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Abstract

Electronic cigarettes or vaping products have been marketed as a safer alternative to smoking, but very little is known about
the health effects in the human lung, particularly in the distal airways, a key site of airway obstruction and destruction in
chronic obstructive pulmonary disease that is often exacerbated by viral infections. The aim of this study was to investigate
the effects of electronic cigarette vapor (e-vapor) on human distal airway epithelial responses to influenza A virus (IAV)
infection. We isolated primary small airway epithelial cells (SAECs) from donor lungs free of lung disease, and cultured
them at air—liquid interface (ALI). To measure markers of epithelial injury such as integrity of epithelial barrier structure and
function, we selected a regimen of non-toxic, barrier preserving e-vapor exposure of cultured cells to 15 puffs of e-vapor from
a commercially available e-cigarette once per day for 3 days, prior to IAV infection. After 72 h of infection, media and cell
lysates were collected to measure cytokines involved in inflammatory and antiviral responses. Pre-exposure to e-vapor with
TAV infection, compared to [AV infection alone, significantly increased inflammatory and antiviral mediators including IL-8,
CXCL10, IFN-beta, and MX1. Our results suggest that e-vapor exposure amplifies human distal airway pro-inflammatory
response to AV infection, independently of the severity of cell injury during viral infection.
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Introduction

Electronic cigarettes (e-cigs) are handheld, battery-operated
devices with growing popularity in the U.S. market as an
alternative to smoking, or as an aid in smoking cessation
(U.S. Department of Health and Human Services 2014,
2016). However, while it is increasingly evident that e-cig
use is unsafe, their adverse effects on lung health are not
fully elucidated. Experimental exposure models established
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in mice and in cultured human lung cells, including bron-
chial epithelial cells determined that e-cigs increase lung
inflammatory cytokines, mucins, and oxidative stress, and
impair epithelial cell function (Garcia-Arcos et al. 2016;
Glynos et al. 2018; Haswell et al. 2017; Madison et al. 2019;
Scott et al. 2018; Wu et al. 2014). Whereas most studies
focused on effects on large airways, there is a paucity of
studies on the effects of e-cigs on human distal airways such
as small airway epithelial cells (SAEC). The repetitive injury
of small airways, defined as <2 mm diameter, is a key con-
tributor to the loss of distal airways and alveoli and tissue
remodeling characteristic of chronic obstructive pulmonary
disease (COPD) (Garcia-Arcos et al. 2016; U.S. Department
of Health and Human Services 2014). Inhalation of the small
molecules contained in e-cig vapors (e-vapor) escapes the
filtration system of the large airways, reaching small air-
ways and alveoli, potentially altering gas exchange (Denney
and Ho 2018; Garcia-Arcos et al. 2016; Glynos et al. 2018;
Scott et al. 2018). Our group has demonstrated that the distal
airway epithelium shares a similar response as the upper
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airway epithelium when exposed to e-vapor, by increasing
the inflammatory cytokine IL-6 (Gellatly et al. 2020; Has-
well et al. 2017; Norton et al. 2014; Scott et al. 2018; U.S.
Department of Health and Human Services 2016). However,
little is known about how e-cig exposure may affect distal
airway defense against viral infections.

Viral infections such as influenza A virus (IAV) signifi-
cantly contribute to COPD exacerbations (de Miguel-Diez
et al. 2012; Gerke et al. 2013; Santa-Olalla Peralta et al.
2010). While cigarette smokers have been shown to have
impaired nasal epithelium antiviral response to IAV infec-
tion (Jaspers et al. 2010), the antiviral response in e-cig
users has not been defined. IAV infection in upper airway
cells and in mouse models shows an appropriate produc-
tion of antiviral cytokines including interferon (IFN)-beta
and CXCL10 which are important in driving an effective
innate viral response (Andreakos et al. 2017; Chan et al.
2010; Denney and Ho 2018; Haswell et al. 2017; Jaspers
et al. 2010; Liu et al. 2011; Mogensen and Paludan 2001;
Mordstein et al. 2010; Oslund et al. 2014; Sukhanova 1988).
Appropriate levels of antiviral mediators during infection
will aid in viral clearance by recruiting immune cells and
inhibiting viral replication interference, but dysregulated or
excessive expression may harm the lung. It has been shown
that overexpression of interferons can cause further damage
to lung epithelium and result in cell death (Chen et al. 2017;
Major et al. 2020).

