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Abstract: The safety of electronic cigarettes (e-cigarettes) is a major topic of discussion. The key
goals of this study were to examine the contents of e-cigarette vapor and determine if nicotine
altered inflammatory responses against respiratory syncytial virus (RSV) infection. E-cigarette vapor
was passed through a hollow 3D-model of an adult lung, and gas chromatography detected over
50 compounds passed through the 3D model, including nicotine, propylene glycol (PG), ethanol,
methanol, and diacetyl. The murine alveolar macrophage cell line MH-S cells were exposed to nicotine
and e-cigarette vapor with and without nicotine. Nicotine significantly induced the expression of
matrix metalloprotease (Mmp) 12 and reduced expression of Ifnβ and Tnfα. To examine the role
of nicotine in lung defense against RSV infection, A/J mice were exposed to PBS, e-cigarette vapor
with and without nicotine for 2 months before RSV infection. E-cigarette vapor did not influence
RSV infection-induced animal weight loss, RSV infectivity, airway hyperresponsiveness during
methacholine challenge, or immune cell infiltration into the lungs. However, e-cigarette vapor
containing nicotine enhanced obstruction and induced secretion of MMP12 and reduced levels of Ifnβ
and TNFα. In conclusion, nicotine in vaping products modulates immune responses that may impact
the lungs during a respiratory infection.
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1. Introduction

Electronic nicotine delivery systems (ENDS), such as electronic (e)-cigarettes, are frequently
utilized by former smokers to quit tobacco smoking by switching to ENDS [1]. However, an increasing
number of young adults become addicted to nicotine by using ENDS products, which could influence
addiction to other nicotine products. According to the National Institute on Drug Abuse, approximately
70% of teenagers are introduced to e-cigarette advertising. Equally, the safety of ENDS usage is now in
question [2], especially with the recent vaping-associated pulmonary injury (EVALI) outbreak and
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growing evidence of potential harmful effects of vaping [3]. There is also mounting animal model data
suggesting that inhalation of vapors generated in ENDS could result in lung damage [4]. Within the
U.S., the Food and Drug Administration (FDA) recently issued an enforcement policy on unauthorized
flavored cartridges in ENDS, with particular emphasis on targeting minors [5]. Therefore, additional
studies focusing on the characterization and potential biological impact of contents of the vapor
generated by ENDS products are required. Equally, we know little of the long-term impact these
products have on lung homeostasis.

The liquid within ENDS primarily contains propylene glycol (PG), vegetable glycerin (VG),
glycerol, an assortment of flavors, and nicotine. However, researchers have detected between 60
to 113 chemicals [6,7], including formaldehyde, acetaldehyde, acrolein, glyoxal, acetone, propanal,
crotonaldehyde, butanal, and methylglyoxal [8–10]. The vapor of PG and VG in ENDS increases lipid
accumulation in alveolar macrophages and alters type II pneumocyte surfactant homeostasis, resulting
in reduced inflammation [3] that makes the lungs more susceptible to viral infections, including
influenza [3] and human rhinovirus [11]. The flavoring within ENDS products can alter allergy
responses to human dust mite in mice [12]. ENDS usage is also linked to changes in DNA methylation,
immune responses, and neurological issues to offspring in utero in animal models [13,14]. Vitamin E
acetate is detected in bronchoalveolar lavage fluid (BALF) samples isolated from EVALI patients [15].
Exposing mice to aerosols generated from vitamin E acetate, a mixture of PG–VG, enhanced albumin
concentrations in BALF, leukocyte frequency, and lipid loaded macrophages around the alveoli [4].

We know little about the contents of the vapor used in e-cigarettes, or if the contents observed
in the vapor influence immune responses to infection. Here we examined the components observed
in e-cigarette vapor directly after puffing from the e-cigarette device and after passes through an
artificial oral cavity and bronchi model. Equally, we examine several immune responses in an alveolar
macrophage cell line and mice exposed to e-cigarette vapor before infection with the respiratory
syncytial virus (RSV). We utilized the RSV infection model as RSV infections are observed in infants,
but also in older adults [16]. Therefore, we expect to observe constitutions of e-cigarette vapor that
could contribute to altered responses to respiratory infections.

