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Abstract

Organic dust (OD) exposure in animal production industries poses serious respiratory and other health risks. OD consist-
ing of microbial products and particulate matter and OD exposure—induced respiratory inflammation are under investi-
gation. However, the effect of OD exposure on brain remains elusive. We show that OD exposure of microglial cells induces
an inflammatory phenotype with the release of mitochondrial DNA (mt-DNA). Therefore, we tested a hypothesis that
OD exposure—induced secreted mt-DNA signaling drives the inflammation. A mouse microglial cell line was treated
with medium or organic dust extract (ODE, 1% v/v) along with either phosphate-buffered saline (PBS) or mitoapocynin
(MA, 10 pmol). Microglia treated with control or anti-STING siRNA were exposed to medium or ODE. Mouse organo-
typic brain slice cultures (BSCs) were exposed to medium or ODE with or without MA. Various samples were processed to
quantify mitochondrial reactive oxygen species (mt-ROS), mt-DNA, cytochrome ¢, TFAM, mitochondrial stress mark-
ers and mt-DNA-induced signaling via cGAS-STING and TLR9. Data were analyzed and a p value of < 0.05 was considered
significant. MA treatment decreased the ODE-induced mt-DNA release into the cytosol. ODE increased MFN1/2 and PINK1
but not DRP1 and MA treatment decreased the MFN2 expression. MA treatment decreased the ODE exposure—induced
mt-DNA signaling via cGAS-STING and TLR9. Anti-STING siRNA decreased the ODE-induced increase in IRF3, IFN-
f and IBA-1 expression. In BSCs, MA treatment decreased the ODE-induced TNF-a, IL-6 and MEN1. Therefore, OD exposure—
induced mt-DNA signaling was curtailed through cytoplasmic NOX-2 inhibition or STING suppression to reduce brain microglial
inflammatory response.
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respiratory exposures are under investigation by several
groups (Knoell et al. 2019; Poole et al. 2019; Warren et al.
2019), including our laboratory (Bhat et al. 2019; Massey
et al. 2019b; Nath Neerukonda et al. 2018). We have shown
the importance of TLR4 in OD induced lung inflammation
as well as TLR4-independent effects of OD on the lung
(Charavaryamath et al. 2008). Other groups have measured
the markers of LPS, PGN and fungal cell wall (Poole et al.
2010b) and have shown the role of various pattern recognition
receptors such as TLR2 (Poole et al. 2011), NOD2 (Johnson
et al. 2020; Poole et al. 2010a) and MyD88. These reports and
our recent work (Nath Neerukonda et al. 2018) using kinome
analysis confirmed the complex composition of OD samples
and how host response induces overlapping signaling events.

Despite the investigation of OD exposure-induced
respiratory diseases, the effect of exposure to OD on other
vital organs such as the brain largely remains unknown.
Particularly, the published observation that there is an increased
incidence of Parkinson’s disease in the mid-western and north-
eastern USA is interesting (Wright Willis et al. 2010). These
geographical areas are also known for their higher density of
animal production facilities. Microglial cells of the brain are
primary sentinel cells that respond to danger signals through
morphological signs of activation and production of pro-
inflammatory mediators (Block et al. 2007; Wolf et al. 2017).
Our previous work demonstrated that OD exposure induces a
pro-inflammatory phenotype in a mouse microglial cell line.
Following OD exposure, microglia secreted pro-inflammatory
mediators and reactive species. OD exposure also resulted
in nucleocytoplasmic translocation of high-mobility group
box 1 (HMGB1) and HMGB 1-RAGE signaling. Following
pharmacological inhibition of HMGBI1 translocation using
ethyl pyruvate (EP) or siRNA-mediated suppression of
HMGB1, we observed a reduction in reactive species, TNF-o
and IL-6 production collectively. Next, pharmacological
inhibition of cytoplasmic NOX-2 using mitoapocynin (MA)
reduced OD-induced RNS production in microglia (Massey
et al. 2019b). These results indicate a prime role for microglia
in OD exposure—induced neuroinflammation. Further, our
results showed that secreted HMGB 1 and cellular mitochondria
could be an attractive therapeutic target to curtail OD-induced
neuroinflammation.

Cellular homeostasis is controlled mainly by organelles
such as mitochondria and endoplasmic reticulum (ER). ER
lumen maintains a unique environment that plays a vital role
in protein folding. This delicate homeostasis in the lumen
can be disturbed by high protein demand and inflammatory
processes resulting in a large number of misfolded proteins in
the ER lumen. ER stress responses are initiated mainly by three
transmembrane proteins: inositol requiring 1 (IRE1), PKR-like
ER kinase (PERK) and activating transcription factor 6 (ATF6).
Activated IREI leads to splicing of X-box binding (XBP1)
mRNA, which functions as a stable UPR transcription factor.
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Activating transcription factor 4 (ATF4) is involved in protein
folding and antioxidative stress (Oslowski and Urano 2011).
Glucose-regulated protein 94 (GRP94) is a protein that resides
in the lumen of ER and regulates protein folding (Marzec et al.
2012). Mitochondria are a seat of energy production and are
located in the cytoplasm of cells and additionally contribute
to essential cellular functions such as calcium signaling,
immunity and apoptosis (Missiroli et al. 2020). A growing
number of publications indicate that mitochondrial dysfunction
is central to neurodegenerative disorders (Lin and Beal 2006;
Johri and Beal 2012). Mitochondria are dynamic organelles
that continually undergo fusion (mediated by MFN1 and MFN2
genes) and fission (mediated by DRP1 gene). Several metabolic
and neurological disorders are known to alter these genes
(MFEN1/2 and DRP1) and affect mitochondrial homeostasis
(Chan 2006; Johri and Beal 2012). Mitophagy is a crucial
regulator of mitochondrial turnover and cell death (Lin and
Beal 2006; Truban et al. 2017) and mitochondria undergo
PINK1-mediated mitophagy during apoptosis.

Now, a growing body of evidence suggests a prime role for
mitochondria in triggering and maintaining inflammation and
mitochondrial dysfunction is emerging as a critical factor in
inflammatory processes (Escames et al. 2012). Many damage-
associated molecular patterns (DAMPs) such as peptides,
lipids and mitochondrial DNA (mt-DNA) are known to be
released from mitochondria. Released DAMPs are capable
of activating pattern recognition receptors (PRRs) to induce
inflammation. Mainly, mt-DNA released from the mitochondrial
matrix is known to signal through multiple PRRs such as Toll-
like receptor 9 (TLR9), Nod-like receptors-3 (NLRP3) and
cyclic GMP-AMP synthase/stimulator of interferon gene
(cGAS-STING) pathways and could mount an exaggerated
inflammatory response (Nakayama and Otsu 2018). mt-DNA
is a circular molecule comprising double-stranded DNA and
human mt-DNA sequencing has shown that it includes 16,569
base pairs and encodes 13 proteins. Change in mitochondrial
membrane integrity increases the chances of mt-DNA release
into the cellular cytosol, which can lead to an auto-immune
response (Riley et al. 2018) or inflammation. cGAS is a DNA
sensing receptor that signals through a stimulator of the interferon
gene (STING) and leads to the production of IFN-f. Also,
STING knockdown has shown to ameliorate inflammatory
responses in cultured tubular cells of the kidney following
cisplatin treatment (Maekawa et al. 2019). cGAS-STING-
mediated mt-DNA signaling is an emerging target to curtail
inflammation (Motwani et al. 2019). Apocynin (4-hydroxy-3-
methoxyacetophenone) is a plant-derived mitochondria targeting
antioxidants. Apocynin inhibits cytoplasmic NOX2 activity and
has been studied using various in vitro and in vivo models
(Jin et al. 2014; Gao et al. 2003; Anantharam et al. 2007).
Apocynin has been shown to be well tolerated even at high doses
(Anantharam et al. 2007; Cristévao et al. 2009). Mitoapocynin
(MA) is a cytoplasmic NOX2 inhibitor (Langley et al. 2017)
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and is a more efficacious synthetic analog of apocynin made
by conjugating a triphenylphosphonium cation moiety via an
alkyl chain with differing chain lengths (C2—C11) (Ghosh et al.
2016). While the neuroprotective effects of MA(C2) have been
established in in vitro models (Ghosh et al. 2016), the long-
acting MA(C11) has been more extensively used in in vivo
models (Langley et al. 2017; Dranka et al. 2014).

