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In vitro long-term repeated exposure and exposure switching
of a novel tobacco vapor product in a human organotypic
culture of bronchial epithelial cells
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basis is important to provide specific scientific evidence. In the current study, we per-
formed the 40-day repeated exposure of in vitro human bronchial epithelial tissues to
cigarette smoke (CS) or vapor from our proprietary novel tobacco vapor product
(NTV). In addition, tissue samples exposed to CS were switched to NTV or CS expo-
sure was stopped at 20 days to reflect a situation where smokers switched to NTV or
ceased to smoke. All tissue samples were assessed in terms of toxicity, inflammation
and transcriptomic alterations. Tissue samples switched to NTV and the cessation of
exposure samples showed recovery from CS-induced damage although there was a
time-course difference. Moreover, repeated exposure to NTV produced negligible
effects on the tissue samples while CS produced cumulative effects. Our results sug-
gest that the use of NTV, including switching to NTV from cigarette smoking, has
fewer effects on bronchial epithelial tissues than continuing smoking.
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1 | INTRODUCTION because of the absence of combustion (Forster et al., 2018; Jaccard

et al.,, 2017; Margham et al., 2016; Takahashi et al., 2018). For exam-

Novel vapor products, including e-cigarettes and heat-not-burn (HnB) ple, our proprietary novel tobacco vapor product (NTV) generates the

products, have gained substantial popularity. These vapor products vapor by electrical heating of nicotine-free liquid, and it evaporates

produce low yields of potentially harmful constituents in their vapor tobacco-derived flavors and nicotine when passing through the
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tobacco capsule containing granulated tobacco leaves. Therefore, they
are expected to reduce the health risks associated with cigarette
smoking. Cigarette smoke (CS) is a known risk factor for chronic inflam-
matory diseases in respiratory and cardiovascular organs (Forey, Thorn-
ton, & Lee, 2011; Go et al., 2014). CS acts as a trigger of oxidative
stress and inflammatory responses in the pathogenesis of such diseases
(Barreiro et al., 2010; King, 2015; Oh & Sin, 2012; Rahman, Swarska,
Stolk, & MacNee, 2000; Tavilani, Nadi, Karimi, &

Goodarzi, 2012). In this context, various in vitro studies were carried

Henry,

out to evaluate the reduced-risk potential of novel tobacco products in
comparison with conventional cigarettes. Iskandar et al. previously
reported that exposure to the vapor from a tobacco heating system
clearly reduced inflammatory responses and perturbation of trans-
criptomic profiles compared with CS (Iskandar et al., 2017). Taylor et al.
also reported that cells exposed to e-cigarette vapor had a lower level
of reactive oxygen species and related oxidative stress responses than
those exposed to CS (Taylor et al., 2016). In addition, we previously
conducted a comparative study using a commercially available HnB
product, an e-cigarette, our proprietary NTV and conventional ciga-
rettes, and showed that emissions from all the novel tobacco products
were less toxic and less reactive in a human bronchial epithelial cell line
than those from conventional cigarettes were (Munakata et al., 2018).
Moreover, Philips et al. previously showed that switching from CS
exposure to tobacco heating system vapor halted the progression of
chronic obstructive pulmonary disease and atherosclerosis in apolipo-
protein E knockout mice (Phillips et al., 2016). Several clinical studies
reported that smokers who switched to novel tobacco products
showed a decrease in levels of biomarkers of exposure, and improve-
ment in biomarkers of potential harm (BoPH) (Haziza et al., 2016;
Haziza et al., 2019; Ludicke et al., 2018; Yuki, Takeshige, Nakaya, &
Futamura, 2018). However, clinical studies and animal tests have limita-
tions. In clinical studies of tobacco products, it is difficult to detect an
improvement in BoPH levels following smoking cessation or switching
to novel tobacco products because BoPH levels are easily affected by
the lifestyle of individuals. Furthermore, species differences between
animals and humans can affect the translation of results from animals
to humans (Martignoni, Groothuis, & de Kanter, 2006; Vatner, 2016).
Advanced in vitro tests are considered useful in addressing these
issues, because current advances of in vitro techniques have enabled
the differentiation of cells from respiratory organs into tissue-like
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structures, which incorporate pseudostratified columnar epithelial cells
in an air-liquid interface culture. These three-dimensional (3D) cultures
maintain a tissue-like structure for extended periods if not affected by
external stimuli (Baxter et al., 2015), therefore allowing for long-term
and repeated exposure studies. Our previous studies showed that
repeated exposure of 3D cultured bronchial tissues to whole CS exacer-
bated inflammatory responses (Ishikawa & Ito, 2017), and this phenom-
enon was recapitulated by repeated exposure to the total particulate
matter (TPM) of CS (lto, Ishimori, & Ishikawa, 2018). We also reported
that repeated exposure to whole CS perturbed the metabolomic and
transcriptomic profiles in 3D bronchial epithelial tissues, and omics ana-
lyses indicated the tissues were under severe oxidative stress with
enhanced inflammatory responses using epidermal growth factor recep-
tor as an upstream regulator. The tissues also showed the hyper-
secretion of mucin proteins on the apical surface (Ishikawa, Matsumura,
Kitamura, Takanami, & Ito, 2019). These phenomena are consistent
with the adverse outcome pathway involved in decreased lung function
as previously reported (Luettich et al., 2017). Therefore, the combina-
tion of 3D cultured bronchial epithelial tissues and repeated exposure
to CS might help investigate important processes in the pathogenesis
of inflammatory respiratory diseases.