2. Experimental Section

2.1. Gas Chromatography (GC)-Flame Ionization Detector (FID) and Fourier-Transform Infrared Spectroscopy
(FTIR) Analysis

To collect e-cigarette nebulized vapors, a syringe-based vapor collection device was constructed.
A T-connector was placed between the syringe and a JUUL e-cigarette (containing a JUUL Kiwiberries
Ice pod) containing a 1:1 ratio of PG:VG (Figure 1). The syringe was used to draw in 40 mL of vapor in
4 s from one puff generated from the e-cigarettes. Although this method is manual, a 4-s puff was
utilized as suggested based on previously e-cigarette topography [17]. In order to mimic a smoking
regime, three 4-s puffs separated by 10-s intervals between puffs were manually drawn into the syringe.
Subsequent recondensed vapor was utilized for gas chromatography analysis and cell experiments.
E-cigarette vapor (0.5 µL) was injected into a PerkinElmer Autosystem XL Gas Chromatograph, with a
Flame Ionization Detector and a Supelco Equity-1 column (30 m × 0.25 mm, 0.25 µm film) at a He carrier
flow rate of 2 mL/min at an injector and FID detector temperature of 250 ◦C. The oven temperature
was initiated at 35 ◦C for 1 min and ramped to 260 ◦C at 11 ◦C/minute. The instrument parameters
were adjusted to a reduced (from 40:1) split ratio of 10:1, to compensate for gas-phase sampling.
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Figure 1. Gas chromatogram of e-cigarette vapor. (A) Vapor was collected from an e-cigarette in a
syringe-based vapor collection device. (B) 0.5 µL e-cigarette vaping liquid was introduced to the gas
chromatograph and yielded over 50 peaks. Several chemicals were identified, including methanol
(1.25 min), ethanol (1.4 min), diacetyl (1.65 min), propylene glycol (3.45 min), and nicotine (11 min).
The circled region is expanded to view peaks for methanol, ethanol, and diacetyl.

2.2. Simulation of Vape Inhalation in a 3D Artificial Lung Cavity

To mimic artificial lung inhalation with sufficient force to actuate the e-cigarette, and intake
a typical portion of e-cigarette vapor, a two-chamber vacuum system was created (Figure 2A,B).
A vacuum pump (1) was used to first lower the isolated pressure of a 4.5 L vacuum chamber. (2) Once
~70 kPa pressure was established, (3) a separation valve between the vacuum chamber and the 5.5 L
artificial lung cavity (preheated to 37 ◦C) was opened (4), and the sudden drop in pressure simulated
2 L/s inhalations of the e-cigarette vapor (5). To simulate a short inhalation of vapor, three “puffs” of
e-cigarette vapor were passed through the artificial oral cavity, trachea, and bronchi, as previously
described [18]. Samples were collected from three 4-s puffs separated by 10-s intervals at the end of the
artificial bronchi and were analyzed via GC-FID.
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Figure 2. A 3D artificial lung structure captures e-cigarette vapor. (A) A schematic of the e-cigarette
exposure set-up. (B) Images of the e-cigarette and 3D airways set-up. (C) 0.5 µL e-cigarette vaping
liquid that passed through the 3D model was introduced to the gas chromatograph and yielded over
50 peaks.

2.3. Cell Line

Murine alveolar macrophages from cell line MH-S (CRL-2019; American Type Culture Collection
(ATCC), Manassas, VA, USA) were maintained in RPMI 1640 medium (ATCC) supplemented with 10%
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fetal bovine serum and 1% streptomycin-penicillin-glutamate solution (Life Technologies, Carlsbad,
CA, USA). Cells were grown at 37 ◦C in a humidified 5% CO2 incubator and 1 × 106 cells/mL were
seeded in 12-well culture clusters 12 h prior to exposure to various concentrations of e-cigarette vapor
or nicotine. For RNA and media collection, cells were treated with 1% (v/v) PBS, 1% (v/v) e-cigarette
vapor (with and without nicotine) in media, or 1 µM nicotine. In vitro cell viability was determined by
lactate dehydrogenase (LDH) released into media using a commercially available assay (Sigma-Aldrich,
St. Louis, MO, USA) and non-toxic levels of each stimulus was selected following LDH release analysis.

