deviation of N=4 independent experiments (Controls and LPS: one or two biological replicates; DQ12 and SD; duplicates per concen-
tration). A mixed-effects model with Sidak’s post hoc test was calculated (no significant differences obtained)

“CASP17'~ co-cultures”, and “NLRP3™'~ co-cultures”) to
31 pg/cm® SD or the positive control LPS (see sQCM-
measured doses in Table S2, Additional File 7). SD upreg-
ulated IL1B gene expression irrespective of the THP-1
cells’ genotype (Fig. 7). SD exposure only induced the
release of IL-1p from wild type co-cultures. In contrast,
for CASPI~'~ and NLRP3~'~ co-cultures, no IL-1f could
be detected in the basolateral supernatant, not even after
stimulation with LPS.

As in wild-type co-cultures, SD exposure enhanced the
gene expression of IL6 in CASPI~'~ and NLRP3™'~ co-
cultures, though statistical significance was not reached
(p=0.067 and p=0.052, respectively). The IL-6 concen-
tration in the basolateral supernatants from SD-exposed
CASPI7/~ co-cultures was below the limit of detec-
tion, whereas augmented IL-6 release from SD-exposed
NLRP3™'~ co-cultures was detected.

SD exposure upregulated the gene expression of IL8
by about 1.5 to two-fold irrespective of the genotype.
We observed an increase of IL-8 release in wild type and
NLRP3~'~ but not in CASPI~'~ co-cultures. Yet, interfer-
ence of SD with the IL-8 ELISA could have masked an
upregulation in CASPI™'~ co-cultures (see Fig. S5, Addi-
tional File 6).

SD exposure did not lead to enhanced gene expres-
sion of TNFA for any of the investigated genotypes.
TNFa release was only stimulated in wild type co-
cultures, while the TNFa concentrations were below
the limit of detection for SD-exposed CASPI1~~ and
NLRP3~'~ co-cultures.

For all genotypes, LPS exposure strongly induced
the gene expressions and releases of IL6/IL-6, IL8/IL-8,
and TNFA/TNFa. Within each exposure group, the

released concentrations of IL-6, IL-8, and TNFa from
the co-cultures followed the order wild type>NLRP3™/~
> CASPI7'~. We confirmed the correct genotypes of
THP-1 cells by submerged LPS exposure of THP-1 cell
mono-cultures in parallel to ALI co-culture experiments
and comparison of the IL-1p release to the results from a
previous study (Fig. S3, Additional File 3) [55].

In summary, deficiencies of CASP-1 and NLRP3
abrogated the SD-induced secretion of IL-1B. In addi-
tion, deficiencies of CASP-1 and NLRP3 reduced the
gene expressions and releases of IL6/IL-6, IL8/IL-8, and
TNFA/TNFa across all exposure groups.

Discussion

In this study, we tested Saharan dust (SD) toxicity in an
advanced ALI co-culture model. This model produces
surfactant and includes the crosstalk between epithe-
lial and macrophage-like cells. In our exposure system,
the SD deposited on the ALI co-cultures was in a respi-
rable size range. In the ALI co-culture model, SD had a
higher pro-inflammatory potency than DQ12 quartz
dust (DQ12). SD but not DQI12 induced IL-1B, IL-6,
IL-8, and TNFa. Further, our data show that the NLRP3
inflammasome-CASP-1 pathway is essential to boost the
inflammatory response to SD exposure. In CASP1~/~ and
NLRP3~'~ co-cultures, SD did not trigger IL-1p secre-
tion, and the releases of IL-6, IL-8, and TNFa were sub-
stantially lower than in wild type co-cultures.

Advantages of the air-liquid interface co-culture model

Here, we applied an advanced in vitro ALI co-culture
model comprising alveolar epithelial A549 cells and
macrophage-like differentiated THP-1 cells. This enabled
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Fig. 5 DQ12 quartz dust and Saharan dust did not induce oxidative stress marker gene expression. Air-liquid interface co-cultures were exposed
to DQ12 and Saharan dust (SD) at doses in the range of 0-31 ug/cm? for 24 h or 250 +60 ng/cm’ LPS for 21 h. The relative gene expression of HMOXT (A),
APE1/REFT (B), GGCS (C), and NQOT (D) was assessed by qRT-PCR. The results were normalized to control ALl cultures as well as to the reference genes
ACTB and GAPDH. The depicted fold changes with standard deviations were derived from the means of the AAC; values and standard deviations of the
ACq values of N=4 independent experiments (Controls and LPS: one or two biological replicates; DQ12 and SD: duplicates per concentration). A mixed-

effects model with Sidak’s post hoc test was calculated based on the AC7 values (no significant differences obtained)

us to test desert dust toxicity in a more advanced model
than traditional submerged monocultures. The ALI co-
culture model produces surfactant which can modify the
toxicity of particles [51, 56, 57] and microbial compounds
[50, 58, 59]. The ALI co-culture model also includes the
important crosstalk between epithelial cells and macro-
phages [44—49]. Furthermore, the ALI co-culture model
allows us to do mechanistic research by using specific
knock-out models. Here, we could specifically address
the role of the NLRP3 inflammasome-CASP-1 path-
way in macrophages. We could confirm by flow cytom-
etry that the deficiencies of NLRP3 and CASP-1 did not
affect the levels of relevant surface receptors upstream of
NLRP3 inflammasome activation, i.e., CD14, TLR2, and
TLR4 [22, 60]. In addition, this ALI co-culture model

offers the opportunity to selectively introduce further
genetic modifications to epithelial cells or macrophages.
Therefore, this in vitro model could be used instead of
conditional mutant animals.