The overall goal of this study was to determine how
e-vapor exposure impacts small airway response after [AV
infection. By performing air-liquid interface culture of
SAECs, we found that e-vapor exposure, even at sub-toxic
concentrations, that do not directly cause epithelial cell
barrier disruption, amplifies the pro-inflammatory response
(e.g., IL-8 and CXCL10) to IAV.

Materials and methods
Influenza A virus preparation

The pandemic Influenza A/California/07/2009 virus H;N,
was kindly provided by Dr. Kevin Harrod from University
of Alabama at Birmingham. The virus was passaged in
Madin-Darby canine kidney (MDCK, ATCC, Manassas,
VA) cells, as previously published (Chan et al. 2010; Daly
et al. 1995; Hartshorn et al. 2006; Kunisaki and Janoff
2009). MDCK cells were cultured in Dulbecco’s Modified
Eagles Medium (DMEM, Fisher Scientific, Waltham, MA)
supplemented with 10% fetal calf serum (MilliporeSigma,
Burlington, MA), L-glutamine, and antibiotics. Virus was
propagated in MDCK cells in DMEM supplemented with
L-glutamine, antibiotics, and 1.5 ug/ml of N-tosyl-L-phe-
nylalanine chloromethyl ketone (TPCK) treated trypsin
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(ThermoFisher Scientific, Waltham, MA) and harvested
at 72 h post infection and tittered by plaque assay using
MDCK cells (Numata et al. 2020).

Small airway epithelial cell isolation and culturing

Human lungs from de-identified organ donors whose lungs
were not suitable for transplantation were donated for
medical research through the International Institute for the
Advancement of Medicine (Philadelphia, PA) or the Donor
Alliance of Colorado (Denver, CO). Six different donors
were selected based on non-smoking status (Table 1), no
history of clinical lung disease, a clear chest radiograph
that indicates no active infection, and time on a ventilator
for less than five days, as described previously (Gellatly
et al. 2020).

Small airway epithelial cells (SAECs) characterized by
being less than 2 mm in diameter, were collected from
dissected pieces of the distal lung using a 2 mm bron-
choscopy brush (Medline Industries, Northfield, IL).
The flexible bristles of the brush allowed penetration
of airways <2 mm, after which the brush was placed in
sterile PBS. The cells were isolated by centrifugation,
re-suspended in PBS, counted, and plated onto an irra-
diated NIH 3T3 fibroblast feeder layer in F-media (Gel-
latly et al. 2020). Once large visible colonies had formed
(7-10 days), they were removed with 0.25% trypsin (Corn-
ing Inc., Corning, NY) and plated onto double collagen-
coated 12-well transwells (Corning Inc., Corning, NY)
for air-liquid interface (ALI) culture in Pneumacult ALI
medium (Stemcell Technologies, Vancouver, Canada).
Briefly, cells on the transwells were under submerged cul-
ture for 7-10 days to form a monolayer, and then cultured
at ALI for 21 days to promote mucociliary differentiation.
To switch from submerged to ALI culture, medium in the
upper chamber was reduced from 250 pl for submerged
culture to 50 pl for ALI culture to keep cells hydrated and
promote cell mucociliary differentiation.