2.4. Target Analysis

RNA was isolated using the Qiagen RNeasy kit, and cDNA was reverse transcribed using the
Applied Biosystems high capacity cDNA kit. qPCR was performed on the Bio-Rad CFX384 real-time
system using validated Taqman probes (Life Technologies/Applied Biosystems, Foster City, CA, USA).
qPCR results are represented as relative quantification (RQ). Gene expression was normalized to Actb
and Gapdh. Mouse MMP12 and TNFα were examined in BALF using beads assays (MILLIPLEX MAP
MMP Magnetic Bead and MILLIPLEX Cytokine Magnetic Bead Panels, Millipore Sigma, Billerica, MA,
USA) with the Bio-Rad Bio-Plex 200 system.

2.5. In Vivo Inhaled Exposure to E-Cigarette Vapor

This study was performed in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health and Institutional Animal
Care and Use Committee (IACUC) guidelines. Mount Sinai West’s Institutional Animal Care and
Use Committee approved the protocol. For 2 months (5 days/week), 8-week-old male and female A/J
mice (Jackson Labs) were whole-body exposed to vapor generated from 0.4 mL of PBS or e-cigarette
(PG and VG 50/50; American eLiquid Store, Wauwatosa, WI, USA) containing 0 or 18-mg/mL nicotine
(American eLiquid Store). During exposures, up to 12 animals were housed in a mouse aerosol pie
cage (Braintree Scientific, Braintree, MA, USA), and vapor was generated from 0.4 mL of PBS alone
or e-cigarette (PG:VG with and without nicotine) and delivered to all twelve animals. Puffs were
separated by 60-s intervals. After 2 months of exposure to the vapor, mice were infected with the RSV
strain A2 (ATCC, Manassas, VA, USA; #VR-1540) and were euthanized 7 days post-infection. For the
infection, mice were anesthetized by intraperitoneal injection of a mixture of ketamine and xylazine.
Animals were intranasally administered 1 × 106 plaque-forming units (pfu) of RSV or mock. Animals
were weighed daily. The expression of RSV N was determined by qPCR. The following primers were
used at 100 pmol each: 5′-TGG GAG AGG TAG CTC CAG AA-3′ and 5′-AGA ATC TGT CCC CTG
CTG CTA-3′.

2.6. Expiratory Measurements

Mice were anesthetized with an intraperitoneal (ip) injection of ketamine/xylazine hydrochloride
solution (100/10 mg/kg; Millipore Sigma, Burlington, MA, USA). Animals were tracheostomized and
connected via an endotracheal cannula to the SCIREQ flexiVent system (SCIREQ Inc., Montreal, QC,
Canada). After initiating mechanical ventilation, animals were paralyzed with a 1 mg/kg pancuronium
bromide (Millipore Sigma) via ip injection and pressure-volume loops were recorded. The area under
the curve (AUC) of the PV loops was calculated for each animal. PV loops and AUC were corrected for
animal weights. The linear single-compartment model was also used to assess total respiratory system
resistance (Rrs). Methacholine dose responses were determined as previously described [19].

2.7. Histological Analysis

The lungs underwent pressure-fixation, and fixed tissue was processed and H&E stained for
analysis of inflammation scoring. Briefly, the intensity of inflammation was scored on a scale of 1 to 9.
With a score of 0 corresponding to no inflammation; 1–3, was scant cells but not forming a defined layer;
4–6, one to three layers of cells surrounding the vessel; 7–9, four or greater layers of cells surrounding
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the vessel or bronchial. Every vascular vessel and bronchus were measured on multiple lung lobes
from 3 different depths of sectioned tissue [20,21].

2.8. Statistical Analyses

Data are expressed as dot plots with the means ± S.E.M highlighted. Differences between two
groups were compared by Student’s t-test (two-tailed). Experiments with more than 2 groups were
analyzed by 2-way ANOVA with Tukey’s post hoc test analysis. p values for significance were set at
0.05, and all significant changes were noted with *. All analysis was performed using GraphPad Prism
Software (Version 6.0 h for Mac OS X).

3. Results

3.1. E-Cigarette Vapor Contains Many Hydrocarbons

We analyzed e-cigarette vapor using GC with Mass Spectroscopy and determined there are as
many as 50 unidentified hydrocarbons present in the e-cigarette vapor (Figure 1). Attenuated Total
Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopic analysis of e-cigarette vapor detected
significant concentrations of propylene glycol as the solvent, and no detectable water content. Diacetyl,
methanol, ethanol, and nicotine were all are present in the e-cigarette vapor.