To understand the mechanisms of OD-induced inflammation
in microglial cells, it is essential to utilize relevant models.
Microglial cells of the brain are central to the innate
response to the danger signals and are the chief drivers
of neuroinflammation (Block et al. 2007; Xu et al. 2021).
In vitro models of microglial cells have been used to unravel
mechanisms of neuroinflammation (Massey et al. 2019) and
mitochondrial damage has been shown to be central in many
neurodegenerative diseases (Lin and Beal 2006). Therefore,
we tested a hypothesis that OD exposure—induced secreted
mt-DNA signaling drives the inflammation. This hypothesis was
tested using an in vitro model of microglial cells and ex vivo
organotypic brain slice cultures (BSCs) to demonstrate that OD
exposure induces mitochondrial and endoplasmic reticulum
stress responses and resultant inflammation involves the release
of mt-DNA and signaling through the cGAS-STING pathway. In
the current manuscript, we demonstrated that exposure to OD
induces mitochondrial and ER stress and release of mt-DNA
leading to cGAS-STING mediated signaling. Using anti-STING
siRNAs or cytoplasmic NOX-2 inhibitory agent MA (C2/C11),
we demonstrate a reduction in OD-induced mitochondrial and
ER stress and resultant inflammation.

Materials and methods
Preparation of ODE

All the experiments were conducted in accordance with an
approved protocol from the Institutional Biosafety Committee
(IBC protocol# 19-004) of Iowa State University. Settled
swine barn dust (representing OD) was collected from various
swine production units into sealed bags with a desiccant and
transported on ice to the laboratory. Organic dust extract
(ODE) was prepared as per a published protocol (Romberger
et al. 2002). Briefly, dust samples were weighed and for
every gram of dust, 10 mL of Hank’s balanced salt solution
without calcium (Gibco) was added and allowed to stir at
room temperature for 60 min. The mixture was centrifuged
(1365g, 4 °C) for 20 min, supernatant collected and the
pellet was discarded. The supernatant was centrifuged again
with the same conditions, the pellet discarded and the recovered
supernatant was filtered using a 0.22-um filter and stored
at — 80 °C until used. This stock was considered 100% and
diluted in cell culture medium to prepare a 1% v/v solution to
use in our experiments (Table 1).

Table 1 Microglial cell treatments

Treatment groups Co-treatment

Control Medium

ODE ODE 1% v/v

ODE +MA (C2/C11%) ODE 1%
v/v+MA
10 pmol

*C11 fraction of the MA was used to treat organotypic BSCs and C2
fraction of the MA was used in all other in vitro experiments

Previous work on characterization of ODE samples showed
that dust extracts contain lipopolysaccharide (LPS), 3-hydroxy
fatty acids (3-OHFA, marker of LPS), muramic acid (marker
of Gram-positive bacterial cell wall component, peptidoglycan)
and ergosterol (marker of fungal biomass) (Poole et al. 2010b).
Various bacterial species (Boissy et al. 2014; White et al. 2019)
including archaea bacteria (Bgnlgkke et al. 2019) have been
identified in animal confinement organic dust samples. Previ-
ously, we showed that airborne organic dust samples contain
LPS and viable bacteria (Charavaryamath et al. 2005, 2008).
Presently, we routinely quantify the LPS content of our ODE
samples using Pyrochrome® Kinetic Chromogenic Endotoxin
(CAPE COD, catalog # CG-1500-5) as per the instructions. The
LPS content of several of our ODE samples was reported in a
previous publication (Bhat et al. 2019).

The biological activity and inflammatory response due to
exposure to ODE has been modeled and well characterized
byour group and other research laboratories. We recently
showed that ODE samples induce an inflammatory response in
human airway epithelial cells (Bhat et al. 2019) and the mouse
microglial cell line (Massey et al. 2019b). A mouse model
of intra-nasal inhalation of ODE has been well characterized
and used to delineate mechanisms of respiratory inflammation
(Poole et al. 2020, 2009).

Quantification of endotoxin in ODE samples

We quantitatively measured endotoxin levels in our ODE
samples using the Pierce Chromogenic Endotoxin Quant
Kit (catalog# A39553, ThermoFisher Scientific). First,
the above-prepared ODE samples (considered 100%)
were diluted in a ratio of 1:50 in endotoxin-free water.
The diluted samples (50 uL) along with reconstituted
amebocyte lysate reagent (50 pL) were added to an
endotoxin-free 96-well plate (sample to lysate ratio of 1:1).
The LPS standard (derived from E. coli O111:B4) was
reconstituted as per manufacturer’s recommendation and
added to the plate in a sample to a lysate ratio of 1:1. The
microplate was incubated at 37 °C for 12 to 35 min based
on the range of standards used. Following incubation, 100
UL of chromogenic substrate was added and the plate was
incubated at 37 °C for 6 min. A stop solution (50 uL of 25%

@ Springer



468

Cell and Tissue Research (2021) 384:465-486

acetic acid) was added and absorbance was read at 405 nm
using a spectrophotometer reader (SpectraMax M2 Gemini
Microplate Reader, Molecular Devices, San Jose, CA). The
average of blank wells was deducted from the average of
samples and standards. A linear standard graph was plotted
with R >98% and sample concentrations were extrapolated
from the equation of the slope using the OD values. All
the calculations were performed using Excel (Office 365,
Microsoft, Redmond, WA).

Chemicals and reagents

Dulbecco’s minimum essential medium (DMEM), penicillin
and streptomycin (PenStrep), L-glutamine and trypsin-EDTA
were purchased from Life Technologies (Carlsbad, CA). Fetal
bovine serum (FBS) was purchased from Atlanta Biologicals
(Flowery Branch, GA, catalog # S11150H and lot # A17002).
Poly-p-lysine (Sigma, catalog # P6407) was prepared and
stored as 0.5 mg/mL stock at — 20 °C. Oligomycin,
hydrogen peroxide, carbonyl cyanide 4-trifluoromethoxy-
phenylhydrazone (FCCP) and antimycin A were purchased
from Sigma-Aldrich (St. Louis, MO) and Seahorse
FluxPak calibration solution was purchased from Seahorse
Biosciences (Billerica, MA). Rhod-2 AM (ab142780) was
purchased from Abcam (Cambridge, MA). Mitotraker green,
Dulbecco’s phosphate-buffered saline (DPBS), mitochondrial
isolation kit for cultured cells (catalog # 89874) and DNA
purification kit (Thermo Fisher Scientific, catalog # K0512)
were purchased from Thermo Fisher Scientific (Waltham,
MA). IGEPAL CA630 (I3021) was purchased from Sigma.
Mitoapocynin (MA) was procured from Dr. Balaraman
Kalyanaraman (Medical College of Wisconsin, Milwaukee,
WI) and the stock solution (10 mM/L in DMSO) was prepared
by shaking vigorously and stored at — 20 °C. MA was used
(10 uM) as one of the co-treatments (Table 1).

Cell culture and treatments

Wild-type mouse microglial cell line derived from wild-type
C57BL/6 mice (Halle et al. 2008) was a kind gift from Dr.
DT Golenbock (University of Massachusetts Medical School,
Worcester, MA) to Dr. AG Kanthasamy. Microglial cells
were grown in T-75 flasks (1 x 10° cells/flask), 12-well tissue
culture plates coated with poly-p-lysine, 24-well tissue culture
plates (50% 10° cells/well) and in 24-well seahorse assay
plates (15X 10? cells/flask). Cells were maintained in DMEM
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 50 U/mL penicillin, 50 pg/mL streptomycin and 2 mM
L-glutamine. Cells were incubated overnight before treatment.
All the treatment groups with pretreatment and co-treatment
details are outlined in Table 1. Control group samples were
collected at O h because the control group samples from 6, 24
and 48 h time points did not show any differences in our pilot
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studies (electronic supplementary data, Fig. 5). To address
the specific role of the cGAS-STING pathway, in separate
experiments, cells were treated either with anti-STING or
negative control siRNAs followed by either saline or ODE
exposure.

Microglial morphology

To understand the impact of ODE exposure on microglial
cell morphology, we performed light and electron
microscopic analysis. Cells were grown in 24-well plates
and maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Thermo Fisher Scientific, Waltham, MA)
supplemented with 10% heat-inactivated FBS, 50 U/
mL of penicillin, 50 pg/mL of streptomycin and 2 mM
L-glutamine and incubated overnight. Cells were treated
as outlined in Table 1. Live cell imaging of the microglial
cells was performed under an inverted bright field
microscope (ALPHAPHOT-2, Nikon). Before counting
the cells, observers were blinded to the treatment groups.
Cells with an increase in the size of cell body and number
of processes compared to control were counted (Hinwood
et al. 2012; Crews and Vetreno 2015; Ransohoff 2016)
manually using ImageJ (NIH) in five randomly selected
microscopic fields viewed under a X 20 objective lens.
The percent of morphologically different microglia was
quantified, data analyzed and graphically represented.

