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Purpose: Electronic cigarettes (e-cigs) are relatively new devices that allow the user to
inhale a heated and aerosolized solution. At present, little is known about their health effects
in the human lung, particularly in the small airways (<2 mm in diameter), a key site of
airway obstruction and destruction in chronic obstructive pulmonary disease and other acute
and chronic lung conditions. The aim of this study was to investigate the effect of e-cigar-
ettes on human distal airway inflammation and remodeling.

Methods: We isolated primary small airway epithelial cells from donor lungs without
known lung disease. Small airway epithelial cells were cultured at air-liquid interface and
exposed to 15 puffs vapor obtained by heating a commercially available e-cigarette solution
(e-vapor) with or without nicotine. After 24 hrs of e-vapor exposure, basolateral and apical
media as well as cell lysates were collected to measure the pleiotropic cytokine interleukin 6
(IL6) and MUCSAC, one of the major components in mucus.

Results: Unlike the nicotine-containing e-vapor, nicotine-free e-vapor significantly
increased the amount of IL6, which was coupled with increased levels of intracellular
MUCSAC protein. Importantly, a neutralizing IL6 antibody (vs an IgG isotype control)
significantly inhibited the production of MUCSAC induced by nicotine-free e-vapor.
Conclusion: Our results suggest that human small airway epithelial cells exposed to
nicotine-free e-vapor increase the inflammatory response and mucin production, which
may contribute to distal lung airflow limitation and airway obstruction.

Keywords: clectronic cigarette, small airway epithelial cells, inflammation, interleukin 6,

mucus

Plain Language Summary

The use of electronic cigarettes (e-cigs) is rapidly rising, but its health effect in human lungs
particularly the distal lung remains unclear. In this study, we sought to determine the role of
e-cigs in human distal airway inflammation and mucus production, two key components in
the pathogenesis of chronic obstructive pulmonary disease. We collected human distal airway
epithelial cells from donors without lung disease, and performed cell cultures to create a
model mimicking in vivo small airway epithelium. The cultured cells were then exposed to
e-cig vapor with or without nicotine to measure its damaging effects on cell inflammation,
injury and mucus production. Our results demonstrated that nicotine-free e-cigs increased
human distal airway epithelial production of pro-inflammatory cytokine IL6 and mucus. Our
findings suggest that even a single exposure to e-cigs is detrimental to human lung health as
excessive inflammation and mucus production could cause airway obstruction, a serious

health condition that needs immediate medical care.
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Introduction
Electronic cigarettes (e-cigs) are handheld battery-
operated devices that recreate the feeling of traditional
tobacco smoking without actual combustion occurring.'~
They heat and aerosolize a solution of propylene glycol,
vegetable glycerin, nicotine, flavorings and other compo-
nents, which is then inhaled by the user (“vaping”). E-cigs
are increasingly popular as an alternative to conventional
smoking products due to a perception that they are safer
than combustible products and may be useful in smoking
cessation. While there are numerous studies demonstrating
the harmful effects of tobacco smoking, given the rela-
tively recent use of e-cigs, much less is known about their
effects on human lungs.

Ex vivo studies into the human health effects of e-cigs
have primarily involved the use of epithelial cells isolated
from large airways, as they are more accessible for collec-
tion via bronchoscopy or nasal brushings. Small airways,
typically defined as <2 mm diameter, are known to be
a major site of airflow obstruction in diseases such as
asthma and chronic obstructive pulmonary disease
(COPD),*™ yet they are understudied due to their poor
accessibility. In epithelial cells isolated from large airways
such as bronchi or trachea, both conventional cigarettes
and e-cigs have been shown to alter the inflammatory
response; in particular, it is widely accepted that conven-
tional cigarettes promote inflammation and impair host
defenses.®® Previous studies have used a wide variety of
e-cig products and exposure methods, including diluted
e-juice,” e-vapor extract,'® and direct e-vapor exposure,'’
and a plethora of flavorings and nicotine strengths, mean-
ing care must be taken when comparing studies and draw-
ing conclusions. Nevertheless, several studies appear to
support the association between e-cigs and inflammation,
including pro-inflammatory cytokines IL6 and ILS8 in large
airway epithelial cells.”'" Moreover, e-cig exposure has
been shown to increase airway mucin production in mur-
ine studies and clinical investigations.'>'"® Increased
mucus production, particularly mucin MUCSAC, and gob-
let cell hyperplasia are major contributing factors in the
obstruction of small airways in COPD.'*"'” Most investi-
gations of the distal lung involve the use of the A549
human adenocarcinoma alveolar cell line, or inferred
effects from bronchoalveolar lavage fluid, sputum, or
brushings from 10-12th airway generation.'*'®!'? At pre-
sent, the health effect of e-cigs in human distal lung
limited numbers of