To determine whether these vapor components passed through the airways, a 3D structure was
utilized in a 2-chamber vacuum system (See Figure 2A,C). E-cigarette vapor was passed through this
system and the vapor was collected at the end of the bronchi structures and GC analysis confirmed
the presence of propylene glycol, nicotine, methanol, ethanol, diacetyl, and over 50 unidentified
components (Figure 2D). Therefore, many of the components present in e-cigarette vapor are delivered
to the airways.

3.2. Nicotine Alters Immune Responses in a Murine Alveolar Macrophage Cell Line

To determine if components of e-cigarette vapor could impact immune cell responses, MH-S
macrophages were exposed to various concentrations of e-cigarette vapor (with or without nicotine),
or nicotine. LDH assays were performed to identify non-toxic concentrations of e-cigarette vapor,
or nicotine (Figure 3A). At non-toxic concentrations, both e-cigarette vapor with nicotine and nicotine
alone increased Mmp12 expression, while significantly reducing Ifnβ and Tnfα responses in alveolar
macrophages (Figure 3B).

3.3. Exposure to E-Cigarettes Alters MMP12, IFNβ, and TNFα Responses without Influencing RSV Virulence
or Airway Hyperresponsiveness (AHR) in Mice

To determine whether e-cigarette exposure altered immune responses during infection, mice were
exposed to e-cigarette vapor, with and without nicotine, 5 times weekly for 8 weeks (chronic exposure),
and were subsequently infected with RSV (See Figure 4A). Interestingly, pre-exposure to e-cigarette
vapor had no impact on RSV infection-induced loss of weight or RSV virulence (Figure 4B,C). Nicotine
in e-cigarette vapor does alter pressure-volume loops, suggesting elevated obstruction (Figure 4D).
However, RSV infection associated with AHR during a methacholine challenge did not become further
elevated by e-cigarette vapor with or without nicotine (Figure 4E).
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Figure 3. Nicotine alters Mmp12, Ifnβ, and Tnfα expressions in murine alveolar macrophage cell line
MH-S cells. MH-S macrophages were seeded onto 12-well plates and media was supplemented with
various concentrations of e-cigarette vapor (with or without nicotine), or nicotine. (A) Toxicity assays
were performed by measuring lactate dehydrogenase (LDH) release. (B) Mmp12, Ifnβ, and Tnfα gene
expressions were determined with non-toxic concentrations of each stimuli by qPCR after 24 h exposure.
Data are represented as mean ± S.E.M., where each measurement was performed on several independent
days. p values are shown when comparing both treatments connected by a line, determined by ANOVA
with Bonferroni posttests.

Tissue inflammation scores were recorded on lung tissues and demonstrated similar inflammation
in the lungs of all RSV infected animals (Figure 5A). However, similar to the in vitro data, e-cigarette
vapor increased MMP12 secretion, while significantly reducing Ifnβ expression and TNFα secretion in
RSV infected mice (Figure 5B).
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Figure 4. Pre-exposure to e-cigarettes does not influence respiratory syncytial virus (RSV) virulence or
airway hyperresponsiveness (AHR) in mice. (A) A/J mice were exposed to vapor generated from PBS
or e-cigarettes with or without nicotine for 2 months and subsequently infected with RSV. (B) Animal
weight changes were recorded each day post RSV infection. (C) RSV N gene expression was examined
in lung tissue 7 days post-infection. (D) Negative pressure-driven forced expiratory and forced
oscillation technique maneuvers were performed in all animal groups. Pressure volume loops and
subsequent area under the curve (AUC) of PV loops were determined in each animal and corrected
for animal weight. (E) Respiratory system resistance (Rrs) measurements were recorded in animals
during methacholine dosing. Data are represented as mean ± S.E.M, where n ≥ 6 per group. p values
are shown when comparing both treatments connected by a line, determined by 2-way ANOVA with
Bonferroni posttests.
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Figure 5. Pre-exposure to e-cigarettes alters MMP12, Ifnβ, and TNFα levels during RSV infection in
mice. A/J mice were exposed to vapor generated from PBS or e-cigarettes with or without nicotine
for 2 months and subsequently infected with RSV. (A) Comparative histology images of the four
mouse groups are presented here (scale bars = 500 µm). Inflammation scoring was performed for each
animal. (B) BALF levels of MMP12 and TNFα were determined by Luminex assays and lung tissue Ifnβ
gene expression was determined by qPCR. Data are represented as mean, where each measurement
was performed with n ≥ 6 animals per group. p values are shown when comparing both treatments
connected by a line, determined by ANOVA with Bonferroni posttests.