Transmission electron microscopy

Cells were grown in 12-well tissue culture plates
coated with poly-p-lysine and maintained in DMEM
(ThermoFisher Scientific, Waltham, MA) supplemented
with 10% heat-inactivated FBS, 50 U/mL of penicillin,
50 pug/mL of streptomycin and 2 mM L-glutamine and
incubated overnight. Cells were treated as outlined in
Table 1 and after 6, 24 or 48 h, cells were washed with
ice-cold HBSS and fixed with 1% paraformaldehyde and
2.5% glutaraldehyde for 24 h at 4 °C. Fixed cells were
embedded, sectioned, stained and imaged at the electron
microscopy core facility (Roy J. Carver High Resolution
Microscopy Facility, lowa State University, Ames, [A). An
investigator blinded to the treatment groups identified the
ultra-structural changes.

Western blot analysis

Cells were grown in T-75 flasks (1 x 10° cells/flask) and
incubated overnight at 37 °C with 5% CO,. Following
co-treatments (outlined in Table 1), cells were treated with
0.5% trypsin for 15 min at 37 °C and then re-suspended in
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equal volumes of DMEM and 10% FBS. Mitochondrial
fraction was separated using a mitochondrial isolation kit
(Thermo Fisher Scientific, catalog # 89874). Whole-cell
lysates were prepared using RIPA buffer and total protein
was estimated using Bradford assay. Equal amounts of
proteins (20 pg/well) were resolved on 10% SDS-PAGE gels
(Bio-Rad). Next, proteins were transferred to a nitrocellulose
membrane and the nonspecific binding sites were blocked
for an hour with a blocking buffer specially formulated for
fluorescent western blotting (Rockland Immunochemicals,
Pottstown, PA). Membranes were incubated overnight
at 4 °C with the respective primary antibodies (listed in
Table 5; supplementary data) namely caspase-3, caspase-9,
cytochrome ¢, TFAM, MFN1, MFN2, DRP1, PINK1, SOD-
2, TLRY, cGAS, IFN-f, IBA1 and p-actin (1:5000, Abcam;
ab6276 or ab8227). Next, membranes were incubated with
the respective secondary donkey anti-rabbit IgG highly
cross-adsorbed (A10043) or anti-mouse 680 Alexa Fluor
antibodies (A21058, Thermo Fisher Scientific). Membranes
were washed three times with PBS containing 0.05% Tween-
20 and visualized on the Odyssey infrared imaging system.
Using GAPDH or f-actin as a loading control, band densities
were normalized and densitometry was performed (ImageJ,
NIH). p-Actin (42 kDa) is commonly chosen as a loading
control due to its general expression across all the eukary-
otic cell types. This protein’s expression levels do not vary
drastically due to experimental cellular treatment, which is
another reason this particular protein makes a reasonable
control. On the other hand, GAPDH (36 kDa) is integral for
glycolysis and plays many roles in the nuclear function; such
as transcription regulation and apoptosis. Therefore, while
looking at cytochrome C release, which is usually linked to
apoptotic changes, we chose to use GAPDH as the loading
control. The stable and ubiquitous expression of GAPDH
also makes it a suitable loading control for many experiments
(Tarze et al. 2007).

Seahorse assay

Mitochondrial oxygen consumption/bioenergetics was
measured using a Seahorse XFe24 Extracellular Flux analyzer
(Dr. Anumantha G. Kanthasamy’s laboratory, Iowa State
University, Ames, [A) as described previously (Dranka et al.
2011). The Seahorse XFe24 Extracellular Flux analyzer is a
sensitive, high-throughput instrument that performs real-time
measurements of respiration rates of cells with or without
oxidative stress. For quantifying mitochondrial bioenergetics,
cells were first treated as outlined in Table 1 and maintained in
5% CO, at 37 °C for 48 h. Simultaneously, a Seahorse FluxPak
cartridge was equilibrated 24 h before seahorse analysis and
loaded with mito-stressor agents such as oligomycin (1 pg/
mL), FCCP (1 pM) and antimycin A (10 pM). Once the mito-
stressors were loaded in their corresponding position in the

cartridge, the treated plate with microglia was introduced into
the Seahorse analyzer covered with the FluxPak cartridge.
The analyzer was then programmed to measure the basal
oxygen consumption rate (OCR) readouts in five specified
time intervals before progressing to inject the mito-stressors.
The mito-stressors were injected after every three cycles
of measurements of OCR. Further analysis of data was
performed using a ¢ test.

Confocal microscopy of microglial cells

Microglial cells were seeded into 35-mm-diameter glass
bottom wells and maintained in DMEM (Thermo Fisher
Scientific, Waltham, MA) supplemented with 10% heat-
inactivated FBS, 50 U/mL of penicillin, 50 pg/mL of
streptomycin and 2 mM L-glutamine and incubated
overnight. Cells were treated as outlined in Table 1.
After washing with ice cold DPBS, cells were loaded
with either mitochondria localizing probe MitoTracker®
Green (Invitrogen catalog # M7514, 100 nM, for 12 min)
followed by the fluorogenic mitochondria-targeted
Ca** probe Rhod-2 AM (10 uM) for 30 min in 37 °C in
DMEM containing 10% fetal calf serum or MitoSox®
(mitochondrial superoxide staining dye, Invitrogen catalog
# M36008, 100 nm) for 15 min. After loading with either
of the dyes, cells were placed on the stage of the Nikon
confocal microscope. MitoTracker® Green was observed
using a FITC filter and Rhod-2 AM and MitoSox® were
observed using a cy3 filter. Following MitoSox staining, five
fields (under a X 20 objective lens) per slide were chosen
randomly and all the stained cells were counted (ImageJ,
NIH). Next, the total staining intensity per field (cy3)
was measured using computer software (HC Image,
Hamamatsu Corp, Sewickley, PA). The total staining
intensity of the microscopic field (cy3) was divided by
the total number of cells per field to obtain mean intensity
(cy3) per cell.

qRT-PCR

Total cellular RNA was isolated using TRIzol™ (Invitrogen
catalog # 15596-026) extraction methods as per the
manufacturer’s guidelines. Following treatments (Table 1),
RNA concentration was measured using NanoDrop and
the A260/A280 ratio was used to determine the quality.
Samples with an A260/A280 ratio between 1.8 and 2.1
were considered acceptable and used for further analysis.
One microgram of RNA was reverse-transcribed into
cDNA using the superscript IV VILO Kit (Thermo Fisher
Scientific, catalog # 11766050) following the manufacturer’s
protocol. For qPCR, 5 uL of PowerUp™ SYBR Green
Master mix (Thermo Fisher Scientific, catalog # 25742),
0.5 uL each of the forward and reverse primers (10 uM), 3 uL. of
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water and 1 pL of cDNA (1-10 ng) were used. The genes
and their respective primer sequences used for qRT-PCR
analysis are listed in supplementary Table 3 (electronic
supplementary data) and all the primers were synthesized
at JTowa State University’s DNA Facility. 18 S and f-actin
were used as housekeeping genes in all the qRT-PCR
experiments. No template controls and dissociation curves
were run for all experiments to exclude cross-contamination.
Cy values of gene products of interest were normalized to
housekeeping gene product C; values. Comparisons were
made between experimental groups using the AC; method.
Briefly, the ACy value was calculated for each sample
(Cy gene of interest minus Cy 18 S or B-actin). Then, the
calibrator value was averaged (ACy) for the control samples.
The calibrator was subtracted from the AC; for each control
and from the experimental sample to derive the AACy. The
fold change was calculated as 2724, Average fold change
was calculated for each experimental group.

Mitochondrial DNA detection

Cells were seeded in a T-25 tissue culture flask (2 x 103
cells/flask). After administering the treatments, cells
were washed once with ice-cold DPBS and lysed with
1% Nonidet P-40 (Igepal Ca-630, Sigma-Aldrich, catalog
#18896). Following centrifugation (13,000 rpm for
15 min at 4 °C), mitochondria-free cytosolic fraction of
microglia was collected and DNA was purified using
DNA purification kit (Thermo fisher scientific, catalog
# K0512). For q-PCR, 10puL of SYBR Green Mastermix
(Qiagen catalog #208,056), 1 uL of primers, 8 uL of water
and 1 L of cDNA were used. The mitochondrially encoded
cytochrome c oxidase gene was used in our qRT-PCR reac-
tion (primer sequences: forward 5'-GCCCCAGATATA
GCATTCCC-3’ and reverse 5'-GTTCATCCTGTTCCT
GCTCC-3', synthesized at Iowa State University’s DNA
Facility) (Bronner and O’Riordan 2016) to quantify the
amount of mt-DNA. Using primers specific for 18S, we
quantified the housekeeping gene expression.