Table 1 Demographic information of small airway epithelial cell
donors

Subject # Gender Age (years) Smoking status Cause of death

1 Male 18 Never Blunt Injury

2 Female 19 Never Blunt Injury

3 Male 36 Never Anoxia

4 Male 40 Non-smoker Blunt Injury
(>12 years)

5 Male 44 Never Head Trauma

6 Male 57 Never Blunt Injury
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E-vapor exposure

JUUL Labs (Washington D.C.) Virginia tobacco flavor at
3% (35 mg/ml) nicotine strength was used for this study.
According to the manufacturer, the e-liquid pods consist of
up to 90% propylene glycol and glycerol in a 30:60 ratio,
benzoic acid, purified/USP grade/pharmaceutical grade
nicotine, and proprietary flavorings, which does not include
diacetyl, acetylproprionyl, or 2,3-pentanedione as flavoring
ingredients.

JUUL e-vapor was generated using a JUULbattery and
JUULpod attached to tubing on a MasterFlex L/S Economy
Variable Speed Drive (Fig. 1a) (Gellatly et al. 2020). After
21 days of ALI culture, the apical surfaces of SAECs were
exposed directly to either 15 puffs of air as control, or 15
puffs of e-vapor over 15 min. Each puff is defined as 55 ml
over 8 s draw every minute in a British American Tobacco
(BAT) exposure chamber (Thorne and Adamson 2013) con-
taining warm DMEM circulated by a Fisher Scientific Vari-
able Flow Minipump, for a total of 15 min (Gellatly et al.
2020). Duration was determined from behavioral studies
of patients using an e-cigarette (Garcia-Arcos et al. 2016)
and nicotine serum levels after use (Chiadmi and Schlatter
2014; Marsot and Simon 2016; Yingst et al. 2019), as well
as modified from International Organization for Standardi-
zation (ISO) standards for cigarette smoking experiments.

Nicotine measurements in the media
e-vapor-exposed SAEC

Nicotine concentrations in the apical media of e-vapor-
exposed SAEC were measured by GC/MS based on previ-
ously described methods (Chiadmi and Schlatter 2014; Gel-
latly et al. 2020). Nicotine in the apical surface of SAEC

was detected in a range of 0.86—1.79 pg/ml 24 h after one
exposure to e-vape (Fig. 1b). This concentration is relevant
to levels of exposure of humans in vivo, where serum nico-
tine concentrations were determined to be about 1000 times
lower than those in the airway epithelial lining fluid (Chi-
admi and Schlatter 2014; Marsot and Simon 2016; Yingst
etal. 2019).

Infection of SAEC with IAV

Immediately after the last vaping exposure, 100 ul of Pneu-
macult ALI medium with 1.5 pg/ml of TPCK-treated trypsin
and 3 x 10° PFU/ml of IAV was applied to the apical sur-
face for two hours, incubated at 37 °C and 5% CO,. After
two hours of incubation, the virus-containing medium was
removed, and apical surface washed with warmed PBS
to remove unbound virus. The apical medium was then
replaced with 50 pl of Pneumacult ALI medium without
TPCK-treated trypsin or AV to continue ALI culture for
72 h, after which apical and basolateral supernatants were
collected, and cells were lysed in RLT for RNA extraction
to determine mRNA quantification by RT-qPCR.

Bulk RNA sequencing of SAECs

Bulk RNA sequencing (RNA seq) was performed by
Novogene (Sacramento, CA) from total RNA samples of
ALI cultured SAECs to confirm the nature of cells derived
from small airways. Illumina NovaSeq 6000 was used for
sequencing with paired-end 150, 20 million read pair per
sample with reference genome, Homo sapiens (GRCh38/
hg38).
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Fig.1 E-vapor exposure model. a A British American Tobacco
(BAT) smoke exposure chamber connected to a Fisher Scientific vari-
able flow mini pump, for cell culture medium circulation, and a Mas-
terFlex L/S Economy Variable Speed Drive, for airflow or e-cigarette

vapor activation. b Nicotine concentrations in apical supernatants fol-
lowing a single e-vapor exposure (24 h). Each data point represents a
separate experiment with horizontal line indicating the average
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Enzyme-linked immunosorbent assay (ELISA)

Human CXCL10 levels were measured using an ABST
enzyme-linked immunosorbent assay (ELISA) (PeproTech,
Rocky Hill, NJ). Human IL-8, and IFN-f levels were meas-
ured by respective DuoSet ELISA kits (R&D Systems, Min-
neapolis, MN). All cytokines were measured in basolateral
supernatants, according to manufacturers’ instructions.

