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Electronic Cigarettes: Not All Good News?
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Abstract

Over 40 million people use e-cigarettes worldwide, but the impact of chronic e-cigarette use on health has not been adequately
defined. In particular, effects of e-cigarette aerosol inhalation on inflammation and host defenses across the body are not fully under-
stood. We conducted a longitudinal cohort pilot study to explore changes in the inflammatory state and monocyte function of e-ciga-
rette users (n = 20) versus healthy controls (n = 13) and to evaluate effects of e-cigarette use reduction on the same. Saliva, sputum,
and blood were obtained from e-cigarette users at baseline and after a 2-wk intervention of decreased e-cigarette use. Overall,
across 38 proteins quantified by multiplex, airway samples from e-cigarette users tended to have decreased levels of immunomodula-
tory proteins relative to healthy controls, whereas levels of cytokines, chemokines, and growth factors in the circulation tended to be
elevated. Specifically, e-cigarette users had lower levels of IL-1 receptor antagonist (IL-1Ra) in saliva (P < 0.0001), with higher IL-1IRa
and growth-regulated oncogene (GRO) levels in sputum (P < 0.01 and P < 0.05, respectively), and higher levels of both TNFf (P <
0.0001) and VEGF (P < 0.0001) in plasma. Circulating monocytes from e-cigarette users had alterations in their inflammatory pheno-
type in response to reduced e-cigarette use, with blunted IL-8 and IL-6 release upon challenge with bacterial lipopolysaccharide (P <
0.001 and P < 0.05, respectively), suggesting a decreased ability to appropriately respond to bacterial infection. Based on these find-
ings, chronic inhalation of e-cigarette aerosols alters the inflammatory state of the airways and systemic circulation, raising concern

for the development of both inflammatory and infectious diseases in chronic users of e-cigarettes.

cytokine; e-cigarette; host defense; inflammation; monocyte

INTRODUCTION

Electronic cigarettes (e-cigarettes) were introduced into
the US market in the late 2000s (1). Advertised as an attrac-
tive alternative to conventional tobacco, and as an appeal-
ing recreational inhalant, the use of e-cigarettes has grown
worldwide (1, 2). Despite its origin as a proxy to aid tobacco
cessation, data suggest that e-cigarettes may promote con-
tinued nicotine dependence with many e-cigarette users
continuing to smoke cigarettes (3, 4). Studies have addi-
tionally shown that e-cigarette use may lead to initiation
of tobacco smoking in nonsmokers (5) and relapse of
smoking in ex-smokers (5, 6). But most ominously, many
teenage and young adult never-smokers have taken up
vaping of e-cigarettes, becoming yet another population to
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succumb to nicotine addiction via these drug delivery
devices.

E-cigarettes work by heating and aerosolizing a liquid
mixture of propylene glycol, glycerin, flavoring chemicals,
and nicotine. Most e-cigarette liquids (e-liquids) contain
numerous toxicants (7, 8), the effects of which are poorly
understood. A key area of interest is the potential impact of
e-cigarette use on inflammatory responses locally and sys-
temically. Although we previously showed that e-cigarette
inhalation alters innate immunity and increases the viru-
lence of colonizing bacteria via ex vivo exposures of human
cells and bacteria (9, 10), we lacked corroborating studies in
human subjects. Similarly, studies from other groups have
primarily been performed in mice or cells via in vitro
approaches (11), and data about inflammation have been, at
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Table 1. Demographics by group category

Control E-cigarette Users Overall

n =13 (%) n =20 (%) n =33 (%) P Value
Gender
Female 10 (77) 1(5) 1(33) <0.01
Male 3(23) 19 (95) 22 (67)
Race
African American 1(8) 0 (0) 1(3) 0.41
Asian 7 (54) 11 (55) 18 (55)
Caucasian 5(38) 7 (35) 12 (36)
Mixed 0(0) 2 (10) 2 (6)
Ethnicity
Caucasian, Non-Hispanic 1(20) 5(7) 6 (50) 0.08
Caucasian, Hispanic 4 (80) 2 (29) 6 (50)
Total 5 7 12
Age
Mean (range) 21(18-28) 21(18-26) 21(18-28) 0.41

A y? test was used to test the statistical differences between both
controls and e-cigarette users. Caucasian, Hispanic includes those
that self-identify as Hispanic. Mixed race includes a variety of
mixed racial composition. The difference in age was calculated
using an unpaired ¢ test between the two groups.

times, contradictory, possibly related to the disparate experi-
mental methods and models used (1). However, reviewing all
data available to date yields compelling evidence that e-ciga-
rettes impact the inflammatory status and responsiveness in
different organs (1, 12-15).