In the current study, we repeatedly exposed 3D bronchial epithelial
tissues to CS TPM and the aerosol collected mass (ACM) of NTV, and
performed intermediate switching from CS exposure to NTV exposure
or ceased CS exposure to mimic the situation of smokers who switched
to NTV or ceased smoking (Figure 1). As noted above, NTV contains
fewer harmful chemical constituents, because even direct heating of
tobacco leaves are not associated with the vapor generation, thus we
expected that repeated exposure and switching of NTV shows a similar
effect with no exposure conditions and exposure cessation respectively.
In addition, in vitro switching studies are useful to gain mechanistic
insights into the risk reduction associated with NTV use.

2 | MATERIALS AND METHODS
2.1 | Cell culture

3D cultured bronchial epithelial cells (MucilAir™) and MucilAir culture

medium were purchased from Epithelix Sarl. Cell culture was performed
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in accordance with the manufacturer's instructions. The donor was a
healthy nonsmoker, 53-year-old caucasian. MucilAir tissues were accli-
mated for 14 days before starting exposure to allow spontaneous

inflammatory states to diminish (Ito et al., 2018).

2.2 | Preparation of cigarette smoke total particulate
matter and novel tobacco vapor aerosol collected
mass

CS-TPM and NTV-ACM were prepared in accordance with our previ-
ous report (Ito et al., 2018; Takahashi et al., 2018). CS was generated
from 3R4F reference cigarettes purchased from the University of
Kentucky, and NTV (PLOOM TECH, manufactured by Japan Tobacco
Inc.) was conditioned at 22 + 2°C and 60% + 5% relative humidity for
at least 48 hours before use. The ventilation hole of the 3R4F was
blocked and then applied to a Borgwaldt RM20H smoking machine,
and smoke was generated under the International Organization for
Standardization Intense smoking regimen (a 55 mL puff taken over
2 seconds, repeated every 30 seconds) (15020778, 2018). The TPM
was collected on a 45-mm diameter Cambridge filter pad and
extracted using dimethyl sulfoxide (DMSO; Sigma-Aldrich). The NTV
was generated in the same manner as for the 3R4F cigarettes but
without the vent-block (ISO20768, 2018), because the NTV does not
have any ventilation holes (the structure of NTV can be found in the
previous report; Takahashi et al., 2018). The initial concentration of
CS-TPM and NTV-ACM were adjusted to 40 mg/mL with DMSO. The
CS-TPM and NTV-ACM in DMSO solution were then immediately
aliquoted for single use and stored at 80°C until use. Each aliquot was
thawed just before each medium changing and diluted with the cul-
ture medium to create the exposure medium at 20 pg/mL for the CS-
TPM and approximately 75 pg/mL for the NTV-ACM respectively to
align the nicotine concentration, because the nicotine concentration
in the ACM of NTV is approximately 3.75-fold lower than that in CS-
TPM (Takahashi et al., 2018).