Quantitative real-time PCR (RT-qPCR)

mRNA expression of IFN-beta, CXCL10, MX1, and intra-
cellular IAV was measured by quantitative real-time PCR
(RT-PCR). Total RNA was extracted using Mini Spin Col-
umns for RNA Extraction (Epoch Life Science Inc., Mis-
souri City, TX) following manufacturer’s instructions. gPCR
was performed using a probe-based method with 18s rRNA
as a reference gene (ThermoFisher, Waltham, MA). Target
gene mRNA analyses for Mx1 were performed using com-
mercially available primer and probe sets (Tagman Gene
Expression Assays, ThermoFisher, Waltham, MA). The
custom-made (Integrated DNA Technologies, Coralville,
IA) specific primers and probes for IFN-§ were 5'-GAC
GGA-GAAGATGCAGAAGAG-3' (forward), 5'-CCACCC
AGTGCTGGAGAA-3' (reverse), and 5'-TGCCTTTGCCAT
-CCAAGAGAT-3"; and for IAV were 5'-GACCRATCC
TGTCACCTCTGAC-3' (forward), 5'-AGGGCATTYTGG
ACAAAKCGTCTA-3' (reverse), and 5'-TGCAGTCCTCGC
TCACTGGGCACG-3' (probe).

SAEC barrier function measurements

Transepithelial electrical resistance (TEER) measurements
were performed using Epithelial Voltohmmeter (EVOM2;
World Precision Instruments, Sarasota, FL) to assess cell
barrier integrity, as described previously (Gellatly et al.
2020; Wang et al. 2018). The resistance across the cell layer
was measured (R,,) for each of the treatment samples, and
the cell layer resistance (R,;,) was measured by subtract-
ing the blank measurement of the membrane from the total
resistance.

Statistics

Normally distributed data were analyzed using Analysis of
variance (ANOVA) followed by Tukey’s test for multiple
group comparisons. Due to the large variation of some data
seen between subjects, but consistent data changes in the
same subject cells exposed to the combination treatment
of e-vapor exposure and IAV infection versus IAV infec-
tion alone, we used a paired 7 test to compare these two
treatments. A p value of <0.05 was considered statistically
significant.
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Results

Confirmation of SAECs by morphology and bulk RNA
sequencing analysis

SAECs isolated from donor lungs via airway brushing
were confirmed by Hema 3 differential staining in cyto-
spin slides by visualization of ciliated cells (Fig. 2a).
Once SAEC isolation was confirmed, cells were cultured
in ALI As shown in Fig. 2b, SAECs grown on transwells
were able to differentiate into ciliated cells and secretory
cells. To further confirm the nature of distal airway epi-
thelium, bulk RNA sequencing (RNA-seq) was performed
to identify specific distal small airway epithelial markers
(Fig. 2¢). SAEC-specific markers identified included club-
cell secretory proteins (SCGB1A1 and SCGB3A1) and
surfactant protein (SFTPA) (Crystal et al. 2008). Ciliated
cell differentiation was confirmed by cilia specific markers
including forkhead box protein (FOXJ1), tubulin polymer-
ization-promoting protein (TPPP3), and acetylated tubulin
(TUBAT1A). Airway mucus differentiation was confirmed
by expression of mucin SAC (MUCS5AC) and mucin 5B
(MUCS5B). These data support our SAEC ALI culture as a
physiologically relevant model to study the role of vaping
in human small airway response to viral infection.

Maintenance of SAEC ALI barrier integrity
during e-vapor exposure

Transepithelial electrical resistance (TEER) was used to
assess epithelial barrier function/integrity. The regimen
selected for e-vapor exposure alone did not reduce base-
line SAEC TEER, in contrast to the expected effect of
IAV infection, which significantly reduced TEER levels
(Fig. 3). Furthermore, e-vapor exposure of IAV-infected
SAEC did not worsen TEER levels compared to AV infec-
tion alone.

