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ARTICLE INFO ABSTRACT

Editor: Martin Leonard Electronic cigarettes are battery powered devices that use a vape-liquid to produce a vapor that is inhaled. A
consequence of the rise in e-cigarette usage was the 2019 emergence of a vaping-induced respiratory disease
denoted as ‘e-cigarette or vaping use-associated lung injury’ (EVALI). One of the suspected causes of EVALI is
Vitamin E Acetate (VEA), which was found to be a diluent in certain illicit vape-pens, whereas nicotine is

commonly diluted in equal parts propylene glycol and vegetable glycerin (PG:VG). The prevalent use of e-cig-
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Vapi . . . .
Inég);nmgmation arettes and the emergence of a novel illness has made understanding how e-cigarette vapors affect our respi-
Cytokines ratory tissues a public health concern. We have designed and produced a simple device that can operate e-

cigarettes and deliver the vapor to a chamber containing a standard cell culture multi-well plate. Here we utilize
our device to model the response of human airway mucociliary tissue after chronic exposure to vapors produced
from either PG:VG or VEA. We note several differences between how PG:VG and VEA vapors interact with and
alter airway tissue cultures and suggest potential mechanisms for how VEA-vapors can exacerbate EVALI
symptoms. Our device combined with primary human airway tissue cultures make an economical and compact
model system that allows for animal-free investigations into the acute and chronic consequences of e-cigarette

vapors on primary respiratory cells.

1. Introduction

Electronic cigarettes (e-cigarettes) and vape-pens are handheld
battery-powered devices that contain a vape-liquid which is used to
produce a vapor that is inhaled by the user. Vapor is produced by passing
a current through a wire wrapped around a wick soaked in vape-liquid
which then combusts to form the vapor that is inhaled (Breland et al.,
2017). The major active ingredients in commercial vape-liquids vary
from nicotine to tetrahydrocannabinol (THC) or cannabidiol (CBD). E-
cigarettes attract some traditional smokers as a safer alternative to
smoking, but many users are teens and young adults. A CDC study
concluded that from 2011 to 2018 e-cigarette use in high school students
increased from 1.5% to 20.8% (Cullen et al., 2018). The global vape
industry has a market size that was valued at 12.41 billion in 2019 and
projected to rise over 20% within the next 5 years (E-cigarette And Vape
Market Size, Share, and Trends Analysis Report By Product (Disposable,
Rechargeable), By Component (Vape Mod, E-Liquid), By Distribution
Channel, And Segment Forecasts, 2020-2027 ID GVR-2-68038-433-8,
2020). These statistics demonstrate that the sale and usage of e-

cigarettes and other vape-products is growing rapidly.

One unforeseen byproduct of the booming vape industry was the
June 2019 emergence of an illness that is linked to the use e-cigarettes
and other vape-pen products. The Centers for Disease Control and Pre-
vention (CDC) has termed the non-viral, non-bacterial, pneumonia-like
illness “e-cigarette or vaping use-associated lung injury” (EVALI). The
symptoms of EVALI include shortness of breath, fever and chills, cough,
vomiting, diarrhea, headache, dizziness, rapid heart rate and chest pain.
Since the initial emergence, EVALI has resulted in 2800 hospitalized
patients and 68 deaths in the US (Moritz et al., 2019) (cdc.gov/tobacco/
basic_information/e-cigarettes/severe-lung-disease.html, n.d.). In-
vestigations led by the CDC into the cause of EVALI have highlighted
vitamin E acetate (VEA) as a prime suspect (Bhat et al., 2020) (Blount
et al., 2020). VEA, an FDA approved substance that has been deemed
safe for consumption and topical application, is added to vaping liquid
as an additional solvent to increase total volume. It serves as what is
commonly known as a “cutting agent”. A study performed by the CDC
compared the presence of VEA in bronchoalveolar lavage (BAL) fluid in
patients with EVALI to healthy participants. Of the 51 EVALI patient
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samples, 94% contained VEA, while none was detected in the control
samples. The CDC has since concluded that VEA is not a suitable solvent
for e-cigarettes and suggests that manufacturers remove it from vape-
liquids until more studies are performed to determine the safety of
vaping VEA (Bhat et al., 2020) (Blount et al., 2020). These findings
highlight the need for evaluating the safety of other vape-liquid addi-
tives in addition to VEA.

