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A B S T R A C T

Smoking is a cause of serious diseases in smokers including chronic respiratory diseases. This study aimed to
evaluate the tobacco harm reduction (THR) potential of an electronic vapor product (EVP, myblu™) compared
to a Kentucky Reference Cigarette (3R4F), and assessed endpoints related to chronic respiratory diseases.
Endpoints included: cytotoxicity, barrier integrity (TEER), cilia function, immunohistochemistry, and pro‐
inflammatory markers. In order to more closely represent the user exposure scenario, we have employed the
in vitro 3D organotypic model of human airway epithelium (MucilAir™, Epithelix) for respiratory assessment.
The model was repeatedly exposed to either whole aerosol of the EVP, or whole 3R4F smoke, at the air liquid
interface (ALI), for 4 weeks to either 30, 60 or 90 puffs on 3‐exposure‐per‐week basis. 3R4F smoke generation
used the ISO 20778:2018 regime and EVP aerosol used the ISO 20768:2018 vaping regime.
Exposure to undiluted whole EVP aerosol did not trigger any significant changes in the level of pro‐

inflammatory mediators, cilia beating function, barrier integrity and cytotoxicity when compared with air con-
trols. In contrast, exposure to diluted (1:17) whole cigarette smoke caused significant changes to all the end-
points mentioned above. To our knowledge, this is the first study evaluating the effects of repeated whole
cigarette smoke and whole EVP aerosol exposure to a 3D lung model at the ALI. Our results add to the growing
body of scientific literature supporting the THR potential of EVPs relative to combustible cigarettes and the
applicability of the 3D lung models in human‐relevant product risk assessments.
1. Introduction

Chronic respiratory diseases are diseases of the airways and other
lung structures (World Health Organization, 2020). Public health bod-
ies report that smoking is a cause of serious diseases in smokers
(National Center for Chronic Disease, 2014; World Health
Organization, 2020). There is scientific consensus that these detrimen-
tal effects of smoking cigarettes are due to the inhalation of toxicants
from tobacco combustion and not by nicotine (Institute of Medicine,
2001; Royal College of Physicians, 2016). For this reason, a growing
number of public health bodies and governments worldwide have indi-
cated that electronic vapor products (EVPs) are likely to have a major
role to play in tobacco harm reduction (THR) for adult smokers who
would otherwise continue to smoke. Public Health England estimate
that EVPs are at least 95% less harmful than combustible cigarettes
(McNeill, 2018, 2015). The best action adult smokers can take to
improve their health is to stop tobacco and nicotine use entirely.
Numerous public health bodies have encouraged adult cigarette
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smokers who are uninterested or unwilling to stop cigarette consump-
tion to transition to nicotine‐containing products that potentially pose
fewer health risks (McNeill, 2018, 2015). EVPs are battery powered
devices that deliver an aerosol to the user by heating an e‐liquid of
known chemical composition, which typically contains propylene gly-
col and/or glycerol and may contain nicotine and flavorings (Eaton
et al., 2018). EVPs do not contain or burn tobacco, therefore EVP aero-
sol contains substantially fewer and significantly lower levels of harm-
ful chemicals when compared to cigarettes (Rudd et al., 2020;
Margham et al., 2016; Kucharska et al., 2016). Recent clinical studies
have shown that adult smokers who have transitioned to EVPs, are
exposed to substantially fewer and significantly lower levels of car-
cinogens and toxicants found in cigarette smoke, with levels of
biomarkers of exposure largely indistinguishable from complete smok-
ing cessation or use of approved pharmaceutical nicotine replacement
products (O’Connell et al., 2016; Goniewicz et al., 2017; Shahab et al.,
2017).

The lungs are the primary route of exposure to inhaled compounds,
such as tobacco smoke, occupational chemicals, and air pollution. The
pseudostratified lung epithelium consists of four primary cell types.
These are ciliated cells (50–70%), mucus (MUC5AC and MUC5B) pro-
ducing goblet cells (25%), basal stem cells and Club cells (~11%), that
express club cell‐specific 10 kDa secretory proteins with both anti‐
inflammatory and immune‐modulating properties (Rayner et al.,
2019a). In situ, the ciliated cells beat in synchronicity and transport
mucus up the respiratory tract, where it is swallowed. This ‘mucocil-
iary escalator’ enables clearance in the human lungs and is the first line
of defense, to remove inhaled harmful/irritating compounds, patho-
gens, toxins, and moves non‐respirable particles away from the lung
surface (Rayner et al., 2019a). With this basic knowledge of the key
physiological processes, the functional measurements made in this
study focused on alterations to cilia beating, mucus production, histol-
ogy and cell–cell communication as recommended by the Institute for
In Vitro Sciences (IIVS) working group (Behrsing et al., 2016), to pick
up changes due to repeated EVP or smoke exposure for 28 days.

Physiologically relevant models of the human airway have been used
in many studies to assess the effects of airborne toxicants and the relative
safety and biological impact of inhalable products, such as EVP aerosols
and cigarette smoke (Iskandar et al., 2016, 2019; Murphy et al., 2017;
Cervena et al., 2018). These models have also been applied in human dis-
ease relevant research, including that into chronic obstructive pulmonary
disease (COPD), asthma and cystic fibrosis (Leclercq et al., 2016). The
model consists of primary human cells originated either from the nasal,
tracheal or bronchial region, and cultured at the ALI. The reconstructed
tissues contain basal cells, ciliated cells and goblet cells that mimic the
morphological characteristics of human lung epithelium. Additionally,
the model is physiologically relevant, with functional beating cilia, the
ability to produce mucus, tight junctions, metabolic competence
(CYP450s) and the ability to produce inflammatory mediators such as
cytokines, chemokines and metalloproteinases (Epithelix, 2020). These
characteristics offer many advantages for the in vitro evaluation of func-
tional and mechanistic responses in comparison to conventional 2D sub-
merged cell cultures (Shamir and Ewald, 2014). Organotypic respiratory
model combined with ALI exposure resembles a more clinically relevant
exposure setup. The distribution and deposition of the smoke/ aerosol
can also be mimicked more closely compared to the use of monolayer cell
cultures, where a bubbled smoke/ aerosol extract (in an aqueous med-
ium) is added into the culture medium or applied directly on to the cel-
lular surface (Pezzulo et al., 2011; Dvorak et al., 2011). Biologically
relevant features such as beating cilia and cell barrier functionality allow
a more physiologically relevant assessment of the effects of exposures on
overall tissue functioning, therefore contributing to the reduced need for
animal testing for such information (Kuehn et al., 2015).

Our previous work has shown that acute exposures of EVP aerosols
to a 3D organotypic bronchial tissue at the air liquid interface (ALI)
was not cytotoxic and did not result in tissue damage when compared
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to control conditions (Czekala, et al., 2019). The present study aimed
to evaluate the THR potential of EVPs compared to reference cigarettes
under the condition of repeated exposure to EVP aerosol or cigarette
smoke. Building upon our previous study, the range of endpoints
was extended to evaluate those particularly observed in COPD, along
with other chronic respiratory diseases. This study intended to deliver
sub‐cytotoxic concentrations of aerosol or smoke to the tissues on a
puff‐by‐puff basis to determine if any functional impairments could
be detected prior to the loss of the model function due to cytotoxicity.
The viability of the tissue model and levels of cytotoxicity were
assessed based on a range of functional cellular endpoints used by
other authors (Haswell et al., 2017; Iskandar et al., 2018;
Schamberger et al., 2015; Gagliardo et al., 2016) and recommended
following a series of workshops held by the IIVS (Behrsing et al.,
2016).
2. Materials and methods

2.1. 3D lung model

MucilAir™ (Epithelix Sàrl, Geneva, Switzerland) tissues were pro-
duced using primary cells from a pathology‐free, non‐smoker, 41‐
year‐old male Caucasian donor (Batch No. MD072001). It is a fully dif-
ferentiated 3D in vitro reconstituted upper airway human epithelium.
Prior to the start of the experiment, the tissues were acclimatized in
an incubator at standard culture conditions (37 °C; 5% CO2) for 7 days
according to manufacturer instructions. Additionally, to prevent
microbial contamination, standard manufacturer’s culture medium
(Epithelix Sàrl) was supplemented with 1% Amphotericin B (Sigma‐
Aldrich; A2942) (final concentration in medium 2.5 µg/ml).

2.2. Test products

The test products were a commercially available EVP (manufac-
tured by Fontem Ventures, the Netherlands) and the 3R4F Kentucky
Reference Cigarette (University of Kentucky, Centre for Tobacco Refer-
ence Products, Lexington, KY). Commercial EVPs from the brand
myblu™ contained 1.6% [w/w] (equivalent to 18 mg/ml [w/v]) nico-
tine; tobacco flavor and were obtained from the UK market at the time
of the study (flavor bulk liquid code V‐FL0170). The myblu device is a
rechargeable closed pod system: The rechargeable battery has a capac-
ity of 350 mAh and the pod has a 1.5 mL liquid volume and 1.3 Ω coil
resistance. The myblu device and e‐liquid combination delivers
approximately 85 µg nicotine per puff, and a device mass loss of
approximately 7.7 mg per puff (Rudd et al., 2020). The comparator
cigarette was the Kentucky 3R4F Reference Cigarette (USB tobacco
blend with cellulose acetate filter, particulate matter 11 mg/cig, tar
9.4 mg/cig, nicotine 0.73 mg/cig) (lot number V351X61B5).

