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Abstract

Inhalation of tobacco smoke has been linked to increased risk of
viral infection, such as influenza. Inhalation of electronic-cigarette
(e-cigarette) aerosol has also recently been linked to immune
suppression within the respiratory tract, specifically the nasal
mucosa. We propose that changes in the nasal mucosal immune
responsemodify antiviral host-defense responses in e-cigarette users.
Nonsmokers, cigarette smokers, and e-cigarette users were
inoculated with live-attenuated influenza virus (LAIV) to safely
examine the innate immune response to influenza infection. Before
and after LAIV inoculation, we collected nasal epithelial-lining fluid,
nasal lavage fluid, nasal-scrape biopsy specimens, urine, and blood.
Endpoints examined include cytokines and chemokines, influenza-
specific IgA, immune-gene expression, and markers of viral load.
Statistical analysis included primary comparisons of cigarette and
e-cigarette groups with nonsmokers, as well as secondary analysis of
demographic factors as potential modifiers. Markers of viral load did
not differ among the three groups. Nasal-lavage-fluid anti-LAIV IgA
levels increased in nonsmokers after LAIV inoculation but did not
increase in e-cigarette users and cigarette smokers. LAIV-induced

gene-expression changes in nasal biopsy specimens differed
in cigarette smokers and e-cigarette users as compared with
nonsmokers, with a greater number of genes changed in
e-cigarette users, mostly resulting in decreased expression. The top
downregulated genes in cigarette smokers were SMPD3,NOS2A, and
KLRB1, and the top downregulated genes in e-cigarette users were
MR1, NT5E, and HRAS. Similarly, LAIV-induced cytokine levels in
nasal epithelial-lining fluid differed among the three groups,
including decreased antiviral host-defensemediators (IFNg, IL6, and
IL12p40). We also detected that sex interacted with tobacco-product
exposure to modify LAIV-induced immune-gene expression. Our
results demonstrate that e-cigarette use altered nasal LAIV-induced
immune responses, including gene expression, cytokine and
chemokine release, andLAIV-specific IgA levels. Together, these data
suggest that e-cigarette use induces changes in the nasal mucosa that
are consistent with the potential for altered respiratory antiviral host-
defense function.
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The popularity of electronic-cigarettes
(e-cigarettes) has grown exponentially since
their introduction to the U.S. market in 2007
(1). Their use has become an increasing
public health concern because of their
addictive nature and popularity with youth
and young adults (2). Although proponents
of their use suggest that e-cigarettes are a
less harmful alternative to cigarettes and
can be used as a cigarette-cessation device,
we are just beginning to understand the
inhalational effects of e-cigarette use (3–6).
Case reports and the 2019 outbreak of
e-cigarette and vaping–associated lung
injury have also linked e-cigarette use with
adverse respiratory health outcomes (7–15).
Although the number of new cases of
e-cigarette and vaping–associated lung
injury has decreased significantly, it is not
clear what effects e-cigarette use may have
on respiratory host-defense functions in
otherwise “healthy vapers.” E-cigarette use

has been linked to markers of modified
respiratory host defense, including
suppressed inflammatory gene expression
in the airway (16), increased neutrophil
activation and altered mucin secretion (4),
impaired neutrophil phagocytosis and
oxidative burst (17), impaired ciliary
motility (18), and acute respiratory effects
in clinical and translational studies (5,
19–21). However, whether and to what
extent these respiratory immune changes
translate into altered host-response
functions is unknown.

Susceptibility to and severity of
influenza viral infection are dependent on a
variety of host factors that can be modified
by cigarette smoke. For example, influenza
viruses require proteolytic activation by
respiratory proteases, which is balanced by
antiproteases. Expression and activity of
these proteases and antiproteases is affected
by cigarette smoke and e-cigarettes (22).
In addition, cytokine and chemokine
release, which orchestrates the innate and
adaptive immune response after influenza
infections (23–25), is significantly modified
by both cigarette and e-cigarette exposure
(16, 26–30). We have previously
demonstrated that inoculation with the
live-attenuated influenza virus (LAIV)
vaccine can be used in controlled clinical
studies to assess how nasal mucosal
antiviral host-defense functions are altered
in cigarette smokers (31). These studies
illustrated that innate immune defense
responses, marked by cytokine release and
viral load, as well as by the presence and
activity of immune cells such as natural
killer (NK) cells and gd T cells, are altered
in smokers (26, 28, 31). Interestingly,
antibody production does not appear to be
affected by cigarette smoking, which has
been shown in two separate human cohort

studies (32–34). However, the effects of
e-cigarette use on these host-defense
factors present a critical knowledge gap.