remains unknown. Nonetheless,

studies?®?!

suggest that the measured e-cig aerosol particle
size range is alarming as some particles are small enough
to be able to reach the alveolar compartment of the lung.
To our knowledge, no report has studied the direct effect
of e-cigarettes on cultured primary human small airway
epithelial cells (SAEC). Our goal was to investigate the
effects of e-cigarettes on primary SAEC cultured at the air-
liquid interface, including inflammatory effects (eg, 1L6)

and tissue remodeling (eg, mucin production).

Materials and Methods
Small Airway Epithelial Cell Isolation and

Expansion by Culture

Human lungs from de-identified organ donors whose lungs
were not suitable for transplantation were donated for
medical research through the National Disease Research
Interchange (Philadelphia, PA), the International Institute
for the Advancement of Medicine (Edison, NJ) or the
Donor Alliance of Colorado. The Institutional Review
Board (IRB) at National Jewish Health, Denver,
Colorado deemed this research as nonhuman subject
research. We selected donors with no history of clinical
lung disease, absence of lung injury indicated by a PaO,
/Fi0, ratio of >225, a chest radiograph that indicated no
infection, and a time on the ventilator of <5 days. The sex,
age, and race were variable and were not selection criteria;
basic demographic information is detailed in Table 1.
Small airway epithelial cells from Subject # 1, a smoker,
was included in our study in order to increase the sample
size as well as to demonstrate if cells from smokers and
non-smokers may respond similarly to nicotine-free
e-vapor.

Small airway (<2 mm diameter) epithelial cells (SAEC)
were collected from cut pieces of the distal lung using
a 2 mm bronchoscopy brush (Conmed Greenwood Village,
CO). The flexible bristles of the brush allowed penetration of
airways <2 mm (measured with a ruler) which were pene-
trated no deeper than the length of the brush, after which the
brush was placed in sterile PBS. The cells were isolated by
centrifugation, resuspended in PBS, counted, and plated
onto an irradiated NIH 3T3 fibroblast feeder layer in
F-media. Once large visible colonies had formed (7-10
days), they were removed with 0.25% trypsin (Corning 25-
053-CI) and plated onto double collagen-coated 12-well
transwells (Advanced BioMatrix 5005 and Corning Costar
3460) for air-liquid interface (ALI) culture. Cells were
maintained in F6 medium, a 50/50 mixture of DMEM and
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Table 1 Demographic Information of Lung Donors
Experiments for e-Vapor Effect on IL6 and Mucin IL6 Neutralization Experiments
Subject ID Sex Age (Years) Smoker Subject ID Sex Age (Years) Smoker
(M/F) (Yes/No) (MIF) (Yes/No)
| M 27 Yes 6 M 35 No
7 F 35 No 12 M 48 No
9 F 77 No 13 F 18 No
10 M 39 No 21 M 87 No
12 M 48 No 23 F 6l No
20 M 46 No 24 M 38 No
Mean+SEM 45.3+7.1 47.8+9.8

Abbreviation: IL6, interleukin 6.