We hypothesized that daily, chronic use of e-cigarettes
induces immunomodulation of both the airways and sys-
temically, which fundamentally alters host responses to
inflammatory and infectious challenges. In this pilot
study, we explored the inflammatory state of the upper
and lower airways and systemic circulation in young
healthy e-cigarette users versus nonsmoking nonvaping
controls. Furthermore, we assessed the phenotype and
function of circulating monocytes, to determine whether
e-cigarette use impacts the inflammatory state and antimi-
crobial function of this host defense cell. In addition, we
conducted a 2-wk intervention with decreased e-cigarette
use, to evaluate the effects of short-term reduction of e-
cigarette use on the same. These data bring us one step
closer to understanding the broad impact of e-cigarette
use on inflammation and the immune system. Moreover,
this pilot study provides a useful model to study e-ciga-
rette toxicity in humans.

MATERIALS AND METHODS

Participants and Procedure

A longitudinal cohort study was conducted on subjects
who exclusively used e-cigarettes (n = 20). Inclusion criteria
were active e-cigarette use without known lung disease and
with normal lung function, between the ages of 18 and 30 yr.
Inhalant use, including details regarding e-cigarette device
and e-liquid types, flavors, nicotine concentrations, fre-
quency of use, as well as detailed information about both
tobacco and marijuana inhalants, was quantified by the
University of California San Diego (UCSD) Inhalant Survey
(16, 17), which is freely available on RedCap. Inhalant use
was further confirmed with an in-person interview and coti-
nine levels. For this study, active vaping was defined as use

AJP-Lung Cell Mol Physiol «+ doi:10.1152/ajplung.00363.2021 - www.ajplung.org

of >0.5-1 mL e-liquid/day or 3.5-7 mL/wk for >6 mo.
Exclusion criteria included concomitant use of conventional
tobacco. Twenty active e-cigarette users and 13 nonsmoking
nonvaping controls were enrolled. Seven e-cigarette subjects
completed only the initial visit, giving 13 vapers who com-
pleted both initial and follow-up visits. Subjects were asked
to stop vaping for 2 wk at the time of the initial visit. Only 1
of the 13 e-cigarette users successfully ceased vaping,
whereas the rest of the vapers reported reduced usage by
Likert scale between baseline and follow-up visits, which
was confirmed by lower cotinine levels in blood. This study
was approved by the University of California San Diego
Institutional Review Board (project 160204) in accordance
with the provisions of the Declaration of Helsinki. All sub-
jects provided written informed consent.

Saliva, Sputum, and Plasma Collection

Saliva, sputum, and plasma were obtained at the initial
visit and after 2 wk of decreased e-cigarette use. For saliva,
patients were instructed not to brush their teeth and not to
eat or drink anything but water the morning of collection.
Subjects rinsed their mouths with water, assumed a tripod
position, and allowed saliva to drip into a sterile collection
cup for 5 min. The volume of saliva was recorded (was >3
mL in all cases), and the sample was centrifuged at 5,000
rpm for 5 min at 4°C. Protease inhibitors were added to the
supernatant before storage at —70°C for quantification of
cytokines. For sputum collection, all samples were collected
by a team member with over 10 yr of experience in the proce-
dure. Patients inhaled nebulized hypertonic 3% saline for 5

Table 2. Inhalant use

E-cigarette Users
n=20

Duration
Average (range)

Device use length, yr 1.3 (0.1-3.5)
Days per week of use 6 (4-7)
Times per day, max puffs/day 23 (1-60)
Type of user Count (%)
Single user, only e-cig 8 (40)
Dual user, e-cigarettes and cigarettes 2 (10)
Dual user, e-cigarettes and marijuana 7 (35)
Triple user 3(15)
Device information
Count (%)
E-device type
Pod-device 10 (50)
Box mod/ vape pen 10 (50)
E-device brand
Juul 6 (30)
Sourin 3(15)
Smok 5 (25)
Wismec 2 (10)
Jaybo 1(5)
E-Leaf 1(5)
Joyetech 1(5)
Sigelei 1(5)