4. Discussion

E-cigarettes produce less environmental pollutants, lack harmful tar, and contain far fewer
cancer-causing chemicals than conventional tobacco cigarettes [22,23]. However, the recent EVALI
outbreak and the growing evidence of potential harmful effects of vaping [3] and animal models data [4]
suggest that ENDS products have the potential to induce harm to users. This study shows that vapor
produced by e-cigarettes passes through the airways of an artificial model. Nicotine was observed to be
one of the major immune-modulating components of e-cigarette vapor, with a single-dose of e-cigarette
vapor and nicotine significantly reducing Ifnβ and Tnfα expression responses while increasing Mmp12
expression in alveolar macrophage cell line. Therefore, a short exposure to recondensed vaping liquid
modulated these changes and remained altered in our chronic exposure model in mice. Thus, the
findings from this study demonstrate that e-cigarette vapor contains many compounds in the airways
that could influence immune responses to pulmonary viral infections.

In our GC analysis, we utilized flavored e-cigarettes, but did not use the flavored e-cigarettes
for our cell or animal model as the flavorants alone can trigger several responses [24]. Due to the
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recent ban on flavors in e-cigarettes that target young users this year in the USA [5], we have primarily
focused on the other components of the e-cigarette liquid in our in vitro cell and in vivo mouse
studies. However, while we focus on non-flavorants, we do want to stress the importance of detecting
diacetyl vapors in our GC analysis using flavored e-cigarette liquids and diacetyl is associated with
flavorings-related lung disease, such as bronchiolitis obliterans [25]. In vitro diacetyl exposure models
of epithelium results in significant activation of matrix remodeling pathways [26]. Another research
group demonstrated 163 differentially expressed genes in primary normal human bronchial epithelial
cells following exposure to diacetyl, using RNA-sequencing [27]. The majority of the genes were
involved in cytoskeletal and cilia processing. Therefore, vaporized diacetyl could directly impact
ciliary function.

Our group previously demonstrated that exposure to nicotine-containing e-cigarette modulated
inflammation, AHR, and lung tissue destruction in non-infected mice [28]. Others have reported that
mice exposed to ENDS vapor did not develop pulmonary inflammation or emphysema [3]. In this
current study, we further observed nicotine-dependent signaling playing a major role in several
parameters of lung homeostasis. Our study examines 7 days post-infection, both male and female mice,
and a lower concentration of nicotine that is utilized in the Madison et al. study [3]. We do observe lung
obstruction with nicotine-containing vaping, but nicotine did not enhance RSV-induced AHR. Our data
nicely aligns with Madison et al. study [3] regarding immune modulation of e-cigarette vapor and
possible immune modulation in virally infected lungs. Many regard nicotine as an anti-inflammatory
agent, but it must be in the context of all parameters, such as nicotine administration (injected, dermal,
or inhaled into the lungs), sex, age, tissue sampling, the concentration of nicotine, infection status, and
underlying condition. Equally, nicotine hinders the hydration of mucus [29], promotes Ca2+ influx
in airway smooth muscle cells [30], blocks neutrophil apoptosis [31], and induces pro-inflammatory
dendritic cell responses [32]. Therefore, inhalation of nicotine may not align with nicotine responses
observed with other delivery approaches and impacts several critical functions within the lungs.
The Madison et al. study [3] also demonstrates the influence of e-cigarette vapor on lung lipid balance
and function of innate immunity, with changes in pulmonary surfactant, airway phospholipid pools
and suppressed expression of the surfactant proteins (SP), Sp-a and Sp-d. These changes were observed
to be primarily due to the e-cigarette vapor independent of nicotine. Alteration of surfactant and
phospholipids could further impact alveolar injury during infection. SP-A and SP-D play critical roles
in lung defense against RSV infections [33]. Additional studies are needed to address the potential
impact of e-cigarettes on surfactant and phospholipid mediated alveolar injury.