Airway Epithelial Growth Medium (PromoCell) supplemen-
ted with 0.5 pg/mL bovine serum albumin (BSA), 50 mM
ethanolamine, 30 mM MgCl,, 4.0 mM MgSO,, 1.0 mM
CaCl,, 30 ng/mL retinoic acid, 10 ng/mL human epidermal
growth factor, 5 pg/mL insulin, 10 pg/mL transferrin, 0.5
pg/mL hydrocortisone, 0.5 pg/mL epinephrine, 0.004 mL/
mL bovine pituitary extract, 10 ng/mL gentamicin and 0.25
pg/mL amphotericin B. Cells on the transwells were under
the submerged culture for ~7 days, and then shifted to ALI
for 14 days when cells clearly demonstrated mucociliary
differentiation (Figure 1). Moreover, we performed RNA
sequencing on these cells, and found abundant mRNA
expression of SCGB1A1, a specific marker for club cells
found in the small airways, and surfactant proteins (eg, SP-
A). Furthermore, we were able to detect secreted surfactant
protein A in apical surface of cultured small airway epithe-
lial cells. Our data are in line with a recent publication that
characterized cultured human small airway epithelial cells.**
Specifically, when epithelial cells in the transwells were
expanded for ~7 days under submerged condition, 250 pL
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Figure | Small airway epithelial cells from a non-smoker donor demonstrated
mucociliary differentiation after 14 days of air-liquid interface culture. Green and
black arrows indicate cilia and mucous goblet cells, respectively. Hematoxylin and
eosin (H&E) staining, x400 magnification.

medium was added to the apical surface (the upper cham-
ber). To switch from submerged to ALI culture, medium in
the upper chamber was reduced to 50 pL to keep the cells
hydrated and at the same time promote cell mucociliary
differentiation as we previously reported.”®

E-Cigarette Vapor (e-Vapor) Exposure of
Cells

White Cloud Electronic Cigarettes (www.whitecloudelectronic

cigarettes.com) regular (tobacco) flavor at 0% and 2.4% nicotine
strengths were used for this study. According to the manufac-
turer, the e-liquids consist of 84.6 — 92% propylene glycol and
glycerol in an approximately 80:20 ratio, and 8 — 10% proprie-
tary flavorings. E-cigarette vapor (e-vapor) was generated by
a Cirrus 2 battery (White Cloud Electronic Cigarettes, Tarpon
Springs, FL, no specifications on the atomizer were provided to
us) attached via tubing to a MasterFlex L/S Economy Variable
Speed Drive.*** After at least 14 days of ALI culture, apical
surfaces of SAEC were exposed directly to 15 puffs of e-vapor,
each puff defined as 35 mL over 4 s every minute (modified from
ISO standard 3308-2000 for conventional cigarettes) in a British
American Tobacco (London, UK) smoke exposure chamber
containing initially warm (37°C) DMEM circulated by a Fisher
Scientific variable flow mini pump. A monoclonal anti-IL6 anti-
body (40 ng/mL, clone MQ2-13A5, ThermoFisher, Waltham,
MA) or IgG isotype control (Santa Cruz sc-2026) was added to
both apical and basolateral chambers of the transwell plate at
least 30 min prior to air or e-vapor exposure, and for the entire 24
hrs post-exposure. Specifically, the IL6 antibody or IgG control
in the 100 pL of media was added to the apical surface of small
airway epithelial cells in the transwells. This volume is enough to
cover the surface and maintain mucociliary differentiation of the
cells over the 24 hr period of the experiment. In a pilot study, we
did a time course study by evaluating the effects of e-vapor on
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small airway epithelial IL6 production at both 24 and 48 hrs. Our
pilot study demonstrated that IL6 levels were not significantly
altered by nicotine-free e-vapor at 48 hr. Thus, we focused on the
24 hr time point.