2.3 | Study design for repeated exposure

After a 14-day acclimation period, tissue samples were continuously
exposed to CS-TPM or NTV-ACM for 40 days. Other tissue samples
were exposed to CS-TPM for 20 days and were then switched to
NTV-ACM exposure or to clean medium for a further 20 days to
mimic switching to NTV or smoking cessation. Control cultures were
maintained without exposure. The medium was changed every 2 or
3 days, by transferring the culture inserts into the new 24-well cul-
ture plate and each well was filled with 700 pL of clean medium or
the exposure medium. The concentration of CS and the day of
intermediate switching or cessation of exposure was decided based
on the results of our previous repeated CS-TPM exposure study,
where we observed a sudden increase in interleukin (IL)-8 secretion
from day 20 (lto et al, 2018). The study design is shown in
Figure 1.

2.4 | Adenylate kinase assay

Cytotoxicity induced by repeated exposure was determined using a
Toxilight bioassay kit (Lonza) in accordance with the manufacturer's
instructions. Basolateral medium sampled at each exposure day was
mixed with an adenylate kinase (AK) detection reagent supplied with
the kit, and the luminescence of each sample was measured using
Tecan infinite® Pro200 (Tecan) after 10 minutes incubation at room
temperature. The activity of AK at each exposure day was determined

using six replicate samples.

2.5 | Measurement of interleukin-8 secretion

Basolateral medium obtained at each medium change was assessed
to determine IL-8 secretion levels. Concentrations of IL-8 were
measured using a Human Cytokine Magnetic Kit (Merck Millipore)
using the Bio-plex® 200 (Bio-Rad). Only IL-8 levels were
determined because augmentation of IL-8 secretion was observed
in our previous study (lto et al., 2018). IL-8 secretion levels were
determined using a minimum of three samples for each

exposure day.

2.6 | Determination of matrix metalloproteinase
9 secretion

Matrix metalloproteinase (MMP)-9 levels in the basolateral medium
from each exposure group were determined by gelatin zymography.
The samples were mixed with nonreducing sodium dodecyl sulfate
(SDS) sample buffer and were subjected to polyacrylamide gel electro-
phoresis. SDS gel electrophoresis was performed using 7.5% acrylam-
ide gels containing 0.9 mg/mL of gelatin. The gels were then washed
twice using 2.5 mm Tris-HCI buffer at pH 7.5 containing 0.5% Triton
X-100 and 150 mm NaCl followed by incubation in 2.5 mm Tris-HCI
buffer at pH 7.5 containing 20 mm NaCl and 10 mm CaCl, for
20 hours. The gels were stained using 0.1% Coomassie blue and
photographed using a LAS-4000 (GE Healthcare). The intensity values
of the untreated control at each exposure day were used for
normalization.

Chemicals used for gelatin zymography were purchased from
FUJIFILM Wako Pure Chemical Corporation. MMP-9 secretion
determined samples for each

levels were using triplicate

exposure day.

2.7 | Statistical analysis of biological assays

All data are shown as the mean and standard error of the replicates.
Parametric one- and two-way analysis of variance (ANOVA) followed
by Welch's t-test with Bonferroni corrections were performed to
identify statistically significant differences compared with the control

samples for each exposure day. The threshold for statistical
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significance was set as P < .05. Statistical analyses were performed
with JMP® version 14 (SAS Institute).

2.8 | RNA preparation

Total RNA was isolated from the tissues at exposure days 1, 20,
30 and 40. RNA purification was performed using the Qiagen
RNeasy® Mini Kit (Qiagen) in accordance with the manufacturer's
instructions. RNA quality was checked using the ratio of A260 to
A280 with Tecan® infinite Pro200, and the ratio of 18S to 285 RNA
using a 2100 Bioanalyzer (Agilent Technologies).