3R4F cigarettes were stored in an air‐tight container at 4 °C until
use. The cigarette container was acclimatized to room temperature
for 15 min before opening. The cigarettes were then conditioned for
at least 48 h in a humidified chamber following the International Orga-
nization for Standardization (ISO) 3402 guideline (ISO, 1999). The
EVPs were stored at room temperature and the batteries were fully
charged before use.

2.3. Smoke and aerosol generation

Fresh, whole smoke/aerosol was generated as detailed in Table 1,
using a bespoke 5‐port smoking machine, ‘Smoke Aerosol Exposure
In Vitro System’ (SAEIVS) (Burghart Tabaktechnik, Wedel, Germany),
which consists of the exposure device, smoking chambers and smoke
‘distributers’ (Rudd et al., 2020; Wieczorek et al., 2020). The smoking
atmosphere was generated using 3 cigarettes at a time with 10 puffs
from each cigarette. The smoke from all parallel puffs, on a per puff



Table 1
Summary of the smoking and vaping regimes used for the reference cigarettes and myblu product.

Test Product Smoking and Vaping Standards Puff Volume (ml) Puff Duration (s) Puff Interval (s) Ventilation Blocking Puff Profile

3R4F Reference Cigarette ISO 20778:2018 (ISO, 2018a) 55 2 30 Yes Bell
myblu EVP ISO 20768:2018 (ISO, 2018b) 55 3 30 N/A Square
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basis, were mixed in a mixing pump and diluted with filtered air to
achieve the final homogenous concentration. Each 10‐puff run was
repeated 3 times to achieve the 30‐puff dose (lowest reference cigar-
ette dose in the study) with a total of 9 reference cigarettes. The 60‐
puff dose was achieved with mixing of 18 reference cigarettes and
90‐puff dose with 27 cigarettes respectively. For the EVP it was con-
ducted in a similar manner to minimize the possible variation between
the devices. Three devices were used to deliver 30/60/90 puffs each,
which were then mixed in a mixing pump, without the air dilution,
and delivered to the 24 multi‐well plate (MWP) as a dose of
30/60/90 homogenous puffs. The maximum achievable number of
puffs from the EVP used in the study is up to 240 puffs, therefore using
90 puffs, a dry puffing scenario is very unlikely. For further details on
the SAEIVS smoking robot operations please see Wieczorek et al.
(2020). Cigarette smoke was diluted with filtered humidified air
1:17 times, whilst EVP aerosol was exposed to the cells undiluted.

2.4. Smoke and aerosol exposure

The tissues were repeatedly exposed (3 times per week) at the ALI
for 28 days to 30, 60 or 90 puffs of EVP aerosol (undiluted), cigarette
smoke (1:17 smoke: air dilution) or filtered humidified air (air control,
3 repeats) (see Fig. 1). Inserts were tested in triplicate. The puff doses
were chosen based on a preliminary study with cells exposed on mul-
tiple occasions. Based on cytotoxicity in a previous study (not shown)
it was believed that 90‐puffs was the highest dose of 3R4F, diluted
Fig. 1. Schematic diagram of the experimental design, depicting which experiment
time of exposure) to 28. * T19, Immunohistochemistry was carried out only for ti
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1:17 in filtered air that could be sustained for 28 days. The 30 and
60 puffs were lower fractions of the highest dose. Following test article
exposure, tissues were incubated for 2 days (weekday) or over the
weekend under standard culture conditions before the next exposure.

2.5. Nicotine dosimetry

To confirm efficient delivery of cigarette smoke or EVP aerosol to
the exposure chambers, nicotine deposition was quantified using a
blank well in the MWP containing phosphate buffered saline (PBS).
The nicotine deposition was conducted on two separate 24 MWPs with
4 repeats (wells) per plate and the individual values are a mean of 8
repeats per puff dose (Fig. 2). Nicotine was quantified using an AB
Sciex API 6500 (Q‐Trap) with an Agilent (1290 Infinity) HPLC system
(Agilent LC Systems). The Electrospray Ionization and multiple reac-
tion monitoring in positive ion mode was used. The quantification
was performed with an external calibration of nicotine (concentration
range 2.5–100 ng/ml).

2.6. Cytotoxicity assay

To assess the cytotoxicity of cigarette smoke or EVP aerosol on the
3D lung model, basal culture medium was collected before every expo-
sure and lactate dehydrogenase (LDH) level was quantified (see
Fig. 1). In brief, LDH levels in the medium were quantified using the
CytoTox 96® assay (Promega, # G1780) according to the manufac-
al steps was carried on each specific test day (T) from day −5 (before the first
ssues exposed to IL- 13.



Fig. 2. Mean concentration of whole smoke and myblu aerosol nicotine
delivery to the exposure chambers by quantification of nicotine in blank well
MWP containing PBS. The individual values are a mean of 8 repeats per puff
dose. Mean values for concentration are plotted above the corresponding bar.
Key to significance. **** p ≤ 0.0001. Error bars are the standard deviation.
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turer’s recommendations. Visible wavelength absorbance data at
490 nm were collected using a standard 96‐well plate reader (Sunrise™
Reader, TECAN) and raw absorbance data were recorded
automatically.

Relative cytotoxicity was determined using the following equation:

Percent cytotoxicity ¼
Experimental LDH release to basal culture medium ðOD 490 nmÞ
Total LDH release to basal medium ðHuOlm lysis; OD 490 nmÞ � 100

Eq. (1) Cytotoxicity calculation from the LDH quantification
where: LDH ‐ lactate dehydrogenase; HuOlm –human organotypic

lung model
2.6.1. Pro-Inflammatory markers quantification
The quantitative analysis of the pro‐inflammatory markers (Tumor

necrosis factor alpha (TNF‐α), matrix metalloproteinases (MMPs) 1; 3;
9 and interleukin (IL)‐1β; 6; 8) secreted into the basal medium was per-
formed in sub‐samples collected from each well prior to each exposure
and were stored at −80 °C until thawed (once) for further analysis.
Assessment of pro‐inflammatory markers was performed with MSD®

Multi‐Spot Assay System MESO Scale QuickPlex™ (MSD Maryland,
Rockville USA) on custom made plates (MSD) according to the manu-
facturer’s recommendations (Meso Scale Discovery®).
2.7. Immunohistochemistry analysis and quantification

2.7.1. Tissue preparations
A dedicated set of three tissues were exposed to interleukin 13 (IL‐

13) (10 ng/ml) on six alternative days to induce goblet cell hyperplasia
(Fig. 1) (Evans et al., 2015). A single tissue from each smoke or aerosol
treatment group was harvested for immunohistochemical staining at
test day T28. Tissues were fixed in 10% neutral buffered formalin
for 30 min. The membrane which the tissue sits on in the insert were
removed with a scalpel. The tissue disc was laid flat on a cutting plate,
with cells facing upwards, then cut from the center into two half discs
with a scalpel. Dehydration (with ethanol, 70%) and paraffin‐
embedding of the tissue discs were processed in the PELORIS Rapid
Tissue Processor (Leica Biosystem) following a 1 h protocol. Slides
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were prepared from formalin‐fixed and paraffin‐embedded tissues; sec-
tioned at a thickness of 3 μm.

2.7.2. Immunohistochemistry staining
The tissue sections were first rehydrated. After they were incubated

in alcian blue at room temperature for 40 min. After 3 washes in PBS,
the sections were counter‐stained with hematoxylin & eosin (H&E) for
15 min at room temperature. Mucin‐5AC‐Protein (MUC5AC) (Ther-
mofisher; MA5‐12178; 1/800; 1 h) and forkhead box transcription fac-
tor (FOX‐J1) (Novus BIO; NBP1‐87928; 2 µg/mL; 1 h) staining were
performed using a Benchmark robot (Ventana‐Roche) with the kit
Ultraview DAB for revelation. The tissue sections were treated with
CC1 buffer (Tris/EDTA, pH 8.4) at 95 °C (30 mins) prior to primary
antibody incubation (1 hr). Stained slides were imaged using an Olym-
pus VS120 Virtual Slide microscope (Olympus, Tokyo, Japan).

2.7.3. Quantification
All staining quantifications were performed using the program

Image Pro Plus from Media Cybernetics (version 6.2). The results were
shown as percentage of specific staining.

2.8. Cilia beat frequency and active area

Cilia activity was measured prior to exposure to smoke or aerosol
(Fig. 1). The tissues were acclimated 20 min before and during the
measurement at 37 °C in ibidi Heating System for MWP (ibidi GmbH,
Martinsried, Germany). Cilia beat frequency (CBF) and cilia active
area (CAA) were recorded under the microscope (4x; Olympus
IX53P1F inverted; Olympus, Tokyo, Japan) and analyzed using
Sisson‐Ammons Video Analysis software. The captured image was
divided into 2 blocks, each block was analyzed using the same routine
analysis. Each video was recorded at 200 frames per second with a
total of 1024 frames per video. The results of the analysis were dis-
played in two intensity graphs, one for frequency and one for beat
amplitude. This was done in two core steps: the first was to extract
the pixel intensities of a region of interest over time and the second
to use this data for fast Fourier transformation. Additionally, noise
reduction was performed by using a Gaussian distribution.