Device use length calculated by averaging years of use. If dura-
tion was given in months, the number of months was divided by
12 to get a portion of a year of usage. Days of e-cigarette use per
week were calculated averaging between all users, if range of use
was given, the median was used to average. Times per day was cal-
culated using the median of the range of puffs per day.
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min (with escalation to 4% and 5% saline, as needed) and
expectorated sputum was collected and placed on ice.
Sputum was weighed, liquefied via treatment with sputoly-
sin and agitation, and the supernatant aliquoted and stored
at —70°C for cytokine quantification. The cellular fraction

underwent cytospin and Giemsa Wright staining. For
plasma, 8 mL of whole blood was collected in BD plasma sepa-
rator tubes and centrifuged at 13,000 g. Plasma was aliquoted
and stored at —70°C for measurement of inflammatory cyto-
kines and cotinine.
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Figure 1. E-cigarette use associated alterations in immunomodulatory protein levels in saliva, sputum, and plasma. A: inflammatory markers were
assessed in the saliva of nonsmoking nonvaping healthy controls (n = 11; blue circles) and e-cigarette users at baseline (n = 17; solid red squares), with
lower levels of IL-1RA identified in the oral airways of e-cigarette users. B: IL-1IRA remained low in e-cigarette users after 2 wk of reduced e-cigarette
usage (n = 14; hollow red squares). C: sputum demonstrated reductions in both GRO and IL-1RA in the lower airways of e-cigarette users vs. healthy con-
trols. D: GRO and IL-1IRA remained low in lower airway samples after 2 wk of reduced e-cigarette usage. E: plasma samples demonstrated elevations in
TNFp and VEGF in the circulation of e-cigarette users vs. controls. F: after 2 wk of reduced e-cigarette use, plasma levels of TNF3 and VEGF were persis-
tently elevated. Data are represented as individual data points with the geometric mean. Statistical analysis was conducted with two-way ANOVA with
correction for multiple comparisons by controlling the false discovery rate, using the two-stage step-up method of Benjamini, Krieger, and Yekutieli.
*P < 0.05, **P < 0.01, and ****P < 0.0001.
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Monocyte Isolation by Plastic Adherence

Twenty-four milliliters of blood was drawn into EDTA tubes
from each subject. Whole blood was mixed with an equal vol-
ume of PBS and layered over PolymorphPrep before centrifuga-
tion at 800 g for 30 min at room temperature, without braking,.
The buffy coat layer containing the peripheral blood mononu-
clear cells (PBMC) was collected and washed two times with
PBS containing 2% fetal bovine serum (FBS; Gibco, Thermo
Fisher Scientific) and centrifuged at 100 g for 20 min at room
temperature to pellet the PBMCs. The monocytes were isolated
from the PBMCs using the plastic adhesion method, as
described before (19-21). Briefly, PBMC pellets were resus-
pended in RPMI-1640 medium containing 10% FBS and seeded
in T-75 cell culture flasks (Thermo Fisher Scientific) at 37°C
with 5% CO, for 2 h. Monocytes adhere to the plastic surfaces
(adherent cells), whereas lymphocytes are nonadherent and
remain in the culture media suspension. Nonadherent cells
were removed by suctioning off the supernatant and adherent
cells were gently washed twice. Adherent monocytes were col-
lected by incubation with 0.5% EDTA followed by cell scraper.

Monocyte Seeding and Stimulation with LPS

Monocytes were quantified using trypan blue exclusion, a
hemocytometer, and light microscopy. Monocytes (1 x 10°
cells in 2 mL of RPMI-1640) were seeded in six-well plates
and incubated at 37°C and 5% CO, overnight. Supernatant
was collected from the monocytes (unstimulated) for cyto-
kine evaluation by ELISA. Lipopolysaccharide (LPS) stimula-
tion was performed by adding Escherichia coli LPS (0O111:B4,
Sigma-Aldrich) 1 ug/mL before overnight incubation at 37°C

and 5% CO,. Supernatant was then collected (stimulated) for
cytokine quantification.

Measurement of Inflammatory Markers

Because e-cigarette aerosols and e-liquids have been found
via in vitro and in vivo studies in animals to impact inflamma-
tion and host defense, as well as impacting and inducing car-
diovascular, neurological, renal, and metabolic diseases, a
multiplex array was chosen based on its ability to assess the
primary cytokines, chemokines, and growth factors involved
in these processes. Broad profiling and quantification of
inflammatory cytokines, chemokines, and growth factors from
saliva, sputum, and plasma were performed using Millipore
Multiplex HCYTA-60K-PX38 (Burlington, MA), according to
the manufacturer’s instructions. For ex vivo monocyte cell cul-
tures, supernatants were collected from unstimulated and
LPS-stimulated monocytes at 16 to 18 h, and IL-8, IL-6, and
TNF-o were quantified by ELISA (R&D Systems, Minneapolis,
MN) according to the manufacturer’s instructions.