The most common base solvents used in vape-liquids are propylene
glycol (PG) and vegetable glycerin (VG) because of their FDA approval
as safe for consumption and topical application in cosmetics as well as
their lipophilic solvent properties. Although PG and VG are safe for
consumption and topical applications, the vaping process is different
and should be treated as such. Multiple chemical studies have revealed
toxic by-products when vaping PG and VG liquids, including carbon
monoxide, acetylene, methane, and aldehydes (El-Hellani et al., 2019)
(Talih et al., 2017) (Kosmider et al., 2014) (Gillman et al., 2016). In
2020 Song et al. performed a 4-week study where participants took 40
puffs per day from vape-pens containing only a 1:1 PG-VG mixture (Song
et al., 2020). The researchers concluded that the BAL fluid from the
vape-user group had an increase in inflammatory cytokines and mac-
rophages over control groups (Blount et al., 2020) (Maddock et al.,
2019). These studies further highlight the need for research into the
safety of base solvents used in vape-liquids in addition to ‘cutting agents’
and active ingredients. A more systematic analysis of the consequences
to the airway when vaping PG, VG and VEA will aide in navigating the
future safety for vape users as well as bystanders worldwide.

One complication faced when researching the tissue consequences of
e-cigarette vapor exposure is choosing an applicable model system.
Although animal models have provided researchers with valuable in-
formation for generations, for ethical considerations it is always desir-
able to avoid animal models if an in-vitro model exists. Likewise, it is
preferable to choose a human model over an animal model to minimize
untranslatable findings due to molecular inconsistencies between
humans and laboratory animals. The air-liquid interface (ALI) model
system is widely used for generating human airway mucociliary tissue
from primary airway cell cultures and fully differentiated ALI tissue can
be maintained in culture for multiple months which allows for long-term
experiments. At the conclusion of experiments ALI tissue can be har-
vested for analyses including histology, immunohistochemistry, gene
expression studies, western blotting, and other molecular techniques
which provide a broad selection of data points for prospective studies.

Another difficulty in e-cigarette vapor research is the method of
applying experimental vapors to the model system. Devices are available
for use in delivery of volatile organic compounds and related environ-
mental pollutants but are not designed for use with e-cigarettes (Gostner
et al., 2016) (Upadhyay and Palmberg, 2018) (Enlo-Scott et al., 2021)
(He et al., 2021). Although a few companies offer experimental smoking
machines designed for research into the effects of smoking cigarettes,
these machines are large and expensive pieces of laboratory equipment
that require considerable training for their operation and maintenance
(Upadhyay and Palmberg, 2018). Our laboratory has taken advantage of
3D-Printing and microcontroller technology to develop a compact
automated e-cigarette research device capable of operating e-cigarettes
and delivering the vapor to a multi-well cell culture plate. Our labora-
tory combined the ALI model system with our vaping device to
demonstrate the applicability for investigations in the study of inhaled/
aerosolized toxins. By using the ALI tissue model system, we can focus
on identifying cellular responses and consequences specific to airway
mucociliary tissue, removing crosstalk or interference from immune cell
or hormonal responses which may occur in animal-based model systems.
In this study we compared the effects on differentiated ALI tissues
chronically exposed to e-cigarette vapors generated from either PG:VG
or VEA.

