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Abstract

E-cigarettes currently divide public opinion, with some considering them a useful
tool for smoking cessation and while others are concerned with potentially adverse
health consequences. However, it may take decades to fully understand the ef-
fects of e-cigarette use in humans given their relative newness on the market. This
highlights the need for comprehensive preclinical studies investigating the effects
of e-cigarette exposure on health outcomes. Here, we investigated the impact of
chronic, low-level JUUL aerosol exposure on multiple lung outcomes. JUUL is a
brand of e-cigarettes popular with youth and young adults. To replicate human
exposures, 8- to 12-week-old male and female C57BL/6J mice were exposed to
commercially available JUUL products (containing 59 mg/ml nicotine). Mice were
exposed to room air, PG/VG, or JUUL daily for 4 weeks. After the exposure period,
inflammatory markers were assessed via qRT-PCR, multiplex cytokine assays, and
differential cell count. Proteomic and transcriptomic analyses were also performed
on samples isolated from the lavage of the lungs; this included unbiased analysis
of proteins contained within extracellular vesicles (EVs). Mice exposed to JUUL
aerosols for 4 weeks had significantly increased neutrophil and lymphocyte popu-
lations in the BAL and some changes in cytokine mRNA expression. However,
BAL cytokines did not change. Proteomic and transcriptomic analysis revealed sig-
nificant changes in numerous biological pathways including neutrophil degranu-
lation, PPAR signaling, and xenobiotic metabolism. Thus, e-cigarettes are not inert
and can cause significant cellular and molecular changes in the lungs.

Abbreviations: Acsbgl, acetyl-CoA synthetase; ALB, albumin; Apoa2, apolipoprotein A2; Acox2, acetyl-CoA oxidase-2; BAL, bronchoalveolar lavage; Bpifbl,
BPI fold-containing family B member; Clcal, calcium-activated chloride channel regulator 1; Cox-2, cyclooxygenase-2; Cptl, carnitine palmitoyltransferase;
Cyp2W1, cytochrome P4502W1; DPBS, Dulbecco’s PBS; EtOH, ethanol; EV, extracellular vesicle; EVALI, vaping-associated lung injury; Fabp7, fatty acid

binding protein; Fads2, fatty acid desaturase 2; Ift140, intraflagellar transport protein 140; iNOS, inducible nitric oxide synthase; Len2, lipocalin 2; MMP, matrix
metalloproteinase; MPO, myeloperoxidase; NE, neutrophil elastase; NET, neutrophil extracellular trap; NHBE, normal human bronchial epithelial cells; NTA,
nanoparticle tracking analysis; PFA, paraformaldehyde; PG, propylene glycol; Pigr, polymeric immunoglobulin receptor; Plin1, perilipin; PPAR, peroxisome
proliferator-activated receptor; Rpia, ribose-5-phosphate isomerase; Scd4, stearoyl-CoA desaturase 4; Scgb3al, secretoglobin family 3A; Slc27, SLC27 family of
fatty acid transport protein; STRING, search tool for retrieval of interacting genes; TEM, transmission electron microscopy; Tg, thyroglobulin; THC,
tetrahydrocannabinol; Tnfsf4, tumor necrosis factor ligand superfamily member 4/0X40L; VEA, vitamin E acetate; VG, vegetable glycerin.
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1 | INTRODUCTION

Tobacco use is a major global risk factor for disability and
premature loss of life.! Because of the known health risks,
many adult smokers report wanting to quit, but less than
ten percent succeed in quitting annually.” E-cigarettes were
developed in the early 2000s as a smoking cessation tool de-
signed to simulate the act of smoking by delivering nicotine
to the brain with the hope of exposing individuals to fewer
toxic chemicals compared to traditional tobacco cigarettes.’
E-cigarettes typically consist of a battery, a vaporizer which
consists of the vaporization chamber and a heating unit
called the atomizer, and a liquid cartridge that holds the e-
liquid.* E-liquids contain varying amounts of humectants,
most often a mix of propylene glycol (PG) and vegetable
glycerin (VG), flavorings, and nicotine.’ There are thousands
of different flavors available on the market.® Although many
ingredients in e-liquids are ‘Generally Recognized as Safe’
for oral consumption, there is little data on their safety when
aerosolized and subsequently inhaled.” Moreover, each de-
vice has a heating coil with varying metal contents, and
these metals can be found in both the liquid and aerosol.**

While e-cigarettes may aid in smoking cessation, their
use has increased among non-smokers. E-cigarettes are par-
ticularly popular among youth, with 19.6% of high school
students reporting current e-cigarette use in 2020.'*13
Notably, the pervasiveness of e-cigarette use among high
school students significantly increased in 2015," coincid-
ing with the development of JUUL, a brand of e-cigarettes
whose device has a sleek design and came in an array of
appetizing flavors. JUUL rapidly ascended in popularity,
representing nearly three quarters of the dollar share of the
US e-cigarette market in 2018, and remains one of the most
popular e-cigarette brands among youth and young adults
today®; most JUUL users use the product regularly.'® JUUL
is a puff-activated, pod-style e-cigarette that is able to deliver
a high nicotine content. It is estimated that a JUUL pod has
the approximate nicotine content of one pack of cigarettes.'’
To deliver higher nicotine, JUUL e-liquids contain a nicotine
base and a weak organic acid (e.g., benzoic acid) that forms
a nicotine salt once the device is activated.'® Nicotine salts
are more tolerable when inhaled, allowing higher concen-
trations of nicotine to be used.® Aside from nicotine, JUUL
products are also available in several appealing flavors. The
chemical flavorings can reach a cumulative concentration
of over 10 mg/ml, with substantial variation in chemical
constituents between flavored e-liquids.”® Furthermore,
JUUL uses a nichrome heating element and stainless steel
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vapor path that can lead to leaching of metals such as chro-
mium, iron, nickel, copper, and even lead into the emitted
vapors.”! While there are limited health data regarding the
significance of the presence of metals in e-cigarette aero-
sols, there is cause for concern with notable concentrations
of toxic chemicals being inhaled by chronic users, where
these metals may build up to toxic concentrations.*