Nicotine and Cotinine Measurements in
the Media of e-Vapor-Exposed SAEC

Nicotine and cotinine concentrations in the apical media of e-vapor-
exposed SAEC were detected and measured by GC/MS based on
a previously described method®® The instruments used were
a Focus GC coupled to a DSQ II mass spectrometer and an AS
3000 autosampler. A 15 m RTX-5MS column (0.25 mm i.d., 0.25
um film thickness; Restek, Bellefonte, PA) was used with ultra-
high purity helium as the carrier gas at a constant flow rate of
1.0mL/min. Each sample (1 pL) was injected into the 250°C inlet
using the splitless mode with a split flow of 10mL/min and
a splitless time of 1.2 min. The initial oven temperature was 62°C
then ramped to 190°C at 20°C/min, followed by an increase in
temperature to 290°C at 50°C/min which was held for 1 min. The
MS transfer line was kept at 290°C and the quadrupole at 200°C.
Tons were detected by electron impact SIM mode for nicotine at m/
z 84 and 162, ds-nicotine at m/z 87 and 165, cotinine at m/z 98 and
176; and ds-cotinine at m/z 101 and 179. Under these conditions,
nicotine-d; exhibited a retention time of 4.16 min, followed by
nicotine at 4.17 min, cotinine-d; at 6.18 min, and cotinine at 6.19
min. Nicotine and nicotine-d; standards were purchased from
Cayman Chemical (16,535 and 18,256, Ann Arbor, MI) while
cotinine and cotinine-d; standards were purchased from Cerilliant
(C-016 and C-017, Round Rock, TX). While cotinine was not
detectable, nicotine at the apical surface of cultured SAEC was
detected in the 0.5-3 pg/mL range 24 hrs after exposure to e-vapor
(Figure 2). This concentration is relevant to levels of exposure of
humans in vivo, where serum nicotine concentrations (typically up
to 16.3 ng/mL?’) were determined to be ~1000 times lower than
those in the airway epithelial lining fluid.*®
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Figure 2 Nicotine concentrations in apical media of human small airway epithelial
cells (SAEC, n = 3 donors; experimental replicates from the same donor shown in
the same color) exposed to nicotine-containing e-vapor (tobacco flavor) for 24 hrs.
The horizontal bar shows the mean value.

MUCS5AC Dot Blot

Mucins including MUCS5AC are highly glycosylated pro-
teins with molecular weight >250 kD, which is very diffi-
cult for Western blot analysis. Given the high specificity of
the MUCSAC antibody used in the current study and pre-
vious ones,?****3? dot blot serves as a specific and reliable
method to measure mucin protein levels in supernatants and
cell lysates. MUCSAC protein detected by dot blot as we
previously described.”® Apical supernatant was first treated
with Sputolysin (Calbiochem, San Diego, CA) according to
the manufacturer’s directions in order to reduce disulfide
bonds. Equal amounts of protein from heat-denatured cell
lysates (500 ng in PBS), or equal volumes of apical super-
natant (100 pL of 1/25 dilution in PBS), were loaded onto
a 0.45 pm pore nitrocellulose membrane sandwiched in the
dot blot apparatus (BioRad, Hercules, California). After
vacuum filtration of the sample, the wells of the dot blot
were washed twice with 200 uL. PBS. The membrane was
blocked for 1 hr in 5% skim milk powder in tris-buffered
saline containing 0.05% tween-20 (TBST), then probed for
mucins using a MUCSAC antibody (clone 45MIl,
NeoMarkers MS-145-P1) in 5% BSA in TBST. The mem-
branes were washed with TBST then probed with a goat-
anti-mouse-HRP-conjugated antibody (1858413,
ThermoFisher Scientific, Waltham, MA), washed again,
and visualized by chemiluminescent reaction of ECL sub-
strate (RPN2236, GE Healthcare, Waukesha, WI). The
membrane was stained for total protein with Amido Black
(A8181, Sigma, St. Louis, MO). The intensity of the
MUCSAC protein signal was measured by densitometry
using the NIH Image] software. MUCSAC data in cell
lysates were expressed as the ratio of MUCS5AC/total pro-
tein, while the MUCSAC data in the apical supernatants
were expressed as arbitrary units. To validate MUCSAC dot
blot assay, we performed a dot blot by using five series of
twofold dilutions of lysates (total protein levels at 2000,
1000, 500, 250 and 125 ng, in duplicate) of SAEC exposed
to nicotine-free e-vapor. A linear relationship was observed
between the MUCSAC protein intensity and the total pro-
tein levels (+°=0.83, p=0.03), suggesting that the MUC5AC
dot blot assay was appropriate for qualifying MUCSAC
protein expression levels.