Previous cell-based research evaluating the ramifications and toxic
mechanisms of e-cigarette vapors have varied in their choice of model
system, how the e-cigarette vapors are generated/applied, and how
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many times/the durations that vapors are applied before collecting data
(Wang et al., 2023) (Azzopardi et al., 2016) (Leigh et al., 2016) (Ghosh
et al., 2018) (Sherwood and Boitano, 2016) (Bengalli et al., 2017)
(Munakata et al., 2018). We feel the advantages of our experimental
design lie in the use of primary ALI tissues, the deposition of e-cigarette
vapors directly onto the surface of ALI tissues, and the length of our
experiments which are meant to recapitulate chronic e-cigarette use.
Primary ALI tissues maintain their genomic integrity compared to
immortalized cell-lines which have extreme alterations in their karyo-
type, we feel this allows for greater confidence that the observed re-
sponses to e-cigarette vapors are aligned with in-vivo tissue responses.
Previous studies have collected vapor condensates or solubilized vapor
extracts and applied directly to the media of cells to look for biological
effects (Wang et al., 2023) (Sherwood and Boitano, 2016) (Bengalli
et al., 2017) (Munakata et al., 2018). We feel this is a useful strategy for
evaluating the toxicity of soluble vapor components, but to gauge
airway tissue ramifications there may be more physiological relevance
in applying the vapor directly to the mucosal surface. Applying e-ciga-
rette vapors to the surfaces of ALI tissues facilitates the interaction with
the mucosal layer, which contains a repertoire of P450 enzymes that
likely act upon vapor components and alter the biological ramifications
of the vapor contents (Enlo-Scott et al., 2021) (Wang et al., 2022)
(Stading et al., 2021). Lastly, the number of vapor exposures and time
until data collection was of great consideration for this study as previous
studies have largely focused on acute effects of e-cigarette vapor, col-
lecting cell data within 24 h after exposure to vapors (Azzopardi et al.,
2016) (Leigh et al., 2016) (Ghosh et al., 2018) (Sherwood and Boitano,
2016) (Bengalli et al., 2017) (Munakata et al., 2018). While the wide-
spread use of e-cigarettes has demonstrated that they are not acutely
toxic, deleterious tissue ramifications may present over an extended
time-period. With this in mind, we chose to carry out our daily vapor
exposures over multiple weeks with the aim of developing a platform to
reveal airway tissue phenotypes associated with chronic e-cigarette use.

2. Methods
2.1. Construction of vaping research device

The vaping research device is 3D printed out of polylactic acid plastic
and the components are controlled by an Arduino microcontroller. The
device has a chamber that holds a standard 12 well cell culture plate,
and a clamping mechanism that holds the experimental vape-pen
(Fig. 1). The vaping process is automated for maximum reproduc-
ibility and standardization between experimental vape-liquids. The
process begins with a 15 s ‘inhale’ cycle, which utilizes a servo-driven
button pushing mechanism and a fan-driven air pump to draw vapor
out of the vape-pen and deliver it via holes centered above the transwell
inserts for maximum vapor-to-tissue contact. After a 5 s pause the
‘exhale’ cycle begins when a second air-pump activates for 10 s that will
clear the chamber of vapor and end the vaping process.

Three-dimensional objects were drafted in Autodesk Inventor Pro-
fessional 2020 (Autodesk, Inc., San Rafael, CA) and printed with PLA
filament on a QIDI X-PRO 3D printer (QIDI TECH, Ruian, Zhejiang,
China). Servos and fan motors are controlled by an Arduino Uno mi-
crocontroller (Boston, MA). All concepts, drafting, printing, coding, and
construction was performed by laboratory personnel.

2.2. Human nasal epithelial cell (HNEC) isolation and expansion

HNECs were isolated from healthy non-smoking/vaping volunteers
(Males; age 34 and 68, female age 35). HNECs were isolated through
brushing of inferior and middle nasal turbinates with interdental
brushes. Brushes were removed from the handle and placed into
PneumaCult-Ex plus medium (StemCell Technologies inc, Vancouver,
Canada). Cells were removed from the brush using a cut pipet tip. The
cells were pelleted by centrifugation (200 xg for 5 min.) and resuspended
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Fig. 1. A: Front of vaporizing research device. B: Rear of device. C: Front of vape pen holder/button pushing mechanism. D: Reverse side of vape pen holder/button
pushing mechanism. E: Inside of the sample exposure chamber, yellow circles indicate sample chamber input port, blue circles are exhale fan intake ports. F. One of
two 30 mm radial fans powered by a 5 V DC motor. G: The device running with sample chamber open to visualize the six vapor delivery ports. H: Circuitry and
Arduino Uno microcontroller. I: Bottom of sample exposure chamber which holds a 12-well culture plat. J: Schematic view of vapor pathway. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