There is almost no information on the health impacts
of inhaling aerosolized e-liquids containing nicotine salts
(e.g., JUUL), and the current literature regarding acute
and chronic health effects caused by e-cigarette use in
general is largely inconclusive due to conflicting results.*®
However, there is emerging evidence that exposure to e-
cigarette aerosols promotes pulmonary inflammation and
oxidative stress,*2° with some flavors inducing a more po-
tent pro-inflammatory response.””*® Some of the toxicity
of e-cigarettes may be due to the humectants themselves
which can induce airway irritation and cytotoxicity®';
chemicals produced from heating (e.g., aldehydes and ac-
rolein) are also known to cause DNA damage and oxidative
stress.*> However, comparison between experimental stud-
ies, and therefore the ability to draw conclusions is limited
due in part to the lack of correlation with human puff to-
pography (i.e., puff volume, puff interval, etc.) and objec-
tive measurements of exposure (e.g., cotinine).”® There is
also a scarcity of studies evaluating the broad-scale cellular
and molecular changes caused e-cigarette exposure; this
includes changes in the content of extracellular vesicles
(EVs). EVs are membrane-bound vesicles that can modu-
late cellular expression and function. EVs contain cargo, in-
cluding proteins and RNA, that when taken up by recipient
cells can alter cellular function. EVs range in size from 30
to 1000nm and can be categorized as exosomes, microve-
sicles, or apoptotic bodies. EVs are produced and released
from cells under physiological conditions and in response
to environmental exposures.**** EVs released in response
to cigarette smoke for example can alter immune cell func-
tion,® and there is emerging evidence of EV release fol-
lowing e-cigarette use.’® However, there is no information
on EVs from JUUL use specifically although e-cigarette
aerosol exposure increase platelet and endothelial-derived
EVs.”” Although JUUL was recently banned in the United
States, many individuals have previous exposure to JUUL
products and in other countries continue to use this brand
of e-cigarettes. Thus, there is a need to assess the health
impact of JUUL using exposure parameters that repli-
cate human use patterns. Herein, we show that low-level
chronic exposure to JUUL e-cigarette aerosols has local
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immunomodulatory effects, and drastically changes pro-
tein and RNA expression in important pulmonary sites.

2 | METHODS

2.1 | Animals

C57BL/6J mice were purchased from the Jackson
Laboratory and bred in-house. Male and female mice
(age 8-12weeks) were used for experiments. All proce-
dures were approved by the McGill University Animal
Care Committee and carried out in accordance with the
Canadian Council on Animal Care.

2.2 | JUUL products

Commercially available, mango-flavored JUUL products
containing 59 mg/ml nicotine were used. Mango-flavored
pod cartridges were purchased from a local vape shop and
were selected because fruit flavors are the most popular
among e-cigarette users of various age demographics.®®
A standard commercial JUUL device was also used. The
control liquid was composed of a 30:70 ratio of PG/VG
purchased from Fusion Flavors (fusionflavors.ca).

2.3 | Animal exposures

Mice were randomly allocated to one of three groups: air,
vehicle (PG/VG), or JUUL (mango). Exposures were per-
formed using the SCIREQ® inExpose™ system equipped
with an extension for JUUL. Exposure parameters and the
puff profile were programmed using the flexiWare soft-
ware. Mice were exposed to a puff regime consisting of
three 20-min exposures per day for 4 weeks’; this length
of exposure in mice is roughly equivalent to 3years in hu-
mans.*’ The puff regime was 1 puff per minute with a 78 ml
puff volume, 2.4 s puff duration, with three hours between
exposure sessions. These puff topography and usage pa-
rameters are consistent with human use patterns.zg’31 Air-
exposed mice were placed in the exposure apparatus for
the equivalent length of time as the experimental groups.
Mice were sacrificed the morning after the last exposure.

2.4 | Tissue harvest and BAL

Mice were anesthetized with 0.7 ml intraperitoneal injection
of Avertin (2,2,2-tribromoethanol, 250mg/kgi.p.; Sigma-
Aldrich, St. Louis, MO) and euthanized by exsanguination
via cardiac puncture. The lungs were excised and lavaged
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with 0.5 ml of PBS. The BAL was centrifuged, and the su-
pernatant was separated from cells. BAL cells were resus-
pended in PBS, counted, and 50000 cells were then mounted
onto slides using a CytoSpin (Thermo Scientific; Waltham,
MA) and stained with Three Step Stain (Thermo Scientific,
Waltham, MA). The remaining BAL cells were processed
for RNA extraction. The right lung was filled with paraform-
aldehyde (PFA) and placed in PFA for fixation. The left lung
tissue was frozen immediately in liquid nitrogen and stored
at —80°C for subsequent protein and RNA analysis.

2.5 | gRT-PCR

Total RNA was extracted using a TRIzol Reagent and con-
taminating DNA was removed with an Aurum Total RNA
Mini Kit (Bio-Rad) as per the manufacturer's instructions.
The SYBR Green Master Mix (Bio-Rad) was used for the
PCR using protocols previously described.* All results were
normalized using 18s rRNA as the housekeeping gene. Fold
change was calculated using the —AAC t method, and re-
sults are presented as fold-change normalized to the house-
keeping gene.” Sequences of primers used are in Table 1.

2.6 | Histology

The lungs were dissected rinsed with PBS, fixed in 4% PFA,
embedded in paraffin and consecutive 4 pm sections of the
lung were sectioned. Then, the slides were deparaffinized
with xylene three times for 5min each and hydrated with
an ethanol gradient (100%-70%). Slides were dipped twice
in 100% EtOH for 5min each, one time in 95% EtOH and
one time in 70% EtOH for 5min each, and then washed
with water for 5min with MQ H,O for 2min. Antigen re-
trieval was performed using antigen retrieval solution (1X
TRIS/EDTA pH9 and Tween-20). Slides were washed
twice for 5min each with wash buffer (TBS plus 0.025%
Triton X-100) and then incubated in 4.5% H,0, in 24 mM
NaOH for 15min, followed by rinsing three times with the
wash buffer for 5min each. Then, slides were blocked in
10% donkey/goat normal serum in wash buffer for 30 min.
After, slides were incubated in Fc block plus mouse HRP
(1:100) for 30 min followed by incubation with the primary
antibody Ly6B (BioRad, Cat# MCA771GA) or CD8 (1:50)
(eBioscience, Cat#14-0081-82) diluted in antibody buffer
(1:1000 of donkey/goat normal serum in wash buffer) at
room temperature for 30 min. Slides were then rinsed three
times for 5min each and incubated with the correspond-
ing secondary antibody (1:2) (Goat pAp to Rat IgG+ HRP
polymer) (Abcam, Cat#214882) diluted in antibody buffer
for 30 min then washed four times with wash buffer 5min
each. Next, a short incubation of 4 min with DAB substrate
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TABLE 1 Primer sequences for qRT-PCR

Target Sequence

tnfa 5'-CCAAAGGGATGAGAAGTTCC-3'
3’-CTCCACTTGGTGGTTTGCTA-3’

il1p 5'-AAGGAGAACCAAGCACGACAAAA-3’
5'-TGGGGAACTCTGCAGACTCAAACT-3’

lle 5'-TGATGCACTTGCAGAAAACAA-3’
5'-GGTCTTGGTCCTTAGCCACTC-3

muc5B 5'-TTACACCTGGCACACAATGG-3’
5’-TCCAGCTTCTGCAAGTTTCC-3’

sod2 5'-TTCTTTGGCTCATTGGGTCCTT-3’
5'GATAAACAGGGGCTTCGCTGAT-3’

nqol 5'-GCGGCTCCATGTACTCTCTTCA-3’
5’-ACGGTTTCCAGACGTTTCTTCC-3'