Using the ALI co-culture model, we could test SD in
comparison to well-investigated DQ12 quartz dust. In
our Vitrocell Cloud exposure system, the size range of
the deposited agglomerates matches the respirable par-
ticle size range [61]. The doses tested in our study cor-
respond to concentrations of quartz dust that were
necessary to cause oxidative stress and inflammatory
cytokine upregulation in previous in vitro studies by us
and others [62—64]. Testing of SD concentrations that are
at least as high as quartz concentrations is supported by
the expected doses in acute exposure scenarios: Quartz
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Fig. 6 Saharan dust but not DQ12 quartz dust induced cytokine gene expression and release. Air-liquid interface co-cultures were exposed to
DQ12 and Saharan dust (SD) at doses in the range of 0-31 pg/cm? for 24 h or 250+ 60 ng/cm? LPS for 21 h. The relative gene expressions of IL18 (A), IL6
(B), IL8 (C), TNFA (D), and IL18 (E) as well as basolateral cytokine releases of IL-13 (F), IL-6 (G), IL-8 (H), TNFa (J), and IL-18 (K) were assessed by gRT-PCR and
ELISA, respectively. The gene expression results were normalized to control ALl cultures as well as to the reference genes ACTB and GAPDH. Fold changes
were derived from the means of AAC; values and standard deviations of AC; values. Depicted are mean values with standard deviations. Mixed-effects
models with Sidak’s post hoc test were calculated based on the AC; values and absolute cytokine concentrations for qRT-PCR and ELISA data, respectively.
N=4 independent experiments were performed (N=3 for IL-18 release; Controls and LPS: one or two biological replicates; DQ12 and SD: duplicates per
concentration; *p <0.05; **p<0.01). n.d.: not detected
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Fig. 7 Caspase-1and NLRP3 dependent cytokine gene expression and release in response to Saharan dust. Air-liquid interface co-cultures with
either wild type, caspase (CASP) 17/~ or NLRP3 ™~ THP-1 cells were exposed to 31 pg/cm? SD for 24 h or to 260 + 30 ng/cm?” LPS for 21 h. The relative gene ex-
pressions of IL1B (A), IL6 (B), IL8 (C), and TNFA (D) as well as basolateral cytokine releases of IL-103 (E), IL-6 (F), IL-8 (G), and TNFa (H) were assessed by gRT-PCR
and ELISA, respectively. The gene expression results were normalized to wild type control ALl cultures as well as to the reference genes ACTB and GAPDH.
Fold changes were derived from the means of AAC; values and standard deviations of AC; values. Depicted are mean values with standard deviations.
Mixed-effects models with Sidak’s post hoc test were calculated based on the AC; values and absolute cytokine concentrations for gRT-PCR and ELISA
data, respectively. N=4 independent experiments were performed (Control and LPS: one biological replicate per genotype; SD: duplicates; Comparisons
to the non-exposed controls of the respective genotype: *p <0.05; **p < 0.01; Comparisons to equally exposed wild type co-cultures: *p<0.05; #p<0.01)

n.d.: not detected

dust is an occupational pollutant and maximum air con-
centrations are regulated. In contrast, concentrations
of the environmental pollutant SD cannot be regulated.
During dust events, SD concentrations can even exceed
the maximum occupational concentrations of respirable
quartz of 50 pg/m® and 100 pg/m® in the USA [65] and
the European Union [66], respectively [67, 68].

So far, alveolar epithelial ALI co-culture models have
especially been applied to toxicity testing of nanomate-
rials [69-71]. Moreover, such models have been used to
assess environmental pollutants [72, 73] and crystalline
silica [62, 71]. Here, to the best of our knowledge, for the
first time, an ALI co-culture model is applied to assess
desert dust toxicity. Overall, the use of this advanced
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in vitro model for the assessment of the toxicity of SD
agrees with the replacement of animal studies as an
essential part of the 3 Rs by Russell and Burch [74], par-
ticularly considering the high animal numbers required
for in vivo knock-out models.

Higher acute pro-inflammatory potency of Saharan dust
than DQ12 quartz dust

Notably, in this advanced ALI co-culture model, SD but
not DQ12 induced the gene expression and release of
pro-inflammatory cytokines. Because of its known poten-
tial to trigger NLRP3-dependent cytokine production,
DQ12 had originally been included as a positive control
[34]. The higher inflammatory potency of SD compared
to DQI12 contrasts existing studies which compared des-
ert and quartz dusts. These contrasts may be explained
by different potencies amongst different desert dusts and
by the use of different models. The pro-inflammatory
potency of SD widely agrees with the existing literature
on desert dust toxicity both in in vivo [6, 8, 11, 75-77]
and in vitro [10, 12, 17, 19, 21] studies.

Contrasting our results, Ghio et al. [10] found pro-
inflammatory cytokine releases which were similar or
stronger upon quartz dust exposure compared to desert
dust exposure. They exposed mice and human bronchial
epithelial BEAS-2B cells to Arizona surface dust and
quartz dust. Similarly, Kim et al. [78] exposed rat lung
alveolar epithelial RLE-6TN cells to Asian yellow sand
dust and quartz dust and observed comparable poten-
cies to induce TNFa secretion. A possible explanation for
the different inflammatory potencies between the desert
dust sample from our study and other studies may be the
different sampling locations [9, 10, 13]. In particular, the
microbial composition could be the factor that distin-
guishes our Saharan dust sample and dust samples from
other deserts, considering that even at the same sampling
location there can already be substantial daily variabil-
ity in microbial composition [79]. Furthermore, as we
reported previously [21], our Saharan dust sample con-
tains iron, aluminum, trace metals, sulfate, diatomaceous
earth, and organic and elemental carbon; constituents
that are absent or barely contained in quartz dust, that
can vary between desert dust samples and that poten-
tially contribute to toxicity.