Statistical Analysis

Statistical analysis was performed using Graph Pad Prism 9.0
(San Diego, CA). x> Test was used to assess for demographic dif-
ferences. Inflammatory marker data from each compartment
from healthy controls were compared to that from e-cigarette
subjects at the initial baseline visit. To determine the most sig-
nificant changes in each compartment with high rigor, two-way
ANOVA with correction for multiple comparisons by controlling
the false discovery rate, using the two-stage step-up method of
Benjamini, Krieger, and Yekutieli, was used. Because of the ex-
ploratory as well as the longitudinal nature of this pilot study,

Table 3. Cytokines, chemokines, and growth factors in saliva

Control vs. E-cigarette
Mean/Mean (P Value)

Control vs. Reduced Use
Mean/Mean (P Value)

E-cigarette vs. Reduced Use

Mean — Mean (P Value)

Cytokines
Flt-3L 41/23 (0.02)
IFNa2 76/38 (0.03)
IFNYy 23/12 (0.05)
IL-1B 45/28 (0.22)
IL-2 12/7 (0.03)
IL-4 133/59 (0.08)
IL-6 18/8 (0.01)
IL-7 30/13 (<0.01)
IL-13 24/12 (0.02)
IL-15 15/7 (0.02)
sCD40L 46/20 (0.04)
TNFo 13/7 (0.01)
TNFB 11/6 (0.08)

Chemokines
Eotaxin 29/21(0.1)
Fractalkine 418/191 (<0.01)
MIP-1b 22/11(0.01)
RANTES 35/21(0.04)

Growth factors
GM-CSF 14/7 (0.03)
PDGF-AB 77/34 (0.01)
TGFa 8/4 (0.01)

41/20 (0.01) 25 — 21(0.28)
76/36 (0.03) 45 — 37 (0.47)
23/11(0.05) 13 — 11(0.58)
45/18 (0.02) 27 — 19 (0.30)
12/5 (0.01) 7 — 6(0.24)
133/17 (0.05) 68 — 47 (0.29)
18/7 (0.01) 9 — 8(0.41)
30/11 (<0.01) 14 — 11(0.29)
24/9 (<0.01) 13 — 9(0.18)
15/6 (0.03) 7 — 7(0.55)
46/18 (0.03) 23 — 18 (0.39)
13/6 (0.01) 7 — 6(0.11)
11/5 (0.04) 7 — 5(0.14)
29/18 (0.03) 23 — 18 (0.21)
418/178 (<0.01) 192 — 182 (0.72)
22/10 (0.01) 13 — 10 (0.38)
35/18 (0.01) 24 —18(0.27)
14/6 (0.02) 8 — 6(0.37)
77/32 (0.02) 40 — 34 (0.53)
8/5 (0.03) 4 5(0.32)

Columns represent individual Student’s ¢ test comparisons between controls (n = 11) and e-cigarette users (n = 16), control and reduced
use samples (n = 13), and e-cigarette users with and without reduced use, respectively. Not all e-cigarette users returned for a follow-up
visit; therefore, the comparison of levels between e-cigarette users and reduced use may have differing means. First two columns
included comparison using an unpaired ¢ test between the controls vs. the e-cigarette users; however, the third column was compared
using a paired ¢ test between samples from the same subject at a 2-wk follow-up. Bold P value indicates a significant difference by ¢ test
(without controlling for multiple comparisons) between the groups mentioned in the heading column.
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Figure 2. Exploratory assessment of inflammatory modulatory proteins, chemokines, and growth factors in saliva samples. Inflammatory markers were
assessed in the saliva of nonsmoking healthy controls (black), e-cigarette users at baseline (red) and after 2 wk of reduced e-cigarette usage (blue). Only
the analytes with statistically significant differences by Student’s t test (without controlling for multiple comparisons) were included in this figure and are
further separated into cytokines (A—N), chemokines (O—R), and growth factors (S—T). Paired lines between e-cigarette and reduced dose represent the
change in the levels in the same individual after reducing the e-cigarette dose. Error bars represent the means +SD. *P < 0.05, **P < 0.01, and ***P <

0.001, as determined by Student’s t test.