2.9 | Microarray analysis

Transcriptome data were obtained by microarray analysis conducted
by Takara Bio, Inc. cDNA was synthesized from 250 ng of total RNA
and then biotinylated cRNA was generated using a GeneChip® 3’ IVT
PLUS Reagent Kit (Affymetrix). Fragmentation of cRNA was per-
formed using the GeneChip® Hybridization, Wash and Stain Kit, and
15 pg of biotinylated fragmented cRNA was hybridized to a
GeneChip® HG-U133 Plus 2.0 array for 16 hours at 60 rpm in a 45°C
GeneChip® Hybridization Oven 645 (Affymetrix). The arrays were
then inserted into a GeneChip® Fluidics Station 450 (Affymetrix) for
washing and staining, followed by scanning using a GeneChip® 3000
7G Scanner (Affymetrix). After scanning, expression data were
obtained using Affymetrix GeneChip® Command Console software
and Affymetrix Expression Console Software 1.4. Transcriptomic data
are available in ArrayExpress at accession number E-MTAB-8155. All
these procedures were in accordance with the Affymetrix GeneChip®

Expression Analysis Technical Manual.

2.10 | Microarray data processing

Raw data were normalized to the 75th percentile and baseline-
transformed to the mean of the untreated control for each exposure
day, and then summarized using GC-Robust Multiarray Average in
GeneSpring Version 14.0 (Agilent Technologies). The summarized data
were filtered using a coefficient of variation of < 50%. The filtered
gene list was statistically evaluated using a moderated t-test with cor-
rection using the Benjamini-Hochberg False Discovery ratio (FDR).
Statistical significance was identified as FDR-corrected P < .05
between the exposed samples and the controls at each exposure day.
The filtered genes were regarded as differentially expressed probes.
Volcano plots were described using R statistics software, with an
absolute log, fold-change >1.0 and an FDR-corrected P < .05 as the
threshold. Heatmap images were described using R with the
heatmap.2 function in the “gplots” packages (Warnes et al., 2020)
(Figure S1; see Supporting Information). Transcriptomics datasets
used in current study are available in ArrayExpress at accession num-
ber E-MTAB-8155.

AppliedToxicology—WiILEY-1 2

2.11 | Ingenuity® pathway analysis

Differentially expressed probes identified after microarray data
processing were analyzed using Ingenuity® pathway analysis (IPA)
software and each probe was annotated to identify differentially
expressed genes (DEGs). Canonical pathway analysis was performed
to investigate significantly perturbed biological pathways. An absolute
z-score >2.0 and corrected P < .0005 was used as the strict threshold
for continuing CS exposure, and an absolute z-score >2.0 and

corrected P < .05 was used for 10 days after ceasing exposure.

3 | RESULTS
3.1 | Adenylate kinase activity analysis

We analyzed the activity of AK in basolateral medium as a cytotoxicity
indicator. Marked augmentation of AK activity was observed after day
27 for CS exposure repetition, while intermediate switching from CS
exposure to NTV or cessation of exposure at day 20 showed less AK
activity than continuous CS exposure after day 30. Exposure repeti-
tion of NTV throughout the experimental period showed no statisti-
cally significant increase in AK activity (Figure 2). Two-way ANOVA
test on the exposure group, exposure duration and their interaction
resulted in the F score 46.9210, 31.9361 and 8.6898 respectively,
with statistical significance at P < .0001 for both the factors and the
interaction.

3.2 | Secretion of interleukin-8

The time course of altered IL-8 secretion in basolateral medium was
analyzed to investigate the inflammatory state of tissues (Figure 3A).
CS exposure elicited a statistically significant increase in IL-8 at day
12 and further augmentation was found from days 20 to 30. A decline
in IL-8 secretion in CS-exposed tissue samples was observed after day
33, possibly because of excess cumulative cell damage. Intermediate
switching from CS exposure to NTV exposure or cessation of expo-
sure at day 20 resulted in a decline of IL-8 secretion thereafter. Expo-
sure repetition of NTV throughout the experimental period showed
no statistical changes in IL-8 secretion. Two-way ANOVA test on the
exposure group, exposure duration and their interaction resulted in
the F score 42.1132, 15.7628 and 3.4749 respectively, with statistical

significance of P < .0001 for both the factors and the interaction.