Contrasts between our and other studies may also be
due to varying toxic potencies in different in vitro mod-
els. For instance, in the in vitro models of the aforemen-
tioned studies by Ghio et al. [10] and Kim et al. [78] no
macrophages were included. Macrophages could poten-
tiate the pro-inflammatory cytokine response to micro-
bial components that are contained in SD but not DQ12
[21]. Additionally, differences between in vitro models
are reflected by the huge range of quartz dust concentra-
tions needed in different studies to obtain inflammatory
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effects in vitro, reaching from 0.23 pg/cm? [80] to 320 pg/
cm? [81]. The use of different models must also explain
the higher inflammatory potency of SD than DQ12 and
the low inflammatory potency of DQI12 in the present
study compared to our previous study [21]. In the previ-
ous study, we tested the same SD and DQ12 samples in
submerged mono-cultures of A549 and differentiated
THP-1 cells: In A549 cells, DQ12 induced IL8 expression
even more potently than SD after 24 h of exposure. In
differentiated TPH-1 cells, SD and DQ12 induced IL-1p
release with similarly strong potencies. The higher rela-
tive potency of SD compared to DQ12 may be explained
by the surfactant produced by the ALI co-culture model.
Surfactant can decrease the toxicity of poorly soluble
particles [52—-54]. The stronger effects of poorly soluble
particles in submerged than ALI co-culture models are
in line with studies directly comparing the sensitivities
of submerged versus ALI models [62, 73, 82]. Accord-
ingly, in our more realistic ALI co-culture model, readily
soluble components such as microbial compounds that
are only contained in SD but not in DQ12 would become
more important and drive SD-triggered inflammatory
signaling.

In the ALI co-culture model, we did not observe oxida-
tive stress in response to SD or DQ12 although oxidative
stress after desert dust exposure [10, 21, 83] and quartz
dust exposure [21, 63, 84] was reported in previous stud-
ies using submerged models. This difference between
submerged models and the ALI co-culture model may
again be explained by the lower potency of poorly soluble
particles in ALI models. Moreover, the absence of oxida-
tive stress in our study suggests that the inflammatory
potency of SD is oxidative stress independent. This agrees
with our previous study of SD in submerged A549 cells.
In the A549 cells, SD upregulated IL6 and IL8 expression
at 4 h but not at 24 h whereas oxidative stress was only
induced at the later time point [21].

In contrast to acute effects, persistent inflammatory
effects could not be addressed using our ALI co-culture
model since at extended cultivation times the cells over-
grow. Still, due to the failure of clearance, persistent
inflammation, which can lead to fibrosis, is especially rel-
evant for poorly soluble particles such as quartz dust [85,
86]. In studies on camels, desert dust exposure has been
correlated with persistent inflammation and lung fibro-
sis as well [87, 88]. To investigate these potential chronic
effects of desert dust in vitro, more sophisticated models
will be required such as primary cell tissues or organoids.

NLRP3 inflammasome and caspase-1 dependence

Our results suggest that SD can mediate the priming
step of the NLRP3 inflammasome-CASP-1 pathway and
that SD-triggered IL-1f release strongly depends on the
NLRP3 inflammasome and CASP-1. The transcriptional
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upregulation of ILIB gene expression suggests SD-
induced priming of the NLRP3 inflammasome-CASP-1
pathway. Especially, the upregulation of ILIB gene
expression in CASP1~'~ and NLRP3™'~ co-cultures sup-
ports the ability of SD to induce the priming step as in
these co-cultures IL1B gene expression cannot have been
upregulated by autocrine IL-1p signaling. In concordance
with our results, He et al. [6] found increased expression
of NLRP3 and ILIB in Asian sand dust (ASD)-exposed
murine macrophage-like cells. That desert dust can prime
the NLRP3 inflammasome-CASP-1 pathway is not sur-
prising, considering its content of microbial components
[79]. The dependence of SD-induced IL-1B secretion
on the NLRP3 inflammasome-CASP-1 pathway agrees
with the findings from our previous study of SD in wild
type and NLRP3~/~ THP-1 mono-cultures [21]. Also, we
found that SD did not induce the NLRP3 inflammasome-
CASP-1 pathway-dependent cytokine IL-18. The differ-
ence between IL-1B and IL-18 induction aligns well with
a study by Midtbo et al. [89]. Their study also agrees with
our findings regarding the incapacity of LPS to induce
IL18 gene expression in THP-1 cells. Which components
of SD drive the specificity for IL-1p over IL-18 induction
remains to be determined.

Additionally, our results show that beyond the direct
downstream cytokine IL-1B, the functional NLRP3
inflammasome boosts the secretion of the pro-inflamma-
tory cytokines IL-6, IL-8, and TNFa upon SD exposure.
The dependence of IL-8 secretion on IL-1f concentra-
tions has also been described by other authors [44, 45].
For the inductions of IL-6 and IL-8 secretion, we found
the same dependences on exposure and genotype. IL-6
and IL-8 have in common that the NF«kB pathway con-
tributes to their regulation [27, 28]. Further supporting
the boost of secondary cytokines through the NLRP3
inflammasome-CASP-1 pathway, CASP-1 has been dem-
onstrated to activate the transcription factor NF-«kB via
caspase-7 activation, so without the necessity of IL-1f
activation [90]. Furthermore, IL-1p has been suggested
to induce TNFa via the NFkB pathway, though the exact
mechanism is still being discussed [91]. Further stud-
ies are required to unravel the involvement of the NF«kB
pathway in the inflammatory effects of SD.

Besides NLRP3, further inflammasomes may play a
role in SD-induced inflammatory signaling, as well. The
involvement of further inflammasomes could explain
the higher IL-6 and IL-8 secretion from NLRP3~'~ co-
cultures than from CASPI~'~ co-cultures. Amongst oth-
ers, the NLRP1 [92], NLRC4 (or IPAF) [93], AIM2 [94],
and NLRP6 (or PYPAF5) [95] inflammasomes have been
reported to activate caspase-1. The potential dependence
of SD toxicity on the listed inflammasomes is emphasized
by the fact that they can be induced by different microbial
components (reviewed by [96, 97]) and that the bacterial
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endotoxin LPS also had stronger effects on NLRP3™/~
co-cultures than on CASPI~~ co-cultures. Our ALI
co-culture model is suitable to address the role of these
inflammasomes in future studies using similar genetic-
targeting approaches as used in the current study.

Conclusion

In conclusion, in an advanced air-liquid interface co-cul-
ture model, only Saharan dust but not DQ12 quartz dust
upregulated pro-inflammatory cytokines. As discussed in
our previous study, a main difference between Saharan
and quartz dust is the presence of readily soluble com-
ponents, especially microbial compounds [21]. Here we
suggest that in the more realistic ALI co-culture model,
the soluble components are more relevant for toxic-
ity. Which soluble and especially which microbial com-
pounds contribute to Saharan dust’s toxicity needs to be
addressed in further studies.