L1138

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00363.2021 - www.ajplung.org

Downloaded from journals.physiology.org/journal/ajplung by Bonnie Bright (216.164.057.060) on April 21, 2022.


http://www.ajplung.org

(}) E-CIGARETTE USE ALTERS THE INFLAMMATORY PROFILE

individual analytes were further assessed by Student’s ¢ test,
with unpaired ¢ tests in controls versus e-cigarette users and
paired ¢ tests of e-cigarette users at each visit. Inflammatory
marker data were expressed as individual data points with the
mean and 95% confidence interval (CI). For ex vivo monocyte
cell culture studies, individual responsiveness was assessed by
dividing cytokine levels in LPS-stimulated monocytes by that
released from unstimulated cells of the same subject.

RESULTS

Demographic Characteristics of E-Cigarette Users

Twenty e-cigarette users completed the baseline visit and 13
completed the follow-up visit. The mean age of subjects was 21.
Race, ethnicity, and age were not significantly different
between the two groups (Table 1). There was a male predomi-
nance in the e-cigarette subset with 95% of users being male,
compared to 25% of controls (P < 0.01; Table 1). The majority
of subjects used pod-based devices, with JUUL being the most
prevalent (Table 2). On average, subjects vaped 23 +21 puffs/
day for 6 1 days/wk. Subjects used their e-devices for a mean
of 1.3+1 yr. On follow-up visit, all e-cigarette subjects reported
decreased usage of e-cigarettes in the prior 2 wk by Likert scale,
with one subject successfully achieving complete cessation.
Decreased e-cigarette use was confirmed by cotinine analysis
(means * SD of 62.15+57.09 ng/mL vs. 34.26 + 42.55 ng/mL).

E-Cigarette Use Leads to Decreased Levels of IL-1Ra in
Saliva

Evaluation of the inflammatory cytokine, chemokine, and
growth factor milieu in the saliva via multiplex array yielded
identification of decreased salivary levels of IL-1Ra in vapers
relative to controls (P < 0.0001; Fig. 1A). This reduction per-
sisted after short-term reduction in vaping (P < 0.0001; Fig.
1B). An overall trend of decreased immunomodulatory and

inflammatory proteins was observed in the saliva of e-cigarette
vapers, although statistical significance was not maintained af-
ter correction for multiple comparisons (Table 3). Namely, sali-
vary cytokines (Flt-3L, Fractalkine, IFNo2, IL-2, IL-6, IL-7, IL-13,
IL-15, sCD40L, and TNFa), chemokines [macrophage inflam-
matory protein-lbeta (MIP-1b) and regulated upon activation,
normal T cell expressed and secreted (RANTES)] and growth
factors [granulocyte-macrophage colony stimulating factor
(GM-CSF), platelet-derived growth factor-AB (PDGF-AB), and
TGFa] had lower levels in the saliva of e-cigarette users by indi-
vidual ¢ tests (Fig. 2). The majority of these alterations persisted
in the setting of diminished e-cigarette use (Fig. 2).

E-Cigarette Use Is Associated with Decreased GRO and
Increased IL-1Ra in Sputum

Similar to the oral airway compartment, lower airways
from e-cigarette users, assessed by sputum, had alterations in
the IL-1 axis. Increased levels of IL-1Ra (Fig. 1, C and D) dem-
onstrated increased anti-inflammatory signaling. The chemo-
kine growth-regulated oncogene (GRO) was significantly
lower in the sputum of e-cigarette vapers (Fig. 1, C and D).
Overall, the lower airway compartment had a pattern similar
to that seen in the upper airways with diminished levels of
pro-inflammatory cytokines, chemokines, and growth factors
in the sputum of e-cigarette users relative to healthy controls
(Table 4). Namely, cytokines GM-CSF, IFNy, IL-2, IL-4, IL-13,
and sCD40L, chemokine monocyte chemoattractant protein-1
(MCP-3), and growth factors EGF, VEGF, and PDGF-AA were
modestly lower in e-cigarette users relative to nonsmoking
nonvaping controls by individual ¢ tests (Fig. 3).