It is well established that inhalation
of cigarette smoke is linked to an increased
risk of viral infection, such as influenza.
Inhalation of smoke or aerosol from new
and emerging tobacco products, such as
e-cigarettes, has also recently been linked to
immune suppression within the respiratory
tract, within the nasal mucosa (16), and
in response to bacterial infection (35).
Considering the concurrent threats of
increased e-cigarette use and emerging viral
infections, such as coronavirus disease
(COVID-19), determining whether and
how e-cigarette use affects antiviral host-
defense functions is of significant public
health importance. On the basis of the
known immunity-modifying effects of
e-cigarettes, we hypothesize that e-cigarette
use will be associated with altered nasal
host-defense responses to viral infections.
Using our well-established model of
inoculation with LAIV, the study presented
here compares viral load, immune-
mediator gene expression and protein
levels, and nasal mucosal antibody
production among three groups of young
adults: nonsmokers, smokers, and e-cigarette
users. Some of the results of these studies
have been previously reported in conference
abstracts (36–38).

Methods

Study Protocol
We inoculated human volunteers with LAIV
to examine the innate immune response to
influenza infection. Participants recruited
were healthy, young adults of 18–40 years of
age and were categorized as nonsmokers,

Table 1. Subject Demographics and Biomarkers of Nicotine and Tobacco Use

All (N=49) E-Cigarette Users (n= 15) Cigarette Smokers (n=14) Nonsmokers (n= 20)

BMI, mean6SD 26.36 5.8 26.466.3 26.566.0 26.16 5.6
Age, mean6SD 27.56 7.6 22.864.8 31.366.4 28.36 8.4
Sex, n, F/M 22/27 3/12 5/9 14/6
Race, n, African American/white/other 9/34/6 1/11/3 6/7/1 2/16/2
Cigarettes/d, mean6SD (range) — 0.06 0.1 (0.0–0.1) 9.865.3 (3.8–20)* —
Cotinine, mean6SD — 99.66 132.0† 121.76125.3* 2.06 7.5
NNAL/creatinine, mean6SD — 4.76 9.5 98.1689.7* 1.26 3.9

Definition of abbreviations: BMI = body mass index; e-cigarette = electronic-cigarette; NNAL=4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol.
*P < 0.0001.
†P < 0.001, compared with nonsmokers.

Clinical Relevance

Our results demonstrate that
electronic-cigarette use altered nasal
live-attenuated influenza
virus–induced immune responses,
including gene expression, cytokine
and chemokine release, and live-
attenuated influenza virus–specific IgA
levels. The data generated in this study
suggest that electronic-cigarette use
could increase risk for suppressed
host-defense functions in the context
of respiratory viral infections. If so,
this has important public health
implications, especially during
influenza season and respiratory-virus
pandemics.
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cigarette smokers, and e-cigarette users on
the basis of self-reported tobacco-product
use, smoking or vaping diaries, and
biomarkers of exposure to nicotine
and tobacco products (Table 1).
Exclusion criteria included a history of
allergic rhinitis, asthma, and use of
immunosuppressive drugs, including
corticosteroids, to reduce the possibility of
confounders affecting the nasal mucosa. A
sample size of z16 per group was targeted
on the basis of power calculations using
previous studies observing differences in

smokers and nonsmokers (26, 27, 31).
Inclusion criteria for the exposure
categories were as follows: 1) nonsmokers
were never-smokers, 2) cigarette smokers
smoked at least three cigarettes per day on
average, 3) e-cigarette users vaped at least
18 puffs per day on average and smoked
fewer than five cigarettes per week. Most of
the e-cigarette users recruited were former
smokers and used mostly second- and
third-generation devices. Participants
entered into our protocol as shown in
Figures 1 and 2.

During the initial screening visit,
participants consented, were examined
by a physician, and reported their health
history, including tobacco-product use.
If participants were cigarette smokers
or e-cigarette users, they were given a
smoking or vaping diary to complete for 3–4
weeks, after which they returned for their
baseline visit, during which diaries were
collected. At the baseline visit, participants
were first examined by a physician,
and then nasal lavage fluid (NLF),
nasal epithelial-lining fluid (NELF), a

Lost  to follow-up (n = 1) Lost  to follow-up (n = 0) Lost  to follow-up (n = 1)

Analyzed (n = 14)
♦ Excluded from analysis (n = 1),
Day 1 RNA concentration too low

to include for targeted gene
expression array

Analyzed (n = 20)
♦ Excluded from analysis (n = 0)

Analyzed (n = 15)
♦ Excluded from analysis (n = 1),
Day 1 RNA concentration too low

to include for targeted gene
expression array

Follow-Up

Analysis

Group Assigned

Assessed for eligibility (n = 62)

Group assignment (n = 53)

Excluded (n = 9)

♦  Declined to participate (n = 5)
♦  Not meeting inclusion criteria (n = 4)

E-cigarette User Group (n = 17)

♦ Was not assigned to group (n = 0)
♦ Assigned to group (n = 17)

Cigarette Smoker Group (n = 15)

♦ Was not assigned to group (n = 0)
♦ Assigned to group (n = 15)

Nonsmoker Group (n = 21)

♦ Was not assigned to group (n = 0)
♦ Assigned to group (n = 21)