E-vapor amplified inflammatory responses in SAECs
infected with 1AV

To determine the pro-inflammatory effect of IAV infection
in e-vapor exposed SAECs, we measured pro-inflamma-
tory cytokines secreted into the basolateral supernatant
of the ALI culture, and intracellular mRNA expression.
IL-8, a neutrophilic chemoattractant cytokine, was sig-
nificantly increased in SAECs exposed to both e-vapor and
IAV compared to IAV alone (Fig. 4a). A similar effect was
noted for the IL-8 mRNA expression (Fig. 4b). CXCLI10,
also known as interferon-inducible protein, was also
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Fig.2 Morphology of small airway ciliated epithelial cells (SAEC)
isolated from a healthy non-smoker human donor lung. a Image of
cytospin of distal bronchial brushings from a non-smoker donor. Red
arrows indicate ciliated cells. b SAEC grown on transwells demon-
strate ciliary differentiation after 21 days of air-liquid interface (ALI)
culture. Red arrows indicated ciliated cells and black arrows indi-

significantly increased in the e-vapor and IAV exposed
SAECs compared to IAV alone (Fig. 4c). IAV infection
alone markedly increased CXCLI0 mRNA, with no addi-
tional effect noted in the IAV infection group also exposed
to e-vapor (Fig. 4d).

E-vapor increased antiviral gene expression, but did
not affect intracellular viral load

We next sought to determine the impact of e-vapor on
the antiviral responses to IAV. Antiviral genes IFN-beta
and MX1 were analyzed as they have been shown to be
involved in both antiviral and pro-inflammatory processes

cate basal cells. ¢ Bulk RNA sequencing data showing mucociliary
markers of SAEC as well as specific markers of club cells in SAEC.
FPKM stands for fragments per kilobase of transcript per million
mapped reads indicating a relative expression of a gene proportional
to the number of cDNA fragments of origin. N=35 donors. Data were
expressed as means + SEM

(Andreakos et al. 2017; Centers for Disease Control and
Prevention 2020; Chan et al. 2010; Denney and Ho 2018;
Huang et al. 2013; Mogensen and Paludan 2001; Mord-
stein et al. 2010; Oslund et al. 2014). A significant increase
of IFN-beta protein and mRNA expression was induced by
e-vapor in IAV-infected SAECs compared to IAV infection
alone (Fig. 5a, b). E-vapor also tended to increase the IAV-
infected SAEC expression of MX1, when compared to AV
infection alone (Fig. 5¢). These effects were unlikely to be
due to a direct effect of e-vapor on viral load, since IAV
RNA levels were similar in infected e-vapor exposed or
unexposed SAEC (Fig. 5d).
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Fig.3 Integrity of air-liquid interface (ALI) cultured small airway
ciliated epithelial cells (SAEC) during e-vapor and IAV exposures.
Transepithelial electrical resistance (TEER) indicates lack of e-vapor
effect on barrier integrity at baseline or following IAV infection
(72 h). Each data point (colored dot) represents the average of 3 repli-
cates from each respective individual donor (n=6 donors); horizontal
lines indicate averages and standard deviation; ANOVA with post hoc
Tukey’s test

Discussion

While e-cigarettes have been marketed as a safer alternative
to conventional cigarette smoking, e-cigs have been a major
area of study following the 2019 outbreak of e-cigarette or
vaping product use-associated lung injury (EVALI), that
resulted in over 2800 hospitalizations and 73 deaths (Cent-
ers for Disease Control and Prevention 2020). In this study,
we report to our knowledge for the first time the effects of
vaping on viral infection of epithelial cells collected from
human small airways, a critical site for lung disease develop-
ment. Our data demonstrate the amplifying effects of vaping
on inflammation induced by IAV infection.