E-Cigarette Use Is Associated with Increased Plasma
Levels of TNFB and VEGF

Within the circulation, e-cigarette users had higher levels of
both TNFB and VEGF (Fig. 1, E and F). Because of the

Table 4. Cytokines, chemokines, and growth factors in sputum

Control vs. E-cigarette
Mean/Mean (P Value)

Control vs. Reduced Use
Mean/Mean (P Value)

E-cigarette vs. Reduced Use

Mean — Mean (P Value)

Cytokines
GM-CSF 7/4 (0.03)
G-CSF 101/176 (0.24)
IFNYy 11/6 (0.03)
IL-1A 176/156 (0.65)
IL-1IRA 6,297/7,121(0.52)
IL-2 6/4 (0.04)
IL-4 88/42 (0.02)
IL-6 17/21(0.56)
IL-13 12/6 (0.02)
sCD40L 26/15 (0.03)
Chemokines
GRO 1,977/1,363 (0.37)
MCP-3 43/26 (0.02)
Growth factors
EGF 298/203 (0.21)
PDGF-AA 30/14 (0.26)
VEGF 97/77 (0.67)

7/5 (0.25) 5 4.91(0.73)
101/47 (0.01) 147 — 43 (0.07)
11/9 (0.35) 7 -8(0.62)
176/97 (0.05) 184 — 97 (0.03)
6,297/4,715 (0.13) 7,998 — 4,812 (0.02)
6/4 (0.23) 4 4(0.57)
88/47 (0.05) 44 — 44 (0.94)
17/11 (0.05) 16 — 11(0.16)
12/8 (0.18) 7 —8(0.68)
26/21(0.43) 16 — 20 (0.47)
1,977/539 (0.02) 1,217 — 555 (0.05)
43/32(0.18) 27 — 31(0.35)
298/132 (0.01) 179 — 137 (0.27)
30/4 (0.03) 17 — 4 (0.31)
97/38 (0.05) 74 — 38(0.28)

Columns represent comparison between the controls (n = 10) and e-cigarette users (n = 18), control and reduced use samples (n = 13), and e-
cigarette users with and without reduced use, respectively. Not all e-cigarette users returned for a follow-up visit; therefore, the comparison of
levels between e-cigarette users and their reduced use follow-up may have differing means. First two columns included comparison using an
unpaired ¢ test between the controls vs. the e-cigarette users; however, the third column was compared using a paired ¢ test between samples
from the same subject at a 2-wk follow-up. Bold P value indicates a significant difference by ¢ test (without controlling for multiple compari-
sons) between the groups mentioned in the heading column. IL-1RA, IL-1 receptor antagonist; MCP, monocyte chemoattractant protein.
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Figure 3. Exploratory assessment of inflammatory modulatory proteins, chemokines, and growth factors in sputum samples. Inflammatory markers were
assessed in the sputum of nonsmoking healthy controls (black), e-cigarette users at baseline (red) and after 2 wk of reduced e-cigarette usage (blue). Only the
analytes with statistically significant differences by Student’s t test (without controlling for multiple comparisons) were included in this figure and are further sepa-
rated into cytokines (A—J), chemokines (K-L), and growth factors (M—O). Paired lines between e-cigarette and reduced dose represent the change in the levels
in the same individual after reducing the e-cigarette dose. Error bars represent the means £ SD. *P < 0.05, and **P < 0.01, as determined by Student’s ¢ test.

exploratory nature of this pilot study, plasma concentrations
of inflammatory cytokines, chemokines, and growth factors
were also assessed by individual ¢ tests and were broadly found
to be higher in the plasma of e-cigarette users relative to
healthy controls (Table 5). Specifically, chemokines Eotaxin,
GRO, and monocyte chemoattractant protein-1 (MCP-1) were
higher in the circulation of in e-cigarette users (Table 5; Fig. 4).
All three of these chemokines trended down after 2 wk of
decreased e-cigarette use but did not reach levels seen in con-
trols. Similar patterns were seen in plasma levels of cytokine
sCD-40L, chemokine RANTES, and growth factors EGF and

L1140

PDGF-AB, with each of these inflammatory biomarkers tend-
ing to be higher in e-cigarette users at the initial visit and
decreased with reduced use (Table 5; Fig. 4, D, I, J, and K).
Interestingly, IL-7 was the only cytokine in the circulation that
tended to be lower in e-cigarette users, compared to controls
(Table 5; Fig. 4B).