Quantitative PCR (qPCR) for MUC5B
mRNA

Since, using our methodology, MUCS5B protein levels were
undetectable in SAEC, we performed quantitative real-time
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PCR to measure MUCS5B mRNA expression using forward and
reverse primers and a FAM-labeled probe as reported in
a previous publication.*® Total RNA was extracted using the
GenCatch Total RNA Miniprep Kit following manufacturer’s
instructions. qPCR was performed using a Tagman probe-based
method (ThermoFisher Scientific). GAPDH was used as
a reference gene (4352934E, ThermoFisher Scientific).

Lactate Dehydrogenase (LDH) Assay

To quantitate the cytotoxic effects of e-vapor, LDH levels
were measured in the basolateral supernatants of SAEC
using a cytotoxicity detection kit (Roche Diagnostics,
Indianapolis, IN) according to the manufacturer’s instruc-
tion. OD wvalue at 450 nm was measured using
a microplate reader. Data were expressed as the percentage
cytotoxicity of cells with various treatments as compared

to medium control alone.’

Measurement of Trans-Epithelial Electrical
Resistance (TEER)

TEER was measured using an epithelial volt/ohm (TEER)
meter (World Precision Instruments, Sarasota, FL) in ALI
cultures of SAEC as previously reported.** Data were

presented as ohms/cm?.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Human IL6 levels were measured using a Duoset ELISA
kit from R&D systems (Minneapolis, MN) by diluting
epithelial supernatants (cell-free) by 2-fold in ELISA buf-
fer according to the manufacturer.
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Statistics

All statistics were performed using a JMP program (SAS
Institute, Cary, USA). A paired ¢-test was used for two
group comparisons. Analysis of variance (ANOVA) was
used for multiple group comparisons. Correlations were
performed by using Spearman’s rank correlation coeffi-

cients. P<0.05 was considered statistically significant.

Results

Nicotine-Free e-Cigarettes Increased IL6
Production in SAECs

To investigate if single exposure to e-vapor is sufficient to
trigger an inflammatory response, primary SAEC were
exposed once to 15 puffs of e-vapor obtained from heating
e-cig solutions of the same tobacco flavor and brand that were
nicotine-containing (Nic) and nicotine-free (NF). Interestingly,
24 hrs after e-vapor exposure, a consistent and statistically
significant increase in IL6 was observed in SAEC exposed to
NF e-vapor compared to those exposed to ambient air (Figure
3A, Table 2). However, exposure to Nic e-vapor did not
significantly increase IL6 as SAEC from 2 subjects decreased
IL6 following Nic e-vapor (Figure 3B, Table 2).

To determine the potential mechanisms by which Nic
e-vapor did not significantly increase IL6, we measured epithe-
lial integrity as indicated by trans-epithelial electrical resis-
tance (TEER), and cytotoxicity as indicated by the levels of
lactate dehydrogenase (LDH). TEER levels were similar
among air-exposed cells from different subjects. Moreover,
both NF e-vapor and Nic e-vapor did not significantly affect
TEER values (Figure 4A). Likewise, LDH levels were not
significantly altered by NF e-vapor or Nic e-vapor (Figure 4B).

400~
3001 p=0.66
£
& 200
©
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100-
.—<.
C 1 1
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Figure 3 IL6 levels in basolateral supernatants of air-liquid interface cultured human small airway epithelial cells (SAEC, n=6 donors) measured 24 hrs after exposure to
ambient air, nicotine-free (NF) or nicotine-containing (Nic) e-vapor (tobacco flavor). (A) Change in interleukin 6 (IL6) levels in each individual donor following NF e-vapor
exposure as compared to air exposure. Each color represents an individual donor. The square shape represents the smoker. (B) Change in IL6 levels in each individual donor
following Nic e-vapor exposure as compared to air exposure. As the ILé data varied among the subjects, the log transformation of the data was used for the paired t-test.
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Table 2 IL6 Levels (pg/ml) in Basolateral Supernatants of Air-Liquid
Interface Cultured Human Small Airway Epithelial Cells Exposed to
Air, Nicotine-Free (NF) or Nicotine-Containing (Nic) e-Vapor

Subject # Air NF e-Vapor Nic e-Vapor
| 149 314 189

7 8l 98 6l

9 131 139 93

10 172 360 261

12 74 17 8l

20 159 173 199

Abbreviation: IL6, interleukin 6.