A positive control, procaterol hydrochloride (Sigma‐Aldrich,
10 μM) was added to the basolateral culture media of a dedicated
set of three tissues to show an increase in CBF. The tissues were rested
on the microscope stage for 15 min to achieve equilibrium of CBF
before measurements were taken. Procaterol was removed after an
hour.

2.9. Transepithelial electrical resistance measurements

The 3D lung model tissue’s barrier integrity and tight junctions
were assessed by measuring the transepithelial electrical resistance
(TEER) using an EVOM2 Epithelial Volt/Ohm Meter in combination
with the ENDOHM‐6 electrode (World Precision Instruments, Sarasota,
FL, USA). Prior to TEER measurement, each tissue surface was rinsed
with PBS to remove mucus layer (according to the tissue manufacturer
protocol). Background readings of Dulbecco's phosphate‐buffered sal-
ine (DPBS) containing Ca2+ and Mg2+ (Sigma‐Aldrich, Germany)
were taken and subtracted from each subsequent resistance value.
TEER measurements were conducted according to the manufacturer’s
protocol, using DPBS. These corrected values were then multiplied
by the surface area of the tissue insert (0.33 cm2); mean ohms*cm
for each treatment group was then calculated. The tissues were classi-
fied as having intact barrier function if their TEER values were equal to
or greater than 2000 ohms/cm; as per the 3D tissue manufacturer’s
guidance. In addition, the mean percentage TEER change value over
time was calculated for both controls and aerosol/smoke treatment
groups.
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2.10. Data and statistical analysis

All data and statistical analyses were conducted using Microsoft
Excel and GraphPad Prism (Version 8.1.1). Statistically significant dif-
ferences were calculated using one‐way analysis of variance (ANOVA)
with the appropriate post‐hoc tests (Bonferroni's or Dunnett’s post‐hoc
test). A difference was considered statistically significant with a p‐
value ≤ 0.05.

Pro‐inflammatory marker assessment and comparative analysis was
performed using the R version 3.5.1 with “dplyr” package for data
ranking. The “stat” package was used for statistical testing and p‐
value adjustment, and the “ggplot2” package for graphical representa-
tion of the data. For a proper selection of differentially expressed
inflammatory mediators, a statistical model based on t‐test using a
false discovery rate correction (Benjamini and Hochberg, 1995; R
Core Team, 2018) was applied. The purpose of the correction is to con-
trol the risk of false positive results when multiple T tests are tested
simultaneously. The level of statistical significance is expressed as
the adjusted p‐value between 0 and 1. The smaller the p‐value, the
stronger the evidence that you should reject the null hypothesis that
there is no difference in protein expression between the exposed cul-
tures and the control for given treatment conditions. The adjusted p‐
value was compared to a threshold of 5%, and if the adjusted p‐
value was lower than 5% the difference of expression was considered
as significant.
3. Results

3.1. Nicotine dosimetry

The total mean concentration of nicotine delivered per treatment
dose is shown in Fig. 2. The concentration is an average of 8 repeats.
The 30 puffs of 1:17 diluted 3R4F smoke delivered on average 3.09 µg
of nicotine per ml of trapping media (PBS), which is approximately 7
times lower than corresponding 30 puffs of undiluted myblu aerosol
(22.84 µg/ml). The mean concentration of nicotine delivered for both
3R4F and myblu increased consistently with increasing puff dose.

3.2. Cytotoxicity assessment of smoke or aerosol exposed to 3D lung models

LDH levels in the basal culture medium were quantified and the
percent cytotoxicity relative to the air control was calculated using
Equation 1. The maximum percentage cytotoxicity of myblu aerosol
did not exceed 2% (Fig. 3B). Compared to air control, the percentage
cytotoxicity was not significantly different. Exposure to the sub‐
cytotoxic dose of 30 puffs of 3R4F smoke did not induce a significant
Fig. 3. The 3R4F smoke and the myblu aerosol cytotoxicity assessment quantifying
to significance. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005, **** p ≤ 0.0001. N = 3 p

103
difference in percentage cytotoxicity versus air controls. For the 60
puff 3R4F dose, a statistically significant difference in percentage cyto-
toxicity was observed on T26 (7%; p ≤ 0.05) and T28 (12%;
p ≤ 0.005). For the highest 90 puff 3R4F dose a statistically significant
difference in the cytotoxicity levels was noted earlier in the assay time-
frame, from T14 to 16 (p ≤ 0.01), and from T19 (p ≤ 0.0001) onwards
a steep increase in the relative cytotoxicity levels was observed
(Fig. 3A).

3.3. Analysis of pro-inflammatory markers secreted by the 3D lung model

The cytokine concentration in the basal medium of each treatment
group was expressed as normalized mean fold change over the air con-
trol treatment. For the comparison of the changes in pro‐inflammatory
mediators compared to the air control values, an inflammatory mark-
ers heat‐map was generated to visualize the key differences between
tested groups (Fig. 4). To determine differentially expressed inflamma-
tory mediators, a statistical model based on t‐test using a false discov-
ery rate correction was applied. Analysis of pro‐inflammatory markers
from T23‐28 were excluded for 90 puffs of 3R4F only. This is due to
significantly high levels of cytotoxicity compared to air control after
T21 (p ≤ 0.0001, See Fig. 3), and TEER measurements at T23 and after
(Fig. 9) suggests the tissue model was no longer viable.

3.3.1. TNF-α
TNF‐α is a potent pro‐inflammatory cytokine (Horiuchi et al.,

2010). Repeated exposure to different puff doses of myblu aerosols
did not induce elevated TNF‐α secretion from the 3D lung models
under the conditions of the test. The levels of TNF‐α in the culture
medium were of similar levels to air control exposure, with no statis-
tically significant difference throughout the course of the study
(Fig. 5E). The highest fold change observed was on T26 for 90 puffs
dose (3‐fold change compared to air); however, this level of change
was not significant when compared to air control. Exposure to a sub‐
cytotoxic level of 3R4F smoke (30 puffs/exposure) did not cause the
3D lung tissues to significantly increase secretion of TNF‐α throughout
the entire 28‐day exposure. By contrast, 60 and 90 puff doses of 3R4F
smoke caused a significant increase in TNF‐α at T2 and levels contin-
ued to be significantly higher than control throughout the study (ad-
justed p < 5%) (Fig. 5A).

3.3.2. MMPs
Repeated exposure to different puff doses of myblu aerosols did not

induce the 3D lung model to elevate MMPs (MMP‐1, 3 & 9) secretion
under the experimental conditions. The levels of MMPs in the culture
medium were of similar levels to air control, with no statistically sig-
LDH levels at different time points in the culture medium over the 28 days. Key
er time point. Error bars are the standard error of the mean.



Fig. 4. Heat-maps of the differences in expression of inflammatory markers, calculated using the difference between log intensity of the test product and the
control (log fold change). A total of six heat-maps are plotted, corresponding to three treatment conditions (30, 60 & 90 puffs) with diluted 3R4F reference
cigarette smoke or undiluted myblu aerosol. Analysis of pro-inflammatory markers from T23-28 were excluded for 90 puffs of 3R4F smoke, due to significantly
high levels of cytotoxicity. Each map represents the log-ratio of the seven inflammatory mediators (y-axis) measured over a period of 28 days (x-axis). The color
represents the change in expression of the inflammatory mediator compared to control. Expression level is plotted according to a continuous color scale, indicated
in the ‘Color key’, provided at the right of the figure. Red-scale color represents an inflammatory mediator over-expression, whilst blue-scale color represents an
inflammatory mediator under-expression relative to the air control. White color corresponds to a log fold change equal to zero, i.e., no difference in expression
observed between the control and the product assessed. The significance threshold in the statistical test was adjusted to 5% (p-value < 0.05), and significant
responses are indicated by ‘+’. Note that the MMP-3 at T0 is deemed significantly different from air control, this is due to the very low in-treatment group
variability, where even a small change was deemed significant. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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nificant differences throughout the course of the study (Fig. 5F–H).
The fold change never exceeded 4‐fold over the 28 days and the level
of change was not significant when compared to air control. Exposure
to 30 puffs of 3R4F smoke did not significantly elevate the secretion of
MMPs throughout the 28 days of exposure. On the other hand, 60 puffs
doses of 3R4F smoke caused significant increases in MMP‐3 and MMP‐
1 secretion (adjusted p < 5%) (Fig. 5C & D). The 90 puffs dose caused
all three of the MMPs quantified in this experiment to significantly
increase, although the 90‐puff dose was not sustainable for the dura-
tion of the study. MMP‐1 levels showed the largest fold change, peak-
ing at approximately 63‐fold. The largest fold change observed for
MMP‐3 and MMP‐9 were 26 and 14 respectively.
3.3.3. Interleukins
Different puff doses of myblu aerosols did not induce the 3D lung

model to elevate secretion of selected interleukins (IL‐1β, IL‐6, IL‐8)
under the test conditions. The levels of interleukins in the culture med-
ium were of similar levels to air control, with no statistically signifi-
cant differences throughout the course of the study (Fig. 6D–F).
Exposure to 30 puffs of 3R4F smoke did not significantly elevate the
secretion of interleukins. The 60 puff doses of 3R4F smoke caused a
significant increase in IL‐1β (T5‐T9, T21‐T28) and IL‐8 (T7 & T9 only)
(adjusted p < 5%) (Fig. 6A & C). The 90 puffs dose caused all the
interleukins quantified in this experiment to significantly increase.
IL‐8 showed the largest fold change followed by IL‐1β, then IL‐6 (T2
and T21 only).
3.4. Immunohistochemistry