in animal component free enzymatic digestion buffer (StemCell), briefly
vortexed and then incubated at 37 °C for 15 min. After digestion cells
were centrifuged at 200 xg for 5 min. Cell pellets were suspended in
basal cell expansion media (PneumaCult-Ex plus) and incubated at
37 °C, 5% CO2. HNECs were collected and counted between 8 and 10
days of culture, culture media was refreshed every two days. HNECs

were then either seeded directly onto transwell inserts for ALI differ-
entiation or banked in liquid nitrogen for future experiments. Protocols
for isolation of HNEC specimens from human subjects are approved by
our Institutional Review Board (Study ID: Pro2019000524) and all do-
nors provided informed consent.
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2.3. Air-liquid interface differentiation

HNECs were seeded onto semi-permeable polyester tissue culture-
treated inserts that were 12 mm in diameter and 0.4uM pore size and
cultured in expansion media until 100% confluent (confirmed by visu-
alization of HNECs via phase contrast microscopy). Once a confluent
monolayer formed, initiation of the air-liquid interface was performed
by removing media from the transwell insert and replacing the expan-
sion media in the lower-chamber with ALI differentiation media
(StemCell Technologies). At 48 h intervals the transwell insert was
rinsed with 500 pL PBS to prevent excessive mucous accumulation and
the media was refreshed. Differentiation of ALI tissue was confirmed by
visualization of beating cilia via phase contrast microscopy. Details of
HNEC isolation, culture, expansion and differentiation are presented in
Manna and Caradonna, 2021 (Manna and Caradonna, 2021).

2.4. Vaping sessions

Experimental vape-liquids were loaded into matching cotton wick
vape cartridges operated by identical 3.4 V batteries that were charged
each day before use. Propylene glycol and vegetable glycerin were ac-
quired from Florida Laboratories (Fort Lauderdale, FL), and vitamin E
acetate was acquired from Lotioncrafter (Eastsound, WA). Vaping ses-
sions began between day 20 and 25 ALI, once all tissues had differen-
tiated. Differentiation was confirmed by visualization of beating cilia via
phase contrast microscopy. Each day, the tissues were placed into the
vaporizer and put through 10 inhale/exhale cycles. A single cycle de-
presses the button of the pen for 8 s. At the same time, the inhale fan
turns on and runs for 15 s before turning off. After an additional 5 s the
exhale fan turns on for 10 s to clear the experimental vapor from the
chamber, ending the cycle. The inhale/exhale cycles were repeated a
total of 10 times with 60 s intervals between each cycle. Our goal was to
generate vapors from the pen and deliver maximal contact with exper-
imental ALI tissues. The control tissue was placed into the experimental
chamber and a vape-pen without a battery was attached for the 10 cy-
cles. This ensured the flow of air was similar in the chamber but there
was no vapor produced. All vaping sessions were performed in a bio-
logical safety cabinet.

2.5. Human inflammatory cytokine array panel

Throughout vaping experiments, the ALI media was replenished, and
surfaces of tissues were washed every 48 h, which is standard protocol
for ALI tissue maintenance. For inflammatory cytokine analysis, the
basal ALI media was allowed to condition for 72 h before being collected
and used to wash the apical surface of tissues. The conditioned media
were centrifuged for 5 min at 200 xg to pellet any cells/debris. Condi-
tioned media were then analyzed using Human Inflammation Arrays
(RayBiotech AAH-INF-3-4) following the manufacturer’s protocols. Ar-
rays were visualized using an IBright fl11500 imaging system, average
pixel intensity was calculated using IBright image analysis software
(ThermoFisher). Average pixel intensity from experimental groups were
divided by the average pixel intensity from control groups to represent
data as fold changes compared to control.

2.6. ALl tissue fixation and sectioning

ALI tissue was fixed in 10% buffered formalin at 4 °C for 12-16 h,
then dehydrated via 20-min graded alcohol (70%-80%-95%-100%)
and xylene washes. Fixed and dehydrated ALI tissue was then embedded
in paraffin wax blocks and 10 pM sections were prepared using a
microtome. For hematoxylin and eosin (H&E) staining, histological
sections were deparaffinized in two changes of xylene for 5 min each and
rehydrated via 5 min graded alcohol washes (100%- 95%-80%-70%).
Sections were placed in hematoxylin for 1 min, rinsed in tap water,
dehydrated, and stained with eosin for 30 s. Lastly, samples were cleared
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with xylene before applying coverslips. Phase contrast microscopy as
well as immunostaining was visualized and imaged using an ECHO
Revolve fluorescent microscope.

2.7. Immunohistochemistry

Histological sections were deparaffinized in xylene and rehydrated
via 5 min graded alcohol washes (100%- 95%-80%-70%-H20). Antigen
retrieval was performed in a digital pressure cooker (InstaPot) with
slides submerged in sodium citrate antigen retrieval buffer for 15 min.
Sections were blocked with 5% BSA-TBST for one hour at room tem-
perature. Primary antibodies were suspended at desired dilutions in 1%
BSA-TBST and applied for one hour at room temperature. Antibodies
used in this study are as follows: P63 rabbit polyclonal used at 1:100
dilution (Proteintech, Cat. No. 12131-1-AP), FoxJ1 mouse monoclonal
used at 1:100 dilution (Invitrogen, Cat. No. 14-9965-82). Secondary
antibodies conjugated to either Alexa Fluor-488 or — 555 were applied
at 1:1000 dilution in 1% BSA-TBST for one hour at room temperature.
DAPI was applied and sections were cover slipped and sealed with clear
nail polish. Immunofluorescence was visualized and imaged via an
ECHO Revolve fluorescent microscope running the ECHO Pro imaging
application.

2.8. Quantification of cell populations

Horizontal sections of continuous, undamaged ALI tissue were cho-
sen for cell counts. Goblet cells were visualized using the periodic acid
Schiff glycoprotein stain, basal progenitor populations were identified
using the marker P63, and multiciliated cells were identified using the
marker FoxJ1. Quantifications were performed by capturing brightfield
or fluorescent images of stained 10um-thick tissue sections and manu-
ally counting cells. Using cell counts and the length, and width of each
section we determined the average cell numbers per um? of tissue and
extrapolated to average cell number per mm? of tissue. Populations were
compared via unpaired t-test; P-values <0.0001 when compared to
DMSO control tissue were considered statistically significant.

3. Results
3.1. VEA vapor recondenses as insoluble droplets on the mucosal surface

Unexpectedly, we noted a matte-like coating on the transwell inserts
after VEA vaporizing sessions. Upon closer inspection with a phase
contrast microscope, we observed the accumulation of small insoluble
droplets on the mucosal surface of ALI tissues exposed to VEA vapors
(Fig. 2A). The relative amount of VEA droplets on the mucosal surface
correlated with the amount of inhale/exhale cycles (Fig. 2B). We noted
that the VEA droplets were moving along with the laminar flow of the
mucosal layer, albeit very slowly.

3.2. Tissue cultures chronically exposed to VEA vapor have increased
goblet cell populations

Using the period acid Schiff (PAS) glycoprotein stain as a marker of
goblet cells we found that after 2, 4, or 5-weeks of daily VEA vapor
exposure the number of PAS+ goblet cells had significantly increased
compared to both control and PG:VG-exposed tissue cultures (Fig. 3).

3.3. Tissue cultures chronically exposed to PG:VG vapor exhibit decreases
in multiciliated and progenitor cell populations

Manual quantification of multiciliated cells and progenitor cells
using immunohistochemical-based markers revealed that tissue cultures
chronically exposed to PG:VG vapors for 4- or 5-weeks exhibited a sig-
nificant decrease in both populations when compared to control or VEA-
exposed tissues (Fig. 4). We did not observe this decrease in tissues
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VEA 5x/day

VEA 2x/day

Fig. 2. A: TOP: images of transwell inserts 5 min after 10 puffs from e-ciga-
rettes. Inserts exposed to VEA vapor had a matte-like coating on the surface of
tissues. BOTTOM: 10x phase contrast images of tissue surfaces, insoluble VEA
droplets were observed on the mucosal surface after exposure to VEA vapor. B:
10x phase contrast images of tissue surfaces after 2, 5 or 10 puffs from VEA e-
cigarettes. The accumulation of VEA droplets increased as exposure to VEA
vapor increased. Scale bars = 250 pm.

A Goblet cells after 10 puffs/day vaping
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Fig. 3. A. Manual goblet cell quantifications from tissue sections using Periodic
Acid Schiff stain to identify goblet cells in tissues after being exposed to
experimental e-cigarette vapors 10 puffs a day for 2, 4 or 5-weeks. ANOVA
analysis and Unpaired t-test p-values: *0.0001, **0.0002, ***0.0007. 2-week
N=Ctrl:54, PGVG:29, VEA:50, 4-week N=Ctrl:39, PGVG:40, VEA:38, 5-week
N=Ctrl:26, PGVG:18, VEA:14. B: Representative images of PAS-stained tissues
after 4-weeks of daily exposure to VEA vapor demonstrating increase amount of
goblet cell formation. Scale bars =250 pm.
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exposed to PG:VG vapors for 2-weeks.

3.4. Chronic exposure to either PG:VG or VEA vapors caused tissue
cultures to increase the secretion of immunomodulatory cytokines

At the conclusion of both the 4-week and 5-week experiments all ALI
tissues exposed to PG:VG or VEA vapor demonstrated increased secre-
tion of the same four inflammatory targets; Chemokine ligand 15
(CCL15), Interleukin-6 (IL-6), Interleukin-6 soluble receptor (IL-6sR),
and Chemokine ligand 2 (CCL2). The induction of cytokine secretion
was generally greater in tissues exposed to VEA vapor compared to PG:
VG (Fig. 5).

4. Discussion

E-cigarette users vary widely in how many puffs per day are taken,
making it difficult to decide upon a puffing regimen for in-vitro studies.
Previous studies investigating the puffing topography of e-cigarette
users reported daily puff amounts ranging from 150 to 360 puffs/day
(Etter and Bullen, 2014) (Kosmider et al., 2018) (Aherrera et al., 2020).
In this study we chose to expose ALI tissue cultures to 10 puffs/day for
durations ranging from two, four or five-weeks. This daily puffing
regimen is considerably lower compared to reported e-cigarette use
patterns, but we felt it was a reasonable starting point as ALI tissue
cultures lack immune cells to aid in resolving inflammatory exacerba-
tions. We observed measurable changes in ALI tissues after our 10 puffs/
day regimen, however future studies utilizing ALI tissues may wish to
increase the puffs/day regimen to increase the physiological responses
of tissues and approach daily dosages more akin to reported e-cigarette
usage patterns.

Regarding VEA, e-cigarette vapors generated from VEA recondense
into oil droplets when contacting the airway mucosal surface and these
droplets appear largely insoluble with airway mucous. Tissue cultures
respond to the VEA debris by expanding the goblet cell compartment,
perhaps to produce increased amounts of mucous to clear the excess
debris. A previous study in 2020 observed lipid-laden alveolar macro-
phages in the lungs of mice after exposure to VEA vapors for 3 h (Bhat
etal., 2020). We postulate that VEA droplets in the lung may be resistant
to mucociliary clearance due to insolubility in airway mucous, and users
of e-cigarettes containing VEA may accumulate VEA droplets in the lung
at a faster rate than they can be cleared by immune cells. Our antibody
arrays suggested that ALI tissues chronically exposed to VEA vapor
increased the secretion of certain immunogenic cytokines compared to
control tissues. The accumulation of VEA droplets in the lung would
likely exacerbate inflammatory pathways and contribute to pneumonia-
like symptoms observed in EVALI patients. We believe our experiments
with VEA support the clinical evidence uncovered by the CDC which
indicated VEA as a potential trigger of EVALI (Blount et al., 2020). In
summation, we postulate that e-cigarette vapors generated from vape-
liquid containing VEA may contribute to the pathogenesis of EVALI
through the accumulation of insoluble VEA droplets in the lung that
behave as physical debris and provoke inflammatory responses from
tissues.

We did not observe droplets or precipitates on the mucosal surface of
tissues after exposure to PG:VG vapor; we hypothesize that PG:VG-
vapors contain mucous-soluble compounds which enter the mucosal
layer upon contact with the mucosal surface. The process of vaping PG:
VG creates a multitude of toxic byproducts including aldehydes, alkynes,
and monoxides (El-Hellani et al., 2019) (Talih et al., 2017) (Kosmider
etal., 2014) (Gillman et al., 2016). Some of these chemical byproducts,
such as aldehydes, act as cross-linking agents which is possibly how they
may disrupt cellular homeostasis after entering the mucosal layer. The
tissues exposed to PG:VG vapors appeared structurally typical, yet we
observed histological evidence of reduced progenitor cell and multi-
ciliated cell populations. It is plausible that PG:VG vapor increased the
turnover rate of multiciliated cells via toxic crosslinking activity of
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Fig. 4. A: Manual progenitor cell quantifications from tissue sections using P63 stain to identify progenitor cells in tissues after being exposed to experimental e-
cigarette vapors 10 puffs a day for 2, 4 or 5-weeks. 2-week N=Ctrl:32, PGVG:20, VEA:36, 4-week N=Ctrl:30, PGVG:63, VEA:59, 5-week N=Ctrl:23, PGVG:16,
VEA:21. B: Manual multiciliated cell quantifications from tissue sections using FoxJ1 stain to identify progenitor cells in tissues after being exposed to experimental e-
cigarette vapors 10 puffs a day for 2, 4 or 5-weeks. ANOVA analysis and Unpaired t-test p-values: *0.0001, ****0.0046, *****0.0092. 2-week N=Ctrl:39, PGVG:21,
VEA:39, 4-week N=Ctrl:60, PGVG:61, VEA:39, 5-week N=Ctrl:24, PGVG:17, VEA:23. C: Representative images of stained tissues after 4-weeks of daily exposure to
PGVG vapor displaying decreases in both progenitor cell and multiciliated cell populations. P63 (progenitor cells), FoxJ1 (multiciliated cells), and merged with DAPI
(blue, nuclei). .N = Ctrl:39, PGVG:21, VEA:39, 4-week N=Ctrl:60, PGVG:61, VEA:39, 5-week N=Ctrl:24, PGVG:17, VEA:23. C: Representative images of stained
tissues after 4-weeks of daily exposure to PGVG vapor. Scale bars = 100 um. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

soluble compounds and the progenitor cell population is being reduced
from an increased demand to replenish the apical cell populations. The
reduction of multiciliated cells after chronic exposure to PG:VG vapors
suggests that e-cigarette users may be susceptible to the same types of
injury/repair cycles that lead to airway diseases such as COPD and

emphysema (Barnes, 2016) (Rigden et al., 2016) (Rock et al., 2010).
Ultimately the delineation of the acute and chronic effects of PG:VG
vapor on airway tissue homeostasis, repair, and immune response is a
public health concern as PG:VG is the most common solvent used in
nicotine-based e-cigarettes.



V.J. Manna et al.

Toxicology in Vitro 94 (2024) 105725

A 4-Weeks Daily Vaping - Cytokine Array
IL-6 IL-6sR CCL2 CCL15
20000 9000 - 20000 8500 —m
8000 ' * I
2 15000 { 8000 15000 ; — I
7 ok 7500
S [ |
£ 10000 { 7000 M 10000- 7000+
g 6500
a 5000 6000 5000- i
i 6000
0 1 1 1 5000 1 1 1 o 1 1 I 5500 1 1 1
d @ ¥ d © ¥ d O ¥ d O ¥
@ ¥ & @ ¥ & e ¥ & @ ¥ &
\Qp‘ L 3 \@é- L 3 \&o‘ L 3 \&é L N
N OF OF OF
B 5-Weeks Daily Vaping - Cytokine Array
IL-6 IL-6sR CCL2 CCL15
80000 70000 - 60000~ i 80000
f*_\ [ | .
2 60000 60000 { 60000 .
® { 50000 -
e I
£ 40000 { f 50000- . 40000
§ § 40000- {
o 200004 40000 § 20000
0 . T . 30000 T , ; 30000 . - - 0 T T T
O v d O v d O v & © (¥
& & ¥ & & ¥ & o ¥ & & ¥
) ) N) N)

Fig. 5. Chronic exposure to either PG:VG and VEA vapors for 4 (A) or 5 weeks (B) resulted in an increased secretion of immunomodulatory cytokines. Human
inflammation cytokine array was performed using 72-h conditioned media combined with mucosal washes. Each target was spotted in duplicate on the array,
chemiluminescent images were captured using an iBright imaging system and pixel intensity was measured using iBright analysis software. ANOVA analysis and

Unpaired t-test p-values: * < 0.05, ** < 0.03, *** < 0.006.

The observation of reduced cell populations proposes the question of
the amount and type of cell death the tissues are experiencing. E-ciga-
rette vapors have been reported to contain reactive oxygen species and
chemical cross-linkers which may overwhelm cells and trigger death via
apoptosis (El-Hellani et al., 2019) (Talih et al., 2017) (Kosmider et al.,
2014) (Gillman et al., 2016). Although e-cigarettes do not combust like
traditional cigarettes, the coils do produce heat to generate vapor. The
temperature of e-cigarette vapor will likely be contingent on the type of
coil and voltage/amperage used. It’s conceivable that chronic exposure
to superheated vapor triggers acute cell damage and necrosis. Future
studies should aim to delineate between apoptosis and necrosis medi-
ated cell-death via assays such as annexin-5 and propidium iodide
staining (Wallberg et al., 2016). The degree of oxidative stress caused by
vapor byproducts can be evaluated through cellular total/reduced
glutathione and mucosal markers such as 8-isoprostane (Wood et al.,

2005). What is unclear is the degree of variability of these tissue re-
sponses between commercial e-cigarettes. It is of interest to public
health to achieve a greater understanding of the mechanisms of cell
death from e-cigarette vapors.

Currently there is a paucity of research equipment designed to
operate e-cigarettes (Upadhyay and Palmberg, 2018). A few companies
offer experimental smoking machines designed for research into the
effects of smoking cigarettes. These machines are large pieces of labo-
ratory equipment that are expensive and difficult to adapt to vape-pens
and related electronic cigarettes. Our laboratory has developed a simple
device that can be manufactured with minimal costs and can remain in a
biological safety cabinet while still leaving surface area available for cell
culture, avoiding the need for a dedicated hood. Combining this device
with human airway mucociliary tissue cultures enhances the possibil-
ities for modeling the chronic consequences of e-cigarette usage and
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identifying vape-liquid constituents which alter vapor toxicity. The
findings from our in vitro study of e-cigarette vapors demonstrate the
feasibility of using our research device and ALI tissues for these types of
chronic airway inflammation and inhalation toxicity investigations.
Using a human-derived ALI-based in vitro assay system for investigation
into respiratory toxicity is an ethically sound alternative to laboratory
animals that may also minimize potential non-translatable findings due
to variations in the molecular pathways between humans and laboratory
animals. Delivering e-cigarette vapor at a dosage below the acute
destruction of tissue allows for the homeostatic maintenance of tissues in
a heightened state of stress, which may allow for the presentation of
tissue phenotypes which resemble alterations observed in human
chronic inflammatory airway diseases (Barnes, 2016) (Rigden et al.,
2016) (Rock et al., 2010). Our research device may prove to be a simple
and practical tool to leverage the assets of the ALI model system to
ethically expand the research design and feasibility of human respira-
tory disease and inhalation toxicology investigations while reducing
both the cost and space for associated studies.
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