Reduction in E-Cigarette Use Alters the
Immunophenotype across Compartments

After evaluating all 38 proteins in saliva, sputum, and
plasma across time in e-cigarette users, we found that
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Table 5. Cytokines, chemokines, and growth factors in plasma

Control vs. E-cigarette

Mean/Mean (P Value)

Control vs. Reduced Use

Mean/Mean (P Value)

E-cigarette vs. Reduced Use

Mean — Mean (P Value)

313/434 (0.54)
17/10 (0.08)
12/13 (0.93)

367/1,108 (0.06)

188/200 (0.91)

271/443 (0.02)
1,166/2,335 (0.04)

445 — 401 (0.01)

8 — 10 (0.32)

13 — 10 (0.01)
2479 — 1,149 (0.11)

204 — 185 (0.01)

513 — 454 (0.20)
2,459 — 2,493 (0.95)

Cytokines
IL-1IRA 313/357 (0.82)
IL-7 17/8 (0.01)
IL-15 12/12 (0.95)
sCD40L 367/2,931(0.01)
TNFB 188/167 (0.83)
Chemokines
Eotaxin 271/514 (0.001)
GRO 1,166/2,392 (0.04)
MCP-1 397/647 (<0.01)
RANTES 22,649/69,591 (0.01)
Growth factors
EGF 102/227 (0.03)
PDGF-AB 10,887/30,652 (0.02)

397/598 (<0.01)
22,649/48,891 (0.11)

634 — 594 (0.22)
64,249 — 51,132 (0.49)

102/159 (0.28)
10,887/20,287 (0.27)

221.6 — 155 (0.09)
28,168 — 21,189 (0.49)

Columns represent comparison between the controls (n = 11) and e-cigarette users (n = 16), control and reduced use samples (n = 13),
and e-cigarette users with and without reduced use, respectively. Not all e-cigarette users returned for a follow-up visit; therefore, the
comparison of levels between e-cigarette users and their reduced use follow-up may have differing means. First two columns included
comparison using an unpaired ¢ test between the controls vs. the e-cigarette users; however, the third column was compared using a
paired t test between samples from the same subject at a 2-wk follow-up. Bold P value indicates a significant difference by ¢ test (without
controlling for multiple comparisons) between the groups mentioned in the heading column. IL-1RA, IL-1 receptor antagonist; MCP,

monocyte chemoattractant protein.

although changes in the airways were persistent with short-
term decreases in e-cigarette use (Tables 3 and 4), the levels
in the blood compartment decreased, suggesting movement
toward a normal, nonvaping state (Table 5 and Fig. 5). This
finding may be due to the nature of cellular turnover in these
compartments, where airway cells remain for weeks to
months, whereas circulating neutrophils and monocytes
turn over in hours to days. Thus, a short-term partial change
in e-cigarette use may be detectable by measurements of
plasma inflammatory biomarkers, whereas assessments
within the airway compartments may be less sensitive to
acute changes and may require longer periods of vaping ces-
sation before the immunophenotype changes.

Reduction in E-Cigarette Use Alters the Functional State
of Circulating Monocytes

To assess the impact of e-cigarette use on the inflamma-
tory and functional state of one of the primary cells of
inflammation and host defense, monocytes were isolated
from the blood of e-cigarette users and controls. To particu-
larly assess for alterations in immediate responses to
infectious and inflammatory challenges, we quantified the
levels of cytokines TNFa, IL-6, and IL-8 released from mono-
cytes with and without LPS stimulation. Unstimulated
monocytes from e-cigarette users tended to release cytokines
at levels lower than those released from controls (Fig. 6, A, D,
and G). Interestingly, the level of cytokines released from
unstimulated monocytes after 2 wk of reduced e-cigarette
use was significantly increased relative to the initial visit,
suggesting a return to normal function (Fig. 6, A, D, and G).
Evaluation of the effect of e-cigarette use on monocyte func-
tion, via quantification of the response to bacterial LPS chal-
lenge, found that monocytes stimulated with LPS released
similar levels of cytokines across controls and e-cigarette
users at the initial visit (Fig. 6, B, E, and H), but cytokine
release was diminished in the setting of 2 wk of reduced e-
cigarette use (Fig. 6, B, E, and H). To evaluate individual’s

responses to LPS challenge, the cytokines released after LPS
stimulation were normalized to the cytokine levels from the
same donor cells without stimulation (baseline, unstimu-
lated). After 2 wk of reduced e-cigarette use, circulating
monocytes secreted less cytokines than at the initial visit
(Fig. 6, C, F, and I).