Figure 1. Consolidated Standards of Reporting Trials diagram. Participant recruitment, screening, and group assignment. E-cigarette = electronic-
cigarette.
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nasal-scrape biopsy specimen obtained
via nasal curettage (39), serum, and
urine were collected. After baseline
sample collection, participants were
inoculated with a standard dose of
the 2015–2016 or 2016–2017 LAIV
vaccine (FluMist; MedImmune,
AstraZeneca) within the standard
influenza season, as described previously
(31, 40, 41). Viral strains in the 2015–2016
vaccine included A/California/7/2009
(H1N1), A/Switzerland/9715293/2013
(H3N2), B/Phuket/3073/2013, and
B/Brisbane/60/2008. Virus strains in
the 2016–2017 vaccine included
A/California/7/2009 (H1N1), A/Hong
Kong/4801/2014 (H3N2), B/Brisbane/60/2008
(B/Victoria lineage), and B/Phuket/3073/2013
(B/Yamagata lineage). Participants returned
on Days 1, 2, and 8 after inoculation, at
which point NLF, NELF, and nasal-scrape
biopsy specimens were again collected, as
shown in Figure 2. The protocol was
approved by the University of North
Carolina at Chapel Hill Biomedical
Institutional Review Board (13-2246), and
all methods were performed in accordance
with relevant guidelines and regulations.
This study was also registered at
clincaltrials.gov (NCT 02019745).

Sample Analysis
Samples including NLF, nasal-scrape
biopsy, NELF, blood, and urine samples,
were collected and processed as described
previously (41, 42) (see data supplement).
Nasal-scrape biopsy–specimen RNA was
then analyzed for gene expression via the
NanoString nCounter PanCancer Immune
Profiling code set, with an 8-gene nCounter
Panel-Plus add-in to include influenza

genes from the 2015–2016 and 2016–2017
seasons of the LAIV FluMist vaccine
(Table 2). NanoString data were normalized
against the included housekeeping genes
that met the criteria for the expression
level above the background threshold, as
indicated by manufacturer instructions, and
stability, with no statistical difference
between exposure groups. NELF was
analyzed using the V-PLEX Human
Cytokine 30-Plex Kit from Meso Scale
Diagnostics, and NLF was analyzed using
IL-8, IL-6, and IP-10 sandwich ELISAs
(Becton Dickinson). Serum and urine were
analyzed for cotinine- and tobacco-specific
nitrosamine 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol (NNAL), as previously
described (16).

Relative viral gene expression as a
marker of influenza viral load in NLF
cells was assessed using qRT-PCR and
primer and probe pairs specific for the
M1 gene of the LAIV influenza B Ann
Arbor/1/66 master donor strain: 59-FAM-
CCCTCTTGTTGTTGCCGC-TAMRA-39
(probe), 59-GGGTGCAGATGCAACGATT-39
(sense), and 59-AATATCAAGTGCAAGAT
CCCAATG-39 (antisense). Data were
normalized using b-actin mRNA
expression, and expression differences
were evaluated using the comparative
cycle-threshold method (43, 44).

NLF virus-specific IgA. Levels of
influenza-specific IgA in the NLF were
measured using a direct-sandwich ELISA
(see data supplement). Virus-specific IgA
levels were determined against the IgA
standard curve and normalized to total IgA
levels (45). After normalization, the change
in the antibody level was determined by
using the relative percentage of the baseline

level, in which the virus-specific antibody
concentration post-LAIV inoculation was
divided by pre-LAIV inoculation levels and
multiplied by 100.

Statistical Analysis

Effects of LAIV in NLF and NELF. NLF
analyses were completed after Shapiro-Wilk
normality testing. A mixed-effects analysis
with Fisher Least Significant Difference
(LSD) was used for NLF cell markers of
influenza viral-load analyses, a paired two-
way ANOVA with Fisher LSD post hoc test
was used for the influenza-specific IgA
analysis, and a Kruskal-Wallis test with a
Dunn post hoc test was used for the NELF
analyses. A Brown-Forsythe and Welsh
ANOVA were used for cytokine and
chemokine NELF and NLF analyses.
Analyses were completed in GraphPad
Prism, and significance was determined to
be present when P was less than 0.1, which
was based on the use of clinical data with a
relatively small N (41, 46).

Gene-expression analyses in nasal-
scrape biopsy specimens. Baseline effects
of tobacco-product exposure were first
determined by using linear regression
comparing gene expression among tobacco-
product exposure groups (e-cigarette users
and cigarette users) and control subjects
(healthy nonsmokers and nonusers).