Moreover, considering the higher potency of Saharan
dust and the absence of quartz dust toxicity which has
also been observed in other studies [98, 99], we suggest
using Saharan dust as an alternative particulate posi-
tive control. A well-characterized and stored batch of
Saharan dust could be used in studies addressing acute
inflammatory effects.

Furthermore, the pro-inflammatory effects of Saha-
ran dust in the absence of quartz dust-induced effects
and the association with the NLRP3-caspase-1-IL-1p
axis strongly underline its hazardousness. To under-
stand the roles of the NLRP3 inflammasome-caspase-1
pathway’s priming and activation step more closely, the
expression of NLRP3 and the cleavage of CASP-1 should
be addressed in further studies. Considering the impor-
tance of the NLRP3 inflammasome in acute lung injury
[30-32], it could mechanistically link desert dust events
to the epidemiologically observed increases in respira-
tory morbidity and mortality [1-5]. In future studies,
the involvement of the NLRP3 inflammasome-caspase-1
pathway could be addressed by analyzing the susceptibil-
ity towards desert dust-mediated morbidities depending
on single nucleotide polymorphisms in the NLRP3 gene.
In addition to the NLRP3 inflammasome-caspase-1 path-
way, further mechanisms must be involved in desert dust
toxicity as indicated by the residual Saharan dust-induced
pro-inflammatory effects in CASPI™~ and NLRP3™'~
co-culture. Given the stronger effects in NLRP3™/~
than in CASPI17'~ co-cultures, other inflammasomes
should be assessed. Future studies should unravel these
mechanisms.

Materials and methods

Chemicals and reagents

RPMI-1640 media, 2-mercaptoethanol (ME), Hank’s Bal-
anced Salt Solution containing MgCl, and CaCl, (HBSS),
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sodium pyruvate, and TRIzol° reagent were purchased
from Thermo Fisher Scientific. Fetal calf serum (FCS),
bovine serum albumin (BSA), Penicillin/Streptomycin
(P/S), D-glucose, trypsin, accutase, phorbol 12-myristate-
13-acetate  (PMA), LPS, endotoxin-free H,0O,
phosphate-buffered saline (PBS), 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 2-propanol,
and the amplification grade DNase I Kit were purchased
from Sigma-Aldrich/Merck. The ToxiLight assay kit was
purchased from Lonza. Ethanol and sulfuric acid were
purchased from Roth. Nuclease-free water was pur-
chased from Qiagen. The iScript™ ¢cDNA Synthesis Kit
and the iQ™ SYBR® Green Supermix were purchased
from Bio-Rad. Primers for qPCR were purchased from
Eurofins. The Human IL-1p, IL-6, IL-8, and TNFa Duo-
Set ELISA Kits were purchased from R&D Systems.

Dusts

The collection and characterization of the SD sample
have been described previously [21]. Dorentrup Quartz
(DQ12) was used. To ensure DQ12 was free of biologi-
cal contaminants, it was baked at 220 °C overnight before
application to cells.

Scanning electron microscopy

To assess the agglomerate size distribution applied to the
co-cultures, dusts were suspended to 4 mg/mL in endo-
toxin-free H,O containing 1.25% PBS. The suspensions
were probe sonicated at 6.9 W for 17 min to reach a total
delivered acoustic energy of 7056 ] using a Branson Soni-
fier 450 at 20% amplitude. A nucleopore filter (0.1 um
pore size) was placed on the moistened frit of a vacuum
filtration unit and a vacuum was applied. Above the
nucleopore filter, 75 pL of dust suspension was nebulized
using a Vitrocell 9-12 um nebulizer to which a 600 Hz
square signal was applied using a Velleman PCSU200
Oscilloscope. Due to the vacuum, the liquid was drawn
through the filter pores leaving the agglomerates on top
of the filter without altering their sizes through the sur-
face tension, which would lead to further agglomeration
during drying. A layer of 5 nm gold was applied onto the
filters by sputter coating (Quantum Design Q150V ES
Plus) to render them conductive for SEM imaging. SEM
images were obtained at a nominal magnification of 5.000
x (pixel size of 6.2 nm) and the Feret , and Feret_;,
diameters of 500 particles/agglomerates were assessed
using Image] (version 1.51f, https://imagej.nih.gov/ij).
The area equivalent diameter of the particles/agglomer-
ates was then calculated based on the Feret diameters.

To assess agglomerate deposition and morphology dur-
ing ALI co-culture exposure, TEM grids were loaded with
dusts during ALI exposure of co-cultures and assessed
via SEM. Different from the filter samples no gold coating
was applied since the TEM grids are conductive. Images
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of the TEM grids were obtained at different magnifica-
tions, starting with an overview of the complete grids up
to high-resolution images of single agglomerates.

Generation of CASP1~/~ and NLRP3™/~ THP-1 cells

CASPI7'~ and NLRP3~/~ THP-1 cells were gener-
ated as previously described [100]. Briefly, gRNAs were
designed using the CRISPR design tool CHOPCHOP
(http://chopchop.cbu.uib.no/) and cloned into a modified
PX458 plasmid (Addgene #48138). The resulting bicis-
tronic vector encoded the respective gRNA, Cas9 nucle-
ase, and a GFP selection marker. gRNA efficiency was
assessed using High-Resolution Melt Analysis (HRMA).
A gRNA targeting CASPI exon 5 (5-TAATGAGAG-
CAAGACGTGTG-3’) and NLRP3 exon 2 (5-GCTA-
ATGATCGACTTCAATG-3’) was chosen for further
experiments (HRMA primers, CASPI: Fwd 5-CACC-

GTAATGAGAGCAAGACGTGTG-3; Rev 5-AAAC-
CACACGTCTTGCTCTCATTAC-3; NLRP3: Fwd
5-CAGACCATGTGGATCTAGCC-3, Rev 5-TGTT-

GATCGCAGCGAAGAT-3’). THP-1 cells were electro-
porated using a Neon transfection system (Thermo Fisher
Scientific) according to the manufacturer’s instructions.
After 48 h, cells were FACS sorted and plated as single
cells into 96-well plates. Cells were duplicated into main-
tenance and lysis plates after a week. Clones were then
lysed with proteinase K and genotyped by PCR followed
by deep sequencing using a miSeq Illumina sequencer
and a V2 Nano cassette.