With conventional cigarette smoke exposure, we previously observed elevated MMP12 and
suppressed Ifnβ that coincide with increased RSV persistence [34]. In this current study, we see an
alteration in TNFα and MMP12 secretions and suppression of Ifnβ expression with e-cigarette vapor,
without changes in RSV virulency. Our study is limited in sampling at one time-point in mice, as others
have observed weight, virulency, and inflammatory score changes when examined on multiple days
post-infection [35]. Equally, we previously reported elevated inflammation (IL-6 and IL-8) in human
cells and mice exposed to e-cigarettes containing nicotine without a viral infection [28]. Sussan et al.
observed a reduction in IL-17A, TNFα, and IFNγ due to e-cigarette exposure prior to H1N1 infection,
and no changes in IL-6 and MCP1 [35]. Similar to conventional cigarette smoke, e-cigarette vapor
appears to modulate immune responses rather than inducing or reducing inflammation. In terms of
e-cigarette vapor inhibiting IFNβ, this could aid RSV infectivity as RSV surface proteins reduce anti-viral
type I IFN expression, thereby promoting virus replication [36]. Importantly, infants with severe RSV
bronchiolitis have lower nasal viral load and type-I IFN levels than moderately ill children [37].
Interestingly, combined TNFα and IFNβ treatment of RSV-infected A549 epithelial cells prevented
RSV replication [38]. Interestingly, IFNβ is the current standard treatment for patients with multiple
sclerosis (MS), and exposure to cigarette smoke is an environmental risk factor for MS [39], but possibly
not due to nicotine [40]. IFNβ can regulate antigen presentation and T-cell proliferation, and can alter
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cytokine and MMP expression [41]. Therefore, altered IFNβ responses may impact several responses
beyond RSV infections.

Although TNFα is linked to allergic exacerbations in RSV mice models [42], loss of TNFα signaling
with inhibitory antibodies results in enhanced weight loss and slower recovery time in RSV-infected
mice [43]. TNFα is primarily produced by monocytes and macrophages and interacts primarily with
two receptors, TNFR1 and TNFR2. It plays a major role in apoptosis, cell differentiation, proliferation,
and migration of cells causing an inflammatory reaction [44]. Inhibition of TNFα is reported to
results in several possible side effects, such as hepatotoxicity, malignity, greater risk for infection,
immunogenicity, and cutaneous reactions [45]. Additionally, high levels of TNFα are known to play a
role in several inflammation associated diseases, such as rheumatoid arthritis. Therefore, subdued
TNFα responses observed here may impact other processes. Finally, it is well documented that MMP12
plays a major role in numerous pulmonary diseases [46], and enhancing MMP12 levels in RSV infections
could result in RSV bronchiolitis [47,48]. Interestingly, MMP12 has opposing anti-viral properties
intracellularly versus extracellularly. Intracellular MMP12 regulates NFKBIA transcription, resulting
in IFNα secretion to protect the host, while extracellular MMP-12 cleaves the IFN-α receptor 2 binding
sites of IFN-α; thereby, preventing an unchecked immune response [49]. MMP12 is also known to play
a major role in embryonic development, reproduction, and tissue remodeling, as well as in disease
processes, such as arthritis, metastasis, and several neurological diseases [50]. Therefore, maintaining a
normal level of MMP-12, TNFα, and IFNβ may be critical in RSV-associated bronchiolitis and other
responses throughout the body.

There are several limitations that need to be discussed here. First, we only report changes in Ifnβ
in mice by qPCR. IFN-β protein levels were not detectable in BALF. Additionally, we only sample at
one time point in the animals. Additional time points may identify virulence or inflammation changes
within this model. Equally, we utilized a single dose in vitro model. This was undertaken to determine
whether an acute exposure to nicotine and e-cigarette vapor could alter MMP-12, TNFα and IFNβ

responses or whether tissue remodeling was required to change these parameters. The concentration
of nicotine we administered to the mice is lower than many commercially available products (18 versus
36 mg/mL). Therefore, additional concentration studies would be of interest. Our cell and in vivo
studies are all mouse based rather than human. There may be several different nicotine responses
unique to mice compared to humans. Finally, we manually sampled the e-cigarette vapor which may
not best represent the puffing/vaping regime of ENDS users.

In summary, our study demonstrates that many compounds generated in e-cigarette vaping
pass through the oral cavity and bronchioles that could contribute to altered immune responses
to respiratory infection. Therefore, nicotine is a major player in modulating immune responses in
the lungs.
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