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ABSTRACT

Organic dust (OD) exposure in animal production industries poses serious respiratory and other health
risks. OD consists of microbial products and particulate matter and OD exposure induced respiratory
inflammation is under intense investigation. However, the effect of OD exposure on brain largely remains
unknown. Recently, we have shown that OD exposure of brain 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. OD samples were collected from
commercial swine operations and a filter sterilized OD extract (ODE) was prepared. Mouse (C57BL/6)
microglial cell line was treated with medium or ODE (5%) for 48 hours along with either PBS or
mitoapocynin (MA, 10 uM, NOX-2 inhibitor). Microglia treated with control or anti-STING siRNA were
exposed to medium or ODE. Next, mouse (C57BL/6) pups were euthanized under an approved protocol,
organotypic brain slice cultures (BSCs) were prepared and exposed to medium or ODE with or without MA
treatment daily for five days. Culture supernatant, cell pellets and mt-free cytosolic fractions were
processed to quantify mt-superoxide, mt-DNA, cytochrome C, TFAM, mitochondrial stress markers and mt-
DNA induced signaling via cGAS-STING and TLR9. Data were analyzed using one-way ANOVA and post-
hoc tests. A p value of << 0.05 was considered significant. ODE exposure increased the mt-superoxide
formation andMA treatment decreased the ODE-induced mt-DNA release into cytosol. ODE exposure
increased the cytochrome C and TFAM levels. 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-B and Iba1 expression. In BSCs, MA-treatment decreased the ODE induced TNF-a, IL-6 and MFNL1.
Taken together, OD exposure induced mt-DNA signaling could be curtailed through mitochondrial NOX-2

inhibition or STING suppression to reduce neuroinflammation.

INTRODUCTION
Working in agriculture production and other industries is a risk factor for developing respiratory and other

diseases due to exposure to contaminants (Nordgren et al., 2018). Among the contaminants, airborne
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organic dust (OD), gases (methane, ammonia, and hydrogen sulfide), odorant molecules and particulate
matter (PM) of various sizes are central to the adverse health effects.
OD generated in agricultural settings (swine, poultry, cattle, and other animal production units) is a complex
mixture of PM and microbial products consisting of various pathogen-associated molecular patterns
(PAMPs). Among the PAMPs, lipopolysaccharide (LPS) and peptidoglycan (PGN), bacterial DNA, and
fungal spores have been documented in the OD samples (American Thoracic Society, 1998;
Charavaryamath et al., 2006; lowa State University and University of lowa, 2002; Roy et al., 2003).
Occupational exposure to OD is known to result in various respiratory symptoms, including bronchitis,
asthma-like symptoms, coughing, sneezing, mucus membrane irritation, chest tightness, and an annual
decline in lung function. Cell and molecular mechanisms underlying these 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).

Despite 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., 2010a). These areas also know for a higher density of animal production facilities.
Microglial cells of the brain are primary sentinel cells that respond to danger signals by 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 HMGB1-RAGE signaling. Following pharmacological inhibition of HMGB1 translocation
using ethyl pyruvate or siRNA mediated suppression of HMGB1, we observed a reduction in reactive
species, TNF-a and IL-6 production collectively. Next, pharmacological inhibition of mitochondrial NOX-2
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 indicated that secreted
HMGB1 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 which 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 by mainly by
three transmembrane proteins: Inositol Requiring 1 (IRE1), PKR-like ER kinase (PERK), and Activating
Transcription Factor 6 (ATF6). Activated IRE1 leads to splicing of X-box binding (XBP1) mRNA which
functions as a stable UPR transcription factor. Activating transcription factor 4 (ATF4) is involved in protein
folding and anti-oxidative stress (Oslowski et al., 2011). Glucose regulated protein 94 (GRP94), a protein

that resides in the lumen of ER and regulates protein folding (Marzec et al., 2012).
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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. A growing
number of publications indicate that mitochondrial dysfunction is central to neurodegenerative disorders
(Lin et al., 2006) (Johri et al., 2012). Mitochondria are dynamic organelles that continually undergo fusion
(mediated by MFN1 and MFN2 genes), fission (mediated by DRP1 gene) and several metabolic and
neurological disorders are known to alter these genes (MFN1/2 and DRP1) to affect mitochondrial
homeostasis (Chan, 2006) (Johri, et al., 2012). Mitochondria also undergo PINK1 mediated mitophagy
during apoptosis, and mitophagy is a crucial regulator of mitochondrial turnover and cell death (Lin, et al.,
2006) (Truban et al., 2017).

Now, growing evidence suggests a prime role for mitochondria in triggering and maintaining inflammation
and mitochondrial dysfunction is emerging as a key 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 and are known to act as inflammogens
through activation of pattern recognition receptors (PRRs). Particularly, 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 synthetase/stimulator of interferon gene (CGAS-STING)
pathways and could mount an exaggerated inflammatory response (Nakayama et al., 2018). mt-DNA is a
circular molecule comprising of double-stranded DNA, and human mt-DNA sequencing showed 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
stimulator of interferon gene (STING) and leads to the production of IFN-B. 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 plant-derived
mitochondria targeting antioxidants. Apocynin inhibits 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) and been shown to
be well tolerated even high doses (Anantharam, et al., 2007) (Cristovao et al., 2009). Mitoapocynin (MA)
has been synthesized as a more efficacious analog of apocynin 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).

In order to understand the mechanisms of OD-induced inflammation in microglial cells, it is essential to
utilize relevant models. In vitro models of microglial cells have been used to unravel mechanisms of

neuroinflammation (Nyzil et al., 2019), and mitochondrial damage has been shown to be central in many
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neurodegenerative diseases (Lin, et al., 2006). Therefore, we tested a hypothesis that OD exposure of
microglial cells in vitro and ex vivo organotypic brain slice culture (BSCs) induces mitochondrial and
endoplasmic reticulum stress responses and resultant inflammation involves the release of mt-DNA and

signaling through cGAS-STING pathway.

In the current manuscript, we demonstrated that exposure to OD induces mitochondrial and ER stress and
release of mtDNA leading to cGAS-STING mediated signaling. Using anti-STING or mitochondria-targeted
NOX-2 inhibitory agent MA (C2/C11), we demonstrate a reduction in OD-induced mitochondria and ER-

stress and resultant inflammation.