3.4.1. Tissue morphology
The tissue morphology was assessed by alcian blue and H&E stain-

ing at the end of the 28‐day exposure. Normal 3D lung model tissue is
pseudostratified, with the presence of cilia on the apical surface
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(Fig. 7.1G). Exposure to myblu aerosol did not cause any visible reduc-
tion in tissue thickness or cilia appearance when compared to the air
control (Fig. 7.1D‐F). By contrast, a reduction in epithelial thickness
and the number of visible cilia was prominent in tissues exposed to
3R4F smoke. As the 3R4F puff dose increased, the columnar shaped
cells lost its structure and appeared more squamous‐like, therefore
reducing the thickness of the tissue (Fig. 7.1C), indicating a clear dose
response to the treatment.
3.4.2. Ciliated cells quantification
An abundant number of ciliated cells were present after exposure to

different puff quantities of myblu aerosols. FOX‐J1 stains the nucleus
of ciliated cells, 53% of the cells in air‐controlled tissues were ciliated;
tissues exposed to myblu aerosols contained very similar percentages
of ciliated cells (30 puffs: 53%; 60 puffs: 55%; 90 puffs: 51%). A dose
dependent decrease in the percentage of ciliated cells was observed for
the 3R4F smoke exposed group. As shown in Fig. 7.1, where the tissues
were stained with alcian blue and H&E, no visible cilia were observed
on the tissue surfaces exposed to 60 and 90 puffs of 3R4F smoke. FOX‐
J1 staining reflected this observation (Fig. 7.2A‐C). After 28 days of
repeated exposure to 30 puffs of 3R4F smoke, 50% of cells were cili-
ated. Exposure to 60 puffs showed a dramatic decrease in FOX‐J1
staining (6.9%), and quantification was unable to be performed in
the tissues exposed to 90 puffs, as they were severely damaged, with
only a few basal cells remaining.
3.4.3. Mucin secretion
IL‐13 induces hyperplasia of the epithelium and mucous hyper-

secretion. Repeated addition of IL‐13 to the 3D lung model caused
the tissue to thicken due to the accumulation of mucin and cell prolif-
eration. Non‐specific mucin (stained with alcian blue) and MUC5AC
secretion were both elevated as reflected by intensive staining in
Fig. 7.1H & 3H.



Fig. 5. TNF-α, MMP-9, MMP-3, and MMP-1 levels in culture media over 28 days during which repeated exposures of whole aerosol/smoke (1:17 dilution) /
humidified air were applied. Analysis of pro-inflammatory markers from T23-28 were excluded for 90 puffs of 3R4F smoke, due to significantly high levels of
cytotoxicity. Levels are expressed as fold change compared to air control response. Note the y-axis scale differences between 3R4F and myblu graphs. Key to
significance. +, indicates a significant difference where the adjusted p < 0.05. Error bars are the standard error of the mean.
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Fig. 6. IL-1β, IL-6 and IL-8 levels in culture media over 28 days during which repeated exposures of whole aerosol/smoke (1:17 dilution)/humidified air were
applied. Analysis of pro-inflammatory markers from T23-28 were excluded for 90 puffs of 3R4F smoke, due to significantly high levels of cytotoxicity. Levels are
expressed as fold change compared to air control response. Note the y-axis scale differences between 3R4F and myblu graphs. Key to significance. +, indicates a
significant difference where the adjusted p < 0.05. Error bars are the standard error of the mean.
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Based upon the alcian blue staining, exposure to humidified air
(3.7%) and different doses of myblu aerosols showed relatively similar
staining intensities (30 puffs: 3.3%; 60 puffs: 5.1%; 90 puffs: 4.0%).
However, tissues exposed to 3R4F smoke presented very low alcian
blue staining, this may be due to severe tissue disruption, leading to
loss of secretory cells and in general there is less tissue material to
quantify.
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MUC5AC is secreted from goblet cells and often used as a maker for
goblet cell hyperplasia (Song et al., 2007). Compared with air (0.36%),
exposure to myblu aerosol caused a small increase in MUC5AC secre-
tion as the puff dose increased (30 puffs: 0.46%; 60 puffs: 0.51%; 90
puffs: 0.66%). Exposure to the 30 puffs dose of 3R4F smoke also
induced a small increase in MUC5AC secretion compared to air, how-
ever at the 60 and 90 puffs doses, the secretion did not increase which



Fig. 7. Representative immunohistochemistry images (alcian blue + H&E, MUC-5AC and FOX-J1) of 3D lung models after 28 days of repeated exposure to 30, 60
or 90 puffs of myblu aerosol (undiluted), 3R4F cigarette smoke (dilution 1:17 smoke: air) or negative control (90 puffs of humidified filtered air). Tissues exposed
to IL-13 was evaluated at T19. �x in table (Quantified staining average). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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was likely caused by the loss of goblet cells and tissue matter, leaving
only basal cells as seen in the histology sections for 60 and 90 puffs.

3.5. Functional assessment of cilia

3.5.1. Cilia beat frequency
The 3D lung models were exposed to myblu aerosol or cigarette

smoke on T0. The CBF fold change for 30 puffs of myblu aerosol at
T2 (0.95) was deemed statistically significant different (p ≤ 0.05) ver-
sus air control. However, this fold change was the same as T6, yet it
was not significant, it should be noted that there was variability within
the air control treated models that contribute to this observation.
Overall, CBF was not significantly altered after repeated exposure to
myblu aerosol over the course of the study (Fig. 8C).

By contrast CBF was significantly affected by exposure to different
puff doses of 3R4F smoke (Fig. 8A). After the second exposure, a
decline in CBF was observed for all 3R4F smoke treated groups. At
sub‐cytotoxic exposures (30 puffs) significant inhibition of CBF was
observed from T6 (p ≤ 0.01), followed by a larger decrease in CBF
after T20 (p ≤ 0.0001) resulting in a decrease of 0.57‐fold relative to
the air control at the end of the experiment at T28. The 60 puffs dose
caused a significant reduction in CBF at T3 (p ≤ 0.005), a steep decline
at T13 (p ≤ 0.0001), followed by the complete loss of beating cilia
after T22. Repeated exposure to 90 puffs of 3R4F smoke caused a dras-
tic decline in the CBF at T6 (p ≤ 0.0001), with a complete loss of CBF
signal by T9.

3.5.2. Cilia active area
Exposure to myblu aerosol caused CAA measurements to initially

decrease. At T6, the decline was statistically significantly different
verses air control (30 puffs: p ≤ 0.05; 60 puffs: p ≤ 0.01; 90 puffs:
p ≤ 0.005). After T6, CAA measurements reverted to similar values
as air control baseline for 30 and 60 puffs dose until the end of the
study. The 90 puffs dose followed a similar trend until T16 where
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the CAA fold change begins to drop, at the last evaluation point T28
a fold change of 0.72 (p ≤ 0.05).

The repeated exposure to 3R4F cigarette smoke resulted in a steep,
statistically significant decrease in CAA (Fig. 8B), indicating severe
damage to the cilia. Measurements taken at T2 showed a single expo-
sure to 30 puffs of cigarette smoke, followed by 2 days recovery did
not reduce CAA. Both measurements at T0 and T2 showed a fold
change of 0.89 vs air control. A further two exposures caused the fold
change to drop to 0.48 at T6 (45% reduction, p ≤ 0.0001). By T20, the
fold change was close to 0. A single exposure to 60 and 90 puffs of
cigarette smoke caused CAA to decline by 50% and 100% at T2 respec-
tively (p ≤ 0.0001).
3.6. Assessment of barrier integrity

Barrier integrity of the 3D lung model was assessed by measuring
TEER. The values from each exposure condition are expressed as fold
change compared to the air controls (Fig. 9). Based upon this, exposure
to myblu aerosols at all dose levels did not disrupt the barrier integrity
of the 3D lung model. As shown in Fig. 7.1D‐F, the tissues were intact,
and no visible damage was observed. Throughout the study, the TEER
values were similar to the air control, and no statistically significant
difference was found (Fig. 9B). Tissues exposed to 30 puffs of 3R4F
smoke, which is a sub‐cytotoxic concentration, did not induce any sig-
nificant fold change in TEER over the 28‐day study. A significant drop
in TEER values was recorded in tissues exposed to 60 puffs of 3R4F
smoke on T16 (p ≤ 0.01) (Fig. 9A). However, measurements taken
at T23 and T28 (see Fig. 9) showed that the TEER values had recov-
ered back to air control baseline values. Fig. 9A shows that by T23,
90 puffs per exposure dose of 3R4F smoke caused a drastic decline
in TEER compared to air control (p ≤ 0.0001), reaching a 0.87‐fold
decrease in TEER at this timepoint due to excessive cytotoxicity
(Fig. 3). Further cross comparison with histological images showed



Fig. 8. Fold change of CBF and CAA over time (T0 - T28) following repeated exposures to 30, 60 or 90 puffs of 3R4F smoke (A &B) and myblu aerosol (C & D)
compared to matching air controls. Key to significance. Key to significance. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005, **** p ≤ 0.0001. Error bars are the standard
error of the mean. Analysis of CBF and CAA were excluded for 90 puffs of 3R4F smoke from T23-28 due to significantly high levels of cytotoxicity (see Fig. 3).