Cell culture procedure

We worked with the cell lines A549 and THP-1 that
are widely used in particle toxicology [21, 41, 42, 45,
62, 64, 70-72, 81, 82, 98]. A549 (ATCC) cells were
stored in liquid nitrogen at passage nine and cultured
in RPMI-1640 (containing L-glutamine) substituted
with 10% FCS and 1% P/S, hereinafter A549 medium.
Cells were detached with trypsin for subcultivation
upon reaching about 80% confluence every third or
fourth day and reseeded in 75 c¢cm? flasks (Greiner) at
densities of 5*10° or 2.5*10° cells, respectively. A549
cells were used at passages 2—20 after thawing. THP-1
(ATCC) cells were stored in liquid nitrogen at passage
nine and cultured in RPMI-1640 (containing L-gluta-
mine and 25 mM HEPES) substituted with 10% FCS,
1% P/S, 1 mM sodium pyruvate, 0.7% D-glucose and 50
nM ME, hereinafter THP-1 medium. THP-1 cells were
maintained at densities between 2*10° and 8*10° cells/
ml. THP-1 cells were used at passages 5—15 after thaw-
ing. Cell cultures were incubated at 37 °C, 5% CO,,
and saturated humidity. The absence of mycoplasma
was confirmed using the InvivoGen MycoStrip™ assay
according to the manufacturer’s instructions.
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For co-culture preparation, on day 1, 1.12*10° A549 cells
in 0.5 mL A549 medium, corresponding to 1*10° cells/cm?,
were seeded on the apical side of a transwell filter (Corn-
ing, #3460) (Fig. S6, Additional File 8). To the basolateral
side, 1.0 mL A549 medium was added. On day 2, the api-
cal and basolateral A549 medium was changed. In parallel,
3*10° THP-1 cells at passages 515 after thawing were dif-
ferentiated with 100 nM PMA in 25 cm? flasks (Greiner) for
24 h. On day 3, the basolateral A549 medium was changed
and the apical A549 was removed. The differentiated THP-1
cells were detached with accutase. Immediately after remov-
ing the apical A549 medium, 4.4*10* differentiated THP-1
cells in 0.5 mL THP-1 medium without ME were seeded on
the apical side of the confluent A549 cell layer. After attach-
ment for 2 h, the apical THP-1 medium was removed and
the co-cultures were lifted to the ALL The co-culture was
maintained in contact with air for 22—-26 h until exposure
on day 4. On day 5, after 24 h of exposure, supernatants
and cells were harvested. The cell numbers were chosen to
obtain a ratio of about 10:1 of A549 cells to differentiated
THP-1 cells when starting the co-cultivation of both cell
lines [62, 70, 73].

When wild type, CASPI~/~, and NLRP3~'~ THP-1
cells were used for ALI experiments, THP-1 cells were
additionally exposed to LPS under submerged condi-
tions to confirm the genotype via IL-1 ELISA. A total of
1.2*10° THP-1 cells/well in 1.0 mL THP-1 medium with-
out ME was seeded into 24-well plates (Greiner). After
attachment for 1 h, the medium was removed and cells
were exposed to 0 ng/mL and 10 ng/mL LPS in THP-1
medium without ME containing 1% FCS. After exposure
for 24 h, the supernatants were collected.

Flow cytometry

For analysis of macrophage-specific basal surface
receptor levels, differentiated THP-1 wild type,
CASP17/~, and NLRP3™'~ cells were harvested, placed
on ice, washed once each with cold PBS and FACS buf-
fer (PBS containing 2 mM EDTA and 0.5% FCS), and
resuspended in cold FACS buffer at 1x10° cells per
staining condition. Cells were then individually stained
with antibodies for CD14 (1:1000, Thermo Fisher Sci-
entific, #14-0149-82), TLR2 (1:250, Thermo Fisher Sci-
entific, #14-9922-82), or TLR4 (1:500, Thermo Fisher
Scientific, #14-9917-82) for 25 min on ice in the dark.
Unstained and secondary antibody-only controls were
each resuspended in cold FACS buffer. Afterwards,
cells were washed twice with cold FACS buffer and
incubated with an anti-mouse Alexa647-conjugated
donkey-anti-mouse (1:250; Dianova) secondary anti-
body for 25 min on ice in the dark. Unstained controls
were resuspended in cold FACS buffer and incubated
likewise. Afterwards, cells were washed twice with
cold FACS buffer, resuspended in FACS buffer, and
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analyzed with FACS Aria III (BD Bioscience). Gates
were set to remove debris and select single cells (Fig.
S2, Additional File 2). Median fluorescence intensi-
ties were analyzed to obtain relative surface receptor
levels. Post-measurement analysis was performed with
FlowJo version 10.8.1 (BD Life Sciences).