DISCUSSION

Although e-cigarettes are used by some as a harm reduc-
tion tool, there is mounting evidence from in vivo and in
vitro studies that e-cigarettes can impact the inflammatory
status and responsiveness in different organs (11, 15, 22). In
this novel pilot study, we present further evidence that e-cig-
arette use modifies the inflammatory state of the oral cavity,
airways, and systemic circulation. By quantifying the inflam-
matory cytokines, chemokines, and growth factors in these
three compartments, our data demonstrate the significant
impact of chronic e-cigarette aerosol inhalation on the
immune profile not just in the airways but throughout the
body as well. Specifically, our findings demonstrate an over-
all pattern of reduction in inflammatory markers in the air-
ways but an increase in these analytes in the systemic
circulation. We hypothesize that although the cells of the
upper and lower airways have slow turnover, such that they
are exposed multiple times a day to e-cigarette aerosols, for
weeks to months, the rapid turnover of cells in the circula-
tion is such that neutrophils and monocytes may only be
exposed for a few hours, up to 2-3 days. This finding may
reflect the underlying pathology for the pattern of lower lev-
els of immunomodulatory proteins in the airways, where the
exposed cells have time to set-up feedback loops to drive
suppression of inflammation, whereas cells in the blood-
stream become activated by exposure to the chemicals con-
tained in the e-cigarette aerosols (84%-93% of which
crossover into the bloodstream; 23) and release inflamma-
tory proteins into their surroundings.
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The oral cavity is the first line of host defense against e-
cigarette aerosols. As it is a gateway for microbes, alterations
in the oral cavity can lead to negative local and systemic
effects. Although the relevance of decreased cytokines and
growth factors in saliva is unclear, this reduction in the air-
ways raises concern for diseases that are known to occur in
the states of immunomodulation (24). IL-1Ra, a naturally
occurring antagonist of IL-1 cell surface receptors, had a sig-
nificant reduction in our e-cigarette cohort. Decreased sali-
vary IL-IRa may be indicative of early-stage gingival
inflammation (25). As IL-1Ra has an inhibitory effect on IL-1,
the reduced levels may play a role in the pathogenesis of
periodontitis and pulpitis (26-28). We recently found that e-
cigarette use leads to alterations in the oral microbiome (29),
which complements these data on the alteration in immune
proteins, and again supports the hypothesis that through
modulation of both microbes and host cells, e-cigarette use
adversely affects oral health. More studies are needed to
define further the oral microbiome and immune changes
caused by e-cigarette use.

L1142

Similar to saliva, sputum samples showed altered levels of
cytokines and chemokines, namely, increased IL-1Ra and
decreased GRO. GRO, a member of the CXC chemokine fam-
ily, induces neutrophil chemotaxis (30). Reduction in the
levels of GRO in sputum may be suggestive of increased vul-
nerability to respiratory infection owing to the immunosup-
pressed state. Increase in airway IL-1 expression has been
seen in obstructive airway disease with higher risk of exacer-
bation (31, 32). Increased levels of IL-1Ra, an inhibitor of IL-1,
may indicate a response to an induced pro-inflammatory
state and may lead to an imbalanced immune response
against a respiratory pathogen making them prone to a dis-
ease state. As sputum cytokines levels represent the inflam-
matory state of the airways, the similar illustration of
decreased levels of analytes in saliva and sputum samples
may indicate a dampened immune state in the oral cavity
and airways of e-cigarette users, making them more suscep-
tible to invasion with pathogens.

In contrast to the saliva and sputum findings, subjects
who used e-cigarettes chronically tended to have higher
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circulating levels of inflammatory cytokines, chemokines,
and growth factors. In particular, TNFB and VEGF were ele-
vated in the plasma of e-cigarette users. VEGF is implicated
in vascular remodeling and angiogenesis particularly in
asthma and chronic obstructive pulmonary disease (COPD;
33). TNFp, also known as lymphotoxin «, is a member of the
TNF family, which is implicated in the pathogenesis of
atopic asthma (34). Given their different roles in the inflam-
matory response, it suggests that chronic inhalation of e-cig-
arette aerosols may drive multiple types of pathology.
Although the exact mechanisms are not yet understood,
these data suggest that inhalation of e-cigarette aerosols fun-
damentally changes the inflammatory milieu in systemic cir-
culation. A recent study by Davis et al. (35) demonstrated
changes in alveolar macrophages from e-cigarette users,
most consistent with altered lung host defenses in the lungs
of vapers, suggesting that vaping establishes an immunosup-
pressed state, which will predispose e-cigarette users to
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abnormal immune responses. Another recent study of ex
vivo exposures of macrophages to e-liquids demonstrated
flavor-specific effects on both cytotoxic and inflammatory
modulatory effects (36). Further studies are needed to inves-
tigate the risk of dysregulated inflammatory response in e-
cigarette users.

In nonstimulated monocytes, we found that lower levels
of inflammatory cytokