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Abstract

Exposure of lung cells in vitro or mice to single-walled carbon nanotubes (SWCNTS) directly to
the respiratory tract leads to a reduced host anti-viral immune response to infection with influenza
A virus HIN1 (1AV), resulting in significant increases in viral titers. This suggests that unintended
exposure to nanotubes via inhalation may increase susceptibility to notorious respiratory viruses
that carry a high social and economic burden globally. However, the molecular mechanisms that
contribute to viral susceptibility have not been elucidated. In the present study, we identified the
retinoic acid-induced gene | (RIG-I) like receptors (RLRs)/mitochondrial antiviral signaling
(MAVS) pathway as a target of SWCNT-induced oxidative stress in small airway epithelial cells
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(SAEC) that contribute to significantly enhanced influenza viral titers. Exposure of SAEC to
SWCNTs increases viral titers while repressing several aspects of the RLR pathway, including
MRNA expression of key genes (e.g. /FITs, RIG-1, MDAS, IFNB1, CCL5). SWCNTSs also reduce
mitochondrial membrane potential without altering oxygen consumption rates. Our findings also
indicate that SWCNTSs can impair formation of MAVS prion-like aggregates, which is known to
impede downstream activation of the RLR pathway and hence the transcriptional production of
interferon-regulated anti-viral genes and cytokines. Furthermore, application of the antioxidant
NAC alleviates inhibition of gene expression levels by SWCNTs, as well as MAVS signalosome
formation, and increased viral titers. These data provide evidence of targeted impairment of anti-
viral signaling networks that are vital to immune defense mechanisms in lung cells, contributing to
increased susceptibility to 1AV infections by SWCNTSs.

Keywords

single-walled carbon nanotubes; influenza A virus; oxidative stress; infection; innate immune
response

Introduction

Carbon nanotubes (CNTSs) have been widely used in commercial and industrial sectors due
to their unique physical and chemical properties, which allow for modifications that are ideal
for product development (Martin & Kohli, 2003). Products that contain CNTs have
continued to grow, and one report estimates that the worldwide production of CNTs will
reach $3.42 billion by 2022 (GRV, 2015). Increasing use of CNTSs in a variety of
applications raises concerns over their potential exposure and subsequent toxic effects,
particularly through the route of inhalation, because of their nanometer size and proposed
accessibility to the deeper airways. Epidemiological studies have reported significant
airborne levels of CNTSs in occupational settings (Dahm et al., 2018), and blood samples
from exposed workers had elevated levels of early toxicity biomarkers related to oxidative
stress and pulmonary fibrosis (Beard et al., 2018; Liao et al., 2014).

Most toxicology studies focus on the health effects associated with exposure to single
environmental chemicals, but fewer have considered how exposure to small particulates,
such as CNTs, impact host susceptibility to infectious agents. Several lines of evidence
report that worsened health is associated with exposure to multiple stressors that include
chemicals and pathogens. For example, exposure to both aflatoxin and hepatitis B virus
(HBV) together leads to 59.4 times higher risk of developing liver cancer compared to only
7.3 and 3.4 times the risk for HBV or aflatoxin exposure alone (Groopman et al, 2005; Qian
et al., 1994). In addition, exposure to particulates (i.e. diesel exhaust, cigarette smoke) can
modulate immune responses that are associated with increased risk of respiratory infections
by viruses (Duffney et al., 2018; Gowdy et al., 2010; Jaspers et al., 2009).

In terms of CNTSs, we have focused on SWCNTSs because they tend to show high toxicity
and in many cases are not degraded and/or cleared as readily as other types in cells or tissues
(i.e. functionalized SWCNTs, MWCNTS) (Kotchey et al., 2012; Park et al., 2016; Qin et al.,
2017; Sturm, 2014). Studies report that exposure to single-walled carbon nanotubes
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(SWCNTSs) exacerbated pulmonary inflammation and hindered bacterial clearance in the
respiratory system of mice (Shvedova et al., 2008; Shvedova et al., 2005; Walling et al.,
2013). In a recent study, our group first reported that exposure to SWCNTS increased
influenza A virus (1AV) titers 5 fold in small airway epithelial cells (SAEC) while
modulating key genes that are important for viral replication and inflammatory responses,
such as interferon induced protein with tetratricopeptide repeats 2 and 3 (IFIT2 and IFIT3)
(Sanpui et al., 2014). This enhanced production of infectious 1AV particles was more
prominent in a mouse model, where exposure to SWCNTSs followed by IAV infection led to
virus titers in the lung that were 63 times higher compared to virus exposure alone (Chen et
al., 2017). These mice also presented with exacerbated inflammation and more severe
pneumonia in the co-exposure group (Chen et al., 2017). Importantly, we also noted that a
comparable carbon black control particle did not elicit enhanced viral titers (Sanpui et al.,
2014), nor did exposure to a functionalized multi-walled carbon nanotubes (unpublished
data). Though these observations are novel and significant, little is known about the
mechanisms of how SWCNTSs elicit these responses at the molecular level.

A primary mechanism of CNT-mediated toxicity that has been well reported in the literature
is the induction of oxidative stress characterized by reactive oxygen species (ROS)
production and activation of redox-cycling pathways (Dong & Ma, 2016; Shvedova et al.,
2009). A major source and target of oxidative stress is the mitochondria, which not only
produces ATP, but also houses several antiviral signaling proteins critical for innate immune
signaling; these include mitochondrial antiviral signaling proteins (MAVSs). MAVS is
central to activation of the retinoic acid induced-gene I-like receptors (RLRS) innate
antiviral signaling pathway, and its regulation is largely dependent on mitochondrial
structure and function (Jacobs et al., 2014). RLRs (including RIG-I, melanoma
differentiation-associated protein 5 (MDADb)) are pattern recognition receptors (PRR), a
family of proteins that recognize moieties of microbes, including viruses (Hou et al., 2011).
Once RIG-I or MDAS interacts with viral molecules, the formed complex moves to the
mitochondria and docks with MAVS aggregates present on the outer mitochondrial
membrane to initiate downstream signaling (Hou et al., 2011). While several groups have
shown that CNTs produce ROS, no studies have linked this production of oxidative stress to
the specific impairment of innate immune pathways involved in viral defense responses that
include modulation of RLRS/MAVS signaling. Based on the observation that SWCNTSs
increased 1AV titers and impaired anti-viral gene expression, we hypothesized that these
endpoints were triggered by SWCNT-induced ROS, which led to mitochondrial dysfunction
through RLRs-MAVS impairment.

SWCNT suspension preparation and characterization

Pristine SWCNTSs (SG65) were purchased from SouthWest Nanotechnologies Inc. (SWeNT,
Norman, OK). All SWCNTs were synthesized using a CoMoCAT® chemical vapor
deposition (CVD) method, and physiochemical properties, including chirality distribution,
morphology, diameter, dispersion coefficients, and metal leaching (primarily cobalt and
molybdenum) have previously been reported (Bisesi et al., 2015; Sanpui et al., 2014). Dry
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SWCNTSs were weighed and added to 1% pluronic F68 solution (v / v in deionized water,
Sigma Aldrich, St. Louis, MO) to make a 1 mg/mL working stock suspension and sonicated
at 30-50 W for 20 min using SonifierTM S-450 Sidital Ultrasonic Cell Disruptor/
Homogenizer (Branson Ultrasonics, Danbury, CT) in an ice bath. A sample of the SWCNT
stock was serially diluted in 1% pluronic and absorbance measured at 775 nm (Synergy H1,
Biotek, Winooski, VT). The rest of the stock was centrifuged, and the supernatant was
collected and sonicated again for 10 min at 30 W. A sample of the supernatant was also
measured for absorbance at 775 nm. The final concentration was calculated using the
following equation:

[Working solution]| = [Stock] x Ahsorbancesuper "‘mmm/Absorbances rock

The average hydrodynamic radius (HDR) of the materials in the RPMI media was measured
with an ALV/CGS-3 compact goniometer system (ALV-Laser GmbH, Langen/Hessen,
Germany), equipped with a 22 mW HeNe 632.8 nm laser. An aliquot of the concentrated
stock sample was mixed with the media to achieve a final concentration of 10 mg/L. A
volume of 2 mL sample was injected into a pre-cleaned borosilicate glass vial to collect
scattered laser intensity at 90° every 30 s for 24 h. A cumulant fit was used to estimate the
HDR from scattering intensity. All measurements were conducted at 37 °C. A detailed
method has been described elsewhere (Afrooz et al., 2013(a); Khan et al., 2013). Inductively
coupled Plasma-optical emission spectroscopy (ICP-OES) methods have been used to detect
metal components in SWCNTSs. Briefly, samples were acidified with 5% nitric acid,
refrigerated for 12 h, and filtered with a 0.2 um PTFE filter before analyzing for total ionic
concentrations using a Varian 720 ICP-OES. Each sample was measured in triplicate. The
standard curves achieved R2 values of greater than 0.995 from National Institute of
Standards and Technology (NIST) certified standard solutions. The electrophoretic mobility
(EPM) of the materials was measured using a Malvern Zetasizer (Malvern Instruments Ltd.,
Worcestershire, UK) at 37 °C. For each measurement, an aliquot of the sample (incubated
for 24 h period in the media) was introduced into a disposable capillary cell (DTS 1070,
Malvern Instruments Ltd.). The cells were washed with DI water and ethanol between
measurements. Measurements were performed in triplicate using a well-established protocol
(Afrooz et al., 2013(a); Afrooz et al., 2013(b); Aich et al., 2016).

Cell lines and viability assay

Human SAEC were provided by Dr. Brooke Mossman and were previously characterized by
Hei and colleagues (Piao et al., 2005). SAEC were cultured in advanced RMPI 1640 (Life
Technologies, Waltham, MA) media with supplementation of 10% (v/v) heat-inactivated or
gamma-irradiated fetal bovine serum (FBS) (HyClone, Logan, UT), 1% L-glutaMAX
(Gibco, Grand Island, NY), and 1% Penicillin-Streptomycin-Neomycin (PSN) (Gibco,
Manassas, VA). All cells were maintained and propagated at 37 °C in a humidified 5% CO,
incubator.

A trypan blue staining assay was used to determine the viability of SAEC treated with
SWCNTs. SAEC were plated in 6-well plates at the density of 3 x 10° per well with
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complete RPMI media for 24 h. Then, cells were exposed to different doses of SWCNTSs
(0.2, 2.0, 20.0, 50.0 pg/mL) suspended in exposure media, which contains advanced RPMI
supplemented with 1% L-GlutaMAX and 1% PSN for 24 h. Cells were washed with
phosphate buffered saline (PBS) and stained with trypan blue dye (Gibco, Grand Island,
NY). Live/dead (blue) cells were differentiated and counted under a light microscope with a
hemocytometer. At least 200 cells were counted for each treatment (n = 3) and the entire
experiment was repeated 3 times.

Time-course exposure of SAEC to 1AV

SAEC were seeded in 6-well plates as described above. After 24 h of incubation, cells were
washed with phosphate buffer saline (PBS) and then exposed to influenza virus H1N1 strain
A/Mexico/4108/2009 at a multiplicity of infection of 0.5 at 33 °C. Cells were collected at 2,
4, 8, 12, 18, and 24 h post-infection. Control cells were also included at each timepoint.
After exposure, cells were collected for gene expression analysis with STAT-60 RNA
Extraction Reagent (Tel Test, Friendswood, TX).

SWCNTSs and virus co-exposure of lung cells

SAEC were seeded in 6-well plates in complete RPMI media and incubated overnight. Cells
were then washed with PBS and exposed to different doses (0.2, 2.0, 20.0, and 50.0 pg/mL)
of SWCNTSs suspended in exposure RMPI media for 24 h at 37 °C. An equal volume of 1%
pluronic as the SWCNT stock was added to cells as controls. After SWCNT exposure, |1AV
at 0.5 MOI was added to designated wells for another 24 h at 33 °C. Media was collected
and used for viral titer assays. The cells were washed with PBS and then collected for gene
expression analysis using STAT-60 RNA extraction agent. After RNA extraction, a Synergy
H1 Hybrid Reader NanoDrop (Biotek Instruments) was used to determine RNA
concentration. Reading was carried out at wavelength 230, 260, 280, and 320 nm, where a
260/280 ratio or 260/230 ratio greater than 1.8 was used to confirm quality and purity of the
RNA.

Viral titers by TCIDgg assay

Virus particles in the media were quantified by a 50% tissue culture infectious dose
(TCIDsp) assay using endpoint dilutions. Briefly, Madin-Darby Canine Kidney (MDCK)
(NBL-2) cells were cultured in Dulbecco Modified Eagle Media (DMEM), supplemented
with 10% FBS, 1% L-GlutaMAX, and 1% PSN at 37 °C and seeded in 96-well plates. Serial
dilutions (1071 to 10719) of virus stock and collected media from SWCNT-1AV co-exposure
experiments were added to an MDCK monolayer with addition of N-tosyl-L-phenylalanine
chloromethyl ketone (TPCK)-trypsin in the media (8 replicates per dilution). Infected
MDCK cells were then incubated at 33 °C for 5 d. The cytopathic effects (CPE) of MDCK
monolayers were observed and marked as positive. TCIDsg, which is defined as the virus
dilution required to cause CPE on 50% of multiple inoculated cell batches at a given dilution
of the virus, was calculated by the Reed and Muench method (Zamoiskii, 1956).
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Expression levels of influenza virus matrix protein 2, innate immune response and
oxidative stress genes

STAT-60 collected RNA was extracted using a phenol-chloroform method, quantified,
treated with DNase (PerfeCTa DNase | kit, QuantaBio, Beverly, MA) to remove residual
genomic DNA, and then reverse transcribed into cDNA (gScript cDNA Synthesis Kit,
Beverly, MA). The cDNA was amplified using validated primers (Supp. Tab. 2) and probes
specific to each gene target. Expression of GAPDH was used for a standard reference gene,
and all data except MZ2is presented as normalized fold change in expression compared to
controls using AACq method (Livak & Schmittgen, 2001). As control cells show no
expression of M2, these data at different time-points were normalized as fold change
compared to 1AV at 2 hours post infection for each experiment. The MZ2fold change was
normalized to 1AV only in the SWCNTSs + 1AV experiment. The same gene expression data
for the 1AV time-course was also graphed as fold change compared to 1 single calibrator
(TLR3 control at 2 hours) for the entire gene set. Using this approach enabled us to rank the
expression of genes at baseline, and after IAV exposure (at 2 and 24 hours) from lowest to
highest expression comparably (Supp. Fig. 2)

Immunofluorescence staining

SAEC were seeded on cover slips in 6-well plates and incubated overnight. Cells were then
exposed to SWCNTs and 1AV as described earlier. After exposure, cells were incubated with
250 nM mito-tracker red (Invitrogen, Eugene, OR) for 45 min and then fixed with 3.7% PFA
for 10 min. The fixed cells were washed with PBS and then treated with ice-cold acetone for
5 min permeabilization. The cells were then incubated with blocking solution (5% goat
serum in PBS-Tween buffer) for 1 h. Slides were then incubated with primary mouse anti-
MAVS antibody (Santa Cruz, Dallas, TX) at the dilution of 1:200 at 4 °C overnight followed
by a 1-h incubation of secondary goat anti-mouse 1gG conjugated with FITC (Santa Cruz,
Dallas, TX) at 1:1000 dilution at room temperature. Finally, slides were mounted with
Fluoroshield Mounting Media with DAPI (Vector, Burlingame, CA) and examined using a
Leica TCS-SP5 Confocal Microscope (Wetzlar, Germany).

Measurement of reactive oxygen species production

A 2°, 7’ -dichlorofluorescin diacetate (DCFDA) Cellular ROS Detection Assay Kit (Abcam,
Cambridge, MA) was used to measure the ROS production of SAEC treated with SWCNTSs
and IAV. According to manufacturer’s protocol, about 2 x 10* SAEC cells per well were
seeded in black-walled, clear-bottom 96-well microplates and incubated overnight. Cells
were then washed and incubated with 25 pM DCFDA for 45 min following treatment of
either SWCNTSs (0.2, 2.0, 20.0, 50.0 pg/mL) or IAV (MOI 0.1, 0.5, 1.0, 5.0) for 4 h. A
positive control, 50 uM H,05, was also included in the experiment. Fluorescence intensity
was measured at Excitation / Emission (Ex / Em) = 485/ 535 nm. All readings in the
experiment wells were background subtracted and expressed as fold change from control.
The assay protocol was modified to test the ROS production in SAEC by SWCNTs-IAV co-
exposure. Briefly, SAEC were first exposed to SWCNTSs for 24 h followed with 1AV
exposure for another 24 h. and cells were incubated with 25 uM DCFDA in media for 45
min and read with fluorescence as described above. In a final experiment cells were exposed
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to SWCNTSs and 1AV, then incubated with and DCFDA and processed for ROS production as
described above.

Mitochondrial membrane potential (MMP) assay

A tetramethylrhodamine, ethyl ester (TMRE) MMP Assay kit (Abcam, Cambridge, MA)
was used to examine mitochondrial membrane potential impairment by SWCNT and 1AV.
Based on the manufacturer’s protocol, 2 x 104 SAEC cells per well were seeded in 96-well
plate and allowed to adhere overnight. Cells were then treated with SWCNTs and 1AV as
described above. After exposure, a final concentration of 500 nM of TMRE was added to
tested cells and incubated for 25 min. The media was then removed and 100 L of PBS /
0.2% BSA was used to wash cells twice. The plate was read at Ex / Em =549 / 575 nm.
Wells with SAEC but not treated with TMRE were used as background controls. For the
calculation, fluorescence intensity was background subtracted and expressed as fold change
from control. Two technical replicates were performed, and the experiment was repeated
independently 3 times.

Assessment of mitochondrial bioenergetics

Cellular oxygen consumption rate of SAEC was measured using a Seahorse XFe24 assay
(Agilent, Santa Clara, CA). Approximately 2 x 104 SAEC per well were seeded in XFe24
microplates and allowed to adhere overnight. Cells were then exposed to SWCNTSs at 0.2,
2.0, 20.0, and 50.0 pg/mL or control (1% pluronic) for 24 h. Cells were then rinsed twice
and incubated in XF mito stress test media (RPMI 1640, 2 mM L-Glutamine, 2 mM sodium
pyruvate, 10 mM glucose) at 37 °C in a non-CO, incubator. After 45 min, basal respiration
rates were measured 3 times followed by injection of oligomycin (final concentration: 1
UM). Three ATP-associated respiration rates were measured after oligomycin inhibition of
ATP synthase, which was then followed by injection of carbonyl cyanide-4
(trifluoromethoxy) phenylhydrazone (FCCP, 1.0 uM). FCCP can induce maximal oxygen
consumption (measured 3 times) by collapsing the mitochondrial proton gradient causing
uninhibited electron flow (Sanpui et al., 2014). Finally, antimycin A at the final
concentration of 1 uM was injected to each well to end mitochondrial respiration which
allows 3 measurements of non-mitochondrial respiration in the cells. Total protein
concentration was used to normalize bioenergetics per well using the Pierce BCA Protein
Assay (Thermo Fisher, Waltham, MA). The unit for the data is presented as pmol/ min/mg
protein/mL. Mitochondrial bioenergetics data were calculated as per the Seahorse XF Cell
Mito Stress Test Kit User Guide (User Guide Kit 103015-100, Agilent): Basal respiration
[defined as mean basal OCR measurement], oligomycin induced ATP-linked respiration
[defined as (mean basal OCR — mean OCR following oligomycin injection)], FCCP-induced
maximum respiration [mean maximum OCR measurement — final NaN3 OCR
measurement)], spare capacity [difference between maximum respiration and (basal
respiration - non-mitochondrial respiration)], proton leak [defined as difference between
basal respiration and oligomycin-induced ATP-linked respiration], and non-mitochondrial
respiration [defined as final plateaued NaN3 OCRY].

Nanotoxicology. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 8

Antioxidant exposure

Statistics

Results

Antioxidant N-acetyl-L-cysteine (NAC) (Sigma-Aldrich, St. Louis, MO) was applied to
block production of ROS and alleviate increased 1AV viral titers by SWCNTSs. Prior to
performing experiments, we performed several optimization experiments to ensure that the
NAC remained stable and did not drastically alter the pH of the cell culture. We also ensured
that no cytotoxicity was observed. In brief, NAC powder was stored at 4 °C until use and the
stock was made fresh every time before use in buffered media (pH=7.4). A dose response
was performed at 0.5, 1, 5, 10 mM, and it was determined that 5 and 10 mM significantly
caused some cell death and also changed the pH significantly. Based on these studies we
determined that 1 mM maintained stable pH and did not cause cytotoxicity. We utilized this
dose in our studies. Similar to exposure scenarios of SWCNTSs and 1AV above, SAEC were
exposed to SWCNTSs for 24 h, then incubated with 1 mM NAC for 2 h, and finally infected
with IAV. At the end of the exposure, virus titer, RNA gene expression, ROS production,
MMP impairment, and immunofluorescence were measured as described earlier.

For most experiments a One-way ANOVA was used to analyze differences between the
means. Pair-wise comparisons were conducted by using Tukey’s test for equal variances and
Dunnett’s test for unequal variances. Data were tested for normal distribution for one-way
ANOVA and t-test. Data with non-normal distribution would be Logq transformed to
achieve normal distribution; if not, data were compared by using Kruskal-Wallis rank-sum
test and Dunn’s multiple comparison test. Statistical differences were identified at P<0.05.

Materials characterization and cytotoxicity of SWCNTs

Since the characteristics and behavior of nanomaterials has been shown to differ from
prepared working stocks, we determined several physicochemical properties of SWCNTSs in
cell culture media. The dynamic light scattering (DLS) and electrophoretic mobility (EPM)
measurements were used to discern size and surface potential. We also determined leaching
of metal components into the advanced Roswell Park Memorial Institute (RPMI) 1640
media after a final concentration of 10 pg/mL SWCNTSs were incubated in the media for 24
h. Our working stocks were prepared by suspending SWCNTSs (SG65) in 1% pluronic
solution prior to adding to the cell media (Sanpui et al., 2014; Bisesi et al., 2015). The
average hydrodynamic radius (HDR) of SWCNTs in RPMI media was 280.1 + 201.5 nm
(Fig. 1A, Suppl. Fig. 1). The zeta potential, determined from the EPM, was 2.4 + 0.6 mV
(EPM of -0.2 + 0.1 x 107Sm2V~1s71) (Fig. 1A). Trace metal analysis of cell culture media
containing SWCNTs was compared to media only after a 24 h incubation period.
Molybdenum (Mo, 35ppm), selenium (Se, 28 ppm), silicon (Si, 300 ppm), and zinc (Zn, 240
ppm) showed higher levels in the SWCNT-containing group compared to control media
(Suppl. Tab. 1).

To determine the cytotoxicity of SWCNTSs, we performed a trypan blue assay (due to
interference with MTT assay) in SAEC exposed to a range of doses (0.2 to 50 pg/mL or 0.5
to 13.2 pug/cm?) of SWCNTSs for 24 h. Results of these experiments show that cell viability
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was significantly reduced only at the higher doses tested (20 and 50 ug/mL), compared to
that of the control cells. It is important to note that the decrease in cell viability, while
significant, was minimal, averaging ~ 6% reduction (Fig. 1B).

Time-dependent expression of antiviral defense genes in SAEC

To establish a baseline data of immune defense responses of SAEC to 1AV infection, cells
were exposed to 1AV (Influenza virus HIN1 strain A/Mexico/4108/2009) for 2, 4, 8, 12, 18,
and 24 h, and the mRNA expression of several antiviral and pro-inflammatory genes was
quantified. Results show that the expression of influenza matrix protein 2 (M2) RNA is
highly induced with peak levels occurring 18 h post-infection. Viral RNA sensors within
host cells including Toll-like receptor 3 (7LR3), RIG-1, and MDA5 were all highly and
significantly induced beginning at 8-12 h post-infection, and these levels of expression were
maintained and, in some cases, increased throughout the 24 h period. (Fig. 2)

We also examined changes in expression of several downstream adapters known to control
innate immune signaling pathways that are driven by activated TLRs and RIG-1. The
TLR2/7 adaptor, myeloid differentiation primary response 88 protein gene (MyD&88) was
induced approximately 2-fold by IAV compared with control cells for most time-points,
whereas the mRNA levels for RIG-1/MDAGS adaptor, MAVS, and its regulator nucleotide-
binding oligomerization domain, leucine rich repeat containing X1 (NLRXI) were not
significantly altered compared to control cells at any of the time-points. (Fig. 2)

Downstream antiviral transcriptional targets of PRR pathways including interferon beta 1
(IFNBI), IFITZ, IFIT3, and C-C Motif Chemokine Ligand 5 (CCL5) were significantly
induced starting at 4-8 h post-infection. However, the mRNA levels of interleukin 8 (/L-8)
showed a unique expression pattern with significantly increased levels measured as early as
2 h post-infection compared to control. Levels peaked at 4 h and continued to decrease
throughout the rest of the time-course, reaching control levels by 24 h post-infection. (Fig.
2)

It should be noted that the baseline levels of each gene (compared to the entire set of gene
targets) differed and these data are presented in Suppl. Fig. 2. Genes are listed from left to
right in order of the lowest expression level (for control 2h samples) to the highest levels
(i.e. CCL5to MyD8&8). This highlights that most of the genes impacted least by 1AV, are
those that are “constitutive’ and most highly expressed normally (i.e. NLXR1, MAVS,
MyD88).

SWCNTs inhibit IAV-induced antiviral and pro-inflammatory genes and titers through the
RLR pathway

With solid baseline data showing the change in expression of immune genes in response to
IAV infection, we then determined whether SWCNTs would alter this typical response. To
investigate this notion, we exposed cells to various doses of SWCNTSs (0.2, 2.0, 20.0, and
50.0 pg/mL) for 24 h, followed by exposure to 1AV for an additional 24 h and quantified
MRNA levels of several antiviral and pro-inflammatory genes (7LR3, RIG-1, MDAS,
MAVS, NLRX1, MyD88, IFNB1, IFITZ, IFIT3, CCL5, IL-8, and surfactant protein D
(SPFD)). Several notable observations are apparent from these data: exposure to SWCNTs
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alone did not significantly alter the mRNA levels of most of the genes tested, except for
increased expression of MyD88 by the highest dose of SWCNTS; exposure to 1AV alone
significantly induced the expression of TLR3, RIG-I, MDAS, IFNB1, IFITZ, IFIT3, CCL5,
and slightly IL-8, but not MAVS, NLRX1, MyD88, or SFPD, consistent with the previous
24 h time course experiment described above; exposure of SAEC to SWCNTSs followed by
IAV infection showed significant inhibition of the mRNA levels for several 1AV-induced
genes with a dose-dependent trend (7LR3, RIG-1, MDAS, IFN1B, IFITZ, IFIT3, CCL5), but
not of /L-8 (Fig. 3).

To discern the consequences of inhibition of anti-viral defenses in viral infection, SAEC
were exposed to several doses of SWCNTSs for 24-h followed by 1AV (MOI=0.5) exposure
for another 24 h and viral titers and mRNA expression of the M2 gene were conducted.
Results from these studies show that, compared with 1AV only exposed cells, pre-exposure
of SWCNTSs significantly increased the 1AV titers, reaching a 3.4-fold increase at the highest
dose tested (Tab. 1). Interestingly, mRNA levels of IAV MZ2showed an inverse trend at all
doses of SWCNTSs tested compared to viral titers (Tab. 1).

Production of reactive oxidative species by SWCNTs and IAV

We tested if SWCNTSs and 1AV singly or together could produce ROS in SAEC. Results of
these experiments show that SWCNT exposure alone induced reactive oxygen species
(ROS) production in a dose-dependent manner with significant changes occurring at 20 and
50 pg/mL at 4 hours post-exposure (Fig. 4A). These levels were also observed after 2,4 and
6 hours of SWCNT exposure (Suppl. Fig. 3) with levels reaching a plateau that was
maintained up to 24 hours (Suppl. Fig. 4A). However, 1AV exposure alone failed to
significantly increase ROS production at any doses tested (4 hours post infection), although
at the highest dose (MOI=5.0), there is an increasing trend (Fig. 4B). It is important to note
that our exposures described above were performed using doses IAV (MOI =0.5) that
produced no ROS. Since the ROS dye (DCFDA) is not stable beyond 6 hours, we designed a
co-exposure scenario that allowed us to determine if the presence of SWCNTs would lead to
enhanced ROS production with the virus at varied time-points post infection. Exposure to
SWCNTSs (50 pg/mL) followed by 1AV infection (MOI =0.5) of SAEC led to a slightly
increased production of ROS compared with that of SWCNT treatment alone (2 fold vs. 3
fold), but ROS production among SWCNT+IAV groups was not statistically different at any
time-points (Fig. 4C). This notion was further tested with varied doses of virus which
showed the same results (Suppl. Fig. 4B). The antioxidant NAC was used to mitigate
production of ROS in SAEC by SWCNTSs. Exposure of SAEC to NAC completely blocked
ROS production by SWCNTSs alone. However, in the presence of SWCNTSs and 1AV, NAC
treatment only partially reduced ROS production, independent of time-points (Fig. 4C).

We also measured mRNA levels of several genes that reflect a typical cellular response to
oxidative stress which included superoxide dismutase 2 (SODZ2), glutathione peroxidase 1
(GPX1), and heme oxygenase 1 (HMOX1). As expected, SWCNTSs alone led to a significant
increase in SOD2, GPX1, and HMOXI expression at the highest dose (50 pg/mL), while
IAV alone or together with any doses of SWCNTSs did not significantly change the
expression levels of any of these targets (Fig. 5).
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SWCNTs alter mitochondrial membrane potential

Mitochondrial membrane potential (MMP) and related parameters were measured in cells
which were exposed to different doses of SWCNTS, 1AV or the combination (SWCNTSs +
IAV) as described above. Results show that 20 and 50 pg/mL SWCNTs decreased MMP
(Fig. 6A). This decrease was also accompanied by increased mRNA levels of mitofusin 1
and 2 (MFN1, MFNZ2) (Fig. 6D, E). Surprisingly, despite changes in MMP, mitochondrial
bioenergetics of SAEC, which included basal respiration, oligomycin-induced ATP
production, FCCP-induced maximum respiration, spare respiratory capacity, proton leak,
and non-mitochondrial respiration were not significantly altered by SWCNTs compared to
control cells (Fig. 7). This finding was also supported by an initial metabolomics experiment
in which metabolites used for mitochondrial energy production (citric acid cycle) were
measured by Nuclear Magnetic Resonance (NMR); no metabolite quantified was
significantly altered in abundance by SWCNTSs (Supp. Tab. 3.). Compared to SWCNTSs, 1AV
alone did not significantly alter MMP or changes in expression of MFNI or MFNZ2 from
controls at any of the doses tested (Fig. 6B, D, and E). Surprisingly, exposure to SWCNTSs
followed by 1AV (MOI=0.5) significantly increased MMP at SWCNT doses of 0.2, 2.0, and
20.0 pg/mL (Fig. 6C).

SWCNTs inhibit RLR/MAVS signaling in SAEC

We used immunofluorescence to investigate whether SWCNTSs could impair MAVS
aggregate formation at the protein level. Figure 8 shows that MAVS (green) is well-
dispersed in the cytoplasmic area around the nucleus (blue) and is associated with the
mitochondria (red) in the unexposed control cells. However, after IAV exposure, the
distribution of MAV'S becomes localized, primarily on one side of the cell and displays as an
aggregate. Cells that were exposed to SWCNTSs (50 pg/mL) followed by IAV infection
showed a mixed profile of MAVS distribution. Some cells showed dispersed MAVS similar
to control cells, whereas other cells in the same population seemed to form aggregates
similar to 1AV infected cells (Fig. 8).

SWCNTs increased viral titers and inhibited antiviral gene expression via ROS production

Antioxidant was applied to investigate if blocking ROS would alleviate the increased viral
titer and restore inhibited innate immune pathway by SWCNTSs. As shown in Figure 9,
SWCNTs significantly increased 1AV virus titers of SAEC with dose-dependent increases
reaching approximately 4 to 5.6 fold by SWCNTSs at 20.0 and 50.0 ug/mL, respectively.
With NAC treatment, increased viral titers by SWCNTSs were significantly reduced to
approximately a 2-fold change from the control. There are more MAVS aggregated cells in
NAC pre-treated cells following SWCNTSs + 1AV exposure than those in SWCNTSs + IAV
treatment (Fig. 8). Consequences of MAVS-declustering was measured at the gene
expression level. As expected, SWCNTSs significantly decreased the IAV-induced mRNA
levels of RIG-1, MDAS, IFNB1, IFIT2, IFIT3, and CCL5. NAC treatment significantly
altered this response for several targets, whereby the repression observed by SWCNTSs was
not as robust (Fig. 10). For example, there was no significant reduction of |AV-induced R/G-
/by SWCNTSs (Fig. 10), when ROS production was blocked by NAC. Similar results were
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observed for /FNBIand CCL5, whereas partial rescue of gene expression was evident for
MDAS5and IFITs.

Discussion

We report here for the first time that exposure to SWCNTs can modulate innate immune
pathways, specifically RLR/MAVS, and increase viral titers to 1AV through oxidative stress.
Current findings of increased susceptibility to infectious agents induced by NMs are
consistent with our previous work and align well with other similar studies (Chen et al.,
2017; Kisin et al., 2011; Sanpui et al., 2014; Sattler et al., 2017; Shvedova et al., 2008). The
doses used here fall within the reported occupational exposure range of 1 to 70 pg/m3
(Dahm et al., 2018; Kouassi et al., 2017) and are consistent with (and in many cases lower
than) other /n vitro assessment studies for CNTs (Clift et al., 2014; Mrakovcic et al., 2015;
Park et al., 2014). We observed higher concentrations of several metals (e.g. Mo, Zn, Se) in
the SWCNT media as expected (e.g. Mo is a known catalyst used in the synthesis of
SWCNTS) (Duque et al., 2009). However, the levels detected were well below those
associated with reported toxicity in humans (Liu et al., 2013).

The model virus was a wild-type, low-passage strain of influenza virus that belongs to the
genetic lineage of 1AV responsible for the pandemic that occurred in 2009, and is known to
induce robust immune responses that include interferons, IFITs, IL-8, and CCL5 (Duffney et
al., 2018; Jorgensen et al., 2018; Rowe et al., 2010). Our findings are consistent with the
literature, which shows that /F/72, IFIT3, IFNB1, and CCL5 are significantly induced prior
to 24 h post-infection to AV in lung epithelial cells (Chan et al., 2010; Varga et al., 2012).
The M2 is a multifunctional viral transmembrane protein that plays critical roles in
controlling viral entry, replication, and egress (Pielak & Chou, 2011), and the expression of
M2 RNA was quantified as a measure of viral infection. The high levels of M2mRNA were
also associated with the increased mRNA levels of several gene targets that sense viral RNA
molecules within cells and include 7LR3, RIG-/, and MDAS5. The relatively unchanged
expression of RLR adaptor MAVS and its regulator NLRXZ is not unusual as several reports
show these proteins to be highly and constitutively expressed, and are therefore ‘ready’ to
promote signaling quickly when viral molecules are sensed by TLRs and RIG-I/MDA5
(Jacobs et al., 2014; Koshiba et al., 2011). The fact that /L-8 levels peaked earlier than other
targets is also in agreement with a reported biphasic response of cytokines/chemokines in
response to viral infections in bronchial epithelial cells (BEAS-2B), and it is also likely
explained by known regulation through other pathways, such as TGF-a/EGFR signaling
(Griego et al., 2000; Ito et al., 2015).

Consistent with our previous studies (Chen et al., 2017; Sanpui et al., 2014), SWCNTSs alone
did not significantly alter the mRNA levels of most of the antiviral and pro-inflammatory
genes tested, except MyD88 at the highest dose (50 pg/ml). MyD88 serves as an adaptor
protein to several toll-like receptors (i.e. TLR2, TLR4, TLR7) and interleukin-1 receptors
(IL-1R) (Turabekova et al., 2014; Meng et al., 2015). Since 7TLR3and /FNp1 are reduced (at
least at the mRNA level), the increase in MyD&88 could be a compensatory response in
efforts to activate these receptors.
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SWCNTSs were also able to inhibit the expression of antiviral and pro-inflammatory genes
such as /IFNBI, IFITZ, IFIT3, and CCL5 as well as their upstream viral RNA sensors
including 7LR3, RIG-1,and MDAS5, but not /L-8. This uninhibited /L-&expression by
SWCNTSs was also recently noted in lung cells in response to silver nanoparticles where
CCL-5was repressed, yet /L-8levels were induced (Villeret et al., 2018). Other
environmental chemicals/pollutants, such as cigarette smoke, have been shown to modulate
innate immune responses to influenza infections by inhibiting antiviral mediators (e.g.
interferons and /P-10) and /L-8through impairment of 7.LR3activation at both mRNA and
protein levels (Duffney et al., 2018). The increased viral titer with exposure to SWCNTs
demonstrates that impairment of viral defense systems leads to cells that are more
susceptible to viral infection. However, it’s surprising that the mRNA expression of M2was
not correspondingly increased with viral titer. The measure of MZ2expression is an
indication of how much viral genetic material is made but does not necessarily tell us
anything about other aspects of the viral life cycle, such as turnover of genetic material and
formation and/or release of viral progeny. It should also be noted that we only present data
for one time-point which could play a role in the inverse patterns observed for the M2
expression and titer data. For example, one study showed that alterations in cytokine
production was associated with enhance viral particle egress (Ebola virus) (Okumura et al.,
2015).

It has been hypothesized that oxidative stress initiated via the production of (ROS) is a
primary mechanism of CNT toxicity (Dong & Ma, 2015; Shvedova et al, 2012). However,
no studies to-date have assessed ROS production caused by SWCNTSs in the context of a
respiratory virus, specifically 1AV, and the ability of such a trigger to modulate RLR
signaling. The production of ROS typically leads to induction of antioxidant genes that are
essential for protection from oxidative stress such as SOD2which can catalyze extracellular
dismutation of O, to H,0,, while GPXZ processes H,0, into water and oxygen (Levonen
et al., 2008). HMOX1 is also known to be induced by oxidative stress and plays a protective
role in oxidative damage (Levonen et al., 2008). The significantly induced SOD2, GPX1,
and HMOX1 expression are consistent with the notion of enhanced ROS production in
SAEC by SWCNTs and a lack of ROS production by 1AV.

Our results however, are in contrast to other reports that demonstrate 1AV exposure at
MOI=0.01 caused significant increases of superoxide anion and H,O, in A549 cells at 24-h
post-infection while inhibiting SOD expression (Pyo et al., 2014). Other strains of 1AV,
including HIN2 and different subtypes of H3N2, have also been shown to increase HMOX,
GPX1and SFPD expression in both cells and mice, suggesting that these genes display
protective roles in 1AV infection, inflammation, and cellular damage (Cummins et al., 2012;
LeVine et al., 2001; Qi et al., 2018; Yatmaz et al., 2013). It is possible that the discrepancy
of IAV-induced expression of these oxidative stress genes between studies is a result of the
experimental models used (in vivovs. in vitro, different cell lines, sensitive time-points,
etc.).

The mitochondria serve to regulate several cellular functions in response to stress that
include respiration and energy production, immune responses, and cell death (i.e. apoptosis).
Mitochondria rely on several parameters for normal function such as MMP, which is
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generated by redox transformations associated with the activity of the Citric Acid cycle and
is crucial for cellular ATP production (Zorov et al., 2014; Zorova et al., 2017). Similar to our
results, some studies showed SWCNTSs can significantly reduce MMP as early as 1 h after
exposure and can decrease MMP by about 70% after 48 h (Naserzadeh et al., 2018;
Zeinabad et al., 2016). Dissipation of MMP typically inhibits mitochondrial fusion leading
to mitochondrial fragmentation, while re-establishment of MMP requires filament network
reconstruction (Ishihara et al., 2004). Both MFN1 and MFN2 mediate mitochondrial
tethering and function in the mitochondrial fusion process (Ishihara et al., 2004), thus
increased MFN1 and MFN2 in response to decreased MMP were anticipated and observed
in our results.

While there are not an abundance of studies that have assessed the impact of AV on MMP, a
few reports show that IAV H5N1 protein PB1-F2 interacts directly with MAV'S, which leads
to lowered MMP and ultimately reduced interferon levels (Varga et al., 2012). Our results
are not consistent with this model; however, this may be due to variable timing, virus strain
and cell type (Koshiba et al., 2011). Interestingly, MMP were first peaked and decreased
when SAEC were exposed to different doses of SWCNTSs and 1AV. Increased MMP or
mitochondrial hyperpolarization (MHP) has been reported in the literature in several cell
types in response to chemically-generated oxidative stress (Buskiewicz et al., 2016). The
functional role that MHP plays in response to stress is not clear but has been hypothesized to
serve as an early, yet transient event, that precedes caspase activation that eventually leads to
apoptosis (Giovannini et al., 2002; Matarrese et al., 2003; Nagy et al., 2007). Under our
specific exposure scenario, cells first undergo depolarization by SWCNTSs, but then move to
a state of hyperpolarization after the addition of virus. This significant ‘switch’ has not to
our knowledge been reported in the literature in response to the combined stress of
nanoparticles and pathogens.

The unaffected mitochondrial oxygen consumption rate (OCR) indicates there may be a
strong compensatory mechanism by which SAEC can overcome impaired MMP observed in
response to SWCNTSs. Changes in MMP, such as the decrease in response to SWCNT
exposure, may trigger autophagy, a process which promotes energy efficiency through ATP
production and mediates damage control by removing non-functional proteins and
organelles in response to stress (Glick et al., 2010). Since the data discussed above support
repression, at least in part, of RLR signaling by SWCNTs and modulation of mitochondrial
parameters, we designed a set of experiments to probe functional aspects of this pathway
that rely on the mitochondria. It has been recently documented that activation of RIG-1/
MAVS signaling is dependent on prion-like aggregate formation of MAVS protein located
on the mitochondria, which then *‘docks’ with the RIG-I-MAVS complex to form the MAVS
signalosome (Hou et al., 2011). This process occurs once viruses are sensed by RIG-1/
MDADS. The aggregates of MAVS formation after AV exposure in our study is consistent
with the literature and the pattern of MAVS localization when activated by viruses (Jacobs et
al., 2014; Koshiba et al., 2011; Varga et al., 2012). When docking occurs, signaling
continues to initiate the production of anti-viral responses that include production of
interferons, IFITs, and other chemokines/cytokines. Interestingly, exposure to SWCNTSs +
IAV reduced the cell population presenting features of MAVS aggregation. These
observations suggest that there is a partial impairment of MAVS aggregation, which could
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contribute to the overall repression of the immune response as measured by decreased gene
expression. Partial impairment may also be a result of a heterogeneously impacted cell
population. Based on our data, we cannot discern which cells exactly are infected or have
direct interaction with the nanotubes. What we can postulate is that at the viral dose
(MOI=0.5) we expect half of the cells initially (0.5 particles per cell) would be infected, but
this dose is high enough that neighboring cells would also become infected by produced
progeny. We are also giving a dose of nanotubes that we expect would impact the majority of
cells. However, at any given time there may be some heterogeneity in the cell population
with respect to whether each individual cell is impacted by both agents and this notion
required further investigation.

If the over-production of ROS is a driver for SWCNT-induced repression of innate immunity
and subsequent increased viral titer after AV infection, then blocking ROS or alleviating
oxidative stress would lead to a loss of the effects caused by SWCNTSs. Our experiments
have shown that NAC can block ROS production induced by SWCNTs in SAEC which was
consistent with findings from similar studies (Avalos et al., 2014; Hou et al., 2016; Kim &
Yu, 2014). NAC acts as a precursor for the substrate cysteine in the synthesis of glutathione
and also as a mucolytic and anti-inflammatory agent (Geiler et al., 2010; Matera et al.,
2016). Besides increased 1AV titer by SWCNTSs was reduced by NAC, the SWCNT-
inhibition of IAV-induced MAVS clustering and its downstream immune responses was also
partially restored by NAC. These results indicate that ROS production is a major contributor
to the mechanisms by which SWCNTSs enhance 1AV infection.

It should also be noted that data from our ROS assays indicate that AV alone does not
produce significant ROS. While we were surprised by this result, the production of ROS is
strain specific, as is the ability of NAC to block viral replication (Garigliany & Desmecht,
2011). Several reports demonstrate the effect of NAC on virus replication and expression of
pro-inflammatory molecules. One study showed that cells exposed to NAC prior to H5SN1
infection resulted in decreased viral replication and expression of pro-inflammatory markers
(Geiler et al., 2010). NAC was also shown to reduce pulmonary inflammation caused by
exposure to diesel exhaust and influenza to levels induced only by the virus alone in mice,
although this study did not observe decreased viral titers with NAC (Gowdy et al., 2010).
Though interaction of ROS and RLR signaling pathway was notable in our results, we
cannot rule out contribution from other PRR pathways (i.e. TLRs, NLRs), which would
require extensive investigations (i.e. sSiRNA) to address this more specifically. Regardless,
our data point to RLR as a target of SWCNT-induced dysfunction, in this case, enhanced
susceptibility to 1AV infection through ROS production.

Few studies have investigated the ability of nanomaterials to alter innate immune pathways
that control host defenses to viral infections. In a recent study, Villeret and colleagues
elegantly showed that silver- but not gold-nanoparticles impaired viral-induced RLR
signaling, as evidenced by repression of CCL-5 expression, autophagy, and IRF7 activity
(Villeret et al., 2018). They further showed that the generation of silver ions contributed
partially to these observed effects. Our results show the ability of yet another nanoparticle of
distinct composition (carbon and with minimum ionic release) to also target the RLR
signaling pathway. In addition, and for the first time, we reveal repression of selected anti-
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viral gene expression (IFITs) and impairment of MAVS aggregate formation that is
dependent, partially, on oxidative stress production with no apparent impairment of
mitochondrial respiratory capacity. While the former study showed no effects on viral
replication, our data support the idea that the viral packaging and egress may be more
effective as levels of M2 were reduced in the presence of SWCNTS, yet viral titers
significantly increased. We also note a more robust rescue of effects when the antioxidant
NAC was employed. Overall, this study suggests that select nanoparticles of varied type can
impair innate host defense systems that are essential in mitigating viral infections.

Conclusions

Pulmonary exposure to SWCNTSs not only induces robust inflammation, fibrosis, granuloma
formation, and pre-cancerous lesions (Beard et al., 2018; Cesta et al., 2010; Donaldson et al.,
2013; Dong & Ma, 2016; Dong et al., 2015; Shvedova et al., 2005), but may also render
hosts more susceptible to respiratory infections by pathogens such as influenza virus (Chen
etal., 2017; Sanpui et al., 2014) by repressing immune defense responses. Results of the
present study show for the first time that pristine SWCNTSs inhibit innate immune responses
to AV infection, at least partially, through oxidative stress production and mitochondrial
damage (Fig. 11). Of particular note is the impairment of MAVS aggregation on the
mitochondria, which is known to impair RLR signaling and consequently transcription of
anti-viral genes that include IFITs and interferons. Without these defenses, we speculate that
IAV can replicate more efficiently, leading to significantly higher titers in the presence of
SWCNTSs. Future studies should investigate the role of SWCNT-induced ROS production
and impairment of RLR signaling translates to in /7 vivo models and the impact of other
types of CNTs (e.g. MWCNT) on AV susceptibility
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SWCNT characterization and changes in cell viability. (A) The average hydrodynamic
radius (HDR), zeta potential (ZP), and electrophoretic mobility (EPM) of SWCNTSs in
advanced RPMI 1640 media at 37 °C for 24 hours. (B) SAEC were exposed to different
doses of SWCNTSs for 24 hours and cell viability was determined by a trypan blue assay. A
total of six samples per group were measured and data presented as Mean + SD. Asterisks
“*” above each bar represent statistically significant differences compared to control

(P<0.05).
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Figure 2.

b Sh 12h 18h 24b

Expression of immune genes in SAEC exposed to AV over time. SAEC were exposed to
IAV at MOI=0.5 for 2, 4, 8, 12, 18, and 24 hours. Cells were collected for RNA extraction

and mRNA expression of immune genes were measured by gPCR. Fold change was

calculated as 1AV / control at each timepoint for all except M2. Fold change for M2 was

calculated as 1AV at each timepoint / AV 2 h. A total of six samples per group were
measured and data presented as Mean + SD. Asterisks “*” above each bar represent
statistically significant differences compared to 1AV 2 h treatment (£<0.05).
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Figure 3.
Expression of immune genes in SAEC exposed to SWCNTSs and IAV. SAEC were exposed

to SWCNTs at different doses for 24 hours followed by 1AV infection at MOI=0.5 for
another 24 hours. Cells were collected for RNA extraction and mMRNA expression of
immune genes were measured by gPCR. A total of six samples per group were measured.
The fold change from control (no AV and no SWCNTSs) were calculated and graphed as
Mean + SD. Asterisks “*” above each bar represent statistically significant differences
compared to control (hatched bars). Pound “#” indicates statistically significant differences
compared to 1AV only (black bars) (P<0.05).
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Figure 4.
Changes in ROS production induced by SWCNTSs, IAV, and antioxidant NAC. A DCFDA

method was used to determine the ROS production in SAEC exposed to different doses of
SWCNTs (A), 1AV (B), and cells exposed to SWCNTs (50 pg/mL) following time course of
IAV (MOI=0.5) infection in the presence or absence of NAC (1 mM) (C). A total of six
samples per group were measured and data presented as Mean + SD. Asterisks “*” above
each bar indicate statistical differences compared to control. Plus signs (+) represent
statistically significant differences between SWCNTs +lAV and NAC + SWCNTs + AV at
each time point (P<0.05).
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Figure 5.

Expression of oxidative stress-related genes in SAEC exposed to SWCNTSs and IAV. SAEC
were exposed to SWCNTSs at different doses for 24 hours followed by 1AV infection at
MOI=0.5 for another 24 hours. Cells were collected for RNA extraction and mRNA
expression of immune genes were measured by gPCR. A total of six samples per group were
measured and data presented as Mean + SD. Asterisks “*” indicate statistically significant
differences of SWCNT treated compared to control. (A<0.05)
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Changes in mitochondrial membrane potential (MMP) and mRNA expression of mitofusin 1
and 2 (MFNIand MFN2) by SWCNTs and 1AV. A TMRE method was used to determine
the MMP in SAEC exposed to different doses of SWCNTs (A), AV (B), and exposed to
different doses of SWCNTSs for 24 hours following 1AV (MOI=0.5) infection for 24 hours
(C). The mRNA expression of MFNI (D) and MFNZ (E) were measured by gPCR in SAEC
which were exposed to SWCNTSs at different doses for 24 hours followed by 1AV infection
at MOI=0.5 for another 24 hours. A total of six samples per group were measured and data
presented as Mean = SD. Asterisks “*” above each bar indicate statistically significant

differences compared to control. (A<0.05)
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Effects of SWCNTSs on mitochondrial bioenergetics. A Seahorse assay was used to
determine the oxygen consumption rate of SAEC exposed to different doses of SWCNTSs for
24 hours. Overall oxygen consumption rate (A), basal respiration (B), ATP-linked
respiration (C), maximal respiration (D), spare capacity (E), proton leak (F), and non-
mitochondrial respiration (G) were measured and calculated. A total of six replicates per
group were measured and data presented as Mean + SD.
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Figure 8.
Changes in MAVS colocalization in SAEC by SWCNTSs, NAC, and IAV. SAEC were

exposed to 50 pg/mL SWCNTs for 24 hours, then NAC (1mM) for 2 hours, followed by 1AV
infection at MOI=0.5 for another 24 hours. Cells were fixed for immunofluorescence
staining to visualize co-localization of mitochondria (mitotracker red), MAVS protein (Anti-
MAVS FITC, green), and nucleus (DAPI, blue) as indicated by square in the figures.
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Figure 9.
NAC significantly reduced SWCNT-increased 1AV viral titer in SAEC. SAEC were exposed

to different doses of SWCNTSs (ug/ml) for 24 hours, followed by 2 hours of NAC treatment
(ImM), and then 1AV (MOI=0.5) challenge for another 24 hours. The supernatant of each
treated well was collected for virus titer measurement by TCIDsgq assay. A total of six
samples per group were measured and data presented as Mean + SD. Asterisks “*” above
each bar indicate statistical differences compared to control. Plus symbols (+) above each
bar represent statistically significant differences between SWCNTSs + 1AV and NAC +
SWCNTSs + AV at each SWCNT dose (~<0.05).
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NAC partially rescues SWCNT-inhibited antiviral gene expression in SAEC. SAEC were
exposed to SWCNTs (20 pg/ml) for 24 hours, followed by 2 hours of NAC treatment
(ImM), and then AV (MOI=0.5) challenge for another 24 hours. Cells were collected for
RNA extraction and mRNA expression of immune genes were measured by qgPCR. A total
of six samples per group were measured and data calculated as fold change from control and
presented as Mean + SD. Plus signs (+) above each bar indicate statistically significant
differences between 1AV and SWCNTSs + 1AV while minus signs “-” represent no difference

(P<0.05).
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Figure 11.

Schematic pathway showing how SWCNTSs can impact AV activation of the RLR/MAVS
pathway through oxidative stress in lung epithelial cells.
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Viral titers in cell media and expression of M2in SAEC exposed to SWCNTSs and IAV. SAEC were exposed to
SWCNTs at different doses for 24 hours followed IAV infection for another 24 hours. Cell culture media was
pooled for each treatment to determine virus particle number by TCIDsgq assay. Cells were collected for RNA

extraction and mRNA expression of M2were measured by gPCR. A total of six samples per group were
measured and data presented as Mean + SD. Asterisks “*”represent statistically significant differences
compared to 1AV treatment (~P<0.05).

Treatment (SWCNT dose pg/mL)

Virus titer (TCIDso/mL)

Virus titer (Fold change
from 1AV)

1AV M2 Expression (% change from 1AV)

1AV 232E+05 | - 100.00 + 84.83
0.2 SWCNTSs + IAV 5.00E+05 22X 69.15 + 22.57
2.0 SWCNTs + 1AV 3.15E+05 14X 31.43+12.05*
20.0 SWCNTSs + IAV 5.00E+05 22X 22.08 £7.50 *
50.0 SWCNTSs + IAV 7.92E+05 34X 36.88 + 19.09
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