Similar to the authors of previous
studies measuring the effect of the LAIV and
exposure to environmental toxicants (31,
41), we completed an a priori analysis of the
dependent variable (LAIV response)
calculated from the area under the curve
(AUC) by using the pracma package in R
(R Foundation for Statistical Computing;
https://cran.r-project.org/web/packages/
pracma/pracma.pdf) over the days of the
study. Linear-regression analysis was then
used to determine the relationship between
LAIV response and tobacco-product
exposure using the baseline-corrected AUC.
Baseline correction was used because of
significant variability in baseline gene
expression among the comparison groups.
Demographic covariates were included in a
multiple regression as a secondary analysis,
in which we identified an interaction of sex
and tobacco-product exposure. All analyses
were conducted using R (47). For all gene-
expression analyses, statistical significance
was determined to be present when P was
less than 0.05 and the fold change was
greater than j1.5j for baseline effects or

Screen 3−4 weeks
Subjects
Recruited D0 D1 D2 D8

LAIV

Tobacco Product
Use Group Assignment

Medical History
Physical Exam (PE)

Smoking/vaping diary

Diaries collected
PE

Blood
Urine
NB
NLF

NELF

PE
NB
NLF

NELF

PE
NB
NLF

NELF

PE
NLF

NELF

Figure 2. Study design and sample-collection timeline. D=Day; LAIV = live-attenuated influenza
virus; NB=nasal-scrape biopsy; NELF=nasal epithelial-lining fluid; NLF=nasal lavage fluid;
PE=physical examination.
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when the percentage of change was greater
than j150%j for effects of the baseline-
corrected AUC.

The heatmap was created using the R
pheatmap package (47, 48). Interaction
networks and pathway-enrichment analyses
were performed using STRING (STRING
Consortium) (49). Interactions were
determined using a confidence score> 0.7.
A Markov cluster algorithm was used to
cluster genes significant for interaction with
an inflation parameter of 1.5.

Results

Demographics
Subject demographics, cigarette use, and
tobacco- and nicotine-specific biomarker
data are described in Table 1. There were no
differences among groups in terms of
body mass index or age. As expected on
the basis of results from the prescreening
recruitment questionnaire, the number of
cigarettes smoked per day was greater
in cigarette smokers than in e-cigarette
users; cigarette smokers also had higher
tobacco-specific nitrosamine levels
(NNAL/creatinine) in urine than
nonsmokers and e-cigarette users,
indicating little to no dual use in the
e-cigarette group. Both cigarette smokers

and e-cigarette users had higher serum
cotinine levels than nonsmokers, as expected.

Baseline Effects of Tobacco-Product
Use
In an approach similar to that of our
previous study (16), we analyzed the effect
of tobacco use compared with nonuse on
samples at baseline. We found 38 genes to
be differentially expressed in the cigarette-
smoking group and 3 genes to be
differentially expressed in the e-cigarette
group, with two genes (USP9Y, CD1A)
common to both cigarette smokers and
e-cigarette users and changed in the
same direction (see Table E1 in the data
supplement).

Effect of Tobacco-Product Use and
LAIV

Viral load. Influenza subunit genes from
NLF cells were compared among exposure
groups for differential expression but
showed no significant effects of the tobacco-
exposure group on viral load (Figure 3A).
This result differs from those of our
previous reports (31), which may be the
result of a lower pack-year history or lower
numbers of cigarettes smoked per day
in our cohort compared with the ones
previously studied.

LAIV nasal mucosal antibody
levels. Previous studies have shown
that serum antibody levels are a poor
measure of LAIV vaccine efficacy (50). In
contrast, nasal mucosal secretory IgA, the
predominant immunoglobulin produced in
response to infection of the nasal mucosa,
has been shown to be a much better
indicator of LAIV-induced antibody
responses (reviewed in Reference 45). We
developed an anti–LAIV-IgA ELISA to
determine the effects of cigarette smoking
and e-cigarette use on antibody production
and found that LAIV-specific IgA levels
increased as expected in nonsmokers after
LAIV inoculation but did not increase
in e-cigarette users and cigarette smokers
(Figure 3B). These results suggest an
impaired humoral response to LAIV-
induced IgA secretion in e-cigarette users.

Nasal epithelial gene expression. Using
nasal-scrape biopsy specimens obtained at
baseline and on Day 1 and Day 8 after LAIV
inoculation, we examined the effects of
tobacco-product use on LAIV-induced
gene-expression changes. Changes in LAIV-
induced gene expression were assessed by
calculating the AUC over the three analysis
days and subtracting the baseline expression
to adjust for interindividual variability.
There were 191 differentially expressed
genes in the e-cigarette–user group as

Table 2. Custom Add-In Probe Sequences to NanoString nCounter PanCancer Immunology Code Set

Gene Name
Accession
Number

Target
Region Target Sequence

Infl_A_Cal_HA FJ966952.1 735–834 CTATTACTGGACACTAGTAGAGCCGGGAGACAAA
ATAACATTCGAAGCAACTGGAAATCTAGTGGTAC
CGAGATATGCATTCGCAATGGAAAGAAATGCT

Infl_A_Cal_NA FJ966956.1 1,134–1,233 CGGATGGACTGGGACAGACAATAACTTCTCAATA
AAGCAAGATATCGTAGGAATAAATGAGTGGTCAG
GATATAGCGGGAGTTTTGTTCAGCATCCAGAA

Infl_A_Tex_HA KC892952.1 864–963 ACCCATTGGCAAATGCAAGTCTGAATGCATCACT
CCAAATGGAAGCATTCCCAATGACAAACCATTCC
AAAATGTAAACAGGATCACATACGGGGCCTGT