Nicotine-Free e-Cigarettes Increased
Intracellular MUCS5AC Production

Airway mucins are secreted from airway epithelial goblet
cells and submucosal glands and play critical roles in main-
taining health, including hydration, trapping of foreign par-
ticles, immunomodulation, and regulation of cell
proliferation.®> Conventional cigarette smokers and e-cig
users have been shown to have increased MUCSAC and
MUCS5B mucin secretion in large airway epithelial cells
and induced sputum samples.'*'* However, smokers with
severe airway obstructive disease and impaired mucociliary
clearance exhibit decreased MUCSB in large airway epithe-
lial cells.>**” To determine if mucins were altered by e-vapor
in our model, we assessed mucin protein production and
secretion by dot blot. MUCS5AC was increased in cell lysates
from SAEC exposed to NF e-vapor (Figure 5A, Table 3),
similar to the observation for IL6. Similarly, NF e-vapor (vs
air) increased MUCS5AC mRNA expression in SAEC from 5
out of 6 subjects, but this increase was not statistically sig-
nificant (p>0.05). In contrast, MUCS5AC secretion by SAEC

in the apical media was decreased by NF e-vapor (Figure 5B,

A
340 ~ p >0.05
—~ 320 4 o
N
5
& 300 1 N
E °
f’/ 280 A [ ° .
& 260 A
|
Foad{ e
220 T T T
Air NF e-vapor Nic e-vapor

Table 3). There was no change in MUCS5B mRNA expression
as assessed by RT-qPCR (Figure 5C). MUCSB protein could
not be detected. These results suggest that a single exposure
NF e-vapor was sufficient to increase the intracellular accu-
mulation of mucin MUCS5AC in SAEC, while inhibiting its
secretion.

IL6 Neutralization Inhibited Mucin

Production

Several cytokines, such as IL6 and IL13, can lead to
increased mucin production in large airway epithelial
cells.*®* To investigate the IL6 signaling dependence of
mucin production in our model, SAEC were exposed to
NF e-vapor in the presence of an anti-IL6 neutralizing
antibody or an isotype control (IgG) antibody. As
expected, the anti-IL6 antibody effectively neutralized
IL6 as it markedly inhibited IL6 detection by ELISA
(Figure 6A). Neutralization of IL6 in NF-exposed SAEC
consistently and significantly decreased intracellular
MUCSAC protein levels in NF e-cig vapor-exposed cells,
when compared to the control antibody (Figure 6B). This
indicated that increased IL6 contributed to the increased

MUCSAC in NF e-vapor-exposed SAEC.

Discussion

Cigarette smoke is a major cause of acute and chronic
inflammation leading to substantial airway remodeling
and tissue damage, particularly in the small airways
where the major pathologic features occur.* In contrast to
the widely known detrimental effects of conventional
cigarettes, the effect of e-cigs on airway inflammation
and remodeling remains unclear. This study demonstrated
an increase of IL6 and intracellular mucin by nicotine-free
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u}

LDH fold changes over the Air g
o
»
1

o
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Air NF e-vapor Nic e-vapor

Figure 4 (A) Trans-epithelial electrical resistance (TEER) was measured using an epithelial volt/ohm meter in air-liquid interface cultured human small airway epithelial cells
(n = 4 subjects) exposed to ambient air, nicotine-free (NF) or nicotine-containing (Nic) e-vapor (tobacco flavor). (B) Lactate dehydrogenase (LDH) levels were quantified in
basolateral supernatants of air-liquid interface cultured human small airway epithelial cells (n = 6 subjects) exposed to ambient air, nicotine-free (NF) or nicotine-containing
(Nic) e-vapor (tobacco flavor). Each color represents an individual donor. The square shape represents the smoker.
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Figure 5 Human small airway epithelial cells (SAEC) mucin expression after 24 hrs of nicotine-free (NF) e-vapor (tobacco flavor) exposure. (A) MUC5AC protein in lysates
of SAEC, detected by dot blot; representative dot blot from one subject shown below. (B) MUCSAC protein in apical supernatants of SAEC, detected by dot blot;
representative dot blot from one subject shown below. (C) MUC5B mRNA in SAEC lysates. Each color represents a different subject. The square shape represents the

smoker.