MATERIALS AND METHODS

Chemicals and reagents

Dulbecco’s minimum essential medium (DMEM), fetal bovine serum (FBS), penicillin, and streptomycin
(PenStrep), L-glutamine, and trypsin-EDTA were purchased from Life Technologies (Carlsbad, CA). Poly-
D-Lysine (Sigma, 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 the Seahorse FluxPak calibration solution was purchased from
Seahorse Biosciences (Billerica, MA). Rhod-2 AM (ab142780) was purchased from Abcam (Cambridge,
MA). Mitotraker green, Fluo-4AM kit, (DPBS) Dulbecco’s phosphate buffer saline, mitochondrial isolation kit
(89874), DNA purification kit (Thermo fisher scientific, cat # K0512) were purchased from Thermo Fisher
Scientific (Waltham, MA). IGEPAL CA630 (13021) was purchased from Sigma. Mito-Apocynin (MA) was
procured from Dr. Balaraman Kalyanaraman (Medical College of Wisconsin, Milwaukee, WI), stock solution
(20 mM/L in DMSO) was prepared by shaking vigorously and stored at - 20° C. MA was used (10 pM/L) as

one of the co-treatments (Table 1).

Preparation of organic dust extract

All the experiments were conducted in accordance with an approved protocol from the Institutional
Biosafety Committee (IBC protocol# 19-04) of lowa 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, stirred, and allowed to stand at room temperature for 60
min. The mixture was centrifuged (1365 g, 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
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). We routinely quantify the LPS content of our ODE samples using Pyrochrome® Kinetic
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Chromogenic Endotoxin (CAPE COD, Cat # CG-1500-5) as per the instructions. LPS content of several of

our ODE samples has been reported in a manuscript from our group (Bhat et al., 2019).

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 106 cells/flask), 12 well tissue culture plates
coated with poly-D Lysine, 24 well tissue culture plate (50 x 102 cells/well) and in 24 well seahorse assay
plate (15 x 102 cells/flask). Cells were maintained in DMEM supplemented with 10% heat inactivated 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 pre-treatment and co-treatment details are outlined in Table 1.
Control group samples were collected at 0 h because the control group samples from 6, 24, and 48 h time
points did not show any differences in our pilot studies. 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

Cells were grown in 24 well plates and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo
Fisher Scientific, Walktham, MA) supplemented with 10% heat inactivated fetal bovine serum (FBS, Atlanta
Biologicals, Flowery Branch, GA, cat# S11150H and lot # A17002), 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). Total and activated microglial cells were identified based on the morphological
features (Hinwood et al., 2012) (Crews et al., 2015) (Ransohoff, 2016) and counted manually using ImageJ
(NIH) in five randomly selected microscopic fields viewed under 20X objective lens. Percent of activated

cells were quantified, data analyzed and graphically represented.

Western Blot analysis

Cells were grown in T-75 flasks (1 x 10° cells/flask), 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 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
Mg/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 (Outlined in Table 2)


https://doi.org/10.1101/2020.07.01.182535

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.01.182535; this version posted July 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

namely caspase 3 Caspase 9, Cytochrome ¢, TFAM, MFN1, MFN2, DRP1, PINK1, SOD-2, TLR9, cGAS,
IFN-B, IBA1, B-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 (3-
actin as a loading control, band densities were normalized, and densitometry was performed (ImageJ,

NIH).

Transmission Electron Microscopy

Cells were grown in 12 well tissue culture plate coated with Poly-D Lysine and maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, ThermoFisher Scientific, Walktham, MA) supplemented with 10% heat-
inactivated fetal bovine serum (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 and after 6, 24 and 48 h cells
were washed with ice cold HBSS and fixed with 1% paraformaldehyde and 2.5% glutaraldehyde for 24 h in
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, IA). An investigator

blinded to the treatment groups identified the ultra-structural changes in a blinded fashion.

Seahorse assay

Mitochondrial oxygen consumption/bioenergetics was measured using a Seahorse XFe24 Extracellular
Flux analyzer (Dr. Anumantha G. Kanthasamy’s laboratory, lowa State University, Ames, 1A) 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 the mito-stressor agents like oligomycin (1
pug/mL), FCCP (1 uM) and antimycin A (10 uM). 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 as a T-test.

Confocal cell imaging of microglial cells

Cells were seeded into 35 mm diameter glass bottom wells and maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, Thermo Fisher Scientific, Walktham, MA) supplemented with 10% heat inactivated fetal
bovine serum (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 cat # M7514) (100 nM, for 12 min)
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followed by the fluorogenic mitochondria-targeted Ca?* probe Rhod-2 AM (10 puM) for 30 min in 37°C in
DMEM containing 10% fetal calf serum or MitoSox® (Invitrogen cat # M36008) (100 nm) (mitochondrial
superoxide staining dye) for 15 min. After loading with either of the dyes, cells were placed on the stage of
the Nikon microscope. MitoTracker® Green was observed using FITC filter. Rhod-2 AM and MitoSox® were
observed using cy3 filter. Following MitoSox staining, five fields (under a 20X objective lens) per slide were
chosen randomly, and total stained cells were counted (ImageJ, NIH). Next, the total staining intensity per
field (cy3) was measured using software (HC Image, Hamamatsu Corp, Sewickley, Pennsylvania). The
total 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 cat # 15596-026) extraction methods as per
manufacturer’s guidelines. Following treatment (Table 1), RNA concentration was measured using
NanoDrop, and the A260/A280 ratio assessed quality. Samples with an A260/A280 ratio between 1.8-2.1
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, cat # 11766050) following the
manufacturer’s protocol. For gPCR, 5 L of PowerUp™ SYBR Green Master mix (Thermo Fisher Scientific,
cat # 25742), 0.5 uL each of forward and reverse primers (10 uM), 3 uL of water and 1 uL of cDNA (1-10
ng) were used. The genes and their respective primer sequences used for gRT-PCR analysis are listed in
Table 2, and all the primers were synthesized at lowa State University’s DNA Facility. 18 S and B-actin
were used as a housekeeping gene in all the gRT-PCR experiments. No-template controls and dissociation
curves were run for all experiments to exclude cross-contamination. Cr values of gene products of interest
were normalized to housekeeping gene product Cr values. Comparisons were made between experimental
groups using the ACr method. Briefly, the ACt value was calculated for each sample (Cr gene of interest
minus Cr 18 S or B-actin). Then the calibrator value was averaged (ACr) for the control samples. The
calibrator was subtracted from the ACy for each control and from the experimental sample to derive the
AAC+. The fold change was calculated as 224, Average fold change was calculated for each

experimental group.

Mitochondrial DNA detection

Cells were seeded in T-25 tissue culture flask (2x 10° 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,
cat#18896). Following centrifugation (13000 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, cat #
K0512). For g-PCR, 10 yL of SYBR Green Mastermix (Qiagen Cat #208056), 1 pL of primers, 8 pL of water
and 1 uL of cDNA were used. The cytochrome ¢ oxidase gene was used in our gRT-PCR reaction (primer
sequences: forward 5-GCCCCAGATATAGCATTCCC-3, and reverse 5'-GTTCATCCTGTTCCTGCTCC-3',
synthesized at lowa State University’s DNA Facility) (Bronner et al., 2016) to quantify the amount of mt-

DNA. Using primers specific for 18S, we quantified the housekeeping gene expression.
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siRNA-mediated knockdown of STING
Our protocol for siRNA mediated knockdown of a gene of interest is published (Massey, et al., 2019b).
Briefly, three (R1, R2, and R3) custom-designed Dicer-substrate anti-STING siRNAs (DsiRNA), scrambled
RNA (negative control, NC), HPRT1 DsiRNA (positive control), and a fluorescent transfection control
(TYES63) were purchased from Integrated DNA Technologies Inc. (Coralville, lowa) 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 Table-
4. 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), HPRT1 DsiRNA (positive 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 gRT-PCR and Western blot analysis of the target gene and protein
respectively. Transfection was confirmed by performing immunofluorescence (ICC) for TYE563

(fluorescent transfection control).

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 cat # AM2239) to be added in 50ul volume of 100% ODE to

remove any traces of DNA effectively.

Mito-Apo treatment of microglia and brain slice cultures (BSCs)

We did not use mito-apocynin treatment whenever there was no ODE exposure effect. Two forms of Mito-
apocynin (C2 or C11) were used in this study. Unless otherwise specified, MA refers to C2 fraction. Details
of the preparation of MA (C2 and C11) and its neuroprotective properties have been reviewed (Ghosh, et
al., 2016) (Dranka, et al., 2014).

For treatment purposes, in-vitro model wild type microglial cell model was treated with MA i.e., C2 form of
MA at 10 pmol for 48 h (Ghosh, et al., 2016). Since, MA(C11) is the preferred form for in-vivo model
(Dranka, et al., 2014). MA(C11) was also found to be more neuroprotective on ex-vivo model at 10 pmol for
5 day as compared to MA(C2) (data not shown). MA (C2 or C11) exposure for In-vitro and ex-vivo models
was always done as co-treatments with ODE (1%). MA(C2 or C11) alone in media was never done as
apocynin has no toxic effect on cell culture and mouse models and can be well tolerated even at higher
doses (Anantharam, et al., 2007) (Cristovao, et al., 2009).
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Brain slice cultures (BSCs)
All the work described here was performed as per the approved protocols from the lowa State University’'s
Institutional Animal Care and Use Committee (IACUC protocol # 18-290). Organotypic slices were
prepared as previously described (Kondru et al., 2017). As per an approved protocol (IACUC protocol#18-
227), we procured the 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. Mouse pups (WT, C57BL/6, 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 brain slices (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 the 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 in solution in the following
order from 10x stocks to obtain the final concentrations per liter: 8 g NaCl, 0.37 g KCI, 0.12 g Na;HPO,,
0.22 g CaClz - 2H20, 0.09 g KH2PO4, 0.07 g MgSO; - 7TH20, 0.210 g MgCl. - 6H.0, 0.227 g NaHCOs. The
compression lip located in the cutting chamber helps to stabilize the brain specimen while obtaining 350-
Mm 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 #353090, 3-4 slices per insert),
and were incubated in a humidified atmosphere with 5% CO- at 37 °C. Culture media was replenished
every other day for two weeks before starting any treatments. After two weeks of incubation, BSCs cultures
were treated for five days. All the treatment groups with pre-treatment and co-treatment details are outlined
in Table 1.

Confocal imaging of BSCs

After five days of treatment with either control or ODE followed by either MA (C11) or vehicle (PBS) BSCs
on inserts were cut out with a scalpel and placed in a new 12 well inserts facing upward and washed twice
with phosphate-buffered saline (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 Table
5) overnight at 4°C. After being washed with washing solution (5% BSA in PBS), BSCs were incubated with
secondary antibodies (Table 4), 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. Nuclei were stained blue with DAPI. The cover glasses were
sealed with nail polish, and slides were imaged under Nikon Eclipse TE2000-U and photographed using

Photometrics Cool Snap cf, HClmage (Tucson, AZ).
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TUNEL assay
After five days of treatment with either control or ODE followed by either MA (C11) or vehicle (PBS), BSCs
on inserts were cut out with a scalpel and placed in a new 12 well inserts facing upward (BSCs side up)
and washed twice with phosphate-buffered saline (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 pyg/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 from 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 glass was 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 ImageJ (NIH) in five randomly selected microscopic fields viewed under 20X objective lens. Percent
of TUNEL positive cells were quantified, statistically analyzed, and plotted.

Statistical analysis

Data were expressed as mean + SEM and analyzed by T-test or one-way or two-way ANOVA followed by
Bonferroni’s post hoc comparison tests (GraphPad Prism 5.0, La Jolla, California). A p-value of < .05 was
considered statistically significant. 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. 1-12 and legends) corresponding to asterisk/s or hashtag/s are
listed in Table 6.

RESULTS

ODE exposure of microgliainduces 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 signs of activation as indicated by an
increase in size over time (6, 24, and 48 h), and microglia developed an amoeboid body with thick and
longer processes (Fig. 1A). Later, manually analyzing the microglia under a microscope indicated an
increase in the number of activated microglia upon ODE treatment as compared to control at 24 h. MA did
not show any effect on morphological signs of microglial activation (Fig. 1B). We also assessed the
ultrastructural details of microglia using TEM. ODE treated microglia showed mitochondrial hypertrophy
with cristolysis, increased calcium sequestering bodies, and fragmented RER as compared to microglia
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treated with vehicle. MA treatment partially reduced ODE induced changes inside microglia (Fig. 1C-E).

ODE impairs mitochondrial function

We assessed mitochondrial bioenergetics in microglia exposed to media alone or ODE with or without MA
treatment using sea horse assay. ODE treatment significantly affected the mitochondrial bioenergetics by
decreasing mean OCR, basal respiration, and ATP production. MA only partially recuperated the

mitochondrial bioenergetics by increasing basal respiration and ATP production (Fig. 2 A-E).

ODE upregulates mitochondrial and endoplasmic reticulum (ER) stress responses in activated
microglia

Mitochondrial and ER phenotypic changes in microglia were analyzed in microglia after exposure to ODE
with or without MA treatment using gRT-PCR analysis. MFN1 mRNA levels increased by 2 folds after 48 h
of ODE treatment, whereas MA had no effect on MFN1 gene activity (Fig. 3 A). MFN2 activity was also
upregulated by 3 folds upon ODE treatment again at 48 h as compared to control. In contrast, MA
significantly declined the mRNA levels after ODE exposure to the control levels (Fig. 3 B). On the other
hand, we did not see any significant changes in the levels of DRP1 mRNA with ODE treatment with or
without MA (Fig. 3 C). PINK1 gene expression significantly increased with a significant fold increase in
PINK1 mRNA levels at 48 h post ODE exposure. MA treatment had no significant effect on the PINK1 gene
activity (Fig. 3 D). Upon ODE treatment spliced XBP1 mRNA were found to be significantly increased as
compared to control at 48 h, whereas Un-spliced XBP1 mRNA remains unaffected. MA significantly
reduced spliced XBP1 mRNA levels (Fig. 3 E-F). ATF4 mRNA levels also saw a significant fold change
increase upon ODE treatment 48 h post ODE treatment, whereas MA showed no effect on ATF4 levels
(Fig. 3 G). The upregulation of GRP94 reflects endogenous UPR activation. GRP94 mRNA levels were
significantly increased upon ODE treatment at 6h, and MA showed no effect on GRP94 mRNA levels (Fig.
3 H).

ODE induces reactive oxygen species (mt-ROS) production and calcium uptake by mitochondria
Fluorescent staining of microglia with mitosox® (representing mt-ROS) was done after treatment with
media alone or ODE with or without MA treatment. Compared to control, ODE treatment triggered the mt-
ROS production in microglia, as indicated by increased mitosox® intensity (24 h and 48 h), and MA
treatment did not have any effect on the production of mt-ROS (Fig. 4 A). Also, quantification of 5 random
fields (images not shown) revealed that staining intensity per cell was higher in ODE treated (24 h and 48
h) microglia as compared to control, and MA had no significant effect (Fig. 4 B). Expression of SOD-2 was
measured using western blot analysis. ODE exposure increased the SOD-2 protein levels inside microglia
as compared to control (24 h and 48h), MA had no significant effect on SOD-2 protein expression (Fig. 4 C-
D). Colocalization of rhodamine (calcium indicator) and mitotraker® green (mitochondria marker) in ODE
treated microglia compared to control at 24 h and 48 h was suggestive of increased calcium levels inside
mitochondria (Fig. 4 E).
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ODE exposure of microglia upregulates apoptotic pathway through cytochrome c release in cytosol
Western blot analysis was done for analyzing the protein expression of cytochrome c in cytosol.
Mitochondria free cytosol of microglia was prepared and cytochrome c protein levels were found to be
elevated upon ODE treatment compared to control at 48 h. MA treatment did not significantly reduce
Cytochrome c levels after ODE treatment (Fig. 5 A-B). Furthermore, gRT-PCR analysis was performed for
Caspase 3 and Caspase 9 activity. The gene expression of Caspase 3 and caspase 9 was found to be
significantly elevated reflected by their mMRNA levels in ODE treated microglia, and this time MA treatment

successfully downregulated Caspase 3 and Caspase 9 gene activity (Fig. 5 C-D).

ODE induces mt-DNA and TFAM release into cytosol

Mitochondria free cytosol were prepared of 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 could not rescue the release of TFAM from mitochondria (Fig. 6 A-B).

Next, to rule out ODE as the external source of mt-DNA in our sample. We ran a gRT-PCR on ODE either
treated with DNase (negative control) or without DNase. Compared to the cytosol of control microglia, ODE
contained significantly fewer levels of mt-DNA (Fig. 6 C). Finally, the mt-DNA levels in the cytosol of ODE
treated microglia were analyzed and found to be significantly elevated at 12 h post-treatment as compared
to control. Interestingly, MA prevented the release of mt-DNA into the cytosol, unlike TFAM (Fig. 6 D).

ODE modulates TLR9 expression in microglia.

Cultured microglial cells exposed to ODE with or without MA treatment were analyzed for TLR9 gene and
protein expression. We employed qRT-PCR and found that in ODE treated microglia the gene expression
of the TLR9 was highly upregulated as compared to control at 24 h. MA did not significantly change the
TLR9 gene activity in ODE treated microglia (Fig. 7 A). To reinforce our findings, we also looked at the
actual receptor protein expression in microglia using western blot analysis, and it followed a similar trend of
upregulation upon ODE treatment (6 h, 24 h and 48 h) as compared to control. Surprisingly, in this case,
MA was able to reduce the protein expression in contrast to the mRNA levels (MA data only for 48 h) (Fig.
7 B-C).

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 respectively. Upon ODE treatment, we observed
elevated mRNA levels of cGAS (12 h), STING (24 h), IRF3 (24 h), and IFN-B (24 h). MA was only able to
reduce the mRNA levels of cGAS and STING following ODE treatment (Fig. 8 A-D). Protein levels of two
end molecules of the pathway (cGAS and IFN-B) and were analyzed. Both cGAS and IFN-[ 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-B protein levels at any given time point (Fig. 8 E-H).
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CGAS-STING role in microglia activation
Successful transfection into microglia was confirmed by using a fluorescently tagged DsiRNA (DsiRNA
TYE 563) at 10 nmol concentration after 24 h incubation (Fig. 9 A). After establishing effective transfection,
microglia were incubated with R1, R2, or R3 at 10 nmol for 24 h concentration and then again exposed to
either media (control) or ODE for further 48 h. A negative control group (NC) was also added using a
scrambled DsiRNA at 10 nmol for 24 h. R1, R2, and R3 were successfully able to knockdown STING
MRNA in ODE exposed microglia to the level of the control group (Fig. 9 B). Furthermore, IRF3 and IFN-
MRNA levels were also downregulated in ODE treated microglia to the level of control following treatment
with R1, R2, or R3 (Fig. 9 C-D). After confirming an effective knockdown of STING and downregulation of
IRF3 and IFN-B, we analyzed the expression of IBA-1 protein (microglial activation marker) in microglia.
Our result indicated that R2 and R3 significantly reduced IBA-1 protein expression in microglia after ODE

treatment (Fig. 9 E-F).

ODE induces microglial activation in brain slice cultures (BSCs)

BSCs were prepared from mice pup brain and were cultured in the lab and treated with media (control) or
ODE with or without MA(C11) (refer table 1) for 5 days. Compared to controls, Immunofluorescent staining
showed high IBA-1 and reduced NeuN expression in the olfactory bulb, frontal cortex, corpus callosum,
and visual cortex in ODE treated BSCs. MA(C11) treatment seems to have no effect on either IBA-1 and
NeuN staining (Fig. 10 A). Following gRT-PCR analysis, expression of pro-inflammatory cytokines like
TNF-a and IL-6 were found to be elevated with a significant rise in their gene activity after 5-day ODE
treatment of BSCs when compared to control. MA(C11) significantly reduced both TNF-a and IL-6
expression in ODE treated BSCs (Fig. 10 B)

ODE induces apoptosis in BSCs.

TUNEL staining for dead or degenerating neurons was done in BSCs treated with media (control) or ODE
with or without MA(C11) for 5 days. Fluorescent staining revealed that compared to control, ODE treated
BSCs had a significantly higher number of degenerating or dead neurons in the olfactory bulb, frontal
cortex and corpus callosum. Even BSCs co-treated with ODE and MA(C11) showed higher amounts of
TUNEL positive cells (Fig. 11 A). The number of TUNEL positive cells were manually counted using Image

J, and results were plotted (Fig. 11 B).

ODE induces mitochondrial damage 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, DRP1, and PINK1 was analyzed. Compared to control, only MFN1 gene
expression was found to be elevated in BSCs following 5 day ODE treatment. MA(C11) significantly
reduced MFN1 gene expression in ODE treated BSCs (Fig. 12 A). Also, mt-DNA levels were found to be
elevated in the cytosol of cells extracted from the ODE treated BSCs as compared to control BSCs.

MA(C11) was again able to significantly prevent the release of mt-DNA in the cytosol (Fig. 12 B). However,
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no significant traces of mt-DNA were found in the culture media of both control or ODE treated BSCs

(Fig.12 C).

DISCUSSION

Increasing incidences of neurocognitive disorders such as Parkinson's disease among agricultural
communities in the Midwestern and northeastern parts of the USA has been reported recently (Wright
Willis et al., 2010b). The fact that the same area is known for higher density of animal production facilities
is indicating a causal link between the agriculture exposures such as OD and incidences of Parkinson's
disease. We recently published a study and showed that organic dust extract (ODE) exposure activates
microglia of the brain, leading to neuroinflammation and supported the hypothesis that OD if inhaled could
induce neuroinflammation. Our data supported that mitochondria were involved in RNS production.
Following treatment with MA (mitochondria targeted NOX-2 inhibitor), we were able to reduce inflammatory
signals, and MA exposure also reduced microglial activation (Massey et al., 2019a). These evidences
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 resultant neuroinflammation.

The OD exposure induced structural changes in the microglia (large amoeboid appearance and thicker
branching) indicated their activation. Next, ultrastructural alterations in mitochondria indicated crystolysis,
mitochondrial swelling, fusion, and increased size of structures resembling calcium sequestering bodies.
We also noticed fragmentation and swelling of ER, increased expression of ER stress markers such as
spliced XB1, ATF4 and GRP4 in microglia after ODE treatment. These findings attested that ODE
treatment was inducing mitochondrial and ER stress responses in microglia. Interestingly, ODE treatment
also induced mitochondrial bioenergetics deficiencies in agreement with the ultrastructural damages to the
mitochondria. OD-induced upregulation of mitochondrial fusion genes (MFN1/MFN2) and PINK1 (apoptosis
marker) indicated mitochondrial stress in ODE treated groups. Use of MA abrogated many of OD-induced
damages at the gross, ultrastructural, bioenergetics and ER level indicating that OD-induced mitochondrial

and ER damages could be abrogated by using MA.

The OD exposure induced cellular stress was marked an increase in mt-ROS and SOD-2 production.
Further the mitochondrial oxidative stress was accompanied by an increase in the calcium uptake by
mitochondria. Increased calcium update is known to altered mitochondrial membrane permeability that
could lead to apoptotic changes in the cells. MA treatment did not reduce OD induced mt-ROS production,
mitochondrial permeability and mitochondrial calcium uptake indicating that these changes are

independent of mitochondria targeted NOX-2 inhibition (Langley, et al., 2017).

OD-exposure induced (TUNEL-staining positive) apoptotic cells to indicate 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

DAMPSs) in order to keep the inflammation in check (Kolb et al., 2017). We detected cytochrome c in the
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cellular cytosol (outside the mitochondria) along with an increase in caspase 3 and caspase 9 indicating
that prevention of cytochrome ¢ would be a good target (Oliva et al., 2016) to prevent exposure induced
apoptosis. Surprisingly, MA treatment reduced the OD-induced increase in caspase-3 and 9 without an
effect of the release of cytochrome ¢ from the mitochondria. These results indicate that MA may have
multiple anti-inflammatory effects.

Mitochondrial DNA resides within the mitochondrial matrix and is being identified as foreign or danger
signal by the host immune system. Despite coding for very few mitochondrial genes, mt-DNA is important
for oxidative phosphorylation (OXPHOS) and loss of mt-DNA is linked to several neurodegenerative
diseases(Area-Gomez et al., 2019). Before examining if OD-exposure would lead to mt-DNA release or
damage to mt-DNA, we verified that ODE samples used in our studies did not contain any 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. ODE exposure increased
the expression of TLR9, cGAS, STING as well as 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 TLR9, IRF3 and IFN-f levels.

mt-DNA is prokaryotic, perceived as foreign to the body and hence the immune system responds to the mt-
DNA in a manner similar to foreign DNA through several intracellular sensing receptors such as TLR9 and
cGAS molecules. 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. This
specificity is essential for preventing TLR9-dependent autoimmunity.

mt-DNA also contains unmethylated CpG dinucleotides. TLR9 signaling can ultimately result in the

activation of pro-inflammatory factors like NF-kB and cytokine secretion (McCarthy et al., 2015).

CcGAS is a cytosolic sensor of foreign DNA that activates STING leading to IFN-B production. Activated
CcGAS produces cGAMP, which binds to STING, which resides in the ER. STING can further relay signals
downstream to IRF3, ultimately leading to IFN-B production. Upon ODE exposure of microglia, we
observed significant upregulation in the mRNA and protein molecules of the cGAS-STING pathway. MA
again significantly reduced the upregulation of the cGAS and STING mRNAs. When we performed a
specific knockdown of STING by using DsiRNA, it significantly reduced the IRF3 and IFN- production as
well as microglial activation as indicated by a reduced expression of IBA1. We found that MA treatment has
produced promising results in curtailing mt-DNA release and its downstream signaling via TLR9 and cGAS-
STING. This confirmed our hypothesis that mitochondria could serve as a crucial target to reduce OD-
induced neuroinflammatory responses in microglia and mt-DNA release is a significant event as it

compromises OXPHOS reactions and feeds into OD-induced inflammation.

In order to predict OD-exposure induced neuroinflammatory changes in the brain, we used mouse
organotypic BSCs as a physiologically relevant model. ODE exposure of BSCs leads to the activation of
microglia and the production of proinflammatory 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
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suggested that MA(C11) that has been shown effective in in-vivo models 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 cells in different regions of BSCs. Further, ODE exposure
of BSCs upregulated the expression of MFN1 (mitochondrial fusion protein), lead to release of mt-DNA into
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 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 impact of loss of cells (TUNEL-positive) in certain regions of the brain (BSC
model). The future studies addressing the behavioral, motor and sensory impacts of OD-exposure in

animal models would be highly valuable.

In conclusion, OD-exposure through respiratory route 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 expression of specific stress markers, structural and
functional deficits and mt-DNA release and signaling. Use of mitochondria targeted NOX-2 inhibition (MA)
or siRNA mediated knockdown of STING suppresses mt-DNA induced signaling. Both MA and STING

appear promising in preventing OD-exposure induced neuroinflammation.

Table 1. Microglial Cell Treatments

Treatment Groups Co-treatment

Control Medium

ODE ODE 1% viv

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 other in

vitro experiments.

Table 2. Primer Sequences

Gene Sequence 5'-3' Direction
Caspase 9 AGTTCCCGGGTGCTGTCTAT Forward
GCCATGGTCTTTCTGCTCAC Reverse

Caspase 3 CCTCAGAGAGACATTCATGG Forward
GCAGTAGTCGCCTCTGAAGA Reverse

MFN1 CCAGGTACAGATGTCACCACAG Forward
TTGGAGAGCCGCTCATTCACCT Reverse

MFN2 GTGGAATACGCCAGTGAGAAGC Forward

CAACTTGCTGGCACAGATGAGC Reverse
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DRP1

PINK1

sXBP1

usXBP1

ATF4

GRP9%4

IRF3

cGAS

STING

IFN-b

TLR9

IL-6

TNF-a

B-actin

Cytochrome

C oxidase

18S rDNA

CAGGAATTGTTACGGTTCCCTAA
CCTGAATTAACTTGTCCCGTGA
GCTTGCCAATCCCTTCTATG
CTCTCGCTGGAGCAGTGAC
CTGAGTCCGAATCAGGTGCAG
GTCCATGGGAAGATGTTCTGG
CAGCACTCAGACTATGTGCA
GTCCATGGGAAGATGTTCTGG
GGGTTCTGTCTTCCACTCCA
AAGCAGCAGAGTCAGGCTTTC
AAGAATGAAGGAAAAACAGGACAAAA
CAAATGGAGAAGATTCCGCC
GCCGGACGTGTCAACCTGGA
CGCGCCCCTGGAGTCACAAA
ACGAGAGCCGTTTTATCTCGTACCC
TGTCCGGAAGATTCACAGCATGTTT
TCAGTGGTGCAGGGAGCCGA
CGCCTGCTGGCTGTCCGTTC
TCCGAGCAGAGATCTTCAGGAA
TGCAACCACCACTCATTCTGAG
TATCCACCACCTGCACAACT
TTCAGCTCCTCCAGTGTACG
CCTCTGGTCTTCTGGAGTACC
ACTCCTTCTGTGACTCCAGC
ACCCTCACACTCAGATCATCTT
GGT TGT CTT TGA GAT CCATGC
GAT TAC TGC TCT GGC TCC TAG
GACTCATCGTACTCCTGCTTGC
GCCCCAGATATAGCATTCCC
GTTCATCCTGTTCCTGCTCC
TAGAGGGACAAGTGGCGTTC

CGCTGAGCCAGTCAGTGT

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

Reverse

Table 3. Anti-STING and Control DsiRNAs Sequences

Gene

SiRNA

Sense 5'-3’

Antisense 5'-3’

TMEM173
(STING)

Negative

control

DsiRNA-1 (R1)
DsiRNA-2 (R2)
DsiRNA-3 (R3)
DsiRNA (NC)

GAAUCGGGUUUAUUCCAACAGCGTC
CUUCUUAAUAAACAUAUCUAUUCTC
AACUUGGACUACUGUUGAAAAACCT
CGUUAAUCGCGUAUAAUACGCGUAT

GACGCUGUUGGAAUAAACCCGAUUCUU
GAGAAUAGAUAUGUUUAUUAAGAAGGC
AGGUUUUUCAACAGUAGUCCAAGUUCG
AUACGCGUAUUAUACGCGAUUAACGAC

Table 4. Antibodies used in Western blotting
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Antibody Catalogue Dilution Vendor
SOD-2 Sc-133134 Santa Cruz biotechnology
Cytochrome ¢ Sc-13156 Santa Cruz biotechnology
TFAM Sc-166965 Santa Cruz biotechnology
TLR9 Sc-47723 Santa Cruz biotechnology
cGAS Sc-515802 Santa Cruz biotechnology
IFN-b Sc-57201 Santa Cruz biotechnology

IBA-1 Ab-5076 Abcam

Table 5. Antibodies used in ICC

Primary Target

Secondary Antibody

Source (Catalogue Number)

Ibal (Goat Pab)*
NueN (Mouse Pab)

Anti-Goat (FITC conjugated) raised donkey
Anti-Mouse (Cy3 conjugated) raised in

donkey

Jackson Immunoresearch (705-095-147)
Jackson Immunoresearch (711-165-150)

* Pab: polyclonal antibody

Table 6. Symbols (Asterisk or Hashtag) and Corresponding p-Values

Symbol p-value
*or# <.05
**or ## =<.01

*EEor #tH <.001
R or #HHE <<.0001

CONCLUSIONS

Our results demonstrate that ODE-exposure, induces mitochondrial dysfunction and ultimate release of mt-

DNA. Released mt-DNA is further triggers cGAs-STING pathway and leads to IFN- production. Targeting

CGAS-STING pathway or mitochondrial NOX-2 inhibition in ODE-induced microglial activation has the

potential to reduce neuroinflammation and promote resolution.
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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
activation such as an increase in size and change in shape (amoeboid body with thick and longer
processes) were observed, and percent of activated microglia/microscopic field was calculated manually at

6, 24, and 48 h. Compared to controls, ODE treated microglia appeared to increase in size with a round
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center and thick amoeboid processes (arrows) (A, upper panel). MA (mitochondria targeting NOX-2
inhibitor) treatment did not reduce ODE-induced changes in microglia (micrometer bar= 50 um) (A, lower
panel). The number of microglia was manually counted in five randomly chosen fields, and percent
activated cells was calculated. Compared to controls, ODE significantly induced morphological signs of
activation at 24 and 48 h. MA treatment had no effect on ODE-induced microglial activation at 24 and 48 h
(B). Microglia were exposed to media or ODE with or without MA and processed for transmission electron
microscopy (TEM) (B). Control cells showed mitochondria with normal cristae, electron-dense calcium
sequestration bodies, and rough endoplasmic reticulum (RER) (C). Following ODE exposure, mitochondria
were hypertrophic with cristolysis, contained larger calcium sequestration bodies, and fragmented RER (D).
Compared to vehicle treatment, MA-treatment reduced ODE-induced mitochondrial hypertrophy, cristolysis,
larger electron-dense calcium sequestration bodies, and fragmentation of RER at 48 h (E) (micrometer
bar = 0.5 um). (n=4, * exposure effect, P < 0.05).

=]

0“9°i“yc'” FCICF’ Eﬁ‘qﬁ%?ﬁi Mitochondrial Respiration

= ] 5000 1 m Control m0 mO+M

8 320 4 = . E‘-

% 280 4 E 400.0 -

= _ 240 Pcenecity ~

-‘E_ E 200+ Maximal j o 300.0

g% Respiration --R ’-"- E

2 E_ 160 ATP Q. 200.0

S— 120 Production — -I

o Ba.sal' [

g - Respiration O 100.0

3 o

° : 0.0 . . . . .

0 10 20 30 AoT“iglr:&mzzl 80 90 100 110 0 20 20 60 80 100
Time (min)
Mean OCR IEI Basal respiration EI ATP production
400- B Vedia 300+ -Media 200' -Media
[IImma MA c
£ 300 = [ £ 150 [mwa
£ = 200+ _g-
— — —
3 200 dedkedek *ﬂ* B # (o] 100' #
£ £ 1001 T £
o 100 o 2 50
* *
0' T 0‘ 0-
Control ODE ODE+MA Control ODE ODE+MA Control ODE ODE+MA

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
the mitochondrial bioenergetics. Standard mitochondrial stressors (oligomycin 1 pg/mL, FCCP 1 umol, and
antimycin A 10 umol) were used, and mitochondrial bioenergetics was measured (A). Time-lapse
visualization of change in mitochondrial respiration of microglia 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 consumption rate (OCR), basal respiration, and ATP
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production in mitochondria. MA treatment significantly increased the mean OCR, basal respiration, and
ATP production of mitochondria (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 endoplasmic reticulum stress
genes.

Cells were exposed to media or ODE and co-treated with either vehicle or MA and processed for gRT-PCR
analysis. Compared to control, ODE exposed cells showed increased expression of MFN1 at 6 h, and MA
treatment had no effect (A). Compared to control, ODE exposed cells showed increased expression of
MFN2 at 6 h (data not shown), 24 h (data not shown), and 48 h following ODE treatment. MA significantly
reduced MFN2 expression at 6h (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 PINK1 at 48 h, and MA treatment had no effect (D). Un-spliced XBP1 expression 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 (F). 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 did not affect (H). (n=3 in duplicates * exposure effect, # MA treatment effect, P < 0.05).
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Fig 4. ODE induces mitochondrial superoxide production and increased mitochondrial calcium
uptake in Microglia.

Microglia were exposed to media or ODE and co-treated with either vehicle or MA and were stained with
MitoSox® (mitochondrial superoxide) (A-B), Rhodamine (calcium marker) (E) or processed for western blot
analysis using whole cell lysates (C-D). Compared to controls, ODE exposed cells appeared to contain
higher amounts of MitoSox® stain (A, upper panel). Compared to the vehicle, MA treatment did not change
MitoSox® staining (A, lower panel) (micrometer bar= 17 um). Mean staining intensity in five randomly
chosen fields was measured (images not shown) using computer software (HCimage, HM), and mean
staining intensity per cell was calculated and plotted. Compared to controls, ODE significantly increased
MitoSox® staining intensity at 24, and 48 h and MA treatment did not affect (B). Bands were normalized
(GAPDH, loading control), densitometry was performed (ImageJ, NIH), and statistical analysis was
conducted (n=4). Compared to controls, ODE treatment significantly increased the superoxide dismutase-2
(SOD-2) protein expression at 24 h. MA treatment elevated the SOD-2 levels at 48 h (C-D). Compared to
controls, ODE exposed cells showed an increase in rhodamine dye (CY3, red-colored cytosolic calcium
marker, Upper panel) and MitoTracker (FITC, green, mitochondrial marker, Middle panel) at 12 and 24 h
(merged lower panel) (micrometer bar= 50 um). MA treatment had no effect on mitochondrial calcium
uptake (E) (n=3 *exposure effect, # MA treatment effect, P < 0.05).


https://doi.org/10.1101/2020.07.01.182535

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.01.182535; this version posted July 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cytochromec Caspase 3
a8 h 3 4 ﬁ Media
Control ODE ODE+MA % 3
£
GAPDH (36 Kd)» o2
= #
Cytochrome C (15 kD)» o1
(mt-free cytosol) L
0

Control ODE 6h

Cytochrome c @ Caspase 9

250- ]
o B vedia . ) 6 B Viedia
2001 MMmA  « - 2 |[DwmA
§150- g 4
100-
‘o 1_05 2-
o\° 501 L #
0- 0-

Control ODE 48h Control ODE 6h

Fig 5. ODE treatment induces the release of Cytochrome c into the cytosol which involves Caspase
3 and Caspase 9 activation.

Cells were exposed to media or ODE and co-treated with either vehicle or MA and processed either for
western blot or gRT-PCR analysis. Western blot analysis of cells exposed to medium or ODE followed by
vehicle or MA was performed (A-B). Normalized (GAPDH, loading control) bands of cytochrome ¢ were
processed for densitometry (ImageJ, NIH), and statistical analysis was performed. Compared to controls,
ODE exposure significantly increased cytochrome c levels at 48 h and MA treatment had no effect.
Compared to controls, ODE exposed cells showed an increase in the expression of caspase 3 (C) and
caspase 9 (D) genes at 6 h and MA treatment had no effect on either the caspase-3 or -9 gene expression

levels (C-D). (n=4 and duplicates for gRT-PCR, * exposure effect, # MA treatment effect, and p < 0.05).
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Fig 6. 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.
Normalized (B-actin, loading control) bands of TFAM were processed for densitometry (Imaged, 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). Mitochondria-free cellular cytosolic fraction and ODE
treated with (negative control) or without DNase were processed for DNA extraction. mt-DNA specific
primers were used for gRT-PCR analysis. ODE 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 guantified using gqRT-PCR. Mitochondria free cytosol of ODE treated microglia contained
significantly higher amounts of mt-DNA in the mitochondria free cytosolic fraction, and MA treatment
significantly reduced the ODE induced mt-DNA release (D). (n=4, * exposure effect, # MA treatment effect

and p < 0.05).
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Fig 7. ODE exposure increases TLR9 expression.

Microglia were exposed to media or ODE (6, 24, and 48 h) and co-treated with either vehicle or MA (48 h)
and processed to quantify TLR9 mRNA (A) or protein levels (B-C). TLR9 specific primers were used to
quantify mRNA (222 method). Compared to controls, TLR9 mRNA levels increased with ODE exposure
(24 h), whereas MA treatment had no effect (A). TLR9 and B-actin antibodies (house-keeping protein)
detected 113 and 42 kD bands, corresponding to TLR9 and B-actin respectively (B). Densitometry analysis
of normalized bands showed that, compared to controls, ODE exposure increased the TLR9 levels at 6, 24,
and 48 h, and MA treatment decreased the TLR9 levels at 48 h (C) (n=3, * exposure effect, # MA treatment
effect, P < 0.05).
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Fig 8. ODE exposure upregulates cGAS, STING, IRF3, and IFN-B 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 mMRNA (A-D) or protein levels (E-H). cGAS, STING, IRF3, and IFN-3
specific primers were used to quantify mMRNA (222t method) and compared to controls, cGAS (12 h),
STING (24 h), IRF3 (24 h) and IFN-B (24 h) mRNA levels increased. In contrast, MA treatment significantly
decreased only cGAS and STING expression and did not affect IRF3 (C) and IFN-B (D) mRNA levels.
cGAS (E), IFN-B (G) and B-actin antibodies (house-keeping protein) detected 60 kD, 20 kD, and 42 kD
bands, respectively. Densitometry of normalized bands showed that, compared to controls, ODE exposure
increased the cGAS(F) and IFN-B (H) levels at 24 and 48 h, and MA treatment had no effect (n=3, *

exposure effect, # MA treatment effect, P < 0.05).


https://doi.org/10.1101/2020.07.01.182535

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.01.182535; this version posted July 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

) STING El IBA-1

IS

% gk

G

o |E|‘_D400- —

HHHE
it +£3001
S
+ + + 02001
- - - Y
- ©100;
- + - o~
i i * ODE-
4 IRF3 N oo -ooa ot
g, ke E; : ST
R3 +
c 24
s 3
O 2; *
R g ey
1 T
HHHHE
0
ODE - + + + + +
NC - - + - ODE + + + + +
R1 - - + NC - + - -
R2 - - - + R1 - - + - -
R3 - - - + R2 - + _
R3 - - +

Fig 9. STING knockout with siRNA downregulates STING, IRF3, IFN-8, 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 western 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 gRT-
PCR analysis, R1 (10 nmol), R2 (10 nmol), and R3 (10 nmol) significantly reduced the mRNA expression of
STING (B), IRF-3 (C), and IFN-B (D) mRNAs at 24 h. Following the siRNA-mediated knockdown of STING
MRNA, IBA-1 and B-actin (house-keeping 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 negative 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).
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Fig 10. Organic dust extract (ODE)-exposure induces microglial activation and pro-inflammatory
cytokines gene expression in organotypic 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-lbal (arrow; microglial
activation marker; FITC, green) antibodies (A, i-xii) or processed for gRT-PCR analysis (B). Compared to
control (A, i-iv), ODE-exposed BSCs showed higher amounts of Iba-1 staining in the olfactory bulb, frontal
cortex, corpus callosum, and visual cortex of the brain (A, v-viii). MA(C11) treatment had no effect on ODE
induced microglial activation (A, ix-xii). Compared to medium, ODE-exposed BSCs showed an upregulation
of TNF-a and IL-6 gene expression. MA(C11) treatment decreased the gene expression of TNF-a and IL-6
(B). (n=3, * exposure effect, # MA(C11) treatment effect, P < 0.05, micrometer bar = 100 um).
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Fig 11. Organic dust extract (ODE)-exposure induces neurodegeneration 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 nucleus stained
with DAPI (arrow; blue) (A, i-xii). The total number of cells (DAPI, blue) and TUNEL positive cells (FITC,
green) per field (20X) were counted in a total of five random fields. Compared to control (B, i-iv), ODE-
exposed BSCs showed a higher number of TUNEL positive cells in the olfactory bulb, frontal cortex and
corpus callosum regions of the brain (B, v-viii). MA(C11) significantly reduced the number of TUNEL
positive cells in the olfactory bulb, frontal cortex, and corpus callosum. (B, ix-xii). (n=3, * exposure effect, #
MA(C11) treatment effect, P < 0.05, micrometer bar = 100 um).
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Figure 12. 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 gRT-PCR analysis. Compared to medium, ODE-exposed brain slices showed an upregulation of
MFN21 but not MFN2, DRP1, and PINK1. MA(C11) significantly decreased the MFN1 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 significant rise in mitochondrial DNA in supernatant (secreted) at 5 days post-
treatment (C) (n=3, * exposure effect, # MA(C11) treatment effect, P < 0.05).
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Figure 13. An overview of ODE exposure induced mitochondrial dysfunction 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 c into the cellular cytosol and
initiation of apoptotic changes inside the cell through activation of Caspase 3 and Caspase 9. 2)
Mitochondrial fusion (MFN1/2 mediated) is a form of stress response and is a mechanism for coping with
the 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 cellular cytosol. When in the cytosol, mt-DNA can potentiate an inflammation response
through TLR9-NFkB signaling resulting in pro-inflammatory cytokine release or mt-DNA can be sensed by
CGAS-STING pathway, ultimately leading to IFN- production. 4) PINK1 mediated mitophagy is a response
often seen in damaged or stressed mitochondria to contain the inflammation. During mitophagy,
mitochondria undergo selective degradation to keep the cell healthy. 5) Finally, by targeting mitochondria
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and preventing it from experiencing damage or stress can help alleviate the inflammation. MA (C2 or C11)
helped in reducing mitochondrial fusion, preventing mt-DNA release, downregulating pro-inflammatory
cytokines, preventing 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 apoptotic markers and promoted the resolution of inflammation.
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