18s rRNA 5'GGACATCTAAGGGCATCACA-3’
5'AGGAATTGACGGAAGGGCAC-3’

i34 5'-TACAGCCACCTCTGCTTGTG-3’
5'-GCAAGATACGGCATTTGGTT-3’

len2 5'-CCC CAT CTC TGC TCA CTG TC-3'
5'-TTT TTC TGG ACC GCA TTG-3'

collal 5'-CAGACTGGCAACCTCAAGAA-3’
5'-CAGTGACGCTGTAGGTGAAG-3’

mmpl3 5'-GCTTAGAGGTGACTGGCAAACT-3’
5-TCTGGTGAAATTCAGTGGTGTC-3’

adamts4 5'-CAGTCACCTCTAAGCCAAAGAAA-3’

5'-CTTCCGGCGTAGGATGTGAG-3’
plinl 5'-TGAAGCAGGGCCACTCTC-3’
5'-GACACCACCTGCATGGCT-3’

was used to visualize staining, followed by 20s of hema-
toxylin to counterstain. Finally, slides were dehydrated by
being dipped once in 95% EtOH for 2min, twice in 100%
EtOH for 60 s each, and three times in xylene 30 s each.
Finally, slides were mounted using Permount mounting
media. Staining was visualized using automated digital
microscopy system (Zeiss AxioScan slide scanner) and
analyzed (QuPath-0.2.3) by quantifying the percentage of
positive stained cells over the total number of cells.

2.7 | EVenrichment and
characterization

EVs were enriched using previously established proto-
cols.***? In short, 300 pl of cell-free BAL fluid was enriched
for EVs using ultracentrifugation. First, the BAL fluid was
centrifuged at 300g for 10min at 4°C to remove cell de-
bris. The supernatant was collected and re-centrifuged
at 2000g for 10 min at 4°C to pellet apoptotic bodies. The

remaining supernatant was transferred to 1 ml polycar-
bonate tubes (Beckman Coulter) and ultracentrifuged
using TLA 120.2 in Beckman Coulter Optima MAX-XP at
100000g for 70 min at 4°C. The EV pellet obtained was
washed with PBS and ultracentrifuged again at 100000g
for 70 min at 4°C.** EVs underwent nanoparticle track-
ing analysis (NTA) and were imaged using transmission
electron microscopy (TEM). For NTA, 10pl of EVs were
diluted in 490pl of PBS, run on a Nanosight NS500 sys-
tem (Nanosight Ltd., Amesbury, UK), and the concentra-
tion and size distribution were analyzed using the NTA
1.3 software (Malvern Panalytical). For TEM, EVs were
fixed with 2.5% glutaraldehyde fixation solution (250ml
EMS, 50ml 25% glutaraldehyde, 250 ml water). TEM cop-
per grids were kept on a drop (20pl of fixed EVs) facing
down and left to settle for 20 min. TEM grids were washed
with Dulbecco’'s PBS (DPBS) and stained with 2% uranyl
acetate for 3 min and air-dried overnight. EVs images
were taken using FEI TecnaiTM G2 Spirit BioTwin 120kV
Cryo-TEM.

2.8 | Proteomic analysis

EVs were analyzed using LC-MS/MS. Here, each sample
was loaded onto a single stacking gel band to remove lipids,
detergents, and salts. The single gel band containing all
proteins was reduced with DTT, alkylated with iodoacetic
acid, and digested with trypsin. Two ug of extracted pep-
tides were re-solubilized in 0.1% aqueous formic acid and
loaded onto a Thermo Acclaim Pepmap (Thermo, 75pM
IDx2 cm C18 3pM beads) precolumn and then onto an
Acclaim Pepmap Easyspray (Thermo, 75pM X 15cm with
2pM C18 beads) analytical column separation using a
Dionex Ultimate 3000 uHPLC at 250 nl/min with a gradi-
ent of 2%-35% organic (0.1% formic acid in acetonitrile)
over 3h. Peptides were analyzed using a Thermo Orbitrap
Fusion mass spectrometer operating at 120000 resolution
(FWHM in MS1) with HCD sequencing (15000 resolution)
at top speed for all peptides with a charge of 2+ or greater.
The raw data were converted into *.mgf format (Mascot ge-
neric format) for searching using the Mascot 2.6.2 search
engine (Matrix Science) against mouse protein sequences
(Uniprot 2021) The database search results were loaded
onto Scaffold Q+ Scaffold_4.9.0 (Proteome Sciences) for
statistical treatment and data visualization. To perform a
protein-protein interaction network analysis, the Search
Tool for Retrieval of Interacting Genes (STRING) (https://
string-db.org) database was employed. Active interaction
sources for constructing the network include text mining,
experiments, databases, and co-expression. The species
was limited to “Mus musculus” and a minimum required
interaction score was set to 0.4.
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2.9 | Multiplex analysis

BAL fluid was sent for multiplex analysis of inflamma-
tory markers to Eve Technologies (www.evetechnologies.
com). BAL cytokines were assessed using the Mouse
Cytokine/Chemokine 31-Plex Discovery Assay®. The cy-
tokines/chemokines that were part of this assay included
eotaxin, G-CSF, GM-CSF, IFNy, IL-1a, IL-14, IL-2, IL-3,
1L-4, IL-5, IL-6, IL-7, 1L-9, IL-10, IL-12p40, IL-12p70, IL-
13, IL-15, IL-17A, 1P-10, KC, LIF, LIX, MCP-1, M-CSF,
MIG, MIP-1la, MIP-18, MIP-2, RANTES, TNFa, and
VEGF-A.

210 | RNA-seq

BAL cells from male and female mice were pooled from
each exposure category (air: two male, two female; PG/
VG: three male, three female; JUUL: three male, three
female). RNA was isolated using TRIZol,* quantified
using Qubit (Thermo Scientific) and quality assessed
with the 2100 Bioanalyzer (Agilent Technologies).
RNAseq analysis was performed at the Institute for
Research in Immunology and Cancer (IRIC) in Montreal,
QC. Transcriptome libraries were generated using
QIAseq FastSelect ribodepletion selection (Qiagen), fol-
lowed by KAPA RNA HyperPrep (Roche). Sequencing
was performed on the Illumina NextSeq500, obtaining
approximately 50M single-end 75bp reads per sam-
ple. Raw data were assessed for quality with FastQC
0.11.9 and reports were aggregated using MultiQC.*
Since FastQC reports did not indicate sequence quality
or adapter content problems, data were not trimmed.
Next, STAR 2.7.8a was used to align data to the mm10
genome from UCSC with ENSEMBL (ensGene) annota-
tions. Samtools 1.12 was used to discard reads that were
not uniquely mapped and merge technical replicates.
Alignment quality, RNA-seq metrics, and PCR duplica-
tion rates were assessed using Picard Tools 2.23.3 through
the  functions  CollectAlignmentSummaryMetrics,
CollectRnaSeqMetrics, and MarkDuplicates, respec-
tively. Finally, gene expression was counted using
featureCounts from the Subread 2.0.1 package, and dif-
ferential expression was assessed using DESeq2.*> This
analysis led to the identification of approximately 25000
transcripts. The total number of genes is listed in Table S1
for all comparison groups. All supplemental data can be
found at DOI: 10.17632/ftrhg8rc5d.1. Gene ontology was
performed for differentially expressed (p<.05) using
Metascape.46 Changes in mRNA expression of select
genes were verified by qRT-PCR using individual RNA
from an additional subset of BAL cell RNA as described
above.
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2.11 | Statistical analysis