e-vapor, but not nicotine-containing e-vapor. Our small
airway epithelial cell culture data have extended the pre-
vious studies that demonstrated an increase in IL6 upon
exposure to nicotine-free e-cig juice in cultured human
tracheobronchial cells and Calu-3 epithelial cells, and

alveolar macrophages.’''** Our data showing no increase

Table 3 MUC5AC Protein Levels in Lysates and Apical Surface
(Secreted) of Air-Liquid Interface Cultured Human Small Airway
Epithelial Cells Exposed to Air, Nicotine-Free (NF) e-Vapor

MUCS5AC/Total Secreted MUC5AC
Protein (Cell (Arbitrary Units)
Lysates)

Subject no. | Air NF e-Vapor Air NF e-Vapor

| 0.31 0.46 29,801 26,268

7 0.24 0.46 28,840 21,259

9 0.13 0.60 21,757 20,179

10 0.32 0.46 29,150 22,290

12 0.32 0.45 25,100 21,464

20 0.02 0.62 22,954 20,128

of IL6 by nicotine-containing e-vapor are consistent with
those recently reported by Czekala L et al.*' We realize
that the data presented here showed a large variation of
IL6 responses to e-vapor in SAEC from different donors
although cells from all the six donors demonstrated
increased IL6. The smoking status, age and sex did not
appear to play a role in such variation, but given the
relatively small sample size (n=6), further investigation
into the effects of age and sex on the IL-6 response to
e-vapor is warranted. Together, studies from us and others
suggest that an increase in IL6 following e-vapor does not
appear to be dependent on nicotine nor on brand of e-cig
used. The dampening effect of nicotine on the production
of IL6 observed in our current study may be due to known
immune suppressive effects of nicotine,**** or to the short
duration of exposure in our model.

The clinical implication of IL6 induction by acute expo-
sure to nicotine-free e-vapor deserves further research, espe-
cially in terms of long-term effects of repeated exposures in
those who chose nicotine-free e-cig products. Conversely, the
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Figure 6 Effect of an anti-interleukin 6 (ILé) neutralizing antibody compared to immunoglobulin G (IgG) isotype on (A) secreted IL6, as detected by enzyme-linked
immunosorbent assay (ELISA), and (B) MUC5AC protein levels, detected by dot blot (representative blot shown below) in human small airway epithelial cells (SAEC)
exposed to nicotine-free (NF) e-vapor (tobacco flavor) for 24 hrs. Each color represents a different subject.

lack of IL6 production by acute exposures to Nic-containing
e-cig vapor may also have clinical implications, in situations
when IL6 production is necessary for host defense. Further,
once tobacco smoke reaches the small airways, nicotine can
be quickly absorbed into the bloodstream and metabolized to
many metabolites including cotinine.* It is, therefore, pos-
sible that in vivo, following the inhalation of nicotine-
containing e-vapor, nicotine is quickly absorbed and
removed from the small airways, leaving the viscous nico-
tine-free e-cig components including propylene glycol on the
small airway mucosa, which may then contribute to a low-
grade and persistent pro-inflammatory response. Indeed, stu-
dies have demonstrated wheezing and chest tightness in
subjects with acute inhalation of propylene glycol or vege-
table glycerin,*®*® indicating that these e-cig constituents are
detrimental to lung health. Further, the very recent surge in
cases of acute lung injury induced by e-cig vaping suggests
that certain e-cig formulation may produce exuberant inflam-
matory responses in the small airway epithelium and lung
parenchyma. This effect in vivo is likely to be more pro-
nounced than in our SAEC culture model, due to simulta-
neous injurious effects of e-cig vaping on other cell types not
studied here, such as inflammatory cells, fibroblasts, and lung
endothelial cells as we previously reported.*’

