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Abstract

Exposure to organic dust (OD) in agriculture is known to cause respiratory symptoms including loss of lung function. OD
exposure activates multiple signaling pathways since it contains a variety of microbial products and particulate matter.
Previously, we have shown how OD exposure leads to the secretion of HMGB1 and HMGB1-RAGE signaling, and how
this can be a possible therapeutic target to reduce inflammation. Cellular mitochondria are indispensable for homeostasis
and are emerging targets to curtail inflammation. Recently, we have also observed that OD exposure induces mitochondrial
dysfunction characterized by loss of structural integrity and deficits in bioenergetics. However, the role of HMGB1 in OD-
induced mitochondrial dysfunction in human bronchial epithelial (NHBE) cells remains elusive. Therefore, we aimed to
study whether decreased levels of intracellular HMGB1 or antibody-mediated neutralization of secreted HMGB1 would
rescue mitochondrial dysfunction. Single and repeated ODE exposure showed an elongated mitochondrial network and
cristolysis whereas HMGB 1 neutralization or the lack thereof promotes mitochondrial biogenesis evidenced by increased
mitochondrial fragmentation, increased DRP1 expression, decreased MFN2 expression, and increased PGCla expression.
Repeated 5-day ODE exposure significantly downregulated transcripts encoding mitochondrial respiration and metabolism
(ATP synthase, NADUF, and UQCR) as well as glucose uptake. This was reversed by the antibody-mediated neutralization of
HMGBI. Our results support our hypothesis that, in NHBE cells, neutralization of ODE-induced HMGB1 secretion rescues
OD-induced mitochondrial dysfunction.
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Introduction

Large-scale animal feeding operations generate many on-
site contaminants that pose a threat to workers, animals,
5 Chandrashekhar Charavaryamath and the environment. Agriculture workers who are exposed
chandru@iastate.edu to the airborne contaminants are at an increased risk of
developing respiratory and other symptoms (Nordgren and
Charavaryamath 2018). The on-site contaminants in animal
feeding operations mainly include airborne organic dust
(OD), gases, and other microbial components. The OD is a
complex mixture of various microbial-associated molecular
Depe.lrt.ment of Veterinar}f Dia}gnostic and Production Animal patterns (MAMPs) including endotoxin, peptidoglycans,
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Gram-positive bacterial components, (1 — 3)-p-D-glucans,
and fungi (Poole and Romberger 2012; Nordgren and
Charavaryamath 2018; Poole et al. 2019; Kelly and Poole
2019). Repeated exposure of workers to OD has been asso-
ciated with respiratory disease development and severity.
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and suffer from asthma, chronic bronchitis, and chronic
obstructive pulmonary disease (COPD) (Charavaryamath
and Singh 2006; May et al. 2012; Poole and Romberger
2012; Wunschel and Poole 2016; Warren et al. 2019). Due
to the complex nature of the OD, several research studies
have targeted various pattern recognition receptors (PRRs)
and the respective downstream regulators. For example, a
few groups have targeted various PRRs and signaling mole-
cules including TLR2, TLR4, NOD2, protein kinase C, and
MyD88 (Poole et al. 2007, 2010, 2011; Charavaryamath
et al. 2008; Bailey et al. 2008; An et al. 2020). Recently, we
examined various kinome (set of protein kinases) signal-
ing pathways and showed a complex host response (Nath
Neerukonda et al. 2018).

Airway epithelial cells are central to the first line of
defense in the lungs (Whitsett and Alenghat 2015). Expo-
sure of lung epithelial cells to OD has been shown to trig-
ger oxidative stress, cytokine release, cellular dysfunction,
and cell death (Charavaryamath and Singh 2006; Poole
and Romberger 2012; Sethi et al. 2017; Bhat et al. 2019).
Mitochondria (mt) are referred to as the powerhouse of
the cells, and emerging data have identified a pivotal role
of mitochondria in several inflammatory airway diseases
(Prakash et al. 2017). Therefore, mitochondria represent
an attractive therapeutic target in rescuing airway epithe-
lial cells from the negative effects of chronic exposure to
OD. Alterations in mitochondrial morphology and function
have been documented in airway epithelial cells in COPD
and asthma (Schumacker et al. 2014; Cloonan and Choi
2016; Piantadosi and Suliman 2017; Prakash et al. 2017;
Fetterman et al. 2017; Aghapour et al. 2019). In addition
to mitochondrial dysfunction, mitochondrial damage and
release of mitochondrial components either into the cyto-
sol or extracellularly induces inflammation (Cloonan and
Choi 2012, 2016; Eisner et al. 2018; Aghapour et al. 2019;
Cloonan et al. 2020). Mitochondrial damage-associated
molecular patterns (mtDAMPs) perform as signaling mol-
ecules and activate various PRRs and induce a myriad of
inflammatory cascades (Rubartelli and Lotze 2007; Zhang
et al. 2010; Cloonan and Choi 2012). In our recent study,
we showed increased mitochondrial fusion and mitophagy,
along with the leakage of mtDAMPs such as mitochondrial
DNA (mtDNA) and mitochondrial transcription factor A
(TFAM) upon exposure of THP1 cells to OD extract (ODE)
(Mahadev Bhat et al. 2021). Recent studies have shown
that the release of TFAM along with mtDNA amplifies
the release of TNFa and type 1 interferon, thus promot-
ing a sterile inflammation via the cGAS-STING pathway
(Cantaert et al. 2010; CHAUNG et al. 2012; Julian et al.
2013). Collectively, understanding the mechanism of how
mitochondria promote inflammation can help in develop-
ing effective mitochondria-targeted therapies to curtail OD
exposure-induced airway inflammation.
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High mobility group box 1 (HMGB1) is known to be a
key player in the induction of sterile inflammation and a
possible therapeutic target (Andersson and Tracey 2011).
HMGBI1 is an endogenous nucleoprotein, evolutionarily
conserved, ubiquitously present, and maintains nuclear
homeostasis. This protein is secreted into the extracel-
lular environment and acts as a prototypic DAMP and is
important for oxidative stress response (Yang et al. 2015;
Ugrinova and Pasheva 2017). Extracellular HMGBI1 is a
delayed mediator of inflammation when compared to other
pro-inflammatory mediators and is shown to stimulate the
release of multiple pro-inflammatory cytokines including
tumor necrosis factor (TNF), interleukin (IL)-1, IL-6, IL-8,
and macrophage inflammatory protein (MIP)-1 (Yang et al.
2015; Bhat et al. 2019; Massey et al. 2019, p. 1). The use of
neutralizing monoclonal anti-HMGB1 antibodies in vivo has
been shown to ameliorate tissue injury and reduce lethality
(Zhou et al. 2009; Bhat et al. 2019). Contemporary publica-
tions have demonstrated that siRNA-mediated knockdown
of HMGBI in macrophages and dendritic cells suppressed
the release of HMGBI1 and reduced the cytokine storm (Qin
et al. 2006; Ye et al. 2012). We have previously shown the
pro-inflammatory effects of extracellularly secreted HMGB1
on bronchial epithelial cells on exposure to ODE and how
its neutralization abrogates OD-induced inflammation
(Nath Neerukonda et al. 2018; Bhat et al. 2019; Massey
et al. 2019). Qi et al. directly correlated the alterations in
mitochondrial function to the loss of HMGB1 and further
demonstrated a significant decrease in basal OXPHOS and
glycolysis along with decreased ATP output (Qi et al. 2015).
Also, a lack of HMGB/1 has been shown to promote mito-
chondrial fragmentation and loss of mitochondrial mem-
brane potential (Tang et al. 2011). Therefore, we have raised
pertinent questions as to what impact HMGB1 would have
on mitochondrial morphology and function in bronchial epi-
thelial cells on exposure to ODE.

In the current manuscript, we tested a hypothesis that
ODE-exposure of primary normal human bronchial epi-
thelial (NHBE) cells induces mt-damage, dysfunction, and
targeting HMGB/1 is protective. This study examined the
impact of HMGB1 on mitochondrial biogenesis and func-
tion on ODE exposure by using NHBE cells. We tested this
hypothesis by using a single (acute) and repeated (chronic)
ODE exposure model with siRNA-mediated knockdown of
HMGBI and by neutralization of secreted HMGB1, respec-
tively. Here, we demonstrated that ODE exposure promotes
the release of mtDAMPs and activation of cGAS-STING-
mediated signaling while knockdown of HMGB1 promotes
mitochondrial biogenesis on single exposure to ODE. In
the repeated exposure model, neutralization of extracellular
HMGBL is protective and maintains mitochondrial mor-
phology, as well as upregulates pathways involved in mito-
chondrial respiration and biogenesis. Using an air—liquid
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interface (ALI) model, we show that neutralization of extra-
cellular HMGBI1 rescues ODE exposure-induced damages
to epithelial integrity via its effect on tight junction proteins.

Materials and methods
Chemicals and reagents

We purchased NHBE - growth medium (PneumaCult-Ex
media; BEGM) and differentiation media (PneumaCult-ALI
media) from Stemcell Technologies. MTT, CM-H,DCFDA,
2-NBDG, MitoTracker green, and MitoSOX Red dyes were
purchased from Invitrogen (Thermo Fisher Scientific), and
Rhod-2AM dye was obtained from Abcam. Griess’ reagent
was purchased from Sigma—Aldrich. Antibodies used and
their details have been listed in Supplementary Tables 4
and 5, respectively. Primers used and their sequences are
listed in Supplementary Table 2 and were synthesized at
the Towa State University’s DNA facilities. TagMan® Gene
Expression Assay was purchased from Invitrogen (Thermo
Fisher Scientific). HMGBI1 siRNA kit was purchased from
Integrated DNA Technologies (IDT), and anti-HMGB1
neutralizing antibody sample (Batch # Q2g7-47C, stock
concentration 1.8 mg/mL) was a generous gift from Dr.
Kevin Tracey’s laboratory (Feinstein Institutes for Medical
Research, Northwell Health, NY).

Organic dust extract preparation

Organic dust (OD) was collected and an aqueous extract was
prepared as previously described (Romberger et al. 2002;
Bhat et al. 2019). Settled surface dust samples from swine
housing facilities were collected, and 1 g of the dust was
placed into sterile Hank’s balanced salt solution (10 mL;
Gibco). The solution was incubated for one hour at room tem-
perature and centrifuged for 20 min at 1365 X g to remove the
larger coarse particles and microbes. The final supernatant
was filter-sterilized (0.22 pm), a process that also removes
coarse particles. Stock (100%) ODE aliquots were frozen
at—20 °C until use in experiments. The filter-sterilized
organic dust extract (ODE) samples were considered 100%
and diluted to 1-5% (v/v) before use in our experiments.

Endotoxin estimation

The concentration of endotoxin in the ODE samples was
measured using the Pyrochrome® chromogenic endotoxin
assay kit (Associates of Cape Cod, Inc., East Falmouth, MA)
(Table 1). First, the samples were diluted in a ratio of 1:10
in endotoxin-free water. The samples along with reconsti-
tuted pyrochrome lysate were added to an endotoxin-free
96-well plate in a sample to lysate ratio of 1:4. Based on the

Table 1 Endotoxin concentrations in ODE

Sample No Endotoxin (EU/mL)
1 1.140+0.001

2 0.990+0.0005

3 1.337+0.0006

4 1.433+0.02

5 1.417+0.002

6 0.8067 +0.0008

7 1.263+0.7

manufacturer’s recommendation, the standard was recon-
stituted and added to the plate in a sample to lysate ratio of
1:4. The microplate was incubated at 37 °C with shaking
and the absorbance was read at 405 nm (every 10 min, three
readings over a total of 30 min) using the Gen 5™ software
in the BioTek® ELx808™ spectrophotometer.

Cell culture and treatments

De-identified human primary airway epithelial cells were
obtained from Mayo Clinic, Rochester, MN. These cells were
collected at Mayo Clinic under an approved Institutional
Review Board (IRB) protocol. The lung tissues from patients
undergoing thoracic surgeries for focal, non-infectious causes
were collected. A trained pathologist identified the normal
lung areas, and airway epithelial cells were isolated from the
third to sixth generation human bronchi. Iowa State Universi-
ty’s Institutional Review Board considered these de-identified
cells as exempt from approval. De-identified NHBE cells were
also received through Dr. Kristina L. Bailey (University of
Nebraska Medical Center, Omaha, NE). The NHBE cells were
isolated from the human donors through the Live on Nebraska,
an organ, and tissue donation program. All the donors were
deceased, and an informed consent from the relatives was
obtained by the Live on Nebraska. These de-identified NHBE
cells were exempt from the Iowa State University’s Institu-
tional Review Board (IRB) approval. All work was performed
under an approved protocol from Iowa State University’s Insti-
tutional Biosafety Committee (IBC) approved protocol (IBC
19-004). Cells used were derived from a total 3 donors (n=3)
to perform all the experiments in this manuscript. For each
of the experiments, all three donors were used with technical
replicates for certain assays. All data represented here has been
normalized to their respective donor controls which were time
matched with the treatments to keep the data consistent and
decrease variability due to heterogeneity between donors.
NHBE cells were seeded onto type-I bovine collagen
(30 pg/mL; Stemcell Technologies)-coated T-75 flasks. Cells
were grown submerged in BEGM (PneumaCult-EX) supple-
mented with 50X growth supplement (Stemcell Technolo-
gies), 100 IU/mL penicillin, 100 pg/mL streptomycin (Gibco),
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and 1 pg/mL of Amphotericin B (Sigma—Aldrich). The cells
were incubated in a humidified chamber with 5% CO, at 37 °C
until approximately around 60-70% confluence was achieved.
All groups with treatment details are outlined in Fig. 1.

The stock and working concentrations of the treatments
are outlined in Table 2. Our in vitro models of single and
repeated (five days) ODE exposure and treatments are repre-
sented in Fig. 1a and b, respectively. Cells were treated with
either medium (control) or ODE (1% v/v) after HMGB1-
specific siRNA-mediated knock-down or co-treatment
with anti-HMGB1 antibody for 24 h (acute exposure) or
8 h a day for 5 days (chronic exposure), respectively, with
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Process cells

corresponding time-matched controls. Following treatments,
samples were processed for various assays.

Table 2 Stock and working concentrations of treatments

Treatment Stock concentration Working concentration
(in BEGM/DPBS)
ODE 100% in HBSS 1%
Anti-HMGBI1 1.8 mg/mL 10 pg/mL
neutralization
Antibody
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Air-liquid interface culture and treatment

Following subculture, NHBE cells (from passage 2 to 3)
were seeded onto 10.5-mm trans-well inserts (polyes-
ter membrane inserts with 0.4-um sized pores; Corning)
coated with type-I bovine collagen (30 pg/mL; Stemcell
Technologies, Vancouver, Canada) in 12-well plates. Cells
were seeded at a density of ~5 X 10*/mm? in PneumaCult-
EX expansion media (Stemcell Technologies) onto the api-
cal side of the insert, with the media in the basal chamber
as well. The cells were maintained in submerged culture
conditions for 2-3 days in a humidified chamber with 5%
CO, at 37 °C until a confluent monolayer was developed.
Fresh medium (0.5 mL in the apical chamber and 1.0 mL
in the basal chamber) was added every 48 h to replace the
spent media. Following confluence and development of
monolayer, the expansion media in the apical and basal side
was carefully removed, and an ALI was developed by addi-
tion of the PneumaCult-ALI differentiation media (Stemcell
Technologies) in the basal chamber alone and incubated in
a humidified chamber with 5% CO, at 37 °C. Fresh medium
(1.0 mL in the basal chamber) was replenished every 48 h,
and the apical surface of the monolayer was washed with
DPBS twice every 48 h to prevent mucus buildup. Post airlift
the cells were maintained for 20 days and differentiation was
assessed by observing cilia development using a brightfield
inverted microscope (40 X objective, EVOSM5000 Imaging
System, Thermo Fisher Scientific) and measuring FoxJ1 and
Muc5B mRNA and protein expression (data not shown).

Post differentiation, the apical surface of the cells was
treated with either medium (control) or ODE (1% v/v) fol-
lowed by a co-treatment with either anti-HMGB1 neutraliza-
tion antibody (10 pg/mL) or isotype-matched IgG controls
(corresponding time-matched control) for 1 h per day for
5 days. Following the treatments, samples were processed
after 5 days for various assays. The exposure and treatments
are outlined in Fig. Ic.

siRNA-mediated knockdown of HMGB1

Three (R1, R2, and R3) custom-designed double-stranded
anti-HMGBI1 siRNAs (DsiRNA), scrambled RNA (nega-
tive control, NC), HPRT1 DsiRNA (positive control), and
a fluorescent transfection efficiency control (TYES63) were
purchased (Integrated DNA Technologies Inc., Coralville,
IA) to maximize the probability of achieving successful
HMGB1 knockdown. Lipofectamine 2000 (Thermo Fisher)
was used to transfect DsiRNA into the NHBE cells. We have
listed the sequences of siRNAs and NC siRNA in Supple-
mentary Table 1.

To carry out transfection with various siRNAs, NHBE
cells were first cultured in the BEGM without antibiotics.
For each transfection, 10 nM of (DsiRNA) for HMGBI1,

scrambled siRNA (negative control), HPRT1 DsiRNA
(positive control), and a fluorescent transfection control
(TYES563) were diluted in Opti-MEM media and gently
mixed with lipofectamine 2000 according to the manufac-
turer’s instructions and protocols as per a published manu-
script (Chang et al. 2012). Following incubation for 20 min
at room temperature, the transfection mixture was added
to the cells and the cells were further incubated at 37 °C
for 24 h. Knockdown was authenticated by qRT-PCR and
western blot analysis of the target gene and protein, respec-
tively (Supplementary Fig. 1). Transfection was verified by
fluorescent microscopy for TYES63 (fluorescent transfec-
tion control), and images were acquired using Nikon Eclipse
TE2000-U inverted fluorescence microscope (Nikon, Tokyo,
Japan). Images were processed using HCImage live 4 soft-
ware (Hamamatsu Corporation, Sewickley, PA).

Cell viability assay and MTT assay

Before executing each experiment, cell viability was quanti-
fied. Live/dead cell count was determined by 4% trypan blue
dye (EMD Millipore) exclusion, and percentage viability
was calculated. The population of cells with more than 95%
viability was used for the experiments.

The MTT assay has been commonly used in the estima-
tion of LCs, and cell viability by measuring the formazan
produced when mitochondrial dehydrogenase enzymes
cleave the tetrazolium ring (Latchoumycandane et al. 2005).
We used the MTT assay to determine the LCj, of the treat-
ment groups in NHBE cells listed in Fig. 1a and b. Cells
were seeded (20,000 cells/well) in a 96-well culture plate
and treated for 24 h and 8 h/day for 5 days. After the treat-
ment, the cells were washed with PBS and incubated with
200 pl of 0.25% (w/v) MTT in BEGM for 3 h at 37 °C. The
supernatant was removed, and MTT crystals were solubi-
lized in 200 pl of dimethyl sulfoxide. Mitochondrial activ-
ity was measured by quantifying fluorescence using Spec-
traMax spectrophotometer (Molecular Devices Corporation)
at 570 nm with the reference wavelength at 630 nm.

Transmission electron microscopy

For transmission electron microscopy (TEM), cells were
seeded (1x 10° cells/well) in 12-well plates with poly
D-lysine hydrobromide (Sigma—Aldrich, St. Louis, MO)-
coated coverslips and chronically exposed to the treatments
as outlined in Fig. 1b. Post-treatment NHBE cells were
washed twice with DPBS and fixed with 3% glutaraldehyde
(w/v) and 1% paraformaldehyde (w/v) in 0.1 M cacodylate
buffer, pH 7.4 for 48 h at 4 °C. Coverslips were rinsed 3
times in 0.1 M cacodylate buffer and then post-fixed in 1%
osmium tetroxide in 0.1 M cacodylate buffer for 1 h (room
temp.). The samples were rinsed in deionized distilled
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water and en bloc stained with 2% aqueous uranyl acetate
for 30 min, dehydrated in a graded ethanol series, cleared
with ultra-pure acetone, and infiltrated and embedded using
EmBed (EPON) formula epoxy resin (Electron Microscopy
Sciences, Ft. Washington, PA) by inverting onto BEEM®
capsules. Resin blocks were polymerized for 48 h at 65 °C.
Coverslips were separated from the resin by using liquid
nitrogen, trapping the cell monolayer in the resin. Thick
and ultrathin sections were prepared using a Leica UC6
ultramicrotome (North Central Instruments, Minneapolis,
MN). Ultrathin sections were collected onto the copper grids
and images were captured using a JEOL 2100 scanning and
transmission electron microscope (Japan Electron Optic
Laboratories, Peabody, MA) with a Gatan OneView 4 K
camera (Gatan Inc., Pleasanton, CA).

Immunofluorescence microscopy

NHBE cells were seeded (1 x 10° cells/well) in 12-well plates
with Poly D-lysine hydrobromide (Sigma—Aldrich, St. Louis,
MO)-coated coverslips and exposed to the treatments as out-
lined in Fig. 1a and b. At the respective time points, the media
was removed, and cells were washed with 1 X PBS. Cells were
fixed with 4% paraformaldehyde in PBS for 20 min at room
temperature and washed with PBS. Cells were blocked for an
hour using a blocking solution containing 10% normal don-
key serum (EMD Millipore, Burlington, MA), 0.2% Triton
X 100, and PBS. Coverslips with cells were incubated with
anti-HMGB1 (1:1000 dilution, rabbit polyclonal) antibody in
antibody diluent solution (2.5% normal donkey serum, 0.25%
sodium azide, 0.2% Triton X 100, PBS) (Abcam, Cambridge,
MA) with overnight incubation at 4 °C. Next, coverslips were
incubated with donkey anti-rabbit biotin-conjugated second-
ary antibody (1:400, diluted in antibody diluent, HMGB1)
(Jackson ImmunoResearch, West Grove, PA) for an hour at
room temperature. Next, 1:300 dilution of streptavidin Cy3
in PBS (HMGB1) was added. Coverslips were mounted onto
slides using VECTASHIELD antifade mounting medium with
4',6-diamidino-2-phenylindole, dihydrochloride (DAPI, Vec-
tor Labs, Burlingame, CA), and images were captured using
Nikon Eclipse TE2000-U inverted fluorescence microscope
(Nikon, Tokyo, Japan). Images were processed using HCIm-
age live 4 software (Hamamatsu Corporation, Sewickley, PA).

Subcellular fractionation

Whole-cell and subcellular protein lysate extractions (cyto-
sol and MT) were conducted at 4 °C using cold reagents. For
whole-cell protein lysates, cell pellets were subjected to lysis
using RIPA buffer with HALT protease and phosphatase
inhibitor (Thermo Fisher Scientific). Subcellular fractiona-
tion of cell pellets for isolation of mitochondria was carried
out using the Mitochondria Isolation Kit for Cultured Cells
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(Thermo Fisher Scientific) as per the manufacturer’s instruc-
tions. The cytosolic fraction and isolated mitochondria were
lysed with RIPA buffer (with protease and phosphatase
inhibitors) for 30 min at 4 °C and periodic sonication on ice,
followed by centrifugation to collect lysate. Protein concen-
trations of the fractions were quantified by Bradford assay
(Bio-Rad) and stored at — 80 °C until use.

mtDNA isolation and long-range PCR

To assess mitochondrial DNA (mtDNA) leakage into
cellular cytosol, mtDNA was isolated from mitochondria-
free cytosolic fraction of the cells using the Genomic DNA
Purification kit (Thermo Fisher Scientific) as per the manu-
facturer’s instructions. The purity and concentration of the
isolated DNA were quantified using NanoVue Plus spec-
trophotometer (GE Healthcare, UK). Due to low concen-
trations, the mtDNA was first amplified using long-range
PCR, and the primers used are listed in Supplementary
Table 2. PCR reactions were performed at 94 °C for 1 min
followed by 30 cycles at 98 °C for 10 s, 60 °C for 40 s, and
68 °C for 16 min and a final elongation for 10 min (Liu et al.
2015). The presence of mtDNA was confirmed by separat-
ing the PCR product by electrophoresis on a 0.8% agarose
gel stained with ethidium bromide. We ensured that there
were equal amounts of template mtDNA in each sample (for
gPCR reaction) by adjusting the concentration of amplified
mtDNA that was obtained.

Real-time — qPCR

Total RNA was isolated using TRIzol extraction methods
(Seo et al. 2014) and RNA concentration was measured
using NanoVue Plus spectrophotometer (GE Healthcare,
UK). One microgram of RNA was used to synthesize
cDNA using the high-capacity cDNA reverse transcription
kit (Thermo Fisher Scientific) following the manufacturer’s
instructions. qRT-PCR was performed using 500 ng of
cDNA in a 10 pL reaction volume for each target in trip-
licates. The housekeeping genes 16S rRNA (for mtDNA
fold change) and 18S rRNA (Thermo Fisher Scientific) were
used. No-template controls and dissociation curves were run
for all reactions to exclude cross-contamination. The primers
for genes of interest listed in Supplementary Table 2 were
synthesized at [owa State University’s DNA Facility. The
gRT-PCR reactions were run in a QuantStudio-3™ (Thermo
Fisher Scientific) detection system, and the data was ana-
lyzed using 272A¢T method (Livak and Schmittgen).

Targeted gene array

qRT-PCR using TagMan® Gene Expression Assays (Life
Technologies, Carlsbad, CA) was performed for 96
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targets specific for human mitochondrial energy metabolism
listed in Supplementary Table 3. Five hundred nanograms
of cDNA in a 10 pL reaction volume was prepared for each
target in duplicates. The reaction conditions were as follows:
50 °C for 2 min, 95 °C for 2 min, followed by 40 cycles at
95 °C for 1 s, and 60 °C for 20 s. Data analysis was performed
using the relative quantification app on Thermo Fisher cloud
and analyzed using 2722T method (Livak and Schmittgen
2001). The genes with a fold change of > 10 and < 10 were
selected and represented on a heat map. Using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database,
upregulated and downregulated pathways with significantly
altered mRNA transcripts with FDR corrected p-value cut-
off <0.05 were selected and represented by gene counts.

Western blot analysis

Lysates (whole cell, cytosol, and mt containing equal
amounts of protein (20 pg/sample), along with a molecu-
lar weight marker (Bio-Rad), were run on 10-15% sodium
dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-
PAGE) as previously described (Bhat et al. 2019). Proteins
were transferred to a nitrocellulose membrane and nonspe-
cific binding sites were blocked with Licor Odyssey blocking
buffer. The membranes were then incubated with different
primary antibodies and dilutions listed in Supplementary
Table 4. Next, membranes were incubated with one of
the following secondary antibodies: Alexa Fluor 680 goat
anti-mouse, Alexa Fluor 680 donkey anti-rabbit, or IRDye
800CW donkey anti-rabbit (1:10,000; LI-COR) listed in Sup-
plementary Table 5. To confirm equal protein loading, blots
were probed with relevant housekeeping proteins listed in
Supplementary Table 4. Western blot images were captured
using Odyssey® CLx IR imaging system (LI-COR Biotech-
nology), and analysis was performed using ImageJ program
(National Institutes of Health).

Intracellular reactive oxygen species

Intracellular reactive oxygen species (ROS) production was
measured using chloromethyl derivative of dichlorodihy-
drofluorescein diacetate (CM-H,DCFDA) (Thermo Fisher
Scientific, USA). A working solution of 10 uM of DCFDA
in DPBS was used. NHBE cells (50,000 cells/well) were
seeded in a 96 well plate and incubated in a 5% CO, incu-
bator to reach confluence. The cells were incubated with
CM-H,DCFDA working solution at 37 °C for 30 min, fol-
lowing treatments as outlined in Fig. 1a. The cells were
then washed, and fluorescence intensity of the oxidized
form of H,DCFDA was measured at excitation/emission
wavelengths of 488/535 nm using SpectraMax spectropho-
tometer (Molecular Devices Corporation). The results were
expressed as mean fluorescence intensity relative to control.

Mitochondrial morphology and mitochondrial
superoxide

NHBE cells were seeded (50,000 cells/well) in a 96-well cul-
ture plate and treated as outlined in Fig. 1a and b. Follow-
ing treatment, the media was removed and MitoTracker green
(200 nM), and MitoSOX red (5 pM) dye diluted in BEGM was
added into each well and incubated at 37 °C for 15 min. Fol-
lowing incubation, the cells were washed with DPBS and fluo-
rescence intensity was measured by spectrophotometer read-
ing taken at excitation/emission wavelengths of 485/520 nm
and 510/580 nm, respectively, SpectraMax spectrophotometer
(Molecular Devices Corporation). The results were expressed
as percentage fluorescence relative to control.

NHBE cells were also seeded (1x 10° cells/well) in 12-well
plates with poly D-lysine hydrobromide (Sigma—Aldrich, St.
Louis, MO)-coated coverslips and exposed to the treatments
as outlined in Fig. 1a and b. At the respective time points, the
media was removed, and cells were washed with DPBS. These
were stained with MitoTracker Red CMXRos (200 nM) and
incubated at 37 °C for 15 min. The cells were washed with
DPBS and fixed with 4% paraformaldehyde in PBS for 20 min at
room temperature and washed with PBS again. Coverslips were
mounted onto slides using VECTASHIELD antifade mounting
medium with 4',6-diamidino-2-phenylindole, dihydrochloride
(DAPI, Vector Labs, Burlingame, CA), and imaged using Nikon
Eclipse TE2000-U inverted fluorescence microscope (Nikon,
Tokyo, Japan). Images were processed using HCImage live 4
software (Hamamatsu Corporation, Sewickley, PA).

Mitochondrial glucose uptake

Cellular glucose uptake by NHBE cells was measured using
fluorescent d-glucose analog 2-[N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)amino]-2-deoxy-D-glucose (2-NBDG)
(Zou et al. 2005). Cells were seeded (50,000 cells/well) in a
96-well culture plate and treated as outlined in Fig. 1a and
b. After treatment, the media was removed, and the cells
were glucose starved by adding Krebs—Ringer Buffer Solu-
tion (KRB) solution for 15 min. Cells were washed with
DPBS, and 100 pL of 50 pg/mL 2-FITC-labeled NBDG in
BEGM was added into each well and incubated at 37 °C for
20 min. Following incubation, the cells were washed with
DPBS, and fluorescence intensity was measured by spec-
trophotometer reading taken at an excitation/emission
wavelengths of 466/550 nm using SpectraMax spectropho-
tometer (Molecular Devices Corporation). The results were
expressed as percentage fluorescence relative to control.

Mitochondrial calcium influx

Mitochondrial calcium influx ([Ca**],,,) in NHBE cells was

measured using the Rhod-2AM dye. After treatment, the
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mitochondria were isolated using the Mitochondria Isola-
tion Kit for Cultured Cells (Thermo Fisher Scientific). Using
Bradford assay, we measured the protein concentration so as
to maintain consistency in the number of mitochondria loaded
into the wells of a 96-well plate. A protein concentration of
100 pg was loaded into each well and Rhod-2AM (Abcam,
10 uM) dye was added and incubated at 37 °C for 30 min to
stain the mitochondria. The plate was later read at an excita-
tion/emission wavelengths of 552/581 nm using SpectraMax
spectrophotometer (Molecular Devices Corporation).
NHBE cells were also seeded (1 x 10° cells/well) in 12-well
plates with poly D-lysine hydrobromide (Sigma—Aldrich, St.
Louis, MO)-coated coverslips and exposed to the treatments
as outlined in Fig. 1a and b. At the respective time points, the
media was removed, and cells were washed with DPBS. These
were stained with Rhod-2AM (Abcam, 10 pM) and incubated
at 37 °C for 30 min. The cells were washed with DPBS and
fixed with 4% paraformaldehyde in PBS for 20 min at room
temperature and washed with PBS again. Coverslips were
mounted onto slides using VECTASHIELD antifade mount-
ing medium with 4',6-diamidino-2-phenylindole, dihydrochlo-
ride (DAPI, Vector Labs, Burlingame, CA), and imaged using
EVOS M5000 imaging system (Thermo Fisher Scientific).

Griess assay

Griess assay was performed as described (Gordon et al. 2011)
to indirectly measure nitric oxide (NO) as direct measure-
ment of NO using electron paramagnetic resonance spec-
troscopy is expensive, cumbersome, and semi-quantitative
(Csonka et al. 2015). Concentration of secreted nitric oxide
was measured (representing reactive nitrogen species (RNS))
as nitrite levels in cell culture media using Griess reagent
(Sigma—Aldrich) and sodium nitrite standard curve, prepared
using a stock solution of 200 uM. The assay was performed
in a 96 well-plate, and absorbance was measured at 550 nm
using SpectraMax spectrophotometer (Molecular Devices
Corporation). The results were expressed as uM concentra-
tion of nitrite secreted.

TEER

TEER is the potential difference across the epithelium, which
is a measure of the tightness of the cell—cell contacts within
the epithelium, and TEER is measured using a pair of elec-
trodes (Srinivasan et al. 2015). NHBE cells were plated on
10.5-mm trans-well inserts in a 12-well plate and allowed to
grow. Cell confluence was monitored by TEER measurements
with the epithelial Voltohmmeter 2 (EVOM2, WPI, Sarasota,
FL). The value obtained is an indication of the integrity of
the epithelial cell monolayers. Once TEER value reached a
steady-state, treatments outlined in Fig. 1c were added to the
apical surface of the cells, and TEER measurements were
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performed every 12 h for 5 days. The mean of four measure-
ments per insert was calculated. The electrical resistance of
inserts without cells was subtracted from all samples, and the
resistance values obtained were multiplied with the surface
area of the inserts for measuring the TEER values (Q cm?).

Statistical analysis

Data analysis was performed using GraphPad Prism 8.0
software (La Jolla, CA, USA). Raw data were analyzed
with either Student’s #-test or using one-way ANOVA, and
Tukey’s post hoc test was performed to compare all the treat-
ment groups. A p-value of <0.05 was considered statisti-
cally significant. *p <0.05, **p <0.01, ***p <0.001, and
*#*k%%p <0.0001, and * indicates different from control. Sam-
ples for all the assays were derived from the same experi-
ment and were processed in parallel.

Results
Endotoxin levels in ODE samples

Endotoxin activity of the ODE samples is listed in Table 1.
From the seven samples, we found that endotoxin values
ranged from 0.8067 +0.0008 to 1.433 +0.02 EU/mL
(Table 1). Sample # 7 (endotoxin level 1.263 +0.7 EU/
mL) was used for all experiments listed in this manuscript.

Suppression of HMGB1 expression in ODE-exposed
NHBE cells promotes mitochondrial fission

To assess the impact of HMGB1 on mitochondria, pri-
mary NHBE cells were transfected with HMGB1 targeted
siRNA to induce knockdown. Successful transfection was
first confirmed by using a fluorescently tagged DsiRNA
(DsiRNA TYE 563; 10 nmol) that produced positive
immunofluorescence in the cytoplasm of NHBE cells at
24 h post-transfection (Supplementary Fig. 1a-a’’). After
establishing an optimal transfection protocol, NHBE cells
were transfected with three HMGBI1 targeting siRNA
sequences (R1, R2, and R3; 10 nmol each) and a negative
control siRNA (scrambled DsiRNA; 10 nmol) and incu-
bated for 24 h. The knockdown was confirmed by western
blot and qPCR of samples from all the groups. Quantified
data showed a decrease in HMGBI1 levels for all three
sequences and no change in the negative control (Sup-
plementary Fig. 1b—d). The siRNA sequence that induced
the highest percentage of knockdown (siRNA.R3) was
selected to perform all the experiments.

NHBE cells with and without HMGB1 knockdown
were exposed to either media (control) or ODE for 24 h
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(Fig. 1a). mRNA fold change of HMGB1 was measured
and was found to increase on ODE exposure but remained
low in cells with HMGB1 knockdown (Supplementary
Fig. le). The impact of lack of HMGB1 on mitochon-
drial morphology was investigated. On ODE exposure,
the expression of mitochondrial fusion proteins mitofu-
sin 1 (MFN1), mitofusin 2 (MFN2), and optic atrophy
1 (OPA1) were measured. The expression of MFN1 and
MEFN?2 decreased in NHBE cells with and without HMGB1
exposed to ODE, while OPA1 levels were significantly
upregulated in NHBE cells treated with ODE alone
(Fig. 2a—f). Mitochondrial fission protein, dynamin-related
protein 1 (DRP1), level was significantly upregulated in
the ODE-exposed cells lacking in HMGB1 (Fig. 2g, h). To
further corroborate whether the mitochondrial morpho-
logical changes observed are associated with the number
of active mitochondria, change in mitochondrial mass was
measured by quantifying MitoTracker green fluorescence.
There was a significant decrease in the mitochondrial mass
on exposure to ODE in cells with and without HMGB1
(Fig. 2i). ODE-exposed cells stained with MitoTracker red
dye were visualized to accurately identify the morphologi-
cal changes. In NHBE cells treated with ODE alone, the
mitochondrial network appeared filamentous and branched
with few fragmented or globular mitochondria (Fig. 2j°).
By contrast, mitochondria appeared more fragmented or
globular in ODE-exposed NHBE cells lacking HMGB1
indicating mitochondrial fission (Fig. 2j°"’).

ODE exposure increases BNIP3 expression in NHBE
cells

We examined whether the lack of HMGB1 during ODE expo-
sure impacts mitochondria-targeted autophagy, referred to as
mitophagy. The expression of the two important mediators
of mitophagy, PTEN-induced kinase 1 (PINK1) and the E3
ubiquitin protein ligase Parkin, were measured. NHBE cells
treated with ODE for 24 h showed no change in PINK1 but
significantly decreased Parkin expression (Fig. 3a—d). ODE-
exposed NHBE cells lacking HMGB1 showed a significant
decrease in both PINK1 and Parkin on exposure to ODE.
The expression of BNIP3, a mitochondrial Bcl-2 homology
3 (BH3)-only protein, known to activate mitochondrial per-
meability transition (MPT), was also measured (Ney 2015).
BNIP3 levels were significantly increased on exposure to
ODE alone, while cells treated with anti-HMGB1 siRNA
showed a decrease in the expression of BNIP3 (Fig. 3e, f).

ODE exposure induces mtDNA release
into extracellular fluid

Using qPCR, we measured the levels of mtDNA released into
the mt-free cytosol and cell culture supernatant (extracellular

spaces) samples. NHBE cells treated with ODE for 24 h
showed a significant increase in mtDNA levels both in
the mt-free cytosol and supernatant samples, while ODE-
exposed cells lacking HMGB/1 had decreased levels in both
cytosol and supernatant samples (Fig. 4a, b). In addition,
ODE-exposed cells showed increased expression of TLR9,
a receptor that mediates cellular response to unmethylated
CpG dinucleotides found in bacterial DNA and eukaryotic
mtDNA to mount an innate immune response (Fig. 4c, d).
Next, we examined whether the mtDNA released from the
mitochondrial matrix is activating the cGAS-STING path-
way. Although no significant change in cyclic GMP-AMP
synthase (cGAS) and interferon regulatory factor 3 (IRF3)
expression were observed, a significant increase in interferon
gamma inducible protein 16 (IFI16) protein expression in
cells treated with ODE alone was documented (Fig. 4e—j). In
ODE-exposed cells lacking HMGB1, the levels of these pro-
teins were comparable to controls or significantly decreased
in the case of IRF3 (Fig. 4i, j). mRNA fold change of type
1 interferons, ifnal, ifna4, and ifnb, which are downstream
targets of IFI116 and IRF3, was measured. Cells exposed to
ODE for 24 h showed a significant increase in the mRNA
levels of ifnal, ifna4, and ifnb, while the levels remained
comparable to controls in cells lacking HMGB1 (Fig. 4k-m).
To investigate whether mtDNA is released during repeated
exposure of ODE, NHBE cells were treated with media
alone (control) or ODE (1%) followed by media (control) or
HMGBI neutralization antibody (10 pg/mL) for 8 h per day
for 5 days (Fig. 1b). Following a 5-day exposure, there was
an increase in cytosolic mtDNA content in cells treated with
HMGBI neutralization antibody and an increase in extracel-
Iular mtDNA in cells treated with ODE alone (Supplementary
Fig. 2a, b). There was also an increase in ifna4 and a decrease
in ifna and ifnb mRNA levels in cells treated with HMGB1
neutralization antibody (Supplementary Fig. 2c—e).

Mitochondrial biogenesis is promoted
in ODE-exposed NHBE cells lacking HMGB1

Mitochondrial biogenesis in NHBE cells was assessed by
measuring peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGCla) and nuclear factor erythroid
2-related factor 2 (NRF2) protein expression. NHBE cells
with and without HMGB1 exposed to ODE for 24 h showed a
significant increase in PGCla and NRF2 expression compared
to controls (Fig. Sa—d). Expression of TFAM, a downstream
target of PGCla and NRF2, in both the mitochondria and
mitochondria-free cytosol were measured. In ODE-exposed
NHBE cells lacking HMGB1, we noted a small decrease in
TFAM levels in the mitochondria (~ 10%) and an increase in
the cytosolic levels (~10%) (Fig. Se—g). We observed that
the cytosolic levels of TFAM significantly decreased in cells
treated with ODE alone (Fig. 5Se, g). mRNA fold change of
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NHBE cells lacking HMGB1, we documented a significant
decrease in gstp1, while we noted an increase in mRNA levels
of hmoxI and ngol. In ODE-treated cells, while no significant
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«Fig.2 HMGB1 knockdown promotes mitochondrial fission on OD
exposure. Changes in mitochondrial morphology in NHBE cells with
or without siRNA-mediated HMGB1 knockdown and treated with
ODE (1%) for 24 h were assessed. Inmunoblotting was performed to
measure the mitochondrial fusion proteins MFNI1 (a, b), MFN2 (c,
d), and OPAL (e, f) and fission protein DRP1 (g, h) and compared.
Mitochondrial mass was measured (i), and the morphology was visu-
alized by staining with Mito-tracker dye (j-j’’’; scale bar=100 pm).
All the protein bands were normalized over f-actin (37 kD), and
percentage intensity relative to control was analyzed. Data was ana-
lyzed using one-way ANOVA with Tukey’s multiple comparison test
(*p<0.05, ¥*p<0.01, ***p <0.001, ****p <(0.0001) and represented
as mean + SEM with n=3-6/treatment (* indicates significant differ-
ence from control)

change was observed in the expression of gstpl, a significant
increase was observed in hmoxI and nqol, when compared to
control and cells lacking HMGB1 (Fig. Sh—j).

On the other hand, in the repeated long-term exposure
model, we observed that ODE induced a significant decrease
in mRNA fold change of pgcla and nrf2, and HMGB1 neu-
tralization significantly increased pgcla and nrf2 levels. How-
ever, HMGB1 neutralization did not increase the levels to that
of controls (Supplementary Fig. 3a, b). mRNA fold change of
tfam is significantly reduced as well (Supplementary Fig. 3c).
mRNA levels of nqol were significantly reduced, while
that of ~imox1 increased in both treatments (Supplementary
Fig. 3d-e).

a siControl  siHMGB1 C siControl

Single ODE exposure leads to release of cytochrome ¢

To assess the impact of the increased mtDNA leakage,
we measured the release of other mitochondrial DAMPs
(mtDAMPs) and reactive species generation. In addition
to TFAM and mtDNA, cytochrome c is another prominent
mtDAMP which is a key player in apoptosis (Cai et al. 1998;
Ott et al. 2002). We measured the expression of cytochrome
¢ in mitochondrial and mitochondria-free cytosolic fractions
of NHBE cells. ODE exposure of NHBE cells increased
the cytosolic cytochrome c levels but not the mitochondrial
cytochrome c levels (Fig. 6a—c). ODE-exposed cells lacking
HMGB]1 showed a significant decrease in both mitochondrial
and cytosolic cytochrome c protein levels. Griess assay results
showed an increase in RNS levels on exposure to ODE, with
levels comparable to control in cells lacking HMGB1 (Fig. 6d).
To corroborate this, we measured the mRNA fold change
in nos2, the gene coding for inducible nitric oxide synthase
(iNOS), and observed an increased expression in cells treated
with ODE alone while nos2 mRNA fold change decreased in
cells lacking HMGBI1 (Fig. 6e). In addition, we documented an
increase in intracellular reactive oxygen species (ROS) levels in
ODE-treated cells, which was significantly decreased in cells
lacking HMGBI1 (Fig. 6f). On the other hand, the mitochon-
drial superoxide levels were significantly decreased in both
cases compared to control (Fig. 6g). We observed a decrease
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Fig.3 OD exposure promotes apoptosis in NHBE cells. Immunoblot-
ting of NHBE cells, with or without siRNA-mediated HMGB1 knock-
down and treated with ODE (1%) for 24 h, was performed to measure
expression of mitophagy markers, PINK1 (a, b) and Parkin (c, d), and
BNIP3 (e, f). All the protein bands were normalized over p-actin (37

kD), and percentage intensity relative to control was analyzed. Data
was analyzed using one-way ANOVA with Tukey’s multiple compari-
son test (¥p <0.05, ¥¥p <0.01, **¥*p <0.001, ****p <0.0001) and rep-
resented as mean+ SEM with n=3/treatment (* indicates significant
difference from control)
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in mitochondrial calcium levels ([Caz+]m]-w) in cells exposed to model, ODE exposure alone decreased the ([Ca2+]mit0) whereas
ODE alone whereas [Ca2+]mito levels increased in cells lacking neutralization of HMGBI increased the ([Ca>* Jmito) (Supple-
HMGBI1 (Fig. 6h) (Fig. 61°,1’”"). In the repeated ODE exposure ~ mentary Fig. 4a-a’’”) (Supplementary Fig. 4b). There was no
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«Fig.4 Acute OD exposure-mediated release of mtDNA stimulates
IFN production. Mitochondrial DNA (mtDNA) leakage into the cyto-
sol (a) and extracellularly (b) in NHBE cells, with or without siRNA-
mediated HMGB1 knockdown and treated with ODE (1%) for 24 h
was analyzed via qPCR. Immunoblotting was performed to measure
expression of TLR9 (¢, d), cGAS (e, f), IFI16 (g, h), and IRF3 (i, j).
mRNA fold change of gene targets of mtDNA release, ifnal (k), ifna4
(1), and ifnb (m), was measured by qPCR. All the protein bands were
normalized over p-actin (37 kD), and percentage intensity relative to
control was analyzed. Data was analyzed using one-way ANOVA with
Tukey’s multiple comparison test (*p <0.05, **p <0.01, ***p <0.001,
*##%%p <(0.0001) and represented as mean+ SEM with n=3/treatment
(* indicates significant difference from control)

change in the levels of mitochondrial superoxide (Supplemen-
tary Fig. 4c).

Repeated ODE exposure promotes mitochondrial
fusion

Using transmission electron microscopy (TEM), we assessed
the ultrastructural changes in NHBE cells following exposure
to ODE with or without HMGB 1 neutralization for 8 h/day for
5 days (Fig. 1b). Compared to controls, ODE-treated NHBE
cells showed change in mitochondrial morphology. Mitochon-
dria appeared to be more elongated with cristolysis, and in some
cases, there was mitochondrial hypertrophy (Fig. 7a, a’). In con-
trast, neutralization of HMGB1 decreased the ODE-induced
cristolysis and mitochondrial shape resembled that of controls
(Fig. 7a, 2’). We stained the cells with MitoTracker dye to assess
changes in the number of active mitochondria. Mitotracker
stained cells revealed no change in mitochondrial mass among
any of the treatments (Fig. 7c). However, we did observe notice-
able ODE-induced changes in mitochondrial morphology. Com-
pared to controls, ODE-exposed NHBE cells showed filamentous
mitochondria and mitochondria appeared to be more clustered
close to the nucleus (Fig. 7b, b’). With HMGBI1 neutralization,
the mitochondria were more fragmented and globular and were
less clustered near the nuclei when compared to ODE-exposed
cells (Fig. 7b’’). Using MTT assay, we measured the cell via-
bility, and HMGB1 neutralization rescued the ODE-induced
decrease in cell viability (Fig. 7d).

HMGB1 neutralization rescues mitochondrial
respiration in repeated ODE exposure models

A targeted analysis of expression of genes associated with
mitochondrial respiration was performed. A pre-designed gene
array with 96 genes (including housekeeping genes) specific to
various components involved in mitochondrial respiration was
used, and fold changes were measured by qPCR (Supplemen-
tary Table 3). The change in gene expression between ODE-
exposed NHBE cells, with or without HMGB1 neutralization

for 8 h/day for 5 days, was calculated relative to control by
the 272A€T method, and genes with a fold change <10 or> 10
were represented on a heat map (Livak and Schmittgen 2001).
Neutralization of HMGBI increased the expression of genes
of protein subunits involved in mitochondrial respiration such
as various subunits of ATP synthase (atp), cytochrome ¢ oxi-
dase (cox), ubiquinol-cytochrome c reductase (ugcr), and
NADH:ubiquinone oxidoreductase (naduf) when compared
to ODE-treated cells (Fig. 8a). Using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database, upregulated and
downregulated pathways associated with mitochondria bio-
energetics were analyzed (Fig. 8b—e). Pathways related to the
metabolism, respiratory electron transport, and mitochondria
biogenesis which were downregulated with ODE exposure
were significantly upregulated on HMGB1 neutralization
(Fig. 8c, d).

Single ODE exposure induces hypoxia response
in NHBE cells lacking HMGB1

Oxygen sensing and adaptations in NHBE cells (with or
without anti-HMGB1 siRNA treatment) exposed to ODE for
24 h were measured. An increase in hypoxia-inducible fac-
tor 1-alpha (HIF1a) protein expression was observed in cells
lacking HMGB1 while the expression of HIF1a was signifi-
cantly reduced with ODE exposure alone (Fig. 9a, b). mRNA
fold change of ubiquitin ligase Von Hippel-Lindau tumor sup-
pressor (vhl) was significantly increased in both ODE-exposed
NHBE cells with or without HMGB1 (Fig. 9c). mRNA fold
change of genes involved in glucose uptake, solute carrier
family 2 member 6 (slc2a6), and glycolysis, enolase 1 (enol),
was measured. A significant increase in slc2a6 in both ODE-
exposed cells with or without HMGB1 was observed, whereas
enol was upregulated in cells lacking HMGBI1 (Fig. 94, e). To
corroborate this, we measured cellular glucose uptake poten-
tial and glycolytic activity in ODE-exposed NHBE cells by
culturing cells with the glucose analog 2-NBDG. Here, a sig-
nificant increase in the uptake of 2- NBDG was observed in
ODE-exposed cells lacking HMGB1, while exposure to ODE
alone significantly decreased 2-NBDG uptake (Fig. 9f).

We compared the expression of the factors involved in
hypoxia and glucose uptake in NHBE cells in the repeated
ODE exposure model. mRNA fold change of hifla and
vhl was significantly decreased in ODE-exposed cells but
remained unchanged in cells with HMGBI1 neutraliza-
tion (Fig. 10a, b). There was no significant change in the
expression of slc2a6 in any of the treatments. However, the
expression of enol was significantly downregulated in ODE-
exposed cells (Fig. 10c, d). 2-NBDG uptake was decreased
in ODE-exposed cells and was comparable to control in cells
treated with HMGB1 neutralization antibody (Fig. 10e).
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Fig.5 Lack of HMGBI1 promotes mitochondrial biogenesis in OD
exposed NHBE cells. Markers of mitochondrial biogenesis in NHBE
cells with or without siRNA-mediated HMGB1 knockdown and
treated with ODE (1%) for 24 h were measured. Immunoblotting of
whole cell lysates of NHBE cells was performed to measure PGCla
(a, b) and NRF2 expression (¢, d). TFAM expression was compared
in the mitochondrial (e, f) and cytosolic (e, g) fractions of the NHBE
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cells. mRNA fold change of gene targets downstream of NRF2, gstp/
(h), hmox1 (i), and nqgol (j), was measured by qPCR. All the protein
bands were normalized over p-actin (37 kD), and percentage intensity
relative to control was analyzed. Data was analyzed using one-way
ANOVA with Tukey’s multiple comparison test (*p <0.05, **p <0.01,
*#%p <0.001, ****p <0.0001) and represented as mean+SEM with
n=3/treatment (* indicates significant difference from control)
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HMGB1 neutralization increased tight junction
integrity in ALI cultures of NHBE cells

NHBE cells were seeded onto a semi-permeable membrane
to develop an air-liquid interface (ALI) culture model and
exposed to ODE, with or without HMGB1 neutralization for
1 h/ day for 5 days (Fig. 1c). mRNA fold change of forkhead
box J1 (foxjI) and its downstream target cilia and flagella-
associated protein 157 (cfap157) was measured (Fig. 11a, b).
Exposure of cells to ODE alone showed a significant increase
in fold change of both genes, while the expression was com-
parable to control in ODE-exposed cells with HMGB1 neu-
tralization. Tight junction integrity was determined by meas-
uring the mRNA fold change of occludin (ocln) and claudin
1 (cldl), and by quantifying the trans-epithelial electrical
resistance (TEER). mRNA fold change of ocln and cldnl was
significantly downregulated in ODE-exposed cells, while on
HMGBI, neutralization ocln levels were comparable to con-
trol, and cldI was significantly decreased (Fig. 11c, d). TEER
measurements were performed to identify the impact of
ODE on tight junction integrity. A decrease in TEER values
(electrical resistance) is proportional to decreased tight junc-
tion integrity. TEER values were significantly decreased on
exposure to ODE as early as 12 h and continued to decrease
with time compared to control. On the other hand, although
a similar decrease was observed with the neutralization of
HMGBI at 12 h, TEER values remained steady after day 1
post-exposure and were not rescued significantly (Fig. 11e).

Discussion

In the current study, we investigated the impact of secreted
HMGB1 on ODE-induced mitochondrial dysfunction in
NHBE cell models of single and repeated 5-day exposure.
Overall, we demonstrate that blocking HMGB1 secretion
induces mitochondrial fragmentation, mitochondrial bio-
genesis, and an increase in mitochondrial respiration. These
responses were consistent across the single (acute) exposure,
with siRNA knockdown of HMGBI1, as well as in repeated
(chronic) exposure to ODE, with antibody-mediated HMGB 1
neutralization. In the present study, we used two in vitro mod-
els, a 24-h ODE exposure (single, acute) with siRNA-mediated
knockdown of HMGBI1 and a 5-day (8 h/day) ODE exposure
(repeated, chronic) with antibody-mediated HMGB 1 neutrali-
zation to examine exposure-induced mitochondrial dysfunc-
tion (Fig. 1a,b). The siRNA-mediated knockdown of HMGB 1
is suitable for single (acute) exposure as the suppression of
mRNA and protein lasts for about 72 h. Therefore, we used
an antibody-mediated neutralization approach in our repeated
(5-day) exposure model.

Our results from single exposure showed that ODE
decreases the expression of MFN1 and MFN2 in cells with
and without HMGB1, but OPA1 expression in cells lacking
HMGBI1 was significantly decreased. OPAI is a dynamin-
related GTPase that has been shown to mediate inner mito-
chondrial membrane (IMM) fusion, while MFN1/2 mediate
the fusion of the outer mitochondrial membrane (OMM)
(Song et al. 2009; MacVicar and Langer 2016). OPAL1 in
particular has been identified as a significant player in the
regulation of various mitochondrial functions. Loss of OPA1
has been shown to induce DRP1-dependent mitochondrial
fragmentation (Lee et al. 2004). This was observed in
our results where siRNA-mediated HMGB1 knockdown
increased the DRP1 expression in ODE-exposed cells. The
fusion of mitochondria is dependent on dimerization of
mitofusin proteins, MFN1 and MFN2. Thus, the decreased
MEN1/2 expression in ODE-exposed cells lacking HMGB1
explains the increase in mitochondrial fragmentation (Chen
et al. 2003; Song et al. 2009; Liesa et al. 2009; Palmer et al.
2011; Ranieri et al. 2013). Overall, our results highlight that
lack of HMGB1 has an impact on OPA1 but not on MFN1/2.

Next, we used 2D fluorescence imaging and transmis-
sion electron microscopy (TEM) to evaluate mitochon-
drial morphology and ultrastructural changes in both acute
and repeated exposure in vitro models. Interestingly, cells
that lacked HMGB1 displayed increased fragmentation
and globular mitochondria upon exposure to ODE. These
results indicate that ODE exposure-induced mitochon-
drial changes become pronounced with the loss of nuclear
HMGBI, underscoring the importance of nuclear HMGB1
in maintaining the health of the cellular mitochondria
(Tang et al. 2011). Our TEM images confirmed that ODE
exposure induces mitochondrial elongation, cristoysis, and
hypertrophy, whereas HMGB 1 neutralization reduced the
ODE-induced cristolysis and mitochondria appeared healthy.
Further, neutralization of HMGBI1 induced a globular mor-
phology of mitochondria with elongated cristae running par-
allel to the longitudinal axis of the mitochondria. Overall,
ODE-induced mitochondrial fusion observed in our study
could be a cellular stress response aimed at compensating
for the loss of important mitochondrial functions (Chen et al.
2003; Landes et al. 2010; Westrate et al. 2014; Eisner et al.
2018; Tilokani et al. 2018). Our recent study using micro-
glial model confirms the ODE exposure-induced cristolysis
and the morphological basis of exposure-induced decrease
in mt-bioenergetics (Massey et al. 2021).

ODE-exposed NHBE cells showed no significant change
in PINK1 expression, while Parkin was significantly
decreased and NHBE cells lacking HMGB 1 showed reduced
levels of both PINK1 and Parkin. These results indicate that
the observed fragmentation of mitochondria in cells lacking
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«Fig.6 Acute OD exposure causes cytochrome c release into the cyto-
sol. Immunoblotting of mitochondrial and mitochondria-free cytosolic
fractions of NHBE cells with or without siRNA-mediated HMGB1
knockdown and treated with ODE (1%) for 24 h, to detect the pres-
ence of cytochrome C. Cytochrome C expression was compared
between the mitochondrial (a, b) and cytosolic (a, ¢) fractions of the
cells. Concentration of secreted nitrites was measured using Griess
assay (d), and mRNA levels of nos2 (e) was measured by qPCR.
Using CM-H,DCFDA and Mito-SOX dyes, the levels of superoxide
anions (SOX) intracellularly (f) and within the mitochondria (g) were
measured, respectively. Intramitochondrial calcium levels in mito-
chondria isolated from the treated cells were quantified (h) and visu-
alized (i-i’”’; scale bar=100 pm) by Rhod-2AM staining. For west-
ern blot, all the protein bands were normalized over f-actin (37 kD)
and percentage intensity relative to control analyzed. Data was ana-
lyzed using one-way ANOVA with Tukey’s multiple comparison test
(*p<0.05, *p<0.01, ***p<0.001, ****p <(0.0001) and represented
as mean+SEM with n=3-6/treatment (* indicates significant differ-
ence from control)

HMGBI1 could be due to active mitochondrial biogenesis
(Ding and Yin 2012). We observed an increase in BNIP3
expression on ODE exposure, whereas, in cells lacking
HMGBI1, the BNIP3 levels return to baseline (control) lev-
els. The increase in BNIP3 expression could be promoting
permeability of the inner and outer mitochondrial membranes
resulting in increased ROS production, release of cytochrome
¢, and mitochondrial depolarization, all of which together
initiates cellular apoptosis (Kim et al. 2002; Ney 2015). Con-
sidering the increase in OPA1 levels in ODE-exposed cells,
evidence suggests that BNIP3 interacts with OPA1 inhibiting
OPA1-mediated fusion, in acute conditions, or disassembly
of OPA1 complexes, in chronic conditions, leading to cel-
lular death (Landes et al. 2010). This is further corroborated
by the increase in cytosolic cytochrome C levels in 24 h
ODE-exposed cells. On the contrary, cytochrome C levels
were decreased in cells lacking HMGB1 following exposure.
The release of cytochrome C in ODE-exposed cells could
be promoting increased ROS generation, caspase activation
(caspase 3 and caspase 9), eventually leading to apoptotic
cell dismantling (Cai et al. 1998; Ott et al. 2002; Quinsay
et al. 2010).

One of the major consequences of increased MPT dur-
ing cellular stress is the release of mitochondrially derived
molecules referred to as mtDAMPs (Garcia and Chavez
2007; Zhang et al. 2010; Quinsay et al. 2010; Nakahira et al.
2011). Fragmented mtDNA is a critical mtDAMP, and when
released from the damaged mitochondria, it regulates the
innate immune responses (Lee and Wei 2005; West et al.
2015; Ploumi et al. 2017). Release of mitochondrial DNA
into the cytoplasm and out into the extracellular milieu
activates multiple pattern recognition receptors and innate
immune responses, including cGAS-STING, TLR9Y, and
inflammasome formation leading to, among others, robust
type I interferon responses (Cloonan and Choi 2012; West

et al. 2015; Chen et al. 2016). The results of the present
study show an increase in cytosolic and extracellular mito-
chondrial DNA copy number in NHBE cells exposed to
ODE for 24 h, which is reduced in ODE-exposed cells lack-
ing HMGB1 indicating how HMGBI1 regulates mt-damage
and release of mtDNA. Concurrently, we also observed an
increase in the expression of TLRO, IFI16, IRF3, and type
1 interferon, which could be leading to cell death. On the
other hand, during chronic ODE exposure, we document an
increase in the cytosolic mtDNA on HMGBI neutralization,
but not extracellularly, and an increase in only ifna4 mRNA,
indicating that the neutralization of HMGB1 could be pro-
moting mitochondrial biogenesis.

Mitochondrial reactive oxygen species (mtROS) is the most
universal and well-studied mtDAMP and is a by-product of
mitochondrial respiration and ATP production (Zorov et al.
2014). The ODE-mediated increase in intracellular ROS is
consistent with our previous findings, where it is known to ini-
tiate the inflammatory cascade (Bhat et al. 2019; Massey et al.
2019). The lack of increase in mtROS could be another indi-
cator of mitochondrial biogenesis in play. Thus, the observed
mitochondrial fragmentation in cells lacking HMGB1 or with
antibody-mediated HMGBI1 neutralization may reflect an
important adaptive response to protect the mitochondria from
an increase in ROS production and oxidative stress with ODE
exposure. In addition to this, we also document an increase
in mitochondrial calcium influx in ODE-treated cells lacking
HMGBI1 or with antibody-mediated HMGB1 neutralization.
This increase in mitochondrial calcium influx could be pro-
moting mitochondrial O, consumption and ATP synthesis, as
well as mitochondrial metabolism (Rizzuto et al. 2000; Parekh
2003; Brookes et al. 2004; Hajn6czky et al. 2007; Finkel et al.
2015).

The results of our study provide converging evidence that
24-h ODE exposure of cells with HMGB1 or cells with-
out HMGB/1 induces mitochondrial biogenesis. First, we
observed an increase in PGCla expression in cells exposed
to ODE, with or without HMGB1. The role of PGCla in reg-
ulating mitochondrial biogenesis has been well established
(Wu et al. 1999; Handschin and Spiegelman 2006; Trian
et al. 2007). We then measured the expression of NRF2
and observed a similar increase as that of PGCla. NRF2 is
known to regulate the expression of the electron transport
chain subunits and binds to the promoter regions of genes
involved in the transcription of mtDNA. NRF2 is known to
be regulated by its transcriptional coactivator PGCla, which
together induces the expression of TFAM thus activating
mitochondrial biogenesis. In line with this, we observe
an increase in TFAM protein expression in mitochondria-
free cytosolic fractions of 24-h ODE-exposed cells lacking
HMGBI1. However, we observed that a repeated 5-day ODE
exposure resulted in significantly lower levels of the gene
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Fig.7 Antibody-mediated neutralization of HMGB1 maintains mito-
chondrial morphology and cell viability. Transmission electron micros-
copy (TEM) of NHBE cells treated with medium or ODE (1%) fol-
lowed by medium or HMGBI1 neutralization antibody (10 ug/mL) for
8 h per day for 5 days show changes in the mitochondrial morphology.
A number of mitochondria displayed fused and elongated mitochon-
drial morphology (a-a’’; scale bar, 0.5-1 um) on treatment with ODE.
Cells treated with ODE followed by HMGBI neutralization showed
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noticeably healthier mitochondria with a few morphological changes.
Mitochondrial mass was measured (c¢), and the morphology was visu-
alized by staining with MitoTracker dye (b-b’’; scale bar=100 pm).
MTT assay was performed to measure cell viability on treatment (d).
Data was analyzed using one-way ANOVA with Tukey’s multiple com-
parison test (*p<0.05, **p<0.01, ***p<0.001, ***¥p<0.0001) and
represented as mean + SEM with n=6/treatment (* indicates significant
difference from control)
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Fig.8 HMGBI neutralization upregulates genes associated with mito-
chondrial respiration. mRNA expression profiles of genes specific
to mitochondrial respiration in NHBE cells treated with medium or
ODE (1%) followed by medium or HMGBI neutralization antibody
(10 pg/mL) for 8 h per day for 5 days were measured using a targeted
gene array. Heatmap of mRNA transcripts of genes that had a tenfold
change in expression was selected (a). Selected upregulated (b, d) and

expression of PGCla, NRF2, and TFAM when compared to
the controls with and without HMGB1 neutralization.

In our study, we found that NHBE cells repeatedly exposed
to ODE display a distinctive mitochondrial gene profile,
where we observe a downregulation of genes associated
with mitochondrial metabolism, citric acid (TCA) cycle,
OXPHOS, and mitochondrial biogenesis. This is consistent
with the increased levels of ROS, induction of MPT, and
mtDNA release on ODE exposure. With the neutralization of
HMGBI, we document an increase in the fold change of genes
coding the protein subunits associated with mitochondrial
electron transport chain (ETC), such as ATP, COX, NADUF,
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downregulated (c, e) pathways from reactome pathway analysis of sig-
nificantly altered mRNA transcripts with FDR corrected p-value cut-
off <0.05 were selected and represented by gene counts. Data was ana-
lyzed using one-way ANOVA with Tukey’s multiple comparison test
(*p<0.05, *¥p<0.01, ***p <0.001, ****p <0.0001) and represented
as mean + SEM with n=2/treatment (* indicates significant difference
from control)

and UQCR. In line with this, we show evidence of ODE-
mediated decrease in cellular glucose uptake and glycolytic
ability in both acute and chronic exposure models, while lack
of or neutralization of HMGB1 increased the cellular glucose
uptake and glycolytic ability. This metabolic profile in NHBE
cells may have a direct impact on the maintenance of overall
lung homeostasis and function on exposure to ODE in vivo
(Wu et al. 1999; Koopman et al. 2005; Dranka et al. 2011;
Agrawal and Mabalirajan 2015). Our results provide a robust
framework for the future in vivo experiments.

Reduced oxygen availability elicited by hypoxia and
mitochondrial dysfunction leads to increased production
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Fig.9 Lack of HMGBI initiates hypoxia response on acute OD expo-
sure. Markers of hypoxia response in NHBE cells with or without
siRNA-mediated HMGB1 knockdown and treated with ODE (1%) for
24 h were measured. Immunoblotting of whole-cell lysates of NHBE
cells was performed to measure HIFla (a, b). mRNA fold change of
ubiquitin ligase, vkl (c), and slc2a6 (d) and enol (e), involved in glu-
cose uptake and glycolysis, was measured by qPCR. 2-NBDG uptake

of ROS by the electron transport chain (ETC) (Baik and
Jain 2020). The observed ODE-exposure-induced hypoxia
response could be well explained based on the increased
intracellular ROS production and downregulation of ETC.
Interestingly, we observed a decrease in HIF1a expression
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to measure cellular glucose uptake was performed (f). For west-
ern blot, all the protein bands were normalized over B-actin (37 kD)
and percentage intensity relative to control analyzed. Data was ana-
lyzed using one-way ANOVA with Tukey’s multiple comparison test
(*p<0.05, ¥*p<0.01, ***p <0.001, ****p <0.0001) and represented
as mean+ SEM with n=3-6/treatment (* indicates significant differ-
ence from control)

in 24 h ODE-exposed NHBE cells while it increased in
cells lacking HMGBI, indicative of hypoxia. Thus, lack
of HMGBI acts as protective through activation of HIF1a.
This is supported by the cellular studies showing that HIF1 o
activation could rescue the effects of ETC deficiency in
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Fig. 10 Normoxic conditions a 1.5+
are maintained on HMGB1
neutralization during chronic
OD exposure. Markers of
hypoxia response in NHBE cells
treated with medium or ODE
(1%) followed by medium or
HMGBI neutralization antibody
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5 days were measured. mRNA
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mitochondrial diseases (Jain et al. 2016). Hypoxia may be
triggering a HIF-dependent transcriptional program activat-
ing key pathways promoting glycolysis, ATP production,
and decreased ROS generation. This would also be reducing
the levels of O, being taken up by the cell which would, in
turn, decrease the availability of substrate for free radical
production and aberrant cellular signaling. We observed that
HMGBI neutralization resulted in the normoxic conditions
in the repeated ODE exposure model. Hence, we can theo-
rize that short-term hypoxic conditions may be beneficial in
reversing mitochondrial dysfunction.

In addition, using an ALI model of ODE exposure, we
investigated the impact of HMGB1 on tight junction integrity.
Previously, we have shown the impact of 24-h ODE exposure
on tight junction expression in vivo, but the role of HMGB1
remains to be investigated (Shrestha et al. 2021). In this study,
we observe a significant decrease in transepithelial electrical
resistance (TEER) with repeated ODE exposure as early as
12-h post-exposure. Although HMGBI1 neutralization does
not reverse the effect of ODE on tight junction integrity, the
TEER values plateau and remains unchanged 1-day post-
exposure. The neutralization of HMGB1 does not significantly
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rescue ODE-induced decrease in TEER. However, there is a
certain amount of protection of epithelial integrity. This was
corroborated by the measurement of claudin-1 and occludin,
indicating that ODE exposure directly affects the tight junc-
tion integrity. Although this is valid preliminary evidence
on the impact of ODE on tight junction integrity, thorough
in vivo work needs to be performed to confirm this finding.

In summary, the results of the present study indicate that
targeting HMGB1 in ODE-induced inflammatory process
promotes mitochondrial biogenesis and metabolism by pro-
moting hypoxic conditions and decreasing ROS production
(Fig. 12). It is likely that blocking HMGB1 release following
ODE exposure leads to a coordinated adaptive response in
NHBE cells involving mitochondrial fragmentation, increased
mitochondrial biogenesis, and mitochondrial metabolism. As
a result, the maximum O, consumption and ROS production
per mitochondrion are reduced, while the demand for ATP
synthesis is still met. Future studies using HMGB1 airway
epithelial cell-specific conditional knockout mice or systemic
neutralization of HMGB1 may unravel further mechanistic
basis of targeting HMGB1 in rescuing ODE-induced mito-
chondrial deficits.
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Fig. 11 HMGBI neutraliza-
tion upregulates tight junction
integrity in ALI. NHBE cells
differentiated on air—liquid
interface (ALI) culture treated
with medium or ODE (1%) fol-
lowed by medium or HMGB1
neutralization antibody (10 pg/
mL) for 1 h per day for 5 days.
mRNA fold change of markers
of motile cilia, foxjI (a) and
cfap157 (b), and tight junc-
tion, ocln (¢) and cldn 1 (d),
was measured by qPCR. Tight
junction integrity was assessed
by trans-epithelial electrical
resistance (TEER) measure-
ment (e). Samples for all assays
were derived from the same
experiment and were processed
in parallel. Data was analyzed
using one-way ANOVA with
Tukey’s multiple comparison
test (*p <0.05, **p <0.01,
*#%p <0.001, ¥*¥*#¥%p <0.0001)
and represented as mean+ SEM
with n=3/treatment (* indicates
significant difference from
control)

@ Springer

a 100 p<0.0001 b 80— ::2.2001
sel W s
o
C 60—
% 70 o
~— (@] 4 (9] o
?E 3 =T 40 +
2 2 g8 °71
Z 0.20 Z 34
¥ 0.15 X o]
£ 0.10 e
0.05 15
0.00 0-
Control ODE Control ODE
mm Control (IgG) mm Control (IgG)
Anti- HMGB1 Anti-HMGB1
0.05
c —p<008 d  45-
1.5 p<0.01
o % % p<0.01
o :
@© * £ 1.0 %
-(CJ 10_ 7 *% ~ (&)
S5 SO
S e p<0.05
oL (&) ‘:: *%
i 0.5+
:%E 0.5 é
E E *k%k%
0.0_ T T 00- i'
Control ODE Control ODE
mm Control (IgG) mm Control (IgG)
Anti-HMGB1 Anti-HMGB1
e 1500 -@= Control
-l ODE
=&= Control+Anti-HMGB1
=¥= ODE+Anti-HMGB1
NE 1000
o
<}
x
i 500
l_
0 1 1 1
0 2 4 6
Time (days)



Cell and Tissue Research (2022) 388:373-398 395
ODE
® e 5 .
(X Antibody-mediated
eoete ntibody-mediate —>
/\ °®e ‘o neutralization
: ©
PRRs
I
RAGE TLR 2/4 ‘ ‘ RAGE TLR 2/4
= D
Mitochondrial fusion Mitochondrial fission
{ Membrane
' permeability
g Gl tak
Leaked mt DNA : $ o;;asoesup axe
; Y ROS
: + Hypoxia
4 Membrane : @
permeability '
¥ Glucose uptake %
¥ OXPHOS : L
ot ()
v Hypoxia : Mitochondrial
G biogenesis
Cytoplasm 4
[ D ) € -} ) o R« o S D€ = ik , - - =
Nucjeus J
Hyperacetylation Hyperacetylation
and Secretion Inflammatory Type 1 IFN Mitochondrial and Secretion
T cytokines response genes SIRNA
knockdown—»

Inflammation
Apoptosis

Fig. 12 An overview of impact of HMGB1 on ODE exposure-induced
mitochondrial dysfunction in NHBE cells. HMGBI increases autophagy,
inhibits apoptosis, and regulates mitochondria functions. ODE expo-
sure promoted mitochondrial fusion and mtDNA release promoting a
pro-inflammatory response through TLR9, NFkB, and IRF3 signal-
ing pathways resulting in pro-inflammatory cytokine release. On the
other hand, HMGB1 knockdown or use of Anti-HMGBI1 antibody res-

Abbreviations OD: Organic dust; ODE: Organic dust extract; NHBE: Nor-
mal human bronchial epithelial; BEGM: Bronchial epithelial growth
medium; ALI: Air liquid interface; HMGB 1: High mobility group box 1;
RAGE: Receptor for advanced glycation end products; TLR: Toll-like
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cues ODE-induced mtDNA release and promotes mitochondrial fission.
ODE exposure also induces a decrease in OXPHOS and glucose uptake
while increasing ROS generation and mitochondrial membrane perme-
ability. HMGB1 knockdown or use of Anti-HMGB1 antibody treatment
decreases ROS generation, promotes mitochondrial biogenesis, and
upregulates markers associated with OXPHOS (Created with BioRender.
com)

TFAM: Mitochondrial transcription factor A; COX: Cytochrome C oxi-
dase; mtND1: Mitochondrial NADH dehydrogenase 1; TEM: Transmis-
sion electron microscopy; DMSO: Dimethyl sulfoxide
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