Infl_A_Tex_M1 KC892233.1 288–387 AGTTAAACTGTATAGGAAACTTAAGAGGGAGATA
ACGTTCCATGGGGCCAAAGAAATAGCTCTCAGTT
ATTCTGCTGGTGCACTTGCCAGTTGCATGGGC

Infl_A_Tex_NA KC892281.1 289–388 TTTGCACCTTTCTCTAAGGACAATTCGATTAGGCT
TTCCGCTGGTGGGGACATCTGGGTGACAAGAGA
ACCTTATGTGTCATGCGATCCTGACAAGTGTT

Infl_B_HA CY115151.1 312–411 CAGACCTGTTACATCTGGGTGCTTTCCTATAATG
CACGACAGAACAAAAATTAGACAGCTGCCTAACC
TTCTCCGAGGATACGAACATATCAGGTTATCA

Infl_B_M1 KC866607.1 389–488 CAGCGCTACTATACTGTCTCATGGTCATGTACCT
GAATCCTGGAAATTATTCAATGCAAGTAAAACTAG
GAACGCTCTGTGCTTTATGCGAGAAACAAGC

Infl_B_NA FJ766839.1 482–581 CAATGGAACAAGAGGAGACAGAAACAAGCTGAG
GCATCTAATTTCAGTCAAATTGGGCAAAATCCCA
ACAGTAGAAAACTCCATTTTCCACATGGCAGCA
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compared with nonsmoker control subjects;
31 genes were upregulated, and 160 genes
were downregulated (Figures 4A and 4B and
Table E2). The top five upregulated genes in
the e-cigarette exposure group by the
percentage of change from nonsmokers
included CD19, CKLF, BST1, GPI, and AKT3.
The top five downregulated genes by the
percentage of change from nonsmokers
included MR1, NT5E, HRAS, CD55, and
IL5RA. Eighty genes were differentially
expressed in the cigarette-smoker group as
compared with control subjects, 4 were
upregulated, and 76 were downregulated. The
upregulated genes included GPI, ANP32B,
LAMP1, and MAVS. The top five
downregulated genes by the percentage
of change from nonsmokers included
SMPD3, NOS2A, KLRB1, APP, and CXCL1.
Fifty-two of the genes in both tobacco-
exposure groups overlapped (Figure 4C), with
all genes in both exposure groups being
differentially expressed in the same direction,
50 genes being downregulated, and 2 genes
being upregulated. GPI is one of the
overlapping genes that was also one of the top
differentially expressed genes in both the e-
cigarette and cigarette exposure groups; in
both cases, it was upregulated by over 4,000%.

Nasal mucosal-mediator levels. Using
NELF collected by using nasosorption, we
measured cytokine levels at baseline and on

Days 1, 2, and 8 after LAIV inoculation
(Table E3). Similar to changes in gene
expression, LAIV-induced changes in
mediator levels were determined by
calculating the AUC of the 4 analysis days.
Chemokines regulating the recruitment and
activation of monocytes (MCP-1, MIP-1b)
were increased in cigarette smokers as
compared with nonsmokers (Figures 5A
and 5B). In contrast, cytokines regulating
antiviral host-defense responses (IFNg,
IL-6, IL-12p40) were reduced in e-cigarette
users but were not reduced in cigarette
smokers, as compared with nonsmokers
(Figures 5D–5F). Interestingly, IL-2, IL-1a,
and VEGF were increased in e-cigarette
users as compared with nonsmokers
(Figures 5G–5I).

Interactive effect of tobacco-use group
and sex on response to LAIV. In our
covariate analysis, we identified interactions
between tobacco-use group and sex. One
hundred and nineteen genes displayed an
interaction between sex and tobacco-use
group in response to LAIV (Table E4). A
variety of pathways from the Kyoto
Encyclopedia of Genes and Genomes were
significantly enriched in this gene set,
including cytokine–cytokine-receptor
interaction, TLR (Toll-like receptor)
signaling, inflammatory and infectious
diseases, TNF signaling, and cell-

adhesion–molecule pathways (the top 25
enriched pathways are reported in Table E5).
Predictive clustering (Figure 6 and Table E6)
resulted in five main clusters: IFN
regulation–associated genes, including
IFNL1, IFNAR1, IFIT2, IFI27, IRF2, and
IRF5; chemokines and immune-signaling
genes that are involved in chemotaxis and
chemoattraction, including CX3CR1, CCL5,
CCL20, CXCL12, CXCL1, CCL25, CCL28,
and CXCL13; TNF regulation– and adaptive
immunity–associated genes (T cell– and
B cell–related genes), including TICAM1,
TNFRSF11A, TNFRSF13C, TRAF3, TFRC,
CD3D, CD86, CD1D, and CDK1; B cell– and
B-cell antigen–related genes, including
CD19, CD9, CD79A, and CD79B; and cell-
death regulation genes, including BAX,
BCL2L1, and BID. Because of the small N
within sex, we were underpowered to
complete sex-stratified analyses.