Immunocytochemistry

To determine the presence of SP-C and the survival of
differentiated THP-1 cells at the ALI, immunocytochem-
ical staining and fluorescence microscopy were used.
A549 cells in co-culture with wild type, CASPI~/~, or
NLRP3™'~ THP-1 cells or without THP-1 cells were culti-
vated at the ALI for 48 h. Subsequently the cultures were
fixed with 4% paraformaldehyde in PBS. After blocking
with 10% normal goat serum (NGS) and 3% BSA in PBS,
the co-cultures were incubated with SP-C (1:40; Thermo
Fisher Scientific, #PA5-71680) and CD45 (1:500; BD Bio-
sciences, #561863) primary antibodies in blocking solu-
tion overnight at 4 °C. After rinsing 5x with 3% BSA in
PBS, the co-cultures were incubated with Alexa488
goat-anti-rabbit and Alexa596 goat-anti-mouse (both
6.7 pg/mL; Thermo Fisher Scientific) secondary antibod-
ies and Hoechst 33342 (0.5 pg/mL) in blocking solution
for 1 h at room temperature. After rinsing 5x with 3%
BSA in PBS, 1x with PBS, and 1x with dH,O, the co-cul-
tures were placed into a drop of Prolong Gold Antifade
Mountant (Thermo Fisher Scientific) on a microscopy
glass slide. Fluorescence images were acquired at 100 x
magnification using a Zeiss Axio Imager.M2 fluorescence
microscope. Simultaneously, images of autofluorescent
plastic slides (Chroma) were acquired for flat field cor-
rection. Flat field corrections for each channel, for CD45
rolling ball background subtractions with a radius of 40,
and merging of images were done with Image] (version
1.53t) macros (Supplementary Material 1, Additional File
9). Simultaneously, control stainings without first anti-
bodies or without secondary antibodies were performed
(Fig. S7, Additional File 10).

Air-liquid interface exposure procedure

Dusts were suspended and sonicated as described
above. As a negative control, endotoxin-free H,O con-
taining 1.25% PBS was sonicated under the same con-
ditions. The suspensions were warmed to 37 °C and
vortexed vigorously before use. For exposure at the ALI,
the Vitrocell Cloud 12a system was used. Dust suspen-
sions were nebulized using a Vitrocell 9-12 pum nebu-
lizer to which a 600 Hz square signal was applied using
a Velleman PCSU200 Oscilloscope. Through preliminary
experiments using suspensions spiked with fluorescein,
the uniform deposition in all used wells could be con-
firmed. Controls and LPS were nebulized using 4—6 pm
nebulizers.
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The Cloud system was loaded as exemplified in Fig.
S8A, Additional File 11. The bigger exposure cham-
ber consisted of nine wells and the smaller control
chamber of three wells. The top-left well of the expo-
sure chamber was equipped with a Vitrocell sQCM for
online dosimetry. To the middle well and one other
well of the exposure chamber, 3 mL PBS was added.
The middle well was left empty. To analyze the depos-
ited dusts via SEM, a TEM grid was placed into a
stainless-steel insert which was placed onto PBS. To
the residual six wells of the exposure chamber and the
three wells of the control chamber, 3 mL A549 medium
containing 25 mM HEPES was added and inserts with
co-cultures were placed on top. For each dose or geno-
type, one corner well and one side well were used.

After loading, exposure was performed as illustrated
in Fig. S8B, Additional File 11. The aerosol chamber
was mounted and humidity in the aerosol chamber was
allowed to saturate for 30 min. Subsequently, 500 pL of
an SD or DQ12 suspension corresponding to a deposited
concentration of about 10 pg/cm* was nebulized in the
exposure chamber. Simultaneously, 236 pL control solu-
tion was nebulized in the control chamber. The sedimen-
tation process was observed based on the sQCM signal.
When sedimentation was completed after about 30 min,
the aerosol chamber was dismounted and the sQCM sig-
nal was allowed to stabilize. Optionally, to test different
doses, transwell inserts were transferred back from the
Cloud system to 12-well plates with 1.2 mL fresh A549
medium. Per two exposed co-cultures, one control co-
culture was removed from the Cloud system. Then the
procedure was repeated twice more to reach doses of
about 20 pg/cm?® and about 30 pg/cm®. To expose co-
cultures to LPS as a positive control directly afterwards,
the aerosol chamber was cleaned and the required wells
of the exposure chamber were rinsed and filled with
fresh A549 medium containing 25 mM HEPES. The
aerosol chamber was mounted and humidity in the aero-
sol chamber was allowed to saturate for 30 min. Subse-
quently, 200 pL of 262 ug/mL LPS in endotoxin-free H,O
containing 1.25% PBS corresponding to a deposited LPS
concentration of about 250 ng/cm” was nebulized in the
exposure chamber. Sedimentation was observed based
on the sQCM signal, the aerosol chamber was removed,
the sQCM signal was allowed to stabilize, and co-cul-
tures were transferred back to 12-well plates with 1.2 mL
fresh A549 medium.

A volume of 600 puL of 12% BSA in HBSS containing
CaCl, and MgCl, was added to the apical side of each
co-culture 30 min before the end of exposure time. BSA
served to inhibit interferences with ELISAs caused by the
absorbance of cytokines on the particle surfaces. Expo-
sure was terminated 24 h after the first nebulization of
SD or DQ12. Of the apical and basolateral supernatants,

Page 14 of 19

2%20 pL were collected for the ToxiLight assay. The
residual supernatants were stored at -20 °C for ELISAs.
The inserts with cells were rinsed with PBS twice, lysed
in TRIzol reagent, and stored at -80 °C for RNA isolation.

To assess the interference of SD with cytokine ELI-
SAs, instead of transwell inserts with cells, stainless
steel inserts filled with a mixture of recombinant cyto-
kines were used. Each stainless steel insert was filled
with 200 pL of A549 medium substituted with 750 pg/
mL IL-1B, 600 pg/mL IL-6, 1920 pg/mL IL-8, and 960
pg/mL TNFa. In the exposure chamber and control
chamber, an SD suspension and control solution were
nebulized onto the cytokine mixtures, respectively, fol-
lowing the procedure described above. After incuba-
tion for 23.5 h, 1.0 mL of 14% BSA in HBSS containing
CaCl, and MgCl, was added to each insert. After a fur-
ther 30 min, the mixtures were collected and the cyto-
kine concentrations were analyzed via ELISA.

ToxiLight cytotoxicity assay

To assess cytotoxicity, the Lonza ToxiLight assay mea-
suring adenylate kinase release was performed accord-
ing to the supplier’s instructions. Briefly, 2x20 pL of
apical and basolateral supernatants were transferred
to white 96-well plates. To each well, 100 pL adenyl-
ate kinase detection reagent mix was added. Following
incubation for 15-30 min, luminescence was mea-
sured using a TECAN Spark or TECAN Infinite 200
Pro reader. As positive control, 15 min before the end
of exposure, 120 uL and 60 pL of 5% Triton X-100 were
added to the basolateral and apical side of each tran-
swell, respectively.