DNase treatment of ODE

In order to eliminate any interference by the prokaryotic or
eukaryotic DNA that may be present in 0.2 um filtered ODE
samples, we performed the DNase treatment. Total RNA
in an ODE sample was measured using NanoDrop (Biotek
synergy 2). Then, RNA concentration was used as a criterion
for the amount of DNase (Turbo DNase, Thermo Fisher
Scientific catalog # AM2239) to be added in 50 pL. volume
of 100% ODE to remove any traces of DNA effectively.
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siRNA-mediated knockdown of STING

Our protocol for siRNA-mediated knockdown of a gene of
interest has been published (Massey et al. 2019b). Briefly, three (R1,
R2 and R3) custom-designed Dicer-substrate anti-STING
siRNAs (DsiRNA), scrambled RNA (negative control,
NC) and a fluorescent transfection control (TYE563)
were purchased from Integrated DNA Technologies Inc.
(Coralville, Iowa) to maximize the probability of achieving
successful STING knockdown. Lipofectamine 2000 (Thermo
Fisher Scientific) was employed to transfect DsiRNA into
the microglia. Sequences of siRNAs and NC siRNA are
listed in supplementary Table 4 (electronic supplementary
data). For performing transfection with various siRNAs,
microglia were cultured a day before in DMEM without
antibiotics and FBS. For each transfection, 20 mmol of
DsiRNA for STING, scrambled RNA (negative control)
and a fluorescent transfection control (TYE563) were diluted
in Opti-MEM media without antibiotics and FBS to 10 nmol
and gently mixed with Lipofectamine 2000 according to the
manufacturer’s protocol. Following incubation for 20 min at
room temperature, the transfection mixture was added to the
cells, transfected cells were further incubated at 37 °C for
24 and 48 h and knockdown was confirmed by qRT-PCR
and Western blot analysis of the target gene and protein,
respectively. Transfection was confirmed by performing
immunofluorescence (IF) for TYE563 (fluorescent
transfection control).

MA treatment of microglia and BSCs

MA treatment was used only when there was an ODE
exposure effect. Two forms of Mitoapocynin (MA, C2
or C11) were used in this study and unless otherwise
specified, MA refers to C2 fraction. Details of the
preparation of MA (C2 and C11) and its neuroprotec-
tive properties have been reviewed (Ghosh et al. 2016;
Dranka et al. 2014). Microglial cells were treated with MA
(C2, 10 umol) for 48 h (Ghosh et al. 2016) and MA(C11)
is found effective for use in in vivo models as per prior
published work (Dranka et al. 2014). MA (C11) was found
to have superior neuroprotective effects in our ex vivo
model at 10 umol for 5 day as compared to MA(C2) (data
not shown). MA (C2 or C11) exposure for in vitro and
ex vivo models was administered as co-treatments with
ODE (1%). We did not include MA(C2 or C11) alone in
media since apocynin has shown to be nontoxic in cell
culture and mouse models and can be well tolerated even
at higher doses (Anantharam et al. 2007; Cristévao et al.
2009).
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BSCs

All the work described here was performed as per the
approved protocols from the Iowa State University’s
Institutional Animal Care and Use Committee (IACUC
protocol # 18-290). Organotypic brain slices were
prepared as previously described (Kondru et al. 2017). As
per an approved protocol (IACUC protocol #18-227), we
procured breeding pairs of C57BL/6 mice (The Jackson
Laboratories, Bar Harbor, ME) and paired male and female
mice of around four weeks of age. Mouse pups born were
kept with the parents until 9-12 days of age. Mouse pups
(9-12 days, male or females) were euthanized by cervical
dislocation by pinching and disrupting in the high cervical
region as per an approved AVMA method for the euthanasia
of pups of 9-12 days of age. Organotypic BSCs were prepared
from freshly dissected brain tissues using a microtome
(Compresstome™ VF-300, Precisionary Instruments).
After dissection, the whole brain was oriented in the mid-
sagittal plane in a Compresstome’s specimen tube, which
had been prefilled with 2% low-melting-point agarose. The
agarose was quickly solidified by clasping the specimen tube
with a chilling block. Then, the specimen tube was inserted
into the slicing reservoir filled with freshly prepared, ice-
cold Gey’s balanced salt solution supplemented with the
excitotoxic antagonist, kynurenic acid (GBSSK). To prepare
GBSS, we added the following solution in the following
order from 10 X stocks to obtain the final concentrations
per liter: 8 g NaCl, 0.37 g KCl, 0.12 g Na,HPO,, 0.22 ¢
CaCl,2H,0, 0.09 g KH,PO,, 0.07 g MgSO,«7H,0,
0.210 g MgCl,+6H,0, 0.227 g NaHCO;. The compression
lip located in the cutting chamber helps to stabilize the brain
specimen while obtaining 350-pm-thick slices with the blade
set at a medium vibration speed. BSCs were collected at the
specimen tube’s outlet and transferred to another plate with
fresh prefilled GBSSK. Later, the BSCs were washed twice
in 6 mL ice-cold GBSSK, transferred to 6-well plate inserts
(Falcon catalog #353090, 3—4 slices per insert) and were
incubated in a humidified atmosphere with 5% CO, at 37 °C
for 2 weeks. Cutting brain tissue into thin slices can actually
cause trauma to the neuronal processes and glial cells. Thus,
immediately after preparation of BSCs, widespread gliosis
could be observed. In order to minimize the effect of this
injury on experimental outcomes, it is recommended to
incubate the BSCs before any treatments are performed.
Incubating BSCs for 2 weeks in a humidified atmosphere
with 5% CO, at 37 °C is found to be beneficial and helps to
overcome the effect of trauma due to sectioning (Croft and
Noble 2018; Kondru et al. 2017). During this incubation,
culture media was replenished every other day for 2 weeks.
After 2 weeks of incubation, BSCs in cultures were treated
for 5 days and all the treatment groups with pretreatment and
co-treatments are outlined in Table 1.

Confocal imaging of BSCs

After 5 days of treatment with either medium (control) or
ODE followed by either MA (C11) or vehicle (PBS), BSCs
on inserts were cut out with a scalpel and placed in new
12-well inserts facing upward and washed twice with PBS
and fixed in 4% paraformaldehyde at room temperature for
30 min and incubated with ice-cold 20% methanol in PBS
for an additional 5 min. BSCs were permeabilized with 1%
Triton X-100 in PBS for 12-18 h at 4 °C. Blocking was
performed with 20% BSA with 0.1% Triton X-100 in PBS for
2-3 h. Next, BSCs were incubated with anti-IBA-1 and anti-
NeuN antibodies (listed in supplementary Table 6; electronic
supplementary data) overnight at 4 °C. After being washed
with washing solution (5% BSA in PBS), BSCs were incubated
with secondary antibodies (supplementary Table 6; electronic
supplementary data), for 12 h at 4 °C followed by mounting
with VECTASHIELD antifade mounting medium containing
4',6-diamidino-2-phenylindole, dihydrochloride (DAPI, Vector
Labs, Burlingame, California) and covered with a cover glass.
The cover glasses were sealed with nail polish and slides
were imaged by viewing under a microscope (Nikon Eclipse
TE2000-U). Images were photographed using a camera and
software (Photometrics Cool Snap cf, HCImage, Tucson, AZ).