Discussion

The purpose of this study was to test the
hypothesis that e-cigarette use alters
respiratory antiviral host-defense responses
in humans. To test this hypothesis, we used
our well-established model of influenza
infection, nasal inoculation with LAIV, and
compared host-defense responses in groups
of e-cigarette users, cigarette smokers, and
healthy nonsmoking and nonusing control
subjects. Our results demonstrate that
e-cigarette use did not appear to affect
the markers of viral load tested but was
associated with significantly altered LAIV-
induced nasal mucosal immune-gene
expression, immune-mediator release, and
nasal LAIV-specific IgA levels. Similar
to findings of our previous studies (16),
changes in the expression of nasal immune
genes were more abundant and greater in
magnitude in e-cigarette users than in
cigarette smokers. Furthermore, sex was
a significant modifier of LAIV-induced
immune-gene expression (Figure 6),
suggesting that genes involved in IFN
signaling and adaptive immune function
(T- and B-cell function), are differentially
modified in male and female e-cigarette
users. Together, these data suggest
that e-cigarette use alters nasal mucosal
antibody production, gene expression, and
protein production and thereby might alter
respiratory antiviral host-defense function
and immune memory. Demonstrations of

0

100

200

300

LA
IV

 s
pe

ci
fic

 Ig
A

(P
os

t-
LA

IV
 / 

P
re

-L
A

IV
) 

· 1
00

Smoker

E-cig User

Nonsmoker

**

Sm
ok

er

E-c
ig 

Use
r

Non
sm

ok
er

B

Day 0 Day 1 Day 2 Day 8
0.0000

0.0002

0.0004

0.0006

0.0008

F
lu

B
 2

-Δ
C

t

Nonsmoker

E-cig User

Smoker

A

Figure 3. Viral load and antibody production. (A) Measurement of Influenza B M1 gene by
quantitative PCR as a measure of viral load in NLF cells. There were not any significant differences
detected between exposure groups, but viral load did increase after infection. (B) Influenza-specific
IgA in NLF measured by using an in-house ELISA. Change in LAIV-specific IgA was calculated by
using the relative percentage, in which the normalized virus-specific antibody concentration after LAIV
inoculation was divided by the prevaccination level and multiplied by 100. Nonsmoker levels of IgA
were increased after LAIV inoculation, whereas levels in e-cigarette (e-cig) users and cigarette
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**P<0.05. These data suggest that cigarette smokers and e-cig users may not respond
appropriately to the LAIV vaccine. 2-DCt = comparative cycle-threshold method; FluB= influenza B.
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causality would require longer-term studies
of immunity and infection rates.

Although NLF for secretory IgA
analysis was not collected at an ideal time
point (8–9 d after infection rather than
14–21 d after infection), differences in
production of LAIV-specific IgA were
observed between groups. Nonsmoker
LAIV-specific IgA levels increased after
LAIV inoculation, whereas e-cigarette–user
and cigarette-smoker levels did not, adding
potential consequences for long-term
memory responses. This identifies a
potential effect of e-cigarette use on
downstream immunity to infectious
diseases and immune memory, which
should be further explored. Considering
that e-cigarette use is prevalent among
teenagers who are recommended for
complete immunization schedules,
understanding whether and how vaping
could modify vaccination-conferred
immunity is an unexplored field. Secretory
IgA is the principal antibody isotype
present in nasal secretions (45) and
neutralizes pathogens, like influenza, at the
site of infection before they attach, enter,
and replicate in the host cell (45). Although
conventional intramuscularly administered
influenza vaccines generate a serum IgG-
antibody response, protection conferred by
LAIV vaccination is believed to be derived
by its ability to generate a robust and
sustained nasal mucosal IgA response (51).
Hence, although viral load was not affected
by e-cigarette use, suggesting no difference
in susceptibility to influenza viral
infections, sustained immune-memory
response and protection against reinfection
may be suppressed by using e-cigarettes.
Although it is unclear what levels of
pathogen-specific IgA are needed in the
nasal mucosa to indicate protection against
subsequent infection, these data indicate
that e-cigarette use suppresses the nasal
mucosal antibody response.

The differential response to LAIV
infection as a result of tobacco-product use
was substantial, with a total of 219 genes
differentially expressed in the nasal
epithelium of e-cigarette users and cigarette
smokers as compared with nonsmokers.
Common in both e-cigarette users and
cigarette smokers was the overwhelming
downregulation of immune genes in

response to LAIV. In addition, e-cigarette
use was associated with a greater number
of immune-gene expression changes
than cigarette smoking when compared
with nonsmokers in response to LAIV,
suggesting a broader potential for disruption
of host-defense functions in e-cigarette users
than in cigarette smokers. Interestingly, 52
differentially expressed genes overlapped in
both groups, altered in the same direction,
indicating some common effects between
groups. However, when compared on a
gene-by-gene basis, e-cigarette users showed
greater suppression of a majority of these
genes (Figure 4C). Hence, e-cigarette use
was associated with a greater number of
immune-gene expression changes, and
genes differentially expressed in both
e-cigarette users and cigarette smokers
showed greater suppression in e-cigarette
users. These observations are similar to
those of our previous study demonstrating
that baseline immune-gene expression in
the nasal epithelium of e-cigarette users
indicated an overall immunosuppressive
phenotype, which was marked by a greater
number of differentially expressed genes
than that shown in smokers (16).