Several studies using large (tracheal or bronchial) airway
epithelial culture systems showed detrimental effects of
e-cig or tobacco smoke on the upper airways in defending
against pathogens and other foreign material entering the
lungs, via inhibition of mucociliary clearance (Knowles and
Boucher 2002; Kulkarni et al. 2010). Small airways vulner-
ability to highly virulent pathogens, such as IAV (Denney
and Ho 2018) is a concern, since injury or inflammation of
small airway epithelium more severely affects gas exchange
and airflow obstruction. Given the structural and functional
differences of small airway epithelial cells compared to large
airway epithelial cells, (i.e., higher ratio of club cells to gob-
let cells), it is imperative to understand how vaping impacts
the response of SAEC to IAV infection. Our study is the first
to directly fill this critical gap of knowledge.
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Previous studies comparing e-vapor and cigarette smoke
in patient sputum and bronchoalveolar lavage have shown
that there is significantly more neutrophilic inflammation
induced by e-vapor (Reidel et al. 2018). However, these
studies were not able to reveal the contribution of distal air-
ways to exaggerated neutrophilic inflammation in vapors.
Using an air-liquid interface culture model, we succeeded
in generating well-differentiated small airway epithelium,
which mimics human small airways, made up of mainly cili-
ated cells and club cells. As shown in this study, e-vapor
pre-exposure significantly amplified IL-8 and CXCL10 pro-
duction in SAEC infected with IAV. IL-8 is a well-known
neutrophilic chemoattractant, giving our model of human
SAECs important clinical implications. Increased neutrophil
infiltration in the airways has been shown to lead to signifi-
cant damage and can be a marker of acute lung disease, as
was seen with the 2019 outbreak of EVALI (Centers for
Disease Control and Prevention 2020). Notably, CXCL10
has also been shown to enhance lung neutrophilic inflam-
mation in patients or mice with acute respiratory distress
syndrome (ARDS) associated with IAV infection (Ichikawa
et al. 2013). Together, our IL-8 and CXCL10 data suggest
the detrimental pro-inflammatory effects of vaping during
the flu season.

To demonstrate the functional implication of excessive
production of pro-inflammatory mediators, we measured
cell injury in SAEC treated with e-vapor and IAV. Previ-
ous studies have shown that in lung cell cultures includ-
ing human bronchial epithelial cell lines, human nasal
brushings, human alveolar macrophages, and in vivo
murine models, cell injury can occur from exposure to
e-cigs, which were comparable to the effects seen with
cigarette smoke exposure (Chen et al. 2019; Garcia-Arcos
et al. 2016; Glynos et al. 2018; Haswell et al. 2017; Rei-
del et al. 2018). Tissue barrier function is important to
the maintenance of a functional airway passage, which is
compromised during aggressive IAV infection and could
potentially be damaged by the use of e-cigs alone (Chen
et al. 2019; Garcia-Arcos et al. 2016). However, whether
e-cigs further damage IAV-infected epithelial cells has not
been investigated. Our work has extended the previous
research in that IAV infection alone exerts the injurious
effect on SAEC. E-vapor did not exaggerate the injuri-
ous effect of IAV infection on small airway epithelium
during the 72 h of IAV infection. The “disconnection” of
amplified pro-inflammatory response and lack of exagger-
ated cell injury by e-vapor in IAV-infected cells suggests
that the pro-inflammatory event may occur without the
expense of cell injury. Moreover, our findings also sup-
port the concept that e-vapor, unlike tobacco smoke, is
usually less toxic to the cells (Glynos et al. 2018; Haswell
et al. 2017). Nonetheless, future studies are warranted to
test if e-vapor during the prolonged AV infection will
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Fig.4 Inflammatory response by e-vapor exposed SAEC follow-
ing influenza A virus (IAV) infection. E-vapor exposure followed by
TAV infection significantly increased IL-8 protein (a), IL-8 mRNA
(b), and CXCL10 protein (c) compared to IAV alone measured (at
72 h) by ELISA in basolateral supernatants or by qRT-PCR in cell