Statistical analysis was performed with GraphPad Prism
v6.0 (GraphPad Software, San Diego). A one or two-way
ANOVA was used to determine differences between
groups of more than two followed by the assessment of in-
dividual differences by a Holm-Sidak or Dunn's post hoc
test. Differences between groups of two was performed
using a t-test. A p-value <.05 was considered significant.
Significance of the proteomic data was evaluated using
the Scaffold software.

3 | RESULTS

3.1 | Low-level chronic JUUL aerosol
exposure causes pulmonary inflammation

We previously published that an acute exposure to JUUL
aerosols using an exposure regime that mimics a light or
occasional user has minimal effect on lung inflamma-
tion.* However, there is concern that chronic use may
lead to lung damage over time. Therefore, we now tested
whether this same exposure scenario—but for a prolonged
period of exposure (i.e., 4 weeks)—would cause an inflam-
matory response in the lungs and airways. Differential
cell counts recovered from the BAL fluid (Figure 1A) re-
vealed that although there were no significant differences
in the number of total cells (Figure 1B) or macrophages
(Figure 1C), there were significantly more lymphocytes
(Figure 1D) and neutrophils (Figure 1E) in the JUUL
group compared to the air control. The percentage of lym-
phocytes (Figure 1F) and neutrophils (Figure 1G) was also
increased with JUUL exposure. There was no change in
neutrophils or lymphocytes in the lung tissue (Figure 2).
These data indicate that a low, but more chronic exposure
regime to JUUL aerosols increases the presence of inflam-
matory cells in the airways.

We also assessed for the expression of pro-inflammatory
and antioxidant genes in the whole lung homogenate by
qRT-PCR (Figure 3). The pro-inflammatory genes as-
sessed included tnfa (Figure 3A), il1f (Figure 3B), and il6
(Figure 3C). Only the mRNA expression of il6 was signifi-
cantly increased in response to JUUL (Figure 3C). Also as-
sessed were the mRNA levels of Muc5ac (Figure 3D) and
Muc5b (Figure 3E), genes which encode major mucus-
producing proteins in the airways. Although there was a
trend toward increased expression of Muc5ac and Muc5b
in response to JUUL, this did not reach statistical signifi-
cance. There was, however, a significant decrease in the
expression of Ace2 (Figure 3F), a key anti-inflammatory
component of the renin-angiotensin system and the
receptor for the SARS-Cov-2 virus responsible for the
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current COVID-19 pandemic, in response to both PG/VG
and JUUL aerosols. Ptgs2 mRNA, which encodes cycloo-
xygenase-2 (Cox-2) protein, was not altered by the expo-
sure regime (Figure 3G). Finally, the expression of Nqol
(Figure 3H) and Sod2 (Figure 3I), genes that are part of
the antioxidant response, were increased in response to
PG/VG. These data indicate that there are differential

Ar  PGNG  JUUL

changes in mRNA in lung tissue caused by inhalation of
e-cigarette aerosols.

Lastly, we performed multiplex analysis of 31 different
cytokines and chemokines in the BAL fluid. The major-
ity of those analyzed were below the limit of detection
for the assay (GM-CSF, IFNy, IL-1qa, IL-1, IL-3, IL-4, IL-
5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13,

85U8017 SUOLIIOD BAITEa.D 3|l (dde auy Aq peusenob ae S9ppile YO ‘SN JO S9InJ o} A%eiq13UlUQ AB]1/ UO (SUONIPUCD-PUR-SLUBIAL0D A8 | Im" Afelq 1 Ul |UO//STNL) SUORIPUOD PUe SWIS 1 8Y} 89S *[6202/S50/TZ] Uo Ariqiauliuo A8|iM ‘sedeD Aq HzZ6ET02Z02 [1/960T 0T/I0p/LL00" A3 1M Afe.q 1 puljuo-gese)//Saiy wolj pepeojumod ‘g ‘€202 ‘09890€ST



BEEN ET AL.

FIGURE 1

- 7 of 21
FASEB "

Chronic exposure to e-cigarette aerosols increases pulmonary inflammation. (A) BAL cells—Representative images of BAL

cells with the major cell type being macrophages (arrowheads). Note the presence of neutrophils in BAL of the JUUL-exposed mice (arrow). (B)
Total cells—there was no significant difference in the number of total cells in the BAL. (C) Macrophages—there was no significant change in

the total number of macrophages in the BAL. (D) Lymphocytes—There was a significant increase in the number of lymphocytes in the JUUL-
exposed mice (**p <.01) compared to mice that received only room air. (E) Neutrophils—There was also a significant increase in the number

of neutrophils in both the PG/VG (*p <.05) and JUUL-exposed mice (***p <.001) compared to mice that received only room air for 4 weeks. (F)
Lymphocyte percent—there was a significant increase in the percentage of lymphocytes only in the JUUL-exposed mice (*p <.05). (G) Neutrophil
percent—there was a significant increase in the percentage of neutrophils in both the PG/VG (*p <.05) and JUUL-exposed mice (***p <.001);

the percentage of neutrophils was also significantly higher in the BAL of JUUL-exposed mice compared to those exposed to aerosolized PG/VG
(*p<.05). Results are expressed as the means+SEM (n = 10-12 mice per group and are the compilation of two independent experiments).

IL-17A, KC, LIF, LIX, MCP-1, M-CSF, MIP-1a, MIP-1p,
RANTES, and TNF-a). For the cytokines that were detect-
able, such as eotaxin (Figure 4A), G-CSF (Figure 4B), IL-2
(Figure 4C), IL-15 (Figure 4D), IP-10 (Figure 4E), MIG
(Figure 4F), MIP-2 (Figure 4G), and VEGF (Figure 4H),
there was no significant change in their levels upon PG/
VG or JUUL exposures.

3.2 | Chronic, low-level JUUL aerosol
exposure causes transcriptomic changes in
airway cells

RNAseq analysis was performed to evaluate the extent
to which JUUL aerosol exposure affected the transcrip-
tional response of cells in the airway lumen, the majority
of which are macrophages. Overall, these data revealed
that there are dramatic changes in response to e-cigarette
aerosols. The largest number of differentially expressed
protein-coding genes (>twofold change) were uniquely
upregulated by JUUL compared to PG/VG (1140), and
1043 of these were common when JUUL was compared
to both Air and PG/VG (Figure 5A). In addition, 27 genes
were common between the three comparison groups
(PG/VG-Air, JUUL-AIr, and JUUL-PG/VG) (Figure 5A);
these genes included Tnfsf4 (tumor necrosis factor li-
gand superfamily member 4/0X40L), which is present
in macrophages and plays a role in inflammation*’; and
Cyp2wl (cytochrome P4502W1), an orphan CYP that may
play a role in phospholipid metabolism.*® There were
also a number of genes (303) that were upregulated by
PG/VG alone. Enrichment analysis revealed that several
genes upregulated by PG/VG are involved in superoxide
metabolic processes including Ednl, Nos2, Nox4, Noxol,
Immp2l, and Duoxl. KEGG pathway analysis revealed
significant differences between the comparison groups,
with JUUL-PG/VG eliciting changes in pathways related
to nitrogen metabolism, ECM-receptor interaction, nico-
tine addiction, PPAR signaling, and drug metabolism—
cytochrome P450 (Figure 5B). GO biological processes
were enriched for negative chemotaxis, secretion, and
regulation of response to wounding (Figure 5C). Other

enriched pathways included those involved in the regula-
tion of leukocyte chemotaxis and migration and included
genes such as Ccll, Ccl2, Ccl5, 1133, Cx3crl, and Cxcl17;
this is consistent with changes in immune cell popula-
tions (Figure 1). Complete Metascape analysis results are
in Tables S2 and S3.

We performed similar analysis for genes whose ex-
pression was down-regulated (>twofold). Here, the larg-
est change in differentially expressed genes occurred in
response to PG/VG (Figure 5D; PG/VG vs. Air). KEGG
pathway analysis revealed that JUUL reduced enrichment
for Thl and Th2 cell differentiation and ECM-receptor
interaction (Figure 5E) and for GO Biological processes
was regulation of cellular response to growth factor stim-
ulus (Figure 5F). Complete Metascape analysis results for
down-regulated genes are in Tables S4 and S5. We then
selected key genes founds within the pathway enrich-
ment analysis for up- and down-regulated genes for veri-
fication by qRT-PCR. These genes were selected based on
their presence in multiple pathways, diversity in function
and differential fold-change. Thus, these genes reflect the
multitude of genes expression that is increased/decreased
by JUUL and/or PG/VG. This included il34 (Figure 6A),
Collal (Figure 6B), Lcn2 (Figure 6C), mmp13 (Figure 6D),
Adamts-4 (Figure 6E), and Plin1 (Figure 6F). Changes ob-
served by qRT-PCR were similar to the RNAseq analysis.

3.3 | E-cigarette aerosols causes
significant sex-specific changes to the
pulmonary proteome

Next, we performed unbiased proteomic analysis of the
cell-free BAL that underwent further enrichment for EVs.
EVs are membrane-derived particles that contain cellular
cargo, including proteins,* may play a role in cell-cell
communication and serve as biomarkers for environmen-
tal exposures. However, there are currently no analyses
of EVs in response to JUUL. Therefore, we performed
unbiased LC-MS/MS analysis on EVs isolated from male
and female mice, with comparison made to air controls
as well as aerosolized PG/VG. EV size and concentration,
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(A) Ly6B staining

FIGURE 2 E-cigarette aerosol
exposure does not increase the presence
of lymphocytes or neutrophils in the lung
tissue. (A) Ly6B staining—There was no
significant difference in the number of
neutrophils (arrows) in the lung tissue in
response to e-cigarette aerosol exposure
for 4weeks. (B) CD8—There was also no
change in the number of CD8" cells in the
lung tissue (arrows). Results are expressed
as the means + SEM (n = 3-6 mice per

group).

as measured using nanoparticle tracking analysis (NTA),
showed a highly heterogeneous population of EV parti-
cles with broad size variation (100-1000nm) (Figure 7A).
There was no significant change in the number or size
of EVs with either PG/VG or JUUL exposure (data not
shown). EV morphology was also analyzed using TEM
(Figure 7B), which showed EVs in a cup-shaped structure
with heterogenous particles.

A total of 1764 proteins were detected by LC-MS/MS.
Quantitative profiling revealed that the majority of proteins
(more than 1600) were present in all samples regardless of
exposure (Figure 8A). Pathway analysis showed that these
common proteins were not different between male and fe-
male mice and are involved in processes such as response
to oxidative stress and regulation of vesicle-mediated

transport (Figure 8B; Table S6). However, there were sig-
nificant differences in EV-enriched proteins in response
to mango-flavored JUUL aerosols, although female mice
had fewer proteins than males (Figure 8A). Proteins that
were significantly changed in response to JUUL in female
mice compared to air-exposed mice (Figure 8C) were in-
traflagellar transport protein 140 (Ift140), thyroglobulin
(Tg), polymeric immunoglobulin receptor (Pigr), albu-
min (ALB), ribose-5-phosphate isomerase (Rpia), BPI
fold-containing family B member 1 (Bpifbl), secretoglo-
bin family 3A (Scgb3al), and calcium-activated chloride
channel regulator 1 (Clcal). There were more proteins
detected in male mice exposed to JUUL (Figure 8C), in-
cluding a cluster of cytochrome P450 enzymes (Cyp4al2b,
Cyp2b9, Cyp2b10, Cyp2a5, Cyp2f2, and Cyp4bl).
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FIGURE 3 Changes in gene expression in response to e-cigarette aerosol exposure. There was no significant change in the mRNA

expression for tnfa (A) or ll1/3 (B) but there was a significant increase in il6 expression (C) in response to JUUL exposure (**p <.01).

There was also no change in Muc5ac (D) or Muc5b (E). There was a significant decrease in the expression of Ace2 (F) in response to both
PG/VG (*p<.05) and JUUL aerosol (**p <.01). There was no change in Ptgs2 mRNA expression (G). There was a significant increase in
the expression of the antioxidant genes Nqo1 (H) and Sod2 (I) only in the PG/VG-exposed mice (*p <.05). Results are expressed as the

means+SEM (n = 10-12 mice per group) and are the compilation of two independent experiments.