Among the most downregulated genes
in both e-cigarette users and cigarette
smokers were APP, NUP107, and ITGB1,
which have previously been identified as
host factors regulating influenza viral
infections (52). For example, APP encodes
the Amyloid precursor protein, which can
be broken down into smaller fragments,
such as b-Amyloid, which in turn has been
shown to inhibit influenza viral replication
(53). Among the most upregulated genes in
e-cigarette users after LAIV inoculation was
CKLF, which encodes chemokine-like
factor, a potent chemoattractant for
neutrophils, monocytes, and lymphocytes,
that has been associated with infiltration of
inflammatory cells and pulmonary damage
(54). One of the most downregulated genes
in e-cigarette users after LAIV infection is
NT5E, which encodes CD73, a surface
ecto-59-nucleotidase. Knockout mice
demonstrate that lack of CD73 does not
alter influenza-induced acute lung injury
but is necessary for a proper innate antiviral
immune response (55). In addition to
broad, differential gene-expression changes
in response to LAIV, cigarette smokers,

e-cigarette users, and nonsmokers also
differed significantly in their cytokine
responses. Of the 28 cytokines analyzed,
9 were modified by tobacco-product
exposure. Interestingly, chemokines
regulating the recruitment and activation of
monocytes were enhanced in cigarette
smokers. In contrast, the cytokines IFNg,
IL-6, and IL-12p40, with known critical
function during antiviral host-defense
responses (56), including inducing immune
memory (57), were decreased in e-cigarette
users. Together, these biomarkers of
immune response in the nasal epithelium
after inoculation with LAIV suggest that
e-cigarette use is associated with disrupted
normal mucosal host-defense function.

A unique finding of this study is that
sex and tobacco-product exposure interact
to influence the host-defense response to
LAIV, impacting 119 genes in our data set.
Sex has been demonstrated as a significant
modifier of viral infection and tobacco-
product use individually but had yet to be
shown as having an interactive effect. Sex is
a known and substantial modifier of the
response to viral infection because of
physiological and anatomical differences
between males and females (58). These
differences affect antibody responses, viral
clearance, vaccine efficacy, and levels of
virus-induced inflammation, generally
resulting in a more protective response to
viral infection in females than in males
(58–62). Interestingly, a similar interactive
effect was observed in our previous study
on wood-smoke exposure, emphasizing
that sex and inhaled pollutants can more
broadly interact to influence host-defense
responses against viral infections (41). The
five clusters significantly enriched in the
sex–tobacco-exposure interactome include
IFN regulation–associated genes (IFNL1,
IL18, IFNAR1, IRF2, IRF5, IFI27, IFIT2),
chemokine genes involved in attraction and
activation of cells involved in immune
memory (CXCL12, CXCL13, CCL28,
CCL20), and genes involved in responses to
pathogens (CD40, TICAM1, TLR7). The
altered IFN-related genes are critical to the
response to viral infection. Alteration of
many of these innate immune genes likely
affect recruitment and activation of
pathways critical for mounting an adaptive
response to a virus, especially by altering

Figure 4. (Continued). DE genes up- and downregulated for each group. (B) Heatmap of all (219 genes) aggregate baseline differences in each exposure
group. (C) Heatmap of aggregate baseline differences that overlap in the e-cigarette and cigarette exposure group (52 genes). Log2 averages for each
gene are displayed. Data included are DE genes (P,0.05 and fold change= j1.5j) in smokers and e-cigarette users compared with nonsmokers.