TUNEL assay

Following five days of treatment with either medium (control)
or ODE followed by either MA (C11) or vehicle (PBS),
BSCs on inserts were cut out with a scalpel and placed in new
12-well inserts facing upward (BSCs side up) and washed
twice with PBS and fixed in 4% paraformaldehyde at room
temperature for 30 min. TUNEL assay was performed using
a DeadEnd™ Fluorometric TUNEL System according to
the manufacturer’s instructions (Promega Corporation,
Madison, WI, USA). Briefly, BSCs were rinsed in PBS and
incubated in 20 pg/mL proteinase K for 10 min. After rinsing
in PBS (0.05 M phosphate buffer containing 0.145 M sodium
chloride, pH 7.4), the BSCs were incubated with equilibration
buffer and then TdT enzyme in a humidified chamber at 37 °C
for 60 min. Next, BSCs were transferred into pre-warmed
working strength stop wash buffer for 15 min. Following
rinsing with PBS, the BSCs were mounted with brain slices
facing up with VECTASHIELD antifade mounting medium
containing 4',6-diamidino-2-phenylindole, DAPI (Vector
Labs, Burlingame, CA). BSCs on slides were covered with a
cover glass and the cover glasses were sealed with nail polish.
Nuclei were stained blue with DAPI and localized green
fluorescence of apoptotic cells was detected by fluorescence
microscopy and photographed (Nikon Eclipse TE2000-U,
Photometrics Cool Snap cf, HCImage). TUNEL-positive
cells were counted manually using Image] (NIH) software
in five randomly selected microscopic fields viewed under
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X 20 objective lens. Percent of TUNEL-positive cells were
quantified, statistically analyzed and plotted.

Statistical analysis

Data were expressed as mean + SEM and analyzed by ¢ test
or one-way or two-way ANOVA followed by Bonferroni’s
post hoc comparison tests (GraphPad Prism 5.0, La Jolla,

Fig.1 MA reduces ODE-induced morphological and ultrastructural
changes in microglia. Microglia were exposed to media or ODE and
co-treated with either vehicle or MA. Morphological signs of differ-
entiation such as an increase in size and change in shape (amoeboid
body with thick and longer processes) were observed and percent
of differentiated microglia/microscopic field was calculated manu-
ally at 6, 24 and 48 h (supplementary data, Fig. 1). Compared to
controls, ODE-treated microglia appeared to increase in size with a
round center and thick amoeboid processes (arrows) (a’-a’’”’). MA
(cytoplasmic NOX-2 inhibitor) successfully reduced ODE-induced
changes in microglia (micrometer bar=50 um) (b’-b’”’”). The num-
ber of microglia was manually counted in five randomly chosen fields
and percent differentiated cells were calculated. Compared to controls,
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CA). A p value of < 0.05 was considered statistically sig-
nificant. An asterisk (*) indicates a significant difference
between controls and ODE-treated cells whereas hashtag (#)
indicates either MA(C2/C11) treatment or siRNA-mediated
STING knockdown effect. The p values (Figs. 1-10, electronic
supplementary Figs. 1-3 and respective legends)
corresponding to asterisk/s or hashtag/s are listed in
Table 2.

ODE significantly induced morphological signs of differentiation at 24
and 48 h. MA treatment successfully reduced ODE-induced microglial
differentiation at 24 and 48 h (c). Microglia were exposed to media
or ODE with or without MA and processed for transmission electron
microscopy (TEM). Control cells showed mitochondria with normal
cristae, electron-dense calcium sequestration bodies and rough endo-
plasmic reticulum (RER) (d). Following ODE exposure, mitochondria
were hypertrophic with cristolysis, contained larger calcium sequestra-
tion bodies and fragmented RER (e). Compared to vehicle treatment,
MA treatment reduced ODE-induced mitochondrial hypertrophy, cris-
tolysis, larger electron-dense calcium sequestration bodies and frag-
mentation of RER at 48 h (f, micrometer bar=0.5 um) (n=4, * expo-
sure effect, p <0.05)
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Results
Endotoxin levels in ODE samples

We report the endotoxin levels from our 1:50 diluted ODE sam-
ples (electronic supplementary data, Table). From the six sam-
ples, we found that endotoxin values ranged from 4.410+0.7
to 8.052+0.1 EU/mL. We used sample# 11 (endotoxin
level 8.052+0.1 EU/mL) throughout the current experiments.

ODE exposure of microglia induces microscopic
and ultrastructural changes indicating
mitochondrial and ER damage

Using bright field and transmission electron microscopy
(TEM), we assessed the microscopic and ultrastructural
changes in microglia following exposure to ODE with or
without MA treatment. Compared to controls, ODE exposure
of microglia resulted in morphological changes indicated by

Fig.2 MA reduces ODE-induced mitochondrial dysfunction. Cells
were exposed to media and ODE with or without MA and processed
for seahorse assay to measure mitochondrial bioenergetics. Standard
mitochondrial stressors (oligomycin 1 ug/mL, FCCP 1 pmol and anti-
mycin A 10 pmol) were used and mitochondrial bioenergetics was
measured. The chart represents the whole timeline or an overview of
the sea horse assay. It depicts when the injections were administered
at a particular time after the start of the experiment. It also shows the
different phases of respiration during the seahorse assay (a). Time-

an increase in size over time (6, 24 and 48 h) and microglia
developed an amoeboid body with thick and longer processes
(Fig. 1a, b). A low-magnification view of the morphological
changes of the microglial cells is shown (electronic
supplementary Fig. 1). A visual examination of the microglia
under a microscope indicated an increase in the number of
morphologically differentiated microglia upon ODE treatment
as compared to the controls at 24 h and 48 h. MA successfully
reduced any effect on morphological signs of microglial
differentiation (24 and 48 h) (Fig. 1c). We also assessed the
ultrastructural details of microglia using TEM. ODE-treated
microglia showed mitochondrial hypertrophy with cristolysis,
increased size of calcium sequestering bodies and fragmented
rough endoplasmic reticulum (RER) as compared to microglia
treated with vehicle. MA treatment partially reduced ODE-
induced ultrastructural changes in microglia (Fig. 1d—f). Since
itis difficult to examine an equal number of mitochondria in each
group, we did not perform a rigorous quantification of the
ultrastructural changes within each mitochondrion.

lapse visualization of change in mitochondrial respiration of micro-
glia exposed to media or ODE and co-treated with either vehicle or
MA upon treatment with mitochondrial stressors (b). Compared to
control, ODE treated cells showed a decrease in mean oxygen con-
sumption rate (OCR), basal respiration and ATP production in mito-
chondria. MA treatment significantly increased the mean OCR, basal
respiration and ATP production of mitochondria when compared to
the ODE group (c—e) (n=4, * exposure effect, # MA treatment effect,
p<0.05)
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«Fig.3 ODE induces increased expression of mitochondrial and endo-
plasmic reticulum stress genes. Cells were exposed to media or ODE
and co-treated with either vehicle or MA and processed for gqRT-PCR
analysis. Compared to control, ODE-exposed cells showed increased
expression of MFN1 at 6 h and MA treatment had no effect (a). Com-
pared to control, ODE-exposed cells showed increased expression of
MFN2 at 6 h (data not shown), 24 h (data not shown) and 48 h fol-
lowing ODE treatment. MA significantly reduced MFN2 expression
at 6 h (data not shown) and 48 h (b). DRP1 expression did not change
between control and any of the treatment groups (c). Compared to
control, ODE-exposed cells showed increased expression of PINKI1
at 48 h and MA treatment had no effect (d). Un-spliced XBP1 expres-
sion did not change between control and any of the treatment groups
(e). Compared to control, ODE-exposed cells showed increased
expression of spliced XBP1 gene at 24 (data not shown) and 48 h.
MA significantly reduced the expression of spliced XB1 at 48 h ().
Compared to controls, ODE-exposed cells showed increased ATF4
gene expression at 6 h (data not shown) and 48 h. MA treatment did
not affect ATF4 expression (g). Compared to controls, ODE-exposed
cells showed increased GRP94 gene expression at 6 h. MA treatment
had no affect (h). (n=3 in duplicates * exposure effect, # MA treat-
ment effect, p <0.05)

Fig.4 ODE induces the release of TFAM and mitochondrial DNA
into the cytosol of microglia. Cells were exposed to media or ODE
with or without MA and processed for Western blot analysis. Normal-
ized (B-actin, loading control) bands of TFAM were processed for
densitometry (ImageJ, NIH) and statistical analysis was performed.
Compared to controls, ODE exposure significantly increased the
TFAM levels at 48 h and MA treatment had no effect (a, b). Mito-
chondria-free cellular cytosolic fraction and ODE treated with (nega-
tive control) or without DNase were processed for DNA extraction.
mt-DNA-specific primers were used for gqRT-PCR analysis. ODE

ODE impairs mitochondrial function

We assessed mitochondrial bioenergetics in microglia
exposed to media alone or ODE with or without MA
treatment using seahorse assay. ODE treatment significantly
impaired the mitochondrial bioenergetics by decreasing
mean OCR, basal respiration and ATP production. MA
treatment rescued the mitochondrial bioenergetics by
increasing basal respiration and ATP production (Fig. 2a—e).