Fig. 9. Fold change of 3D lung TEER value over time (T0 - T28) following repeated exposures to 30, 60 or 90 puffs of 3R4F smoke (A) and myblu aerosol (B)
compared to matching air controls. Key to significance. ** p ≤ 0.01; **** p ≤ 0.0001. Error bars are the standard error of the mean. To note, significantly high
levels of cytotoxicity for the 90 puffs of 3R4F smoke was observed from T23-28 (see Fig. 3).
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that the tissue structure was severely disrupted, with only a few basal
cells remaining on T28 (Fig. 7.1A).
4. Discussion

This study built upon on our previous work, which acutely exposed
a respiratory epithelial model to aerosols of EVPs and combustible
cigarette smoke and demonstrated that acute exposure to EVP aerosol
resulted in no significant in vitro toxicity in any of the measured end-
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points compared to air controls (Czekala, et al., 2019). In contrast to
the previous study, which focused on the acute exposure period, the
present study repeatedly exposed the 3D lung model over 28 days
(3 days a week) to whole myblu aerosol or diluted cigarette (3R4F)
smoke and employed a multi‐endpoint approach to assess the biologi-
cal impact following exposure at various time points. The focus was on
selected endpoints related to the outcomes of the IIVS working group
on functional and biological endpoints, including ciliary beating fre-
quency, mucus production, and goblet cell hyperplasia identified by
multi‐laboratory studies (Behrsing et al., 2016). The aim was to assess
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the relative THR potential of EVPs when compared to cigarette smoke
over an extended period (28 days).

4.1. Dosimetry

To determine effective delivery of aerosol or smoke to the cellular
surface of the 3D lung model, the nicotine delivery in smoke/aerosol
in the SAEIVS system was quantified from blank wells of MWP filled
with PBS. Nicotine is often used as a marker of smoke/aerosol deliv-
ery, and this method of quantification assumes that the other compo-
nents of the smoke/aerosol are delivered in the same ratios as nicotine
(Bishop et al., 2019). The individual puffs were distributed evenly over
24 MWPs each containing an insert with 3D organotypic lung models,
with an insert surface area of 0.33 cm2. The exposure, in terms of
dosage per unit surface area is likely to be considerably higher than
that seen in humans with a predicted tracheal and bronchial surface
area of approximately 2,471 ± 320 cm2 (Mercer et al., 1994). Based
on preliminary study (data not shown) and previous work (Czekala,
et al., 2019), the 3R4F cigarette smoke was diluted with filtered
humidified air at 1:17 ratio to obtain sub‐cytotoxic concentrations,
which allows the observation of biologically relevant changes to the
tissue model without the influence of severe cytotoxic responses.
The lowest, 30‐puff dose of diluted 3R4F smoke (which delivered on
average 3.09 µg/ml of nicotine) was the sub‐cytotoxic concentration,
exposure to this dose did not increase LDH secretion or pro‐
inflammatory markers, barrier integrity was not disrupted, however,
ciliary functions (CBF & CAA) were significantly reduced compared
to the air control, and a visible reduction of thickness of the 3D lung
model was observed at the end of the study period. Repeated myblu
aerosol exposure, despite a lack of the dilution step, and even at the
highest dose evaluated, did not induce any major statistically signifi-
cant perturbations to the cellular function measured in this work, even
with the notable higher delivery of nicotine (see Fig. 2). Consistent
with the scientific literature, these results suggest that the toxicity of
cigarette smoke is not solely linked to the presence or concentration
of nicotine but due to the by‐products of tobacco combustion
(Institute of Medicine, 2001; Levitz et al., 2004; Royal College of
Physicians, 2012).

4.2. Cytotoxicity assessment

Various methodologies for in vitro cytotoxicity determination in 3D
lung models have been reported in the literature (Elson, 2015;
Iskandar, 2017; Neilson, 2015; Czekala et al., 2019). In general, cyto-
toxicity assays are colorimetric and fluorometric‐based and can either
be destructive (e.g., MTT assay) or non‐destructive (e.g., LDH assay).
The LDH assay was selected for our study as it enables the continued
use of the tissue for repeat exposure (Nachlas et al., 1960).

Whole cigarette smoke at 1L/minute dilution rate, as previously
shown in a single, acute exposure scenario, can lead to complete tissue
disruption (Czekala, et al., 2019). In the current study, the 30 puffs of
3R4F (1:17 dilution) dose group cytotoxicity levels did not differ from
the air controls throughout the course of the experiment. The lowest
doses of 3R4F were sub‐cytotoxic to allow for functional impairments
to be detected prior to the loss of the model structure. However, the 90
puffs dose triggered severe cytotoxicity from T19 onwards, leading to
a complete tissue disruption towards the end of the study. Similar
results were also reported by Ito et al. (2020), where the 3D lung
model was exposed to cigarette smoke total particulate matter
(TPM) for up to 40 days. A significant increase in cytotoxicity was
observed from day 22 until study termination (day 40) (Ito et al.,
2020). In the present study, marked cytotoxicity was observed 3 days
earlier than in the study by Ito et al.; however, here the tissue models
were exposed to whole cigarette smoke rather than the TPM fraction
only, which may have played a role in triggering an earlier response.
In contrast, even the highest 90 puff dose of EVP aerosol did not
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impact the tissue viability in this (sub‐acute) repeated exposure study
under the conditions of test. To our knowledge, this is the first study
which has evaluated the effects of repeated whole cigarette smoke
and whole EVP aerosol exposure on the 3D lung model, and therefore
a direct comparison to available literature is not possible. In an acute
exposure scenario, EVP exposures have been shown to be significantly
less cytotoxic than the reference or commercial cigarette in the 3D
lung model (Bishop et al., 2019).

4.3. Molecular responses

4.3.1. Pro-Inflammatory markers
Long term exposure to noxious agents or inhaling cigarette smoke

exacerbates chronic inflammation in the lungs (Aghapour, 2018;
Brusselle et al., 2011; Devine, 2008). Oxidative stress induced by
cigarette smoke amplifies airway inflammation, disrupts junctions
between epithelial cells, induces mucus hypersecretion and causes cil-
iary malfunction (Aghapour, 2018; Brusselle et al., 2011). Imbalance
of proteinases and anti‐proteinases drives airway tissue remodeling
and alveolar tissue destruction (Brusselle et al., 2011). The innate
immune system has been shown to play a key role in the pathogenesis
of COPD (Brandsma et al., 2020). To quantify pro‐inflammatory medi-
ators secreted by the 3D lung model in response to repeated exposure
of 3R4F smoke or myblu aerosol, an analysis of the collected basolat-
eral media was performed. Data for pro‐inflammatory markers from
90 puff 3R4F, from T23 onwards, were excluded due to overtly high
cytotoxicity and lack of model viability.

4.3.2. TNF-α
TNF‐α is a pleiotropic cytokine and a master regulator of the

immune system, and most cells in the body show at least some
TNF‐α responsiveness. Studies have revealed two opposite functions
of TNF‐α in host defense. At low levels, TNF‐α has been shown to have
beneficial homeostatic functions, such as for host defense mechanisms.
However, at high concentrations, TNF‐α can be deleterious to tissues
and promotes inflammation and organ injury (Steeland et al., 2018).
During disease states, TNF‐α is predominantly secreted by monocytes
and macrophages, but many other cells including epithelial cells and
airway smooth muscle cells can also produce TNF‐α under certain cir-
cumstances (Steeland et al., 2018). TNF‐α was significantly increased
at all time points for 60 and 90 puffs of cigarette smoke. The signifi-
cantly elevated TNF‐α seen with 60 and 90 puffs of 3R4F smoke expo-
sure appears to indicate cellular stress. Exposure to myblu EVP aerosol
did not increase TNF‐α secretion under the conditions of test.

4.3.3. MMPs
MMPs contribute to inflammatory processes by regulating physical

barriers, modulating the inflammatory mediators such as cytokines
and chemokines, and establishing a chemokine gradient in tissues that
are inflamed (Manicone and McGuire, 2008). Pathogens, environmen-
tal toxins, growth factors and cytokines can stimulate airway epithe-
lium, fibroblasts and smooth muscle to express MMPs (Fujita, 2014).
In human studies, MMP‐1 and −3 (and −7, −10 and −12) are ele-
vated in COPD patients (Kraen, 2019; Navratilova, 2012). Cigarette
smoking has also been shown to influence MMP expression with
MMP‐1,−3 and−9, amongst others (Kraen et al., 2019). The changes
of the MMP‐1 expression levels in lung epithelial cells after the cigar-
ette smoke exposure has been linked with the emphysema (Mercer
et al., 2009). We observed no significant increase in MMPs for 30 puffs
of 3R4F exposure over the duration of the study. However, exposure to
60 and 90 puff doses of 3R4F resulted in a significant elevation in all
MMP‐1,−3 and−9 measured. These findings are consistent with clin-
ical data showing cigarette smoking increases MMP expression
(Huang, 2016; Kraen, 2019; Navratilova, 2012). The most significant
change was observed for MMP‐1, with the highest 3R4F dose tested
resulting in a 63‐fold increase over air control. Repeated exposure to
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myblu aerosol, at all doses tested, did not significantly induce the 3D
lung model to elevate MMP (‐1, 3 & 9) secretion, although at
90‐puffs, MMP‐3 secretion appeared to have an increasing trend,
however, this was not statically significant.

4.3.4. IL-1β
IL‐1β levels increased significantly throughout the study after expo-

sure to 90 puffs 3R4F, and to a lesser extent after 60‐puffs. By contrast,
no significant changes were seen following any dose of myblu aerosol,
although sporadic and non‐significant decreases in IL‐1β levels were
recorded throughout the study duration. IL‐1β is an inducible cytokine
and is not generally expressed in healthy cells or tissue (Borthwick,
2016). In the case of adult smokers, the development of the chronic
inflammatory airway pathology is thought to be a response triggered
by the inhalation of noxious particles within cigarette smoke. Healthy
adult smokers have been reported to have elevated levels of IL‐1β in
their bronchoalveolar lavage fluid, when compared to healthy non‐
smokers, with measured IL‐1β levels correlating with cigarette usage
in a cigarette‐dose‐dependent manner (Kuschner, 1996). IL‐1β release
markedly activates macrophages isolated from patients with COPD to
secrete inflammatory cytokines, chemokines, and MMP‐9 (Barnes,
2009).

4.3.5. Il-6
IL‐6 is a pro‐inflammatory cytokine featuring pleiotropic activity

and together with other cytokines provides a link between innate
and acquired immunity. In addition to its role in the acute phase
response to the environmental stress factors such as lung injuries
and infection, IL‐6 has diverse roles in driving chronic inflammation,
endothelial cell dysfunction, fibrogenesis and autoimmunity (Barnes
et al., 2011). IL‐6 is also involved in acquired immunity response via
the stimulation of antibody production and of effector T‐cell develop-
ment. The continual, dysregulated synthesis of IL‐6 plays a key patho-
logical role in autoimmunity and chronic inflammation leading to the
onset or development of multiple disease states (Tanaka et al., 2014).

In the present study, IL‐6 levels were decreased after 30 puffs of
myblu, although this was not deemed as a significant change. Neither
exposure to 60 nor 90 puffs of myblu resulted in a significant change in
IL‐6 secretion when compared to the air controls. A significant
increase in IL‐6 was seen with the 90 puffs of 3R4F at T2 and T21 only.
IL‐6 was marginally reduced at 30 puffs and marginally increased at 60
puffs 3R4F; however, the levels were not statistically different from the
air controls. Although a general increasing trend in IL‐6 was observed
for the 90‐puff dose of 3R4F and myblu, the 3R4F smoke was substan-
tially diluted (1:17) compared to the undiluted myblu aerosol, whilst
delivering less nicotine to the model. A steady increase in the IL‐6
secretion level may be associated with a tissue damage and a response
to the cigarette smoke is recognized as a stress factor. Results reported
here are in keeping with an increase of the IL‐6 levels secreted by 3D
tissues after exposure to the cigarette smoke from other studies
(Banerjee, 2017; Haswell, 2018; Iskandar, 2017; Czekala et al., 2019).

4.3.6. Il-8
IL‐8 is known to be secreted from bronchial epithelial cells under

stress, and has been demonstrated to have an important role in neu-
trophilic inflammation (Barnes, 2007). IL‐8, a CXC chemokine, is a
known neutrophil chemoattractant and activator; IL‐8 release induces
a transient shape change in neutrophils, a rise in intracellular calcium
concentration, exocytosis with release of enzymes and proteins from
intracellular storage organelles, and respiratory burst (Chung, 2001).
Several studies in animal models focusing on lung inflammation and
injury have shown that IL‐8 is the main polymorphonuclear (PMN) cell
family chemoattractant compound. Animal models pre‐treated with
monoclonal antibodies to IL‐8 were found to significantly reduce lung
injury and PMN migration in endotoxemia models (Goodman et al.,
2003). The high levels of IL‐8 release particularly at 90 puffs of
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3R4F indicate the potential for inflammation and potential remodeling
of the tissue; however, this did not occur likely due to the lack of inter-
action with other immune cells.

In summary, all three doses of myblu undiluted whole aerosol and
the sub‐cytotoxic dose (30 puffs) of diluted 3R4F cigarette smoke did
not elevate any of the pro‐inflammatory mediators as mentioned
above. Although a few isolated cytokines and MMPs were increased
at 30 puffs 3R4F and 90 Puffs myblu, these were not deemed statically
significant. In contrast, the 60 and 90 puffs dose of the reference cigar-
ette which significantly increased all pro‐inflammatory mediators in
this study. This suggests that myblu aerosol did not irritate or damage
the 3D lung model, thus no significant inflammatory response was
induced. By contrast, 3R4F cigarette smoke displayed toxic effects to
the model which triggered an inflammatory response at 60 and 90
puffs.
4.4. Tissue responses

4.4.1. Assessment of goblet cell hyperplasia and mucus secretion
Mucous cell hyperplasia is a pathophysiological characteristic of

chronic bronchitis, and increased numbers of goblet cells have been
observed in the lungs of adult smokers (Haswell et al., 2010). In COPD
patients, chronic mucus hypersecretion is linked with a more rapid
decline in lung function (Kim and Criner, 2013). Mucin is a family
of high molecular weight glycoproteins that is predominantly found
in mucus. MUC5AC, mainly secreted by goblet cells and MUC5B,
secreted by mucus cells of the submucosal glands are the two main
mucins in airway mucus (Haswell et al., 2010). In the airway of smok-
ers, MUC5AC was reported to be upregulated both at gene and protein
levels (Haswell et al., 2010).

We assessed the level of MUC5AC secreted by the 3D lung model
after repeated exposure to myblu aerosol or 3R4F cigarette smoke by
immunohistochemistry. Exposure to the 30 puffs dose of 3R4F smoke
resulted in a small increase in secretion. By comparison, the 60 and 90
puff dose treatment did not increase MUC5AC secretion. In reference
to the histology images (Fig. 7) for 60 and 90 puffs of 3R4F smoke,
the reduction in MUC5AC production could be due to the loss of tissue
infrastructure and functional cells, resulted from high levels of cyto-
toxicity. Exposure to myblu aerosol did result in a small increase in
MUC5AC secretion as the puff dose increased. As may be expected,
MUC5AC concentration in induced sputum samples from EVP users
(58 pmol/ml ± 21 SD) has been shown to be higher compared to
non‐smokers; however, cross referencing the MUC5AC concentration
to cigarette smokers samples (132 pmol/ml ± 58 SD) showed a
56% decrease (Reidel et al., 2018).

The repeated exposure of IL‐13, directly to the 3D lung model,
induced a clear increase in both mucus production (alcian blue) and
goblet cell proliferation (MUC5AC) in histopathological slides (see
Fig. 7). MUC5AC gene expression was induced by IL‐13 through direct
stimulation of airway epithelial cells (Evans et al., 2015). In compar-
ison to the IL‐13 control group, neither 3R4F smoke nor myblu aerosol
triggered goblet cell hyperplasia or hypersecretion of mucus in this
study; similar results were also reported by Iskikawa et al. (Ishikawa
and Ito, 2017). In the human body, foreign stimuli such as allergens
and pollutants irritate the epithelial cells, causing the release of cyto-
kines. These cytokines mediate the activation of a variety of immune
cells (ILC2, Th2 cells, mast cells, macrophages & B cells) which subse-
quently produce several cytokines including IL‐13. IL‐13 stimulates
various immune cells (ILC2, Th2 cells, mast cells, macrophages, baso-
phils, eosinophils, B cells) as well as inducing goblet cell hyperplasia
and airway smooth muscle cell hyperplasia (Marone et al., 2019).
The lack of mucin production and goblet cell hyperplasia after
repeated exposure to smoke in this study may be related to the absence
of immune cells in the 3D lung model.
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4.4.2. Cilia function in the 3D lung model
In this study, the viability and functionality of ciliated cells in the

3D lung model were assessed by measuring CBF, CAA and staining
for FOX‐J1. Cilia function is impaired in chronic bronchitis due to
hypersecretion of mucus and inflammation, resulting in squamous
metaplasia of the bronchial epithelium, causing the loss of ciliated
cells (Sapey and Stockley, 2011). The FOX‐J1 protein is a master reg-
ulator of motile ciliogenesis, and cigarette smoke has been demon-
strated to inhibit FOX‐J1 expression (Brekman, 2014; You, 2004).
Normal airway epithelium consists of 50–70% ciliated cells
(Schamberger et al., 2015). Approximately 53% of the cells in the
air‐controlled tissues in this study were stained positive for FOX‐J1.

It is known that cigarette smoke induces inflammation in the air-
ways, thus damaging the ciliated cell. These findings are consistent
with other acute exposure studies assessing the impact of cigarette
smoke on ciliary function in vitro (Gindele, 2020; Iskandar et al.,
2019). 3R4F exposure significantly reduced both cilia number and
their functionality. Both CAA and CBF were significantly impaired
after repeated exposure to all three puff doses of 3R4F smoke (com-
pared to air controls). Due to significantly high levels of cytotoxicity,
the CBF and CAA measured on T23‐T28 for 90 puffs of 3R4F smoke
was excluded from analysis (see Fig. 8).The 60 puffs dose of 3R4F
cigarette smoke resulted in a dramatic decrease in FOX‐J1 staining
in the tissues (see Fig. 7), indicating a reduction in ciliated cells. For
the 90 puffs dose of 3R4F cigarette smoke, severe tissue loss was
observed towards the end of the experiment due to high cytotoxicity,
and it was not possible to obtain any FOX‐J1 staining. The loss of cilia
from tissues due to smoke exposure has been well described in litera-
ture, more recently Valencia‐Gattas et al. (2016) reported that treat-
ment of normal human primary bronchial epithelial (NHBE) cells
with the epidermal growth factor receptor (EGFR) tyrosine kinase inhi-
bitor, gefitinib, during smoke exposure prevents ciliated cell loss and
promotes ciliated cell differentiation from basal cells. The authors pro-
pose that the loss of ciliated cells and lack of differentiation of basal
cells is due to the activation of EGFR (Valencia‐Gattas et al., 2016).

By contrast, exposure tomyblu aerosol had substantially less impact
on cilia number and function. The percentage of cells expressing FOX‐
J1 was not reduced in any of the three treatment groups compared to
air controls. Repeated exposure to 30 or 60 puffs of myblu aerosol did
not affect the CAA and CBF. A small but significant decrease in CAA
was only observed at T6. However, CBF was not affected and CAA
recovered to similar levels as the air controls after T6. The 90‐puff dose
resulted in a significant reduction in CAA at T6 then T16 onwards until
the end of the study (see Fig. 8), a partial recovery was observed on
T28 and the fold change was consistently less, when compared to
the drastic effects of 3R4F smoke on CAA and CBF. It should also be
noted that CBF was normal throughout the exposure period, cilia num-
ber and morphology was also not significantly affected by the expo-
sure. In addition, no dose–response effect on CAA was observed
between the 30‐ and 60 puff dose of EVP aerosol.

Further research is required to address precisely what mechanism
caused the response observed for the 90‐puff dose of myblu aerosol,
such as the reduced CAA from day 16 onwards. Sensitive methods,
including ‘omics technologies, could be incorporated into future stud-
ies to further define mechanisms driving the observed effect for both
myblu aerosol and cigarette smoke. It is possible that the reduction
in CAA could be linked to the amount of nicotine or the mass of aerosol
delivered to the organotypic tissues, since the EVP aerosol was tested
undiluted, whereas cigarette smoke was diluted (1:17). Research to
date suggests nicotine can impact cilia activity. Hahn et al. (1992)
observed a transient increase in cilia beat frequency upon exposure
of ferret tracheal epithelial strips to nicotine, which was not attributed
to an increase in mucus secretion (Hahn et al., 1992). Similar results
were observed by Perniss et al. (2020) in explanted mouse trachea
acutely exposed to 100 µM nicotine, with nicotine transiently increas-
ing cilia beat frequency and particle transport speed. The authors pro-
111
pose the α3β4 nicotinic acetylcholine receptor stimulation via nicotine
is crucial for response observed. However, it should be noted that
marked desensitization of particle transport speed was observed
within 30 min of initial nicotine dosing (Perniss et al., 2020). In con-
trast, Chung et al. (2019) have shown that both nicotine and EVP aero-
sol impaired parameters of mucociliary function in ciliated airway
epithelial cultures and concluded that the main nicotine effect on
mucociliary function is mediated by transient receptor potential
ankyrin 1 (TRPA1) and not nicotinic acetylcholine receptors. Within
our study, we did not see an impact of myblu aerosol on cilia beating
frequency, which is a key measurement of cilia function (Chung et al.,
2019). It is possible that chronic, or repeated exposure to nicotine may
convert the transient cilio‐activating effects to cilio‐depressive effects
as shown for normal human bronchial epithelial cells cultured at an
air–liquid interface (Rayner et al., 2019b), however further research
is required to understand the mechanism of this possible response.
In addition, a number of Harmful and Potentially Harmful Constituents
have been shown to adversely affect cilia morphology and function.
This includes acetaldehyde, formaldehyde, acrolein, and ammonia
(Sisson et al., 1991; Tilley, 2015). These volatile compounds are found
within tobacco smoke, with considerable reductions or undetectable
levels in EVP aerosol (Rudd et al., 2020).

4.4.3. Barrier integrity
Cigarette smoke can induce barrier dysfunction via oxidative stress

and inhibiting the expression of apical junction genes (Aghapour et al.,
2018). The 60 and 90 puffs dose of 3R4F reduced the TEER measure-
ment over time, mainly due to cytotoxicity (see Fig. 3A); histological
images (see Fig. 7) showed severe tissue damage for both treatments.
The TEER values were significantly reduced from T23 onwards for 90‐
puff 3R4F smoke group due to severe cytotoxicity (T23, 37% cytotox-
icity). Repeated exposure to all doses of myblu aerosol did not impact
barrier integrity under the experimental conditions. The results of the
present study are consistent with findings in published literature,
where TEER decreased in a time and dose dependent manner upon
exposure to cigarette smoke whereas acute exposure to EVP aerosol
did not impact barrier integrity (Balharry et al., 2008; Fields, 2017;
Neilson, 2015). Therefore, myblu aerosol does not initiate barrier dys-
function, whereas several mechanisms have been associated with
cigarette smoke (Aghapour et al., 2018). The expression of various
cytokines including TNF‐α and IL‐8 have also been show to affect bar-
rier integrity in diseases and may be another reason for the reduced
TEER responses seen at both 60 and 90 puffs of 3R4F (Shen, 2017;
Ye et al., 2006).

4.5. Overall summary of the results in terms of an AOP approach

Another way to look at the overall data of this study is via an
Adverse Outcome Pathway (AOP) approach. An AOP is considered
to be a practical analytical tool for collecting, synthesizing, reviewing
and disseminating knowledge about a particular toxicological process
(Vinken et al., 2017). An AOP in its entirety represents those key ele-
ments and the basic mechanisms of the pathway, a chain of sequential
causally related key events (KEs) linked by key event relationships
(KERs). The molecular initiating event (MIE) triggers the start of the
process that, under the appropriate conditions (e.g., based on the dura-
tion and size of the insult), leads to, a series of linked KEs to the final
adverse outcome of regulatory concern, for example specific organ tox-
icity in a human or at a population level (Krewski et al., 2020). Essen-
tially, a KE reflects the state of the system at a particular stage or time,
while a KER describes the reasons or conditions for the system transit-
ing from one KE (upstream) to another KE further (downstream)
(Krewski et al., 2020). The typical progression of adverse events in
terms of following exposure at the ALI is shown in Fig. 10.

Luettich et al. (2017) proposed an AOP for reduced lung function
through the activation of EGFR via reactive oxygen species, leading
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to excessive mucous production and ultimately leading to decreased
lung function. Whilst we had not conducted transcriptomics with this
study or focused on the AOP as one of the initial goals of the study, we
did see evidence of oxidative stress with the elevation of MMPs and
cytokines. EGFR activation from oxidative stress has been demon-
strated previously by several authors (cited in (Luettich et al., 2017).
We did not measure decreased apoptosis in goblet cells, and only
saw minor increases in mucus production for 3R4F and EVP, this how-
ever may have been related to increasing cytotoxicity at the 90 puffs of
3R4F and possible irritation at lower doses. With the positive treat-
ment using IL‐13, there was a large increase in mucus production
demonstrating that given the correct stimulus, the 3D model cells
are able to undergo goblet cell hyperplasia.