3.3 | Secretion of matrix metalloproteinase-9

The time course of altered MMP-9 secretion in basolateral medium
was also measured as a different inflammatory mediator (Figure 3B).
Similar to changes in IL-8 secretion, CS exposure repetition aug-
mented MMP-9 secretion in an oscillating pattern from day 20, and a

statistically significant difference was observed through day 17 to day
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Secretion of inflammatory mediators. IL-8 and MMP-9 secreted into the basolateral medium was measured at each time point

throughout the experimental period. A, IL-8. B, MMP-9. Data shown are means of a minimum of three replicates and the error bars indicate
standard errors. Statistical significance against untreated tissue controls on each day was calculated using one-way ANOVA followed by Welch's
t-test with Bonferroni corrections, and is shown as *P < .05, 1P < .01, $P < .005, §P < .001, respectively. IL, interleukin; MMP-9, matrix
metalloproteinase-9; NT, untreated control, NTV, novel tobacco vapor product

30. Intermediate switching from CS exposure to NTV or cessation of
exposure at day 20 showed no further significant increase of MMP-9
secretion. Two-way ANOVA test on the exposure group, exposure
duration and their interaction resulted in the F score 75.4224,
15.1321 and 4.2076 respectively, with a statistical significance of
P < .0001 for both the factors and the interaction.

3.4 | Microarray analysis of each exposure group

We performed transcriptomic analyses using RNA extracted from tis-
sue samples at days 1, 20, 30 and 40. Volcano plots of each exposure
group on each sampled day are shown in Figure 4. Only 22 DEGs
were identified in the single exposure of the CS group (day 1), while a
marked increase in DEGs was observed after day 20 in the CS expo-
sure group. Switching to NTV exposure decreased DEGs at day
30, which was still observed at day 40. Ten days after the cessation of

exposure (day 30) there was no obvious change in DEG number, but
this had returned to baseline at day 40. The 40-day exposure repeti-
tion of NTV did not significantly alter the gene expressions through-
out the experimental period. All DEGs are summarized in Table S1
(see Supporting Information).

3.5 | Time-course analysis of transcriptomic
alteration in the cigarette smoke-exposed group

We analyzed the transcriptomic alterations in CS-exposed tissues by
comparing the DEGs in a Venn diagram (Figure 5A). Most DEGs iden-
tified in tissues after 20- and 30-day repeated exposures of CS were
common: 90% and 97% of DEGs at days 20 and 30, respectively,
overlapped with DEGs identified at day 40 (Figure 5A), and 2475 of
4058 DEGs had new transcriptomic alterations at day 40. However,
canonical pathway analysis with each identified DEG revealed that
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pathways perturbed by CS exposure repetition were similar regardless
of the duration of CS exposure (Figure 5B). For example,
inflammation-related pathways (such as “IL-6 Signaling,” “IL-8 Signal-
ing” and “NF-kB-Signaling” in IPA software) were predicted to be acti-

vated throughout the CS exposure period.

3.6 | Effects of intermediate switching to novel
tobacco vapor and cessation of exposure on the
transcriptomic profile

The DEGs of each exposure group at days 30 and 40 were subjected
to Venn diagram analysis (Figure 6A and 6B) to compare trans-
criptomic alterations. Most DEGs were common to the exposure
groups; however, 219 DEGs specific to the cessation of the exposure
group were identified at day 30. Canonical pathway analysis revealed
these DEGs were related to cell cycle regulation. Because only three
specific DEGs in the NTV switching group and no DEGs in the

cessation of the exposure group were found at day 40 respectively,
we did not perform canonical pathway analysis with DEGs at day 40.

4 | DISCUSSION
In the current study, we performed a 40-day repeated tissue exposure
to CS to reproduce the tissues of habitual smokers, and these results
were compared with intermediate switching from 20-day CS exposure
to NTV or fresh medium to mimic smokers who switched to NTV or
ceased smoking, respectively. We also performed a 40-day repeated
tissue exposure to NTV to mimic the long-term use of NTV (Figure 1).
AK release from the CS-exposed group during the first half of the
40-day exposure revealed that the concentration of CS (20 pg/mL)
was low in terms of cytotoxicity (Figure 2), because AK release was
comparable with the control tissues. However, a significant increase
in AK release was observed after day 22, and an increasing trend con-

tinued until day 40. A slight increase in AK release was also observed
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FIGURE 6 Transcriptomics analysis of tissues after the switching point. A, Venn diagram of the DEGs identified in the tissue samples
exposed to cigarette smoke for 30 days, 10 days after switching to NTV and 10 days after cessation of exposure. B, Venn diagram of the DEGs
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in the NTV switching group and cessation of the exposure group, but
the amplitude was relatively low. This suggested that a further accu-
mulation of cell damage did not occur after switching. Similarly, the
secretion of IL-8 was relatively low until day 16, which then markedly
increased thereafter, suggesting inflammatory exacerbation by CS
exposure repetition (Figure 3A), even at a low-dose level as observed
in our previous study (Ito et al., 2018). A reduction in IL-8 level was
observed after day 33. Taken together with the increase in AK release
during the latter half of the experimental period, this suggested that
the decrease in IL-8 secretion by CS exposure repetition was caused
by an excess accumulation of cell damage. Intermediate switching
from CS exposure to NTV exposure or the cessation of smoking
attenuated the secretion of IL-8. A previous study reported that levels
of IL-8 and other inflammatory mediators in sputum from asymptom-
atic smokers with normal lung function were decreased 1 year after
smoking cessation (Willemse et al., 2005); this suggests that the tis-
sues observed in the current study are reflective of a similar situation

in terms of progressing from active smoking to cessation. Therefore,

switching to NTV might be similar to smoking cessation in terms of
inflammation.

Interestingly, although the augmentation and decline of MMP-9
secretion were observed by CS exposure repetition and switching at
day 20, respectively (Figure 3B), there was a slight difference with IL-
8 secretion. Increased MMP-9 secretion oscillated after day 27, and
even after switching, increased MMP-9 secretion was observed at
day 27 in the NTV switch group and cessation of the exposure group
although it did not reach statistical significance. This suggests that a
bias of tissue destruction caused by continuous exposure to CS is not
easily recovered, and that a certain period without CS exposure is
required. Although there may be difference of lifespan between in
vitro cultured epithelium and in vivo epithelium, this result is consis-
tent with the previous study in which Louhelainen et al. reported that
the MMP-9 levels in sputum of smokers were higher than that of non-
smokers, and even 6 months after cessation, the levels remained ele-
vated (Louhelainen et al., 2010). Decline of MMP-9 secretion was

observed in the CS exposure repetition group; however, it might be
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caused by cumulative cell damage as similar to the secretion of IL-8.
In contrast, the decline of MMP-9 secretion observed in the NTV
switch group and exposure cessation group could mean the attenua-
tion of inflammatory responses because only a slight increase in AK
release was observed in these groups. Importantly, MMP-9 is also
known to be associated with acute as well as chronic respiratory dis-
eases, thus considered as the potential biomarker for monitoring air-
way remodeling (reviewed by Grzela, Litwiniuk, Zagorska, &
Grzela, 2016). Therefore, it is suggested that switching to NTV and
exposure cessation can contribute to attenuate the progression of
CS-induced airway remodeling.

Transcriptomic analysis suggested cumulative damage in tissues
exposed to CS for 40 days, because consecutive increases in DEG
counts were observed throughout the experimental period (Figure 4).
DEGs identified at days 20 and 30 mostly overlapped, and 2475 DEGs
showed newly changed expression levels at day 40 (Figure 5A). How-
ever, canonical pathway analysis with IPA software revealed that
perturbed biological pathways were similar throughout the CS expo-
sure repetition (Figure 5B); inflammatory response-related and xeno-
biotic metabolism-related pathways (e.g., “IL-6 Signaling,” “IL-8
Signaling” and “NF-xB-Signaling” and “Aryl hydrocarbon receptor sig-
naling” pathway in IPA software) were perturbed. This result is consis-
tent with the transcriptomic perturbations of human airway
epithelium, which Spira et al. previously reported that the pathways
related to inflammation, xenobiotic responses and redox signaling
were perturbed in the large airway of smokers (Spira et al., 2004). Fur-
ther analysis of common DEGs in the CS exposure group suggested
that the amplitude of these pathway perturbations might show an
increasing trend; expression changes in DEGs appeared to amplify as
CS exposure repetition increased (Figure S1; see Supporting
Information).

Similar to the attenuation of the inflammatory mediator secre-
tions, DEG counts were also decreased after switching to NTV or
cessation of exposure, suggesting pathways perturbed by CS expo-
sure until day 20 returned to normal conditions after switching by
day 40 (Figure 4) similar to the secretion of inflammatory mediators
(Figure 3A and 3B). These results are consistent with the previous
clinical study, in which Spira et al. found that gene expressions
altered by cigarette smoking could be reverted to normal within
2 years after smoking cessation (Spira et al., 2004). A marked differ-
ence between these groups was observed at day 30; NTV switching
showed a rapid decrease in DEG counts, whereas gene expression
changes were maintained in the cessation of the exposure group at
day 30 (Figure 4). Therefore, we considered that process in recovery
from CS-induced biological perturbation were different. We further
analyzed differences in the gene expression profiles of each group,
and found that DEGs mostly overlapped between the continuous
exposure group, NTV switching group and cessation of the exposure
group (Figure 6A). However, there were 219 DEGs with newly
altered expression levels in the cessation of the exposure group at
day 30, and canonical pathway analysis revealed that these genes
were related to cell cycle regulation (Figure 6C); gene expression

levels of cyclin A, cyclin B, Aurora kinase A and DNA topoisomerase

Il alpha in the exposure cessation tissue samples were upregulated
(Figure 6D). This implied that the cells were in transition from late
G, phase to M phase (Gong & Ferrell, 2010; Sakaguchi &
Kikuchi, 2004; Willems et al., 2018). Although further investigation
is needed, the perturbation of these pathways might reflect ongoing
tissue repair because progression of the cell cycle is essential for
the proliferation of cells. In addition, repeated exposure to NTV for
40 days at a comparable nicotine concentration with CS produced
no effects on IL-8 and MMP-9 secretions or gene expression pro-
files, because the levels were similar to those of the untreated con-
trols (Figure 3A and 3B) and no DEGs were detected (Figure 4).
These results support the hypothesis that exposure to NTV is simi-
lar to nonsmoking.

To the best of our knowledge, this is the first report investigat-
ing the long-term effects of switching to NTV in an in vitro bron-
chial epithelial 3D culture model. Overall, our results suggest that
exposure to NTV is similar to nonsmoking and that switching to
NTV is similar to smoking cessation. However, the in vitro 3D cul-
ture model used in the current study lacks various cells that are
present in human tissues in vivo, such as immune cells and smooth
muscle cells, and cell-to-cell interactions between these cells and
epithelial cells are important not only to maintain tissue
homeostasis but also for the alteration of morphological and func-
tional changes as well as the other biological perturbations
(e.g., inflammation, oxidative stress responses) (Aufderheide, Ito,
Ishikawa, & Emura, 2017; Chandorkar et al, 2017; Ishikawa,
Ishimori, & Ito, 2017; Iskandar et al., 2015; Marescotti et al., 2019).
The results of the current study are limited to the alteration of
inflammatory state and global transcriptome, but the morphological
and functional changes, and their repairs should be investigated fur-
ther in future studies.

In addition, the tissues we used in the current study were
derived from a single donor, but primary cells could show donor-
specific characteristics depending on the original characteristics;
therefore, further study with several different donor tissues would
be needed. Taken together, there is still scope for improvement in
terms of more accurately reflecting the respiratory epithelium.
Moreover, we constitutively exposed tissue samples to NTV at a
concentration that was aligned to CS in terms of nicotine levels;
however, product use and vaping behavior, the method and fre-
quency of vaping of individual users should be taken into account in
the experimental design because these conditions will be different
depending on the product specifications and the smoking/vaping
2014; St

et al., 2016). Although further scientific evidence, including clinical

experiences of users (Evans & Hoffman, Helen
and nonclinical studies, is necessary to elucidate the reduced risk
potential of NTV, we think the results revealed in the current study
suggest that NTV has the potential for reduced risk compared with

combustible cigarettes.
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