Gene expression analysis

The expressions of HMOX1, APE1/REF1, GGCS, NQOI,
IL1B, IL6, IL8, TNFA, and IL18 were assessed by qRT-
PCR. RNA was isolated from TRIzol lysates as described
previously [21]. RNA quantification, DNase I digestion,
reverse transcription, and qRT-PCR were performed as
described previously [101]. Briefly, the optical density
of RNA was measured at 260 and 280 nm to determine
the concentration. A total of 1.5 pg RNA per sample was
treated with amplification grade DNase 1. Of this RNA,
2%x0.5 pg was reverse transcribed using the iScript™
c¢DNA synthesis kit. A no reverse transcriptase con-
trol (nRTc) with 0.5 pg RNA was performed in parallel
to control for residual DNA. The cDNA and nRTc were
diluted in nuclease-free H,O by factor 15. When less
RNA was available, the amount of RNA and the dilu-
tion factor were decreased proportionally. The primers
listed in Table S3, Additional File 12, were used. Actin
beta (ACTB) and glyceraldehyde 3phosphate dehydro-
genase (GAPDH) were analyzed as reference genes. Cp
values were determined using the Bio-Rad iQ5 software
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(v2.1) or QuantStudio™ Design & Analysis Software and  experimental run was applied as random factor. p-values
corrected for primer efficiencies. Exposure-dependent of <0.05 were considered statistically significant.
changes in the gene expression were calculated using the
AACT method [102]. Relatively large standard deviations ~ Supplementary Information
can be explained by Variability of the constitutive gene The online version contains supplementary material available at https://doi.
. . . ) 0rg/10.1186/512989-023-00550-w.
expression between the independent experiments. This
did not affect the statistical analysis since the experimen- Additional file 1:“Fig. S1.jpg”. Representative images of nebulized DQ12

tal run was included as a random factor in the mixed- and Saharan dust used for size determination. Suspensions of DQ12 quartz
effects models (see Statistics) dust (A, B) and Saharan dust (C, D) in endotoxin-free H,0 containing

: 1.25% PBS were sonicated and nebulized onto 0.1 um pore-size nucleo-
pore filters. Images were obtained at a nominal magnification of 5,000
Cytokine quantification by ELISA X (pixel size: 6.2 nm). Images A and C show excerpts from images used

The concentrations of IL-IB, IL-6, IL-8, TNFa, and IL-18 for size Qetgrmina_tion. Images B and D show the same areas after size
. . . determination using ImageJ.
in apical and basolateral supernatants were analyzed using

. . . Additional file 2: “Fig. S2.jpg”. Gating strategy of flow cytometry analysis.
R&D SYStems DuoSet ELISA kits as described p reVlously The first gate (SSC-A vs. FSC-A) was set to remove debris. Then doublets

[103]. Briefly, high-protein-binding 96-well plates were were discriminated (linear FSC-H vs. FSC-A) and median fluorescence

coated with primary antibody, blocked with BSA, and intensity was determined in the APC-A channel. A representative dot plot
incubated with 100 l,lL sample. Consecutively, detection is shown for differentiated unstained THP-1 wild type cells. The gating

K X K X strategy is identical for all samples. SSC: side scatter, FSC: forward scatter,
antibody, horseradish peroxidase, and BioRad TMB Per- APC: allophycocyanin, A: area, H: height.
oxidase EIA Substrate were incubated. The color reaction

K Additional file 3:“Fig. S3.tif". IL-1( release from THP-1 cells submerged.
was StOpped with H2SO4 and absorbance was measured at In parallel to ALI co-culture experiments (Figs. 3 and 7), the same wild

450 and 540 nm. The standard curve was plotted using a type, CASP17/~, and NLRP3™/~ THP-1 cells were seeded in 24-well plates

four-parameter log fit. In case the measured concentrations and exposed to 10 ng/mL LPS submerged for 24 h. In each experiment,
: one biological replicated was tested per group. The IL-13 concentrations

were below the limit of detection (LOD), half the LODs, in the supernatants were measured via ELISA. These submerged experi-
ie. 1.95 pg/mL, 4.69 pg/mL, 15.63 pg/mL, 7.81 pg/mL, and ments were performed to confirm the genotypes of the THP-1 cells via

_ _ _ _ ~ comparison of the results to data from a previous study [55]. Depicted are
?’86 pg/mL for IL-1B, IL-6, H'f 8, TNFo, anFl ;L 18, reSPeC means and standard deviations of N=4 independent experiments. n.d.:
tively, were used for calculations and statistics. Relatively not detected.
large Stan.dar‘d deV1at1f)ns can be eXpIaIHEd by Yarlablhty of Additional file 4:“Fig. S4.jpg”. Exemplary scanning electron microscopy
the constitutive cytokine releases between the independent images of Saharan dust and DQ12 quartz dust deposited on transmis-
experiments. This did not affect the statistical analysis since sion electron microscopy grids during air-liquid interface exposure of
the experimental run was included as a random factor in the co-cultures. A stainless steel insert with a TEM grid was placed into the

Vitrocell Cloud 12ain parallel to ALI co-cultures and loaded with Saharan
mixed-effects models (see Statistics). dust or DQ12, which were nebulized and deposited onto the inserts. De-
posited doses of 10.9 pg/cm? SD (A-C), 10.4 ug/cm? DQ12 (D-F), 30.8 pg/
cm?SD (G-J), and 30.1 ug/cm? DQ12 (K-M) were measured via quartz