Exposure to 60 and 90 puffs of 3R4F lead to loss of cilia measured in
terms of FOX‐J1, CAA and CBF. The loss of cilia and conversion of cells
from ciliated epithelial cells to goblet cells was seen with the positive con-
trol (IL‐13), leading to a decreased FOX‐J1 and increased MUC5AC. The
source of IL‐13 in humans has an immune component particularly macro-
phages being activated by natural killer T cells (NKT). This innate immune
axis is also activated in the lungs of humans with chronic airway disease,
such as asthma or COPD (Kim et al., 2008). The lack of an immune ele-
ment in the 3Dmodel could explain the lack of goblet cell hyperplasia seen
in our studies. Our repeated exposure in vitro study demonstrated signifi-
cant elements of the AOP described in Fig. 10, minus the involvement of
the immune system, proposed by Luettich et al. Other non‐IL‐13 based
pathways could also exist. The evidence to support this key event KE2 to
KE3 (decreased epithelial cell apoptosis leading directly to trans differenti-
ation into goblet cells) was stated to be weak (Luettich et al., 2017). Fur-
ther studies to target this exact mechanism could be performed in the
future. The derivation of goblet cells from ciliated progenitor cells has been
demonstrated by Turner et al. (2011), with human bronchial epithelial
cells expressing FOX‐J1 following IL‐13 treatment (Turner et al., 2011).
4.6. Long term effects of using EVPs are uncertain

This study looked the sub‐acute effects of repeated exposure of 3D
lung tissues to EVP. We believe that 28 days with repeated in vitro
exposure is getting toward the limits of this study, however obviously
longer term human clinical studies do exist but the results of these are
not entirely clear for the THR potential of EVP. Various expert bodies
have reviewed the long‐term potential risks of switching from com-
busted cigarettes to EVPs. The National Academies of Science Engi-
neering and Medicine on their review of the Health Effects of
Electronic Nicotine Delivery Systems concluded, “Much of the research
on e‐cigarettes suffers from methodological flaws, and many important areas
Fig. 10. The progression of adverse events following
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have not yet been researched. Nonetheless, the committee found sufficient liter-
ature to suggest that, while there are risks associated with e‐cigarettes, com-
pared with combustible tobacco cigarettes, e‐cigarettes contain fewer
toxicants; can deliver nicotine in a manner similar to combustible tobacco
cigarettes; show significantly less biological activity in a number of in vitro, ani-
mal, and human systems; and might be useful as a cessation aid to smokers
who use e‐cigarettes exclusively.” (Eaton et al., 2018). We conclude with
this and believe that EVPs can play an important role in THR for adult
cigarette smokers. They are not without their own risks, however, are
potentially reduced risk when compared cigarettes. People with asthma
and COPD have generally shown improvements in respiratory health fol-
lowing the switch to EVPs from smoking (Polosa, 2016, 2018).

A recent clinical trial found that adult smokers who switched to
EVPs for 1 month showed significant improvements in endothelial
function, arterial stiffness and systolic blood pressure compared with
continuing smoking, and that these effects may be greater for females
(George et al., 2019). Hartmann-Boyce et al., 2020 reviewed 50 com-
pleted studies, representing 12,430 participants, of which 26 were ran-
domized clinical trials and found that for adverse events and serious
adverse events and other safety markers, the confidence intervals were
wide, however, the overall the incidence of serisous adverse events
was low across all study arms (Hartmann‐Boyce et al., 2020). The
authors did not detect any clear evidence of harm from nicotine EVPs
but noted that the longest study follow‐up was two years and the over-
all number of studies was small. In a smaller study with 209 particiap-
nts, the safety profile of Puritane™, a closed system EVP, was evaluated
when used by smokers of conventional cigarettes for 2 years in a real‐
life setting. Mesured outcomes included adverse events, vital signs,
electrocardiogram, lung function tests, exposure to nicotine and
selected smoke constituents, nicotine withdrawal effects and smoking
desire. The authors reported no serious adverse events related to EVP
use were observed. The most frequently reported adverse events were
headache, nasopharyngitis, sore throat and cough, reported by 28.7%,
to 16.7% of subjects, respectively, which decreased with incresing
study duration. No clinically relevant findings were observed in the
other safety parameters measured (Walele et al., 2018).
4.7. Study limitations

The modelling of a complex disease state such as COPD and related
disease pathologies may not be possible with a single in vitro model,
despite it being more physiologically relevant and an improvement
in comparison to monolayer cultures. Although we assessed endpoints
related to chronic respiratory diseases, the model tested is mainly com-
posed of bronchial epithelial cells, therefore the bronchial 3D model can-
exposure at the ALI based on Peitsch et al., 2018.
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not fully reflect the pathophysiology of lower respiratory tract conditions,
such as emphysema. To do so, we may need to incorporate an alveolar
model into the future testing strategies aiming at this specific disease
state. As discussed above, the lack of cigarette smoke induced goblet cell
hyperplasia may be related to the absence of immune cells in the 3D lung
model. Marescotti et al. (2019) reported that increasing the number of
different cell types in a lung epithelial mode will increase the human
physiological relevance of a model. This could be addressed in future
studies by the utilization of co‐culture systems with immune cells, or a
combined multi‐organ model. Within this study, we have assessed the
closed pod system EVP device with one, commercially available e‐
liquids with tobacco flavoring. Subsequent studies could include e‐
liquids with and without flavors and nicotine to identify which, if any,
components were driving the activity observed in the assessed endpoints.

In response to the high levels of cytotoxicity observed for the 90‐
puff dose of 3R4F from T23 onwards, the authors excluded the pro‐
inflammatory marker analysis, CBF and CAA from T23 onwards. The
high cytotoxicity is very likely to have driven the reduced tissue func-
tionality as measured by cilia activity and supported by TEER results.
Despite 1:17 dilution, the 90 puff 3R4F dose could not be sustained for
the full duration of the study. Future studies should consider a lower
sub‐cytotoxic dose of repeated cigarette smoke to enable multiple
exposures for the full duration of the study.

Although we have not looked at transcriptomics in this study, in a
related study by Phillips et al. (2021) assessed the acute response to
non‐cytotoxic doses of myblu and 3R4F. No pathological changes were
observed at either recovery time point from any exposure (48 h). Air
and EVP aerosol exposure had no effect on CBF, CAA nor TEER at
48 h. Exposure to cigarette smoke resulted in a decrease in TEER and
an increase in CBF and the release of proinflammatory cytokines at both
recovery time points. Although the number of significantly expressed
genes was minimal following exposure to EVP aerosol, exposure to
3R4F smoke resulted in a significant upregulation of several disease rel-
evant pathways (oxidative stress and inflammation) (Phillips et al.,
2021). These functional findings as expected are mirrored in the current
longer‐term study we report here (28 days) with EVP and 3R4F. Ito et al.
(2020) conducted transcriptomics analysis during 40 days exposure to
cigarette TPM. The canonical pathway analysis with ingenuity pathway
analysis software revealed that perturbed biological pathways were sim-
ilar throughout the cigarette TPM exposure, including inflammatory
response‐related and oxidative stress (e.g., IL‐6, IL‐8 and NF‐κB‐
signalling pathway) similar effects were seen in Philips et al. (2021)
and this paper. Future studies will consider the uses of transcriptomics.

A single tissue donor was utilized in this study. As with all in vitro
studies this will not fully reflect the response variability within a pop-
ulation. A recent study by Bovard et al. (2020) compared 3D lung cul-
tures derived from various donors, in terms of tissue morphology,
functionality and metabolic capacity. The authors found that models
from different donors presented with diverse morphology but similar
functionality and metabolic activity, with certain variability in their
response to stimulation. In addition, Bovard et al. (2020) reported that
studies assessing donor variation have shown there is a preserved
response to certain stimuli across donors, despite variations in inten-
sity, including proinflammatory mediators and gene expression
changes following cigarette smoke exposure (Banerjee, 2017;
Bovard, 2020; Haswell et al., 2017; Iskandar, 2017). Future studies
could consider assessing the long‐term repeated exposure on a dis-
eased tissue, e.g. derived from a COPD patient, and compare its
response to that of a healthy donor.
5. Conclusions

Repeated exposure of 3D lung model at the ALI for 4 weeks better
recapitulates the product use than a single point acute exposure.
Chronic respiratory diseases develop over many years, and as expected
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cannot be completely replicated in the current model. Overall, these
results add to the growing weight‐of‐evidence in the scientific litera-
ture showing EVPs are likely to be potentially less harmful than com-
bustible cigarettes due to reduced potential exposure to toxicants
when used as part of a larger set of studies (Czekala, et al., 2019).
The data highlights a clear difference in the in vitro toxicological
responses between cigarette smoke and EVP aerosol under the study
conditions. Exposure to EVP aerosol did not trigger any significant
changes in the level of pro‐inflammatory mediators, when compared
with the air controls. Although there appears to be an upward trend
for the higher EVP concentration at the later timepoints, the changes
were small, temporary, and consistently less when compared to diluted
3R4F smoke. CAA was significantly decreased after repeated exposure
to 90 puffs of EVP aerosol from T16, however, the mechanism of
action is unclear. Other endpoints such as CBF, TEER, mucus produc-
tion and cytotoxicity were not significantly different compared with
air controls. By contrast, exposure to diluted cigarette smoke led to
dramatic changes in tissue morphology (T26 for 60 puffs and T14
for 90 puffs 3R4F), significantly decreased ciliary functions and cilia
numbers at all doses tested. Whilst exposure to 60 and 90 puffs of
3R4F did not induce goblet cell hyperplasia histologically, increased
levels of pro‐inflammatory mediators indicates an inflammatory
response in response to increasing cytotoxicity. Exposure to the sub‐
cytotoxic dose of 30 puffs 3R4F smoke, did not induce goblet cell
hyperplasia.

Due to non‐dilution, EVP aerosol delivered significantly more nico-
tine to the 3D lung model than 3R4F cigarette smoke. However, as
mentioned above most endpoints were not significantly different com-
pared to air controls. Thereby demonstrating it is potentially not nico-
tine, but other harmful and potentially harmful constituents found in
cigarette smoke that cause, or potentially cause, smoking‐related dis-
eases. This supports the inclusion of EVPs in THR strategies for adult
smokers who would otherwise continue to smoke. The in vitro data pre-
sented here indicates a reduced risk potential for EVP aerosol when
compared to cigarette smoke, however, it is important to note that
no tobacco or nicotine‐containing product is absolutely risk free.
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