ODE upregulates mitochondrial and ER stress
responses in activated microglia

Mitochondrial and ER changes were analyzed in microglia
after exposure to ODE with or without MA treatment by
using qRT-PCR analysis of mitochondrial and ER stress
genes. MFN1 mRNA levels increased by 2-fold after 6 h
of ODE treatment, whereas MA had no effect on MFN1
expression (Fig. 3a). MFN2 expression was also upregulated

samples treated with and without DNase confirmed that there was no
background mitochondrial DNA in the ODE samples (c). Microglia
treated with medium ODE with or without mitoapocynin (C2) were
processed to extract mitochondria-free cytosolic fraction and mt-
DNA content was quantified using qRT-PCR. ODE-treated microglia
contained significantly higher amounts of mt-DNA in the mitochon-
dria-free cytosolic fraction at 12 h and MA treatment significantly
reduced the ODE-induced mt-DNA release (d) (n=4, * exposure
effect, # MA treatment effect, p <0.05)
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Fig.5 ODE exposure upregulates cGAS, STING, IRF3 and IFN-§
expression in microglia. Microglia were exposed to media or ODE
(12 h, 24 h and 48 h) and co-treated with either vehicle or MA
(48 h) and processed to quantify mRNA (a—d) or protein levels (e—
h). cGAS, STING, IRF3 and IFN-f specific primers were used to
quantify mRNA (2724¢ method) and compared to controls, cGAS
(12 h), STING (24 h), IRF3 (24 h) and IFN-f (24 h) mRNA levels
increased. In contrast, MA treatment significantly decreased cGAS

by 3-fold upon ODE treatment at 48 h as compared to
controls. In contrast to MFN1, MA treatment significantly
decreased the mRNA levels of MFN2 after ODE exposure
to the control levels (Fig. 3b). On the other hand, we did
not observe any significant changes in the levels of DRP1
mRNA with ODE exposure with or without MA treatment
(Fig. 3c). PINK1 gene expression significantly increased
at 48 h post-ODE exposure whereas MA treatment did not
change the fold change in the PINK1 expression (Fig. 3d).
Upon ODE exposure, spliced XBP1 mRNA fold changes
significantly increased at 48 h as compared to controls,
whereas un-spliced XBP1 mRNA remained unaffected.
MA treatment significantly reduced ODE-induced spliced
XBP1 mRNA levels (Fig. 3e, f). ATF4 mRNA levels showed
a significant fold change increase upon ODE treatment at
48 h, whereas MA had no effect on ATF4 levels (Fig. 3g).
GRP94 mRNA levels were significantly increased upon
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and STING expression and did not change the IRF3 (c) and IFN-§
(d) mRNA levels. cGAS (e), IFN-p (g) and p-actin antibodies (house-
keeping protein) detected 60 kD, 20 kD and 42 kD bands, respec-
tively. Densitometry of normalized bands showed that, compared to
controls, ODE exposure increased the cGAS (f) and IFN-B (b) lev-
els at 24 and 48 h and MA treatment had no effect (n=3, * exposure
effect, # MA treatment effect, p <0.05)

ODE treatment at 6 h and MA treatment had no effect on
GRP94 mRNA levels (Fig. 3h).

ODE induces mt-DNA and TFAM release
into the cytosol

Mitochondria-free cytosolic fractions were prepared from
microglia exposed to ODE with or without MA treatment.
Upon western blot analysis, TFAM was found in the
cytoplasm of microglia after 48 h post-treatment and
MA treatment did not reduce the release of TFAM from
mitochondria (Fig. 4a, b). Next, to rule out ODE as the
external source of mt-DNA in our samples, we performed
gRT-PCR on ODE samples treated with DNase (negative
control) or without DNase. Compared to the cytosol of
control microglia, ODE contained significantly lower
levels of mt-DNA (Fig. 4c). Finally, the mt-DNA levels
in the cytosol of ODE-treated microglia were analyzed at
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Fig.6 STING knockout with siRNA downregulates STING, IRF3,
IFN-B and IBA1 expression. Microglia were treated with DsiRNAs
TYE 563 (transfection control, Cy3) or anti-STING siRNAs (R1, R2,
R3). A scrambled siRNA was also used as a negative control (NC).
Following treatment, cells were either fixed with paraformaldehyde
(a) or processed for qRT-PCR analysis (b—d) or processed for west-
ern blot analysis (e—f). After 24 h, immunofluorescence (cy3, red)
shows a successful transfection (white arrows and inset) (a) in the
cytoplasm of microglia and the nucleus is stained with DAPI (blue).
Following qRT-PCR analysis, R1 (10 nmol), R2 (10 nmol) and R3

6, 24 and 48 h (electronic supplementary data) and found
to be elevated at 24 h post-ODE exposure. In order to
narrow our focus and more precisely isolate the time of
mt-DNA release, we also analyzed an intermediary time
point (12 h) between 6 and 24 h. Interestingly, cytosolic
mt-DNA levels were also found to be significantly elevated
at 12 h post-treatment as compared to control. MA
significantly reduced the levels of mt-DNA in the cytosol
at 12 h (Fig. 4d).

ODE activates the cGAS-STING pathway

Cultured microglia exposed to ODE with or without
MA treatment were processed for qRT-PCR and western
blot for analyzing gene and protein expression, respec-
tively. We included a 12-h time point because previously
we found that the levels of mt-DNA were elevated as
early as 12 h after ODE exposure. Upon ODE treatment,

(10 nmol) significantly reduced the mRNA expression of STING (b),
IRF-3 (c) and IFN-B (d) mRNAs at 24 h. Following the siRNA-medi-
ated knockdown of STING mRNA, IBA-1 and f-actin (housekeep-
ing protein) were detected in ODE-treated (24 h) microglia at 13 kD
and 42 kD bands, respectively (e). Normalized densitometry values
show that compared to ODE-treated cells either with or without nega-
tive control siRNA (NC), anti-STING siRNA treatment (R2 and R3)
reduced the IBA 1 protein levels at 24 h (f) (n=4, * exposure effect, #
siRNA treatment effect, p <0.05)

we observed elevated mRNA levels of cGAS (12 h),
STING (24 h) IRF3 (24 h) and IFN-f (24 h). MA was
only able to reduce the mRNA levels of cGAS and STING
following ODE treatment (Fig. 5a, b). Both cGAS and
IFN-f protein levels were also found to be upregulated at
24 h and 48 h after ODE treatment and MA did not affect
cGAS and IFN-f protein levels at any given time point
(Fig. 5e-h).

Role of cGAS-STING pathway in microglial activation

Successful transfection of anti-STING siRNAs into
microglia was confirmed by using fluorescently tagged
DsiRNA (DsiRNA TYE 563) at 10 nmol concentration
after 24-h incubation (Fig. 6a). After establishing optimal
conditions for transfection, microglia were incubated with
R1, R2, or R3 (three different siRNAs against STING)
at 10 nmol for 24 h concentration and exposed to either
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media (control) or ODE for 48 h. A negative control group STING mRNA (data not shown). R1, R2 and R3 siR-
(NC) microglia received scrambled DsiRNA (10 nmol for NAs successfully reduced the STING mRNA levels in
24 h) and did not show any change in the expression of =~ ODE-exposed microglia to the level of the control group
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«Fig. 7 Organic dust extract (ODE) exposure induces microglial acti-
vation and pro-inflammatory cytokines gene expression in organo-
typic brain slice culture (BSCs). BSCs were exposed to media
(control) or ODE (5 days) followed by either vehicle or MA(C11)
treatment and were stained with anti-NeuN (arrow head; neuronal
marker; Cy3, red), anti-Ibal (arrow; microglial activation marker;
FITC, green) antibodies (a—c) or processed for gqRT-PCR analysis
(d). Compared to control (a), ODE-exposed BSCs showed higher
amounts of Iba-1 staining in the olfactory bulb, frontal cortex, cor-
pus callosum and visual cortex of the brain (b). MA(CI11) treatment
had no effect on ODE induced microglial activation (¢). Compared to
medium, ODE-exposed BSCs showed an upregulation of TNF-a and
IL-6 gene expression. MA(C11) treatment decreased the gene expres-
sion of TNF-a and IL-6 (d) (n=3, * exposure effect, # MA(C11)
treatment effect, p <0.05, micrometer bar=100 pm)

(Fig. 6b). Furthermore, IRF3 and IFN-f mRNA levels
were also downregulated in ODE-treated microglia to
the level of control following treatment with R1, R2, or
R3 (Fig. 6¢c, d). After confirming an effective knockdown
of STING and downregulation of IRF3 and IFN-§, we
analyzed the expression of IBA-1 protein (microglial
activation marker) in microglia. Our result indicated that
transfection with R2 and R3 significantly reduced ODE-
induced IBA-1 protein expression in microglia (Fig. 6e, f).

ODE induces microglial activation in BSCs

Compared to controls, ODE-treated BSCs showed
increased IBA-1 and decreased NeuN expression in the
olfactory bulb, frontal cortex, corpus callosum and
visual cortex in the BSCs. MA(C11) treatment appeared
to have no effect on either IBA-1 or NeuN staining
(Fig. 7a—c). Following qRT-PCR analysis, expression
of pro-inflammatory cytokines such as TNF-a and IL-6
were significantly elevated after 5-day ODE treatment
of BSCs when compared to control. MA(C11) treatment
significantly reduced both TNF-a and IL-6 expression in
ODE-treated BSCs (Fig. 7d).

ODE induces apoptosis in BSCs

Fluorescent TUNEL staining revealed that compared to
control, ODE-treated BSCs had a significantly higher
number of degenerating or dead cells in the olfactory
bulb, frontal cortex, corpus callosum and visual cortex.
MA(CI11) significantly reduced the number of TUNEL-
positive cells in the olfactory bulb, frontal cortex, corpus
callosum and visual cortex when compared to ODE-
treated BSCs (Fig. 8a—d). MA(C11)-treated BSCs still
had a significantly higher number of degenerating or dead
neurons when compared to controls in the olfactory bulb,
corpus callosum and visual cortex but not in the frontal
cortex (Fig. 8a—d).

ODE induces expression of mitochondrial stress
genes and release of mt-DNA into the cytoplasm
in BSCs

Following 5-day treatment of BSCs with either media
alone (control) or ODE with or without MA(C11),
gene expression of MFN1, MFN2, DRPI and PINKI1
was analyzed. Compared to control, only MFN1 gene
expression was found to be elevated in BSCs but not
MFN2, DRPI1 and PINKI1. MA(C11) significantly
reduced the MFN1 gene expression in ODE-treated
BSCs (Fig. 9a). Also, mt-DNA levels were elevated in
the mt-free cytosolic fractions of cells extracted from
the ODE-treated BSCs as compared to control BSCs.
MA(C11) significantly reduced the levels of mt-DNA
in the mt-free cytosol (Fig. 9b). However, no significant
amounts of mt-DNA were found in the culture media of
both control and ODE-treated BSCs (Fig. 9c¢).

Discussion

Increasing incidences of neurocognitive disorders such as
Parkinson’s disease among the agricultural communities
in the Midwestern and northeastern parts of the USA has
been reported (Wright Willis et al. 2010). The fact that
the same area is known for a higher density of animal
production facilities indicates a causal link between
agriculture exposures such as OD and incidences of
Parkinson’s disease. We recently published a manuscript
showing that exposure to ODE activates microglia of the
brain. This will lead to neuroinflammation and supports
our overarching hypothesis that OD if inhaled could
induce neuroinflammation. Further, our data supported
that mitochondria are involved in RNS production.
Following treatment with MA (mitochondria targeted
apocynin and a cytoplasmic NOX-2 inhibitor), we
were able to reduce the inflammatory signals and MA
exposure also reduced the microglial activation (Massey
et al. 2019a). These pieces of evidence formed the basis
for the current work that examined the impact of OD
exposure on mitochondrial structure and function. In this
manuscript, we investigated the role of mitochondria in
the underlying mechanisms of ODE-induced microglial
activation and inflammation.

The ODE exposure—induced structural changes in
the microglia (large amoeboid appearance and thicker
branching) indicated their innate response to danger
signals. Next, ultrastructural alterations within the
mitochondria revealed cristolysis, mitochondrial
swelling, fusion and increased size of structures
resembling calcium sequestering bodies. We also noticed
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Fig.8 Organic dust extract (ODE) exposure induces neurodegenera-
tion in BSCs. BSCs were exposed to media (control) or ODE (5 days)
and co-treated with either vehicle or MA (C11). BSCs were labeled
with dUTP-FITC (arrow head; apoptosis marker, FITC, green) and the
nucleus was stained with DAPI (arrow; blue) (a—c). The total number
of cells (DAPI, blue) and TUNEL-positive cells (FITC, green) per
field (x 20) were counted in a total of five random fields. Compared

fragmentation and swelling of ER and increased expres-
sion of ER stress markers such as spliced XB1, ATF4 and
GRP4 in microglia after ODE exposure. These findings
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to control, ODE-exposed BSCs showed a higher number of TUNEL
positive cells in the olfactory bulb, frontal cortex, corpus callosum and
visual cortex of the brain. MA(C11) significantly reduced the number
of TUNEL positive cells in the olfactory bulb, frontal cortex, corpus
callosum and visual cortex (d). (n=3, * exposure effect, # MA(C11)
treatment effect, p <0.05, micrometer bar=100 pm)

attested that ODE treatment was inducing mitochondrial
and ER stress responses in microglia. Interestingly, ODE
treatment also induced mitochondrial bioenergetics
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Fig.9 ODE exposure of organotypic brain slice culture activates
mitochondrial stress response and induces the release of mt-DNA
into the cytosol. BSCs were exposed to media or ODE (5 days) and
co-treated with either vehicle or MA(C11). DNA extracted from
the whole cell (a), mt-free cell cytosol (b) and supernatant (c) was
processed for mt-DNA specific qRT-PCR analysis. Compared to
medium, ODE-exposed brain slices showed an upregulation of MFN1
but not MFN2, DRP1 and PINK1. MA(C11) significantly decreased

deficiencies in agreement with the ultrastructural
damages to the mitochondria. ODE-induced upregulation
of mitochondrial fusion genes (MFN1/MFN2) and
PINK1 (mitophagy related marker) in microglia indicated
mitochondrial stress in ODE-treated groups. Treatment
with MA abrogated many of the ODE-induced damages at
the gross, ultrastructural, functional (bioenergetics) and
ER level indicating that OD-induced mitochondrial and
ER damages could be abrogated by using a mitochondria
targeting apocynin that has a cytoplasmic NOX-2
activity. Our data are in agreement with others who
have shown how cigarette smoke exposure impairs the
mitochondrial structure and function in airway epithelial
cells (Hoffmann et al. 2013).

ODE exposure—induced cellular stress was
characterized by an increase in mt-ROS and SOD-2
production (supplementary data) as well as mitochondrial
stress. Further, we documented an increase in the calcium
uptake by mitochondria (electronic supplementary data).
The increased calcium uptake by the mitochondria is
known to alter the mitochondrial membrane permeability
that could lead to apoptotic changes in the cells.

the MFNI1 expression (a). Compared to control (vehicle), ODE
induced a significant increase in the cytosolic mt-DNA fraction in
BSCs. MA(C11) treatment significantly reduced cytosolic mt-DNA
release in the cytosol (b). ODE-exposed BSCs did not show any sig-
nificant rise in mitochondrial DNA in supernatant (secreted) at 5 days
post-treatment (¢) (n=3, * exposure effect, # MA(C11) treatment
effect, p<0.05)

MA treatment did not reduce ODE-induced mt-ROS
production, mitochondrial permeability and mitochondrial
calcium uptake, indicating that these changes are
independent of cytoplasmic NOX-2 inhibition (Langley
et al. 2017).

ODE exposure induced an increase in (TUNEL-
positive) apoptotic cells, indicating that the response
to exposure could be protective since the apoptosis is a
form of cell death that aims to contain the cell contents
(such as DAMPs) in order to keep inflammation in
check (Kolb et al. 2017). We detected cytochrome
¢ in the extra-mitochondrial cellular cytosol along
with an increase in caspase-3 and caspase-9 levels,
indicating that prevention of cytochrome c release would
be an attractive therapeutic target (Oliva et al. 2016) to
curtail ODE exposure—induced apoptosis (electronic
supplementary data). ODE exposure—induced release
of cytochrome ¢ and mt-DNA into the cytosol indicates
mitochondrial injury whereas ODE exposure—induced
apoptosis (TUNEL-positive cells) could be protective.
These two seemingly opposite effects may happen as
injury and compensatory effects are part of the body’s
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Fig. 10 An overview of ODE exposure—induced mitochondrial dys-
function in microglia and BSCs. Mitochondria is a vital organelle of
the cell involved in the maintenance and survival of the cell. Thus,
ODE-induced mitochondrial damage can have different consequences
simultaneously. (1) Cytochrome c is a respiratory chain protein loosely
associated with the inner membrane of mitochondria. ODE exposure—
induced mitochondrial damage will result in the release of cytochrome
¢ into the cellular cytosol and initiation of apoptotic changes inside
the cell through activation of caspase-3 and caspase-9. (2) Mitochon-
drial fusion (MFN1/2 mediated) is a form of stress response and is a
mechanism for coping with altered cellular homeostasis. (3) TFAM
is a mitochondrial DNA-binding protein that aids in the transcription
of the mitochondria genome. Damage to mitochondria renders TFAM
and mt-DNA vulnerable for release into the cellular cytosol. When in
the cytosol, mt-DNA can potentiate an inflammation response through

innate responses. Surprisingly, MA treatment reduced
the ODE-induced increase in caspase-3 and caspase-9
without an effect on the release of cytochrome ¢ from
the mitochondria (electronic supplementary data). These
results indicate that MA treatment may induce anti-
inflammatory effects at multiple levels in the signaling
pathway.

@ Springer

TLR9-NFkB signaling resulting in pro-inflammatory cytokine release
or mt-DNA can be sensed by the cGAS-STING pathway, ultimately
leading to IFN-P production. (4) PINKI-mediated mitophagy is a
response often seen in damaged or stressed mitochondria to contain
inflammation. During mitophagy, mitochondria undergo selective
degradation to maintain cellular homeostasis. (5) Finally, by targeting
mitochondria and preventing it from experiencing damage or stress
can help alleviate the inflammation. Use of MA (C2 or C11) reduced
mitochondrial fusion, prevented mt-DNA release, downregulated pro-
inflammatory cytokines, as well as prevented microglial activation and
cellular apoptosis. Selective STING DsiRNA knockdown also helped
in reducing microglial activation. Both MA (C2 or C211) and STING
knockdown downregulated the ODE-induced inflammatory and apop-
totic markers and promoted the resolution of inflammation

Our study examined the role of mt-DNA as a DAMP
following exposure to ODE. It is known that mt-DNA
resides within the mitochondrial matrix and when it
is in the cytoplasm or extracellular space, it is being
identified as a danger signal by the host immune system
(Nakayama and Otsu 2018). Despite coding for very few
mitochondrial genes, mt-DNA is important for oxidative
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Table2 Symbols (asterisk or

; Symbol p value
hashtag) and corresponding p
values * or # <.05
% or ## <.01
*Ek or H#iH# <.001
FEEE Or HHHE <.0001

phosphorylation (OXPHOS) and loss of mt-DNA is linked
to several neurodegenerative diseases (Area-Gomez et al.
2019). Before examining if ODE exposure would lead to
mt-DNA release or damage to the mt-DNA, we ensured
that ODE samples used in our studies did not contain
any (prokaryotic or eukaryotic) DNA by using DNase
treatment. ODE exposure of microglia resulted in the
release of mt-DNA into the mt-free cellular cytosolic
fraction and MA treatment significantly reduced the
release of mt-DNA. These results confirm that inhibition
of cytoplasmic NOX-2 using MA could halt the process
of ODE exposure—induced release of mt-DNA. Though
our study does not address mechanistic details of how
ODE exposure leads to mt-DNA release, it does prove
that cytoplasmic NOX-2 inhibition reduces ODE-induced
mt-DNA release. Surprisingly, following ODE exposure,
we were not able to detect mtDNA in the cell culture
supernatant using the RT-PCR technique. This could be
possibly due to dilution effect or degradation of mtDNA
in the cell culture supernatant samples.

The significance of ODE exposure—induced mt-DNA
release is that mt-DNA is very similar to prokaryotic
DNA in origin and hence, the immune system responds to
mt-DNA as if it is foreign DNA through intracellular
DNA sensing receptors such as TLR9 and cGAS
molecules (Nakayama and Otsu 2018). Toll-like receptor
9 has a specific affinity for unmethylated cytosine and
guanine nucleotides separated by a phosphate-backbone
(CpG), which are common to prokaryotic DNA and this
specificity is essential for preventing TLR9-dependent
autoimmunity. mt-DNA also contains unmethylated CpG
dinucleotides and TLRY signaling can ultimately result in
the activation of NF-kB and cytokine secretion (McCarthy
et al. 2015). ODE exposure of microglia increased the
TLR9 expression and MA treatment reduced the TLR9
protein levels but not the #/r9 gene expression (electronic
supplementary data).

cGAS is a cytosolic sensor of foreign DNA that activates
STING leading to IFN-f production (Motwani et al. 2019).
Therefore, we probed whether mt-DNA released into the
cytosol will activate the cGAS-STING pathway. ODE
exposure increased the expression of cGAS, STING as
well as the downstream molecules IRF-3 and IFN-f,
indicating that mt-DNA in the cytosol initiates a specific
host response similar to a foreign DNA encounter. MA

treatment reduced the expression of cGAS and STING but
not the IRF3 and IFN-f levels. Activated cGAS produces
cGAMP, which binds to STING and STING resides in
the ER. STING can further relay signals downstream
to IRF3, ultimately leading to IFN-f production. Upon
ODE exposure of microglia, we observed significant
upregulation of the mRNA and protein molecules of the
cGAS-STING pathway. MA significantly reduced the
upregulation of the cGAS and STING mRNAs (Motwani
et al. 2019). When we performed a specific knockdown
of STING by using DsiRNA, all the three siRNAs (R1,
R2 and R3) significantly reduced IRF3 and IFN-f
production. However, only R2 and R3 but not R1 siRNA-
treated cells showed a reduction in microglial activation
as indicated by a reduced expression of IBA1. This
observation indicates that microglia activation could be
induced independent of cGAS-STING pathway activation.
Next, we found that MA treatment produced promising
results in curtailing mt-DNA release and its downstream
signaling via TLR9 and cGAS-STING. Loss of mt-DNA
from the mitochondrial matrix is a significant event as
it compromises OXPHOS reactions and feeds into ODE-
induced inflammation. This supports our hypothesis
that OD-induced mitochondrial DNA release drives
the neuroinflammation and mitochondria could serve as a
crucial target to reduce ODE-induced neuroinflammatory
responses in microglia.

In order to predict how ODE exposure—induced microglial
activation will induce neuroinflammatory changes in the
brain, we used mouse organotypic BSCs as a physiologically
relevant ex vivo model. ODE exposure of BSCs resulted
in the activation of microglia and the production of pro-
inflammatory mediators such as TNF-a and IL-6. MA(C11)
but not MA(C2) was effective in abrogating the ODE-
induced expression of TNF-a and IL-6. These results
suggested that MA(C11) is effective in in vivo models and
is far superior when compared to MA(C2), which is suitable
for in vitro models.

Similar to mouse microglia, ODE exposure of BSCs
upregulated the IBA1 expression, pro-inflammatory
cytokine production and induced TUNEL-positive
apoptotic cells in different regions of BSCs. Further, ODE
exposure of BSCs upregulated the expression of MFN1
(mitochondrial fusion protein) and led to the release of mt-DNA
into the cytosol but not into the supernatant. Interestingly,
MA(C11) was also able to reduce the ODE exposure-
induced pro-inflammatory cytokine expression, MFN1
expression and mt-DNA levels in the cytosol to indicate
that ODE exposure-induced mitochondrial dysfunction
is a possible therapeutic target to treat neurodegenerative
changes. In our study, we did not address the role of
NLRP3 in mt-DNA-induced signaling as well as the
motor or neurobehavioral impact of loss of neuronal cells
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(TUNEL-positive) in certain regions of the brain (BSC
model). Despite these deficiencies, our study provides
mechanistic evidence that ODE exposure leads to
mitochondrial dysfunction and targeting mitochondria
would lead to therapeutic benefits. The future studies
addressing the behavioral, motor and sensory impacts
of ODE exposure in animal models would be highly
valuable.

Conclusions

In conclusion, ODE exposure activates microglial cells
of the brain, induces mitochondrial and ER stress and
inflammation characterized by the loss of cells in the
brain. Exposure leads to mitochondrial dysfunction as
indicated by the expression of specific stress markers,
structural and functional deficits, mt-DNA release and
signaling. Use of a mitochondria targeted pharmacological
agent (MA) that inhibits cytoplasmic NOX-2 or siRNA-
mediated knockdown of STING suppresses the mt-DNA-
induced signaling. Both MA and STING appear promising
in preventing an ODE exposure—induced brain microglial
inflammatory response (Fig. 10).

Supplementary Information The online version contains supplemen-
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