ORIGINAL RESEARCH

Rebuli, Glista-Baker, Hoffman, et al.: E-Cigarettes Alter Response to LAIV 133



Nonsmoker

E-cigarette

Cigarette

0

1,000

2,000

3,000

4,000

IL
-1

α
 A

U
C

*

Non
sm

ok
er

E-c
iga

re
tte

Ciga
re

tte

G

0

500

1,000

1,500

IL
-6

 A
U

C

*

Non
sm

ok
er

E-c
iga

re
tte

Ciga
re

tte

D

0

2,000

4,000

6,000

M
C

P
-1

 A
U

C

**

Non
sm

ok
er

E-c
iga

re
tte

Ciga
re

tte

A

0

100

200

300

400

IL
-2

 A
U

C

***

Non
sm

ok
er

E-c
iga

re
tte

Ciga
re

tte

H

0

50

100

150

200

IL
12

p4
0 

A
U

C

**

Non
sm

ok
er

E-c
iga

re
tte

Ciga
re

tte

E

0

2,000

4,000

6,000

M
IP

-1
β 

A
U

C

*

Non
sm

ok
er

E-c
iga

re
tte

Ciga
re

tte

B

0

2,000

4,000

6,000

8,000

V
E

G
F

 A
U

C

*

Non
sm

ok
er

E-c
iga

re
tte

Ciga
re

tte

I

0

5,000

10,000

15,000

IF
N

γ 
A

U
C

**

Non
sm

ok
er

E-c
iga

re
tte

Ciga
re

tte

F

0

500

1,000

1,500

2,000

2,500

M
IP

-1
α

 A
U

C

*

Non
sm

ok
er

E-c
iga

re
tte

Ciga
re

tte

C

Figure 5. NELF protein-level changes in response to LAIV inoculation. NELF was analyzed for changes in nasal protein levels induced by LAIV by
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type 1 IFN, shown to induce B-cell
activation and appropriate antibody
responses (63). Similarly, alteration of the
expression of genes actively involved in
response to pathogens has been shown to
impair outcomes of influenza and other
viruses. For example, TLR7, which is a key
pathogen-recognition receptor, has been
shown to mediate natural-killer–cell
activation and necessary IFNg production
after influenza infection (64). Altered
expression of these critical host-defense
genes were dependent on both sex and
tobacco-exposure group, indicating that
susceptibility to influenza differs by both
factors. Although our N was not sufficient
to complete sex-stratified analyses, this
should be a strong focus of future work,
especially because of recent male-biased
susceptibility to emerging viral infections
and further links to lifestyle factors such as
smoking and vaping (65–67).

Previous research into the effects of
e-cigarettes on immune function may give
us insights into the role of specific e-cigarette
components on the impaired host-defense
response to LAIV infection observed here.
We have previously demonstrated that
e-cigarettes can suppress immune-gene
expression and, particularly, that flavoring
compounds can alter critical host-defense
responses such as macrophage, neutrophil,

and natural-killer–cell function; airway
epithelial-cell ciliary motility; and mucin
secretion (4, 5, 16–18, 68). Specifically,
reactive flavoring chemicals, such as
aldehydic flavoring chemicals, were shown
to alter immune-cell functions critical to the
response to pathogenic infection, such as
phagocytosis and natural-killer–cell function
(5, 17), and to compromise induction of
adaptive immune responses via suppression
of key innate immune-cell functions
(69–71). Additional studies of chronic
nicotine exposure and exposure to the
e-cigarette components propylene glycol and
vegetable glycerin have shown that these
exposures affect the immune system and
response to viral infections (72, 73).
Although the number of participants in this
study limited our ability to stratify
by popular flavoring profiles, nicotine
content, or other e-cigarette components
to investigate their role in viral infection,
uncovering how specific e-cigarette
components modify antiviral host-defense
function should be a target of future
investigation.

This study, although novel and
informative, does include limitations. This
study was conducted from 2015 to 2017 and
is thus most informative about the response
to LAIV inoculation when use of second-
and third-generation e-cigarette devices

were most prominent and may not fully
inform potential responses to newer devices
or e-cigarette formulations (74–76). How the
differences in devices, e-cigarette liquid
formulations, and changes in aerosol
deliveries affect the antiviral host-defense
responses described here needs to be
examined in future studies. Similarly,
because of the time period in which this
study was conducted, our e-cigarette–user
participants were also mostly former
smokers; thus, changes seen in this group
may differ from the effects in younger e-
cigarette users who are predominantly
nonsmokers. However, based on our
inclusion of both biomarkers of nicotine use
(cotinine) and combusted tobacco (NNAL),
our recruited e-cigarette users are not likely
to have been substantial dual users.
Specifically, in our study population,
e-cigarette users had elevated levels of
cotinine but not of NNAL, and smokers had
elevated levels of both metabolites, indicating
that e-cigarette users were not likely to
have been dual users of e-cigarettes and
conventional cigarettes. These results are
consistent with previous findings in cohorts
of e-cigarette users and cigarette smokers
around the same timeframe (4, 16). Our
sample-collection timeframe also limited our
ability to analyze the ideal time for virus-
specific secretory IgA, missing the class-
switching peak by several days. Despite this
limitation, we were able to detect increased
LAIV-specific IgA levels in the NLF of
nonsmokers, which was absent in both the
e-cigarette–user and cigarette-smoker groups.
Finally, although our analysis demonstrated
a significant interaction between sex and
tobacco-user group (Figure 6), our study was
not sufficiently powered to stratify the
different user groups by sex.

Overall, this study demonstrates that
e-cigarette use is associated with significant
suppression of host-defense responses in the
context of experimental respiratory viral
infections. Similar to data from previous
studies published by us and others, our data
further support the notion that e-cigarette
use is associated with different effects on
markers of mucosal immune responses as
compared with smoking cigarettes and that
e-cigarette use is not without harm (34, 77).
These data also build on rodent work that
demonstrated a connection between
e-cigarette exposure and influenza-induced
inflammation and tissue injury (73).
However, population-based studies are
needed to determine whether and to what
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extent the observations shown here are
applicable to community-acquired
respiratory infections. The data
generated in this study suggest that
e-cigarette use could increase the risk
of suppressed host-defense functions
in the context of respiratory viral

infections. If so, this has important
public health implications, especially
during influenza season and respiratory-
virus pandemics. n
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