Statistics . X ; P
. . . crystal microbalance. Images were obtained at nominal magnifications of
Histograms of fluorescence intensities from flow cytome- 61 x (pixel size: 1.02 um) (A, D, G, K), 2.5 kx (pixel size: 24.8 nm) (B, E, H, L),
try were created with FlowJo™ version 10.8.1. For all other and 10 kx (pixel size: 6.2 nm) (C, F, J, M).
data, GraphPad Prism version 9.1.0 was used for the Additional file 5:“Table S1.docx”. Depositions of DQ12, LPS, and SD
visualization of means and standard deviation. Micro- in pg/cm? mfeaSUVEd V‘V“h Vitrocell sSQCM. (bebﬂgigg Tohﬁas- 4,5 and 6)Ad
Depositions from single experiments are presented with their means an
soft Excel was used to calculate ACT Values, AA.CT. val standard deviations (St. dev.). For DQ12 and SD, accumulative doses after
ues, fold changes, mean values, and standard deviations. | first (1x), second (2x), and third (3x) nebulization are shown.
FlrStly’ for each 1ndependent. expgrlment, .mean values Additional file 6: “Fig. S5.tif". Interference with cytokine ELISAs. In a
were calculated from the biological replicates. These previous study, we found that SD but not DQ12 interfered with enzyme-
mean values from at least three independent experiments linked immuno-sorbent assays (ELISAs) [21]. To assess the interaction of
th d f furth lculati E th nebulized SD with IL-13, IL-6, IL-8, and TNFa ELISAs, we nebulized and
were ‘en used for further calculations. tor e‘ g?ne deposited SD on mixtures of recombinant cytokines (N=1). The control
expression analyses, AC values were used for statistics. was tested in triplicate, and each dust concentration in duplicates.
For visualization, mean values from AACT values with Cytokine concentrations were determined after incubation for 24 h.
tandard deviati f AC 1 ted int SD weakly decreased the recovery of IL-6 by about 15% at the highest
standard deviations irom i T va l}es Were converted 1nto tested concentration of 27.8 ug/cm? SD concentrations of 9.2-27.8 ug/
fold changes. To test statistical significance of the flow cm? decreased the recovery of IL-8 more strongly and dose-dependently

cytometry data, a two-way ANOVA with Tukey’s post by about 45-75%. SD barely affected the recovery of TNFa. For IL-13, the

. . interference could not be analyzed. Even in the negative control, IL-13
hoc test was calculated in GraphPad Prism. For all other could not be detected after incubation in stainless steel inserts for 24 h.

data, mixed-effects models with Sidak’s post hoc test Considering the much lower interference of SD with IL-1B than with IL-8 in

were applied in R version 4.1.2 to test statistical signiﬁ- submerged experiments [21], at most a weak interference of SD with IL-1p

cance. In the mixed-effects models exposure and, where is expected. In addition, in the interference experiment, SD was nebulized
. - ’ )

. ) into a simulated apical compartment whereas basolateral supernatants
applicable genotype, were applied as fixed factors. The were analyzed for cytokine release. Thus, even lower interferences in the
ALI co-culture exposures than in this simulation are expected.
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Additional file 7: “Table S2.docx”. Depositions of SD and LPS in ug/
cm? measured with Vitrocell sSQCM (belonging to Fig. 7). Depositions
from single experiments are presented with their means and standard
deviations (St. dev.). For SD, the accumulative doses after the third (3x)
nebulization are shown.

Additional file 8: “Fig. S6.tif". Air-liquid interface co-culture preparation.
On day 1, A549 cells are seeded on the apical side of transwell inserts.

On day 2, after incubation for 24 h, apical and basolateral medium are
changed. Simultaneously, THP-1 cells are differentiated to macrophage-
like cells through incubation with phorbol 12-myristate-13-acetate (PMA)
for 24 h. On day 3, the differentiated THP-1 cells are detached with ac-
cutase and seeded on the apical side of the confluent A549 layer. Follow-
ing attachment for 2 h, the apical medium is removed to initiate air-liquid
interface (ALI) culture. On day 4, following 22-26 h of culture at the AL,
co-cultures are exposed at the ALl using a Vitrocell Cloud 12a. Co-cultures
are exposed for 24 h.

Additional file 9: “Supplementary material 1.docx”. ImageJ macro
codes. Codes used to perform flat field corrections (A-D), rolling ball
background subtraction (C, D), and merging (D) for images depicted in
Fig. 3 and Fig. 57.

Additional file 10: “Fig. S7.tif”. Control staining for surfactant protein

C (SP-C) and CD45. Co-cultures of A549 cells with wild type THP-1 cells
were fixed after 48 h of cultivation at the ALI. Nuclei were stained with
Hoechst 33342. Immunostaining of SP-C and CD45 was performed using
either primary and secondary antibodies, primary antibodies only, or
secondary antibodies only. Representative images were obtained at 100 x
magnification.

Additional file 11:“Fig. S8.tif”. Exemplary loading pattern and procedure
of Vitrocell Cloud 12a experiments. A: The bigger exposure chamber
consists of nine wells and the smaller control chamber of three wells. The
Vitrocell quartz crystal microbalance (sSQCM) was installed in the top-left
well. The middle well and the left-middle well of the exposure chamber
were filled with 3 mL PBS. Optionally, a stainless-steel insert with a trans-
mission electron microscopy (TEM) grid was placed into the middle-left
position. The other wells were filled with 3 mL A549 medium containing
25 mM HEPES and co-culture inserts were placed on top. For each dose,
one corner and one middle well were used. B: After each nebulization of
SD or DQ12, sedimentation took about 30 min. The aerosol chamber was
dismounted and optionally co-cultures could be removed from the Cloud
system to obtain different doses. Subsequently, the aerosol chamber was
mounted again and humidity was allowed to saturate for 30 min. This pro-
cedure was repeated twice. Directly after the third sedimentation of DQ12
and removing exposed co-cultures, the aerosol chamber and required
wells for exposure to lipopolysaccharide (LPS) were cleaned and loaded.
LPS was nebulized. All co-cultures were incubated until 24 h after the first
nebulization of particles had passed.

Additional file 12: “Table S3.docx”. qPCR primer pairs. Sequences and
concentrations of the used gPCR primers and amplicon lengths and ef-
ficiencies of the used gPCR Primer pairs on both used devices.
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