Airway mucins are large polymeric O-linked glycoproteins
that form about 30% of the solid components of airway
mucus.'” Mucins are produced and then secreted by airway
goblet cells and by submucosal glands in the large conducting
airways. Cigarette smoking is a major risk factor for the
development of goblet cell metaplasia and mucus hypersecre-
tion; indeed, small airway mucus obstruction is a characteristic

feature of COPD.'*>"'” While there are only a few studies, a link
is emerging between e-cigs, mucus production and mucocili-
ary clearance. Elevated MUCSAC has been observed in the
sputum of e-cigarette users compared to non-users,"> while
decreased ciliary beat frequency associated with patches of
secretory material on ciliated cells have been detected in cul-
tured nasal epithelial cells exposed to e-vapor.”® Furthermore,
animal models have demonstrated an increase in mucus pro-
duction in mice exposed to e-cigarettes and an impairment of
mucociliary clearance in e-cig-exposed sheep.’'™* Several
cytokines, including IL6, have been shown to induce the
production of MUCS5AC in epithelial cells.>®**> Our study
demonstrates the first connection between MUCSAC produc-
tion and IL6 in SAEC due to exposure to e-vapor. Our data
demonstrated that an acute exposure of SAEC to NF e-vapor
but not Nic e-vapor increased IL6 which directly contributed to
an increase in airway MUCSAC production as an anti-IL6
antibody significantly inhibited the mucin induction by NF
e-vapor. These results are based on the study of six separate
human donor lungs from both males and females, free of acute
or chronic lung disease, and overwhelmingly nonsmokers.
Thus, it is unlikely that our study on the acute effects of NF
e-cig vaping on SAEC is limited by replicates from a single
individual, and may, therefore, be generalizable to all healthy
smoking-naive SAEC.

One intriguing finding in the current study is that increased
intracellular mucin production by NF e-vapor was not accompa-
nied by increased mucin secretion into the apical surface of SAEC
cultured at air-liquid interface. This may be because MUC5AC
production and secretion are regulated by distinct processes' that
are differentially affected by e-vapor. In uninflamed airways, the
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rate of mucin production and the rate of secretion is roughly
equivalent, such that there is only minimal mucin stored in secre-
tory granules. Stimulation of mucin production, for example, by
1L6,1L13 orIL17, leads to an increase of stored intracellular mucin
but not necessarily to a large increase in secreted mucin. To
dramatically increase the rate of secretion, goblet cells must be
stimulated by high levels of extracellular agonists such as ATP,
acetylcholine, or histamine.'®>* Since no extracellular agonist was
applied in our SAEC culture model, it may not be surprising that
secreted MUCSAC levels did not increase. Accumulation of
intracellular MUCSAC due to repeated exposures of SAEC to
e-cigs over several days may lead to a small increase in secreted
MUCSAC and should be investigated. Changes in the amount of
secreted mucins may also occur due to goblet cell metaplasia, but
for this to occur, repeated exposures of cells to e-cigs over a time
period much longer than 24 hrs used here would be necessary.'*>
This may explain why secreted mucin was elevated in the sputum
of e-cig users,' but not in ex vitro acute exposure models.

Several limitations are present in our current study. Our
results using a model of acute exposure of SAEC to e-vapor
cannot be directly extrapolated to chronic or repeated
e-vapor exposures, which will need to be addressed in
future studies. It is unclear which components in NF-
e-vapor may be responsible for the increased IL6 and
MUCSAC production. Much of the non-nicotine compo-
nents of e-cigs reflect a proprietary mixture of chemicals
that may have wide-ranging effects on cytotoxicity and
cytokine production.” A more global exploration of the
upstream signaling pathways involved in IL6 production
following acute NF e-vapor exposures will provide further
insight into how these chemicals engage host cell responses.
The effects of e-cig on IL6 production vary among different
studies, likely due to the differences in the cell types used,
e-cig exposure methods and brands (flavored vs non-
flavored). Some studies have shown that IL-6 release was
reduced when cells were exposed to flavored e-cig.’®”’
Given the recent report of death related to vaping associated
lung injury (EVALI),*® studies using the human lung
tissue such as precision-cut lung slices are warranted to
better understand how e-vapor with various additives such
as vitamin E acetate causes lung injury.

Conclusion

By leveraging our access to human small airway epithelial cells of
multiple human donors, this study has provided the first evidence
that a single exposure to e-vapor is sufficient to increase distal
airway mucin production in an IL6-dependent manner.
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