To then predict functional interactions between proteins
detected in response to JUUL, we employed the STRING da-
tabase. In female mice, the proteins were poorly connected
(PPI enrichment p-value = .877) but there was functional
enrichment for prenylation (Rabllb, Rab7, and Racl;
FDR = 0.0164) and GTP-binding (Rab11b, Rab7, Racl, and
Gludl; FDR = 0.0081) (Figure 9—inset). However, there
were significant interactions among the proteins present
in the JUUL-exposed male mice (PPI enrichment p-value
<1.0e—16; Figure 9 and Table S7). Functional enrichment
was observed for many biological and molecular pathways,
including xenobiotic metabolic processes (Pon3, Cyp2f2,
Cyp2a5, Ugtla7c, Cyp2b2, Fmo2, Acsll; FDR = 1.62e—05;
GO00006805), oxidation reduction processes (Cyp2f2, Por,

Cyp2a5, Aldhl6al, Mgstl, Cyb5r3, Fmo3, Dlat, Fmo2,
Dlst, Cyp2b10, Acadm, Aldh3a2, Cyp4bl, Gpdll, Cyb5a;
FDR = 0.00011; GO:0055114), response to chemical
(Ponl1, Cyp2f2, Por, Cyp2a5, Mgstl, Ywhah, Canx, Psmc6,
Ywhaz, Anxa5, Pon3, Acsll, Apoc3, Serpina3k, Fmo2,
Eprs, Ephx1, Ywhag, Ugtla7c, Cyp2b10, Aldh3a2, Rpl27,
Cyp4bl, Rtn4, Msn, Cyb5a, Iqgapl, Cul3; FDR = 0.0155;
G0:0042221), chemical carcinogenesis (Mgstl, Ephxl,
Ugtla7c, Cyp2b10; FDR = 0.0123; mmu05204), fatty acid
metabolism (Ponl, Pon3, Acsll, Pccb, Acadm, Aldh3a2,
Cyp4bl; FDR = 5.19e—05; MMU-8978868) and neutrophil
degranulation (Psmd2, Mgstl, Psmd3, Cyb5r3, Candl,
Psmd6, Vapa, Psmc2, Rab6a, Psmc3, Pgrmcl, Capl, Rab7,
Mvp, Iqgapl, H2-Q10; FDR = 2.02e—09; MMU-6798695).
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FIGURE 4 There is minimal change in the levels of BAL cytokines in response to e-cigarette aerosols. Cytokines that were detected in
the BAL fluid included eotaxin (A), G-CSF (B), IL-2 (C), IL-15 (D), IP-10 (E), MIG (F), MIP-2 (G), and VEGF (H). Results are expressed as
the means+SEM (n = 4-6 mice per group).

To better understand sex-specific differences, we per-  these analyses revealed significant changes in the pro-
formed further analysis of proteins in the EV-enriched teomic profile between female and male mice both in
BAL between male versus female mice (t-test; p<.05); the absence of exposure (Figure 10A; air-only) and in

FIGURE 5 JUUL aerosol exposure for 4 weeks significantly changes gene expression in BAL cells. (A) Venn diagram—increased genes:
exposure to JUUL aerosols for 4 weeks resulted in a unique transcriptional signature, with there being 1140 genes expressed by BAL cells
compared to PG/VG; 1043 of these genes were common when compared to PG/VG and Air. Only 27 genes were expressed in BAL cells
from all comparison groups. (B) KEGG Pathways analysis—increased genes: Heatmap shows the top-enriched KEGG pathways that were
increased in response to JUUL aerosols. (C) GO Biological Processes-increased genes: Heatmap analysis shows the top-enriched pathways
that were increased in response to JUUL. (D) Venn diagram—decreased genes: exposure to JUUL aerosols for 4 weeks resulted in a unique
transcriptional signature, with there being 303 genes whose expression was decreased in BAL cells from JUUL-exposed mice compared to
PG/VG; 77 genes were common when compared to both PG/VG and Air. Only 14 genes were expressed in BAL cells from all comparison
groups. (E) KEGG Pathways analysis—decreased genes: Heatmap shows the top-enriched KEGG pathways that were decreased in response
to JUUL aerosols. (F) GO Biological Processes—decreased genes: Heatmap analysis shows the top-enriched pathways that were decreased in
BAL cells in response to JUUL compared to PG/VG-exposed mice.
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response to JUUL aerosols (Figure 10B). Cyp4bl, Cyp2f2,
and Cyp2bl0 were still among the proteins that were
significantly higher in JUUL-exposed male mice com-
pared to JUUL-exposed female mice. Pathway enrich-
ment analysis revealed that these proteins belong to top
pathways associated with the phagosome (mmu04145),
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neutrophil degranulation (R-MMU-6798695), ferroptosis
(mmu04216), fatty acid metabolism (R-MMU-8978868),
and COVID-19 (mmu05171) (Figure 10C; Table S8).
Collectively these data highlight that JUUL exposure
significantly alters proteins present in EV-enriched BAL
fluid in a sex-dependent manner.
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FIGURE 6 Validation of select genes in BAL cells. Genes selected for validation of the RNA-seq analysis included il34 (A), Collal (B),
Lcen2 (C), mmp13 (D), Atamts-4 (E), and Plinl (F). Expression of these genes was significantly changed in BAL cells from JUUL-exposed
mice (*p <.05; **p <.01 compared to air-only mice). Results are expressed as the means+SEM (n = 4-6 mice per group).

4 | DISCUSSION

There are concerns about the safety of e-cigarette use
among never-smokers, and numerous studies suggest
that these products may affect the lung and immune
systems.so’52 However, results from these and other stud-
ies on e-cigarette toxicity are inconsistent, due to the vast
array of e-liquid composition, brands, devices, and pre-
clinical exposure protocols. Moreover, exceedingly few
studies have utilized JUUL devices and e-liquids despite
their popularity. To address this gap in knowledge, we
recently published that an acute 3-day exposure regime
which mimics light and moderate JUUL users increases
pulmonary inflammation.*® The current study not only
adds to the growing evidence pertaining to the inflam-
matory outcomes caused by e-cigarette exposure but in-
corporates unbiased molecular investigation by utilizing
proteomic and transcriptomic analysis. Our results dem-
onstrate that prolonged inhalation of e-cigarette aerosols
cause changes in pulmonary immune cell composition
and alters gene and protein levels in the lungs.

One of our most consistent observations is the pres-
ence of neutrophils in the lung lavage of mice that were

exposed to e-cigarette aerosols. Neutrophils, the most
abundant circulating leukocytes, are a short-lived cell
with a half-life in the circulation of approximately 1.5-
12.5h in mice.”® Neutrophils are one of the first cell types
recruited upon infection or insult and thus, are a hallmark
of acute inflammation. Leukocytosis is the main respira-
tory immune alteration in traditional tobacco smokers®*>
but their recruitment to the lungs from e-cigarette expo-
sures is variable.’>*” Qur observation that neutrophils are
increased in the BAL of both PG/VG and JUUL suggests
that the neutrophilia observed is independent of nicotine
or flavoring chemicals but may be the result of the sol-
vent itself (PG/VG). These findings are in agreement with
several other in vivo studies investigating the pulmonary
outcomes of e-cigarette exposure, including the ability
of inhaled aerosols to increase lung neutrophils.®*>*"’
Moreover, as in this study using mango-flavored-JUUL
products, the impact of different flavors is notable, par-
ticularly fruit flavors and tobacco flavors.””*® However,
not all studies show that e-cigarettes increase lung neu-
trophils,” and some studies show that PG/VG alone
increases neutrophils in the lungs,” a finding that con-
trasts our results. These differences in outcomes may be

85U8017 SUOLIIOD BAITEa.D 3|l (dde auy Aq peusenob ae S9ppile YO ‘SN JO S9InJ o} A%eiq13UlUQ AB]1/ UO (SUONIPUCD-PUR-SLUBIAL0D A8 | Im" Afelq 1 Ul |UO//STNL) SUORIPUOD PUe SWIS 1 8Y} 89S *[6202/S50/TZ] Uo Ariqiauliuo A8|iM ‘sedeD Aq HzZ6ET02Z02 [1/960T 0T/I0p/LL00" A3 1M Afe.q 1 puljuo-gese)//Saiy wolj pepeojumod ‘g ‘€202 ‘09890€ST



BEEN ET AL.

(A) Nanosight Analysis

L4 £
s0 14

Concentration (particles / ml)
Concentration (partcles / mi)
°
@
1

13 0f 21
FASEB o=

JUUL

(B) TEM

_Airr v PG/VG

00 00 100 20 300 0 500 a0 o 00 00 1000
Size (nm)

FIGURE 7 Analysis of EV characterization. (A) Nanosight analysis—EV size and concentration showed a highly heterogeneous
population of EV particles with broad size variation (100-1000nm). (B) TEM—EVs exhibited a cup-shaped structure with heterogenous

particles. Representative images are EVs isolated from male mice.

related to differences in e-cigarette brand/liquid, expo-
sure regime, and/or mouse strain. Interestingly, we did
not observe major changes in BAL cytokines, which may
be due to the relatively limited number of analytes mea-
sured. Indeed, RNA-seq analysis demonstrates changes
in mRNA for genes implicated in leukocyte recruitment
which were not measured at the protein level in our study.
The consequences of BAL neutrophils are unclear, but it is
known that chronic neutrophilia is linked to lung damage
through the release of proteins such as neutrophil elastase
(NE) and matrix metalloproteinases (MMPs). Neutrophils
can also become primed and release neutrophil extracel-
lular traps (NETs), a meshwork of chromatin fibers with
peptides and enzymes such as NE and myeloperoxidase
(MPO).” NETs are altered both by cigarette smoke® and
exposure to e-cigarettes.61 Given that NETs are an import-
ant extracellular structure for defenses against pathogens
and may contribute to the development of inflamma-
tory and autoimmune disease, the impact of JUUL aero-
sols on neutrophil production of NETs warrants further
investigation.

Differential analysis in the BAL did not reveal alter-
ations in the number of macrophages. Alveolar mac-
rophages serve as one of the primary lines of defense
against foreign pathogens and are the predominant im-
mune cell type in the lumen of the pulmonary system.
Importantly, alveolar macrophages are vital to the reso-
lution of the inflammatory process via their engulfment
of apoptotic neutrophils. Macrophages can change their
phenotype to reflect states of activation and/or inflam-
mation®” and are typically referred to as classically acti-
vated (M1) or alternatively activated macrophages (M2).
M1 macrophages express pro-inflammatory cytokines to
bolster the inflammatory response whereas M2 macro-
phages express cytokines that limit inflammation to aid
in the resolution of inflammation. Interestingly, recent
analysis of gene expression in alveolar macrophages
from e-cigarettes users showed an increase in inducible
nitric oxide synthase (iNOS; M1 marker),** similar to
our RNA-seq analysis of BAL cells, where there was also
an increase in iNOS (more than twofold) (Table S1).
In addition, alveolar macrophages exhibit significant
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FIGURE 8 Proteomics analysis from EV-enriched BAL fluid reveals sex-specific differences in proteins. (A) Venn Diagrams—Note that
the majority of proteins detected were common in all exposure group. In female mice, there were few proteins present only in this exposure
group whereas in male mice there were more distinct proteins in EVs caused by JUUL exposure. (B) Pathway Analysis—Heatmap of
pathways common in proteins found in EV-enriched BAL fluid. Analysis was performed in proteins detected in all three groups of exposed
mice. (C) Volcano Plots: Air vs. JUUL—In female mice (top), the proteins significantly increased included Cclal. There were more proteins
significantly increased in male mice (bottom) and included numerous Cyp450 proteins (¢-test; p <.05).

changes in morphology and function in response to e- that we did not perform functional analysis of the mac-
cigarette aerosols, including phagocytosis and lipid me- rophages in response to pod-style e-cigarettes. This will
tabolism.**®*®* One of the limitations of this study is  be a focus of future experiments.
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FIGURE 9 Potential interactions

between proteins expressed in response to ) semnadk
JUUL exposure in male and female mice.
In female mice, the proteins were poorly
connected (inset) but there was functional
enrichment for proteins involved in
prenylation. There were significant
interactions among the proteins in male
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mice.

To better understand the extent to which JUUL al-
tered the pulmonary immune landscape, we utilized two
unbiased techniques. First, we performed RNA-seq on
the BAL cells, the majority of which (>98%) are alveolar
macrophages. Overall, these data highlight that even a
low-level exposure causes profound changes to the tran-
scriptional response of cells. These results are similar to
other studies, including those utilizing in vitro exposure
of primary normal human bronchial epithelial (NHBE)
cells to individual flavoring chemicals. Here, there were
several hundred differentially expressed genes, many
of which are associated with the regulation of cilia bio-
synthesis and function.> Another study performed in
BEAS-2B cells compared the transcriptomic effects of
cigarette smoke with e-cigarette aerosols and found that
e-cigarettes alter significantly fewer genes and biological
pathways—but still affected pathways involved in cell
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senescence, stabilizing chromatin structure, and other
metabolic processes.”® Further analysis in our study re-
vealed significant changes in numerous pathways, includ-
ing peroxisome proliferator-activated receptor (PPAR)
signaling. PPARs are ligand-activated transcription factors
of a nuclear hormone receptor superfamily comprised of
PPARa, PPARY, and PPARP/5.®” PPARs are expressed by
many cell types including macrophages, wherein they
participate in inflammation, macrophage differentiation,
and lipid homeostasis.®® Those genes identified in our
study as being differentially regulated by JUUL—and part
of the PPAR signaling pathway—include many genes en-
coding proteins involved in cholesterol metabolism and
lipid homeostasis such as apolipoprotein A2 (Apoa2), fatty
acid binding protein (Fabp?), carnitine palmitoyltransfer-
ases (Cptlb, CtbIc), cytochrome P450s (Cypy7al, Cyp8bl,
Cyp4al2a), SLC27 family of fatty acid transport protein
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FIGURE 10 Comparison of proteins in EVs between male and female mice. (A) Volcano plot—Air: Proteins that were increased in
male mice exposed only to room air compared to female mice were Ift140, Rps5, Hspa2, and Eeflb. (B) Volcano plot—JUUL—There were
more proteins altered in JUUL-exposed male mice compared to female mice. (C) Pathway enrichment—JUUL—The pathways enriched in

male JUUL-exposed mice include the phagosome, neutrophil degranulation, and oxidation by cytochrome p450.
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(Slc27a2, Slc27a5), fatty acid desaturase 2 (Fads2), acetyl-
CoA oxidase-2 (Acox2), acetyl-CoA synthetase (Acsbgl),
perilipin (PlinI), stearoyl-CoA desaturase 4 (Scd4), and
lipocalin 2 (Lcn2). The transcriptomic changes in genes
associated with lipid metabolism are similar to changes
in macrophages from smokers with and without COPD.®
Moreover, both cigarette smoke and e-cigarette aerosols
can cause cytoplasmic accumulation of lipids,”* indic-
ative of altered lipid metabolism. Thus, these results sup-
port the notion that even a low-level exposure to JUUL
may change lipid homeostasis within the lungs.

This altered transcriptional response to chronic low-
level JUUL exposure, whereby there is enrichment in
pathways associated with lipid metabolism, may have
functional consequences related to an outbreak of respira-
tory illness termed vaping-associated lung injury (EVALI).
EVALI was associated with adverse respiratory symp-
toms including shortness of breath, chest pain, cough,
and hemoptysis23 and in severe cases death. Since 2019,
thousands of cases reported across the United States.
EVALI has been strongly linked to e-cigarettes contain-
ing tetrahydrocannabinol (THC) where vitamin E acetate
(VEA) was used as a diluent.”* An initial defining feature
of EVALI was the presence of lipid-laden macrophages
from the lungs,’>”* although the presence of foamy mac-
rophages occurs in a variety of conditions and exposures
including nicotine-containing e-cigarettes with PG/VG.**
The changes seen in this study may have further implica-
tions for the development of acute lung injury in associa-
tion with combined exposures, a scenario that is relevant
for EVALI as many patients used both THC- and nicotine-
based e-cigarette.”* Moreover, symptoms of EVALI overlap
with those of COVID-19.”> Although there is controversy
on whether e-cigarette use alters COVID-19 susceptibil-
ity or severity,”® there is evidence that e-cigarette aerosol
exposure augments the inflammatory response to other
types of viral infection’”’® and is some cases may exacer-
bate symptoms of EVALL" Thus, it is possible that prior
e-cigarette use predisposes select individuals to adverse
pulmonary outcomes associated with co-exposures due to
subtle but significant molecular and cellular changes in
the pulmonary microenvironment.

The transcriptomic changes were complemented with
proteomic analysis of acellular EVs, which are linked to
neutrophil chemotaxis® and could explain why there
are more neutrophils in the lungs in response to JUUL
in the absence of significant changes in key cytokines or
chemokines. Our proteomic analysis of acellular BAL EVs
highlights the dramatic difference in protein cargo caused
by e-cigarette exposures. The most striking difference
however was between male and female mice, a biological
variable that is often overlooked in discovery-based stud-
ies. Here, JUUL-exposed male mice exhibited a greater
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number of distinct proteins compared to female mice.
Sex-dependent effects of e-cigarettes were also shown in a
separate study, with e-cigarette-exposed male mice having
increased pro-inflammatory cytokine release compared to
female mice.®" In our study, pathway mapping compar-
ing the protein profile of JUUL-exposed male versus fe-
male mice revealed enrichment in a number of pathways
associated with immune function including neutrophil
degranulation, phagosome, and platelet degranulation.
Neutrophil degranulation may be of particular impor-
tance as the contents of neutrophil granules have been
implicated in the pathophysiology of several lung disor-
ders.® The observation that there were more proteins as-
sociated with neutrophil degranulation in male mice may
indicate higher release of contents and/or sequestration
in EVs; similar changes in neutrophil activation have also
been observed in a mouse model of JUUL exposure.®
Furthermore, the dramatic differences in EV proteomics
between male and female mice is a novel observation and
highlight the importance of analysis of sex-specific dif-
ferences at the molecular level. It is also noteworthy that
there is enrichment of proteins important in ferroptosis,
a necrotic type of programmed cell death caused by iron
accumulation, lipid peroxidation, and oxidative stress;
ferroptosis can be caused by smoke and is linked to the
pathogenesis of smoke-related diseases such as COPD.**

Another pathway in which there were notable sex-
specific differences in acellular EV proteins was those
related to xenobiotic metabolism, including the presence
of a range of CYP450s (e.g., Cyp2f2, Cyp2a5, Cyp4bl,
and Cyp2b10). EVs are known to contain CYP450s.%
Metabolism of xenobiotics often leads to the production
of highly reactive intermediates. These intermediates can
directly interact with nearby proteins, fatty acids, and in-
tracellular machinery resulting in overall dysfunction.®
Metabolism of exogenous chemicals by cytochromes
can also indirectly cause damage by inducing oxidative
stress causing widespread damage to the cell. One of the
CYPs that was significantly increased in EVs from JUUL-
exposed male mice was Cyp2f2. Cyp2f2 metabolizes
naphthalene, a toxicant found in cigarette smoke and air
pollution; naphthalene is also present in e-cigarette aero-
sols.*” Female mice have less Cyp2f2 and are also more
susceptible to repeated naphthalene exposure.*® Thus,
our data is the first to show increased Cyp2f2 in response
to JUUL aerosol exposure, an increase where there was
a sex-specific difference. Thus, this study provides novel
information that sex-specific differences in pulmonary
EV cargo not only informs on potential biological conse-
quences of e-cigarette aerosol exposure but may also serve
as biomarkers of e-cigarette use.

In summary, we have demonstrated that even low ex-
posure to JUUL aerosols impact pulmonary outcomes
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at the cellular and molecular levels. Both commercially
available, mango-flavored JUUL products and the vehicle
PG/VG significantly alter transcriptional regulation of im-
portant inflammatory genes and alter inflammatory cell
populations in the airways. These changes were paralleled
by observations of sex-specific differences in proteomic
expression in acellular EVs. There are some inherent lim-
itations of this study that may limit generalizability to hu-
mans, including the fact that mouse models to do not fully
recapitulate human physiology, including differences in
lung cellularity, architecture, and physiology.*****! In
addition, exposures longer than 4weeks to mimic more
chronic use may give further insight into lung damage
caused by JUUL exposure. Nonetheless, these findings
highlight that these products are not inert and elicit signif-
icant pulmonary changes, supporting the need for further
study into the effects of e-cigarette use.
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