amplify the damaging effect of IAV on epithelial integrity.
As cilial dysfunction and deficiency of club-cell secre-
tory proteins have been reported in the airways of patients
with COPD (Gamez et al. 2015; Leopold et al. 2009), we
utilized the bulk RNA sequencing data to compare the
expression levels of genes involved in ciliogenesis (e.g.,
FOXIJ1) and club-cell secretory proteins (e.g., SCGB1Al
and SCGB3A1) in SAEC exposed to e-vapor with or with-
out IAV infection. We found that e-vapor alone consist-
ently reduced (about twofold) the expression of FOXJ1,
SCGB1A1 and SCGB3A1, which was further reduced
(about tenfold) by IAV infection. Our data suggest, like
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lysates of SAEC grown at ALI. CXCL10 mRNA expression (d) did
not further increase compared to IAV infection alone. Each data point
(colored dot) represents the average of 3 replicates from each respec-
tive individual donor (n=6 donors); horizontal lines indicate aver-
ages and standard deviation; paired ¢ test

tobacco smoke, e-vapor not only modulates the inflam-
matory response, but also may impair other functions of
distal airway epithelium.

Previous studies generally suggest impaired antiviral
immunity in tobacco smokers or tobacco smoke-exposed
upper airway epithelium (Strzelak et al. 2018). It remains
unclear about the role of e-vapor in distal airway antiviral
responses. However, we saw an increase in antiviral gene
expression in e-vapor exposed and IAV-infected SAEC. IAV
has been shown to induce a significant response of IFNs
(Chan et al. 2010; Huang et al. 2013), but the enhancing
effect of e-vapor on IFNs and IFN-stimulating genes is
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Fig.5 Viral immune response by e-vapor exposed SAEC following
IAV infection. E-vapor exposure followed by IAV infection signifi-
cantly increased IFN-f protein (a) and /FN-f mRNA expression (b)
and tended to increase MX/ mRNA expression (¢) compared to IAV
alone, measured (at 72 h) by ELISA in basolateral supernatants or
by qRT-PCR in cell lysates of SAEC grown at ALI (d). Intracellular

unexpected. Moreover, such an increase of antiviral genes
was not coupled with a decrease of viral load in SAECs.
We speculate that in severely damaged SAECs infected with
IAYV, excessive IFNs may not be able to significantly inhibit
viral replication. Our novel finding suggests that IFN sup-
plemental therapies may not be beneficial for vapers with
an acute IAV infection. Instead, reducing the excessive IFN
signaling may be necessary.

The limitations of this study include that it only meas-
ured effects of the relatively short-term (3 days) exposures
of SAECs to e-vapor, which may not be similar to those of
chronic or lifelong e-vapor exposure. Besides the experi-
mental limitations of long-term culture of primary lung
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IAV at 72 h post infection indicates no significant effect of e-vapor
exposure on viral load. Each data point (colored dot) represents the
average of 3 replicates from each respective individual donor (n=6
donors); horizontal lines indicate averages and standard deviation;
paired 7 test

cells, given their relatively recent use, the long-term conse-
quences of e-cigarette use on the human lung health remain
unknown. However, our finding of pro-inflammatory effects
of short-term e-vapor exposures can inform on the design
of future long-term studies examining the prevalence or
severity of respiratory viral infections in habitual vapers.
Further, since commercial e-cigarettes have proprietary for-
mulations with unknown ratios of propylene glycol, glyc-
erin, benzoic acid, and flavorings our study did not clarify
which components of e-vapor might be responsible for the
effects noted, or whether additives, such as vitamin E or
tetrahydro cannabinoids, implicated in the EVALI epidemic
worsen these effects. These investigations, as well as inquiry
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into the mechanisms responsible for the enhancing effect of
pro-inflammatory lung epithelial response to IAV infection
remain to be explored in future.

Conclusion

Using a clinically relevant human primary small airway epi-
thelial cell culture model, this study has provided the first
evidence that exposure to e-vapor is sufficient to exaggerate
distal airway pro-inflammatory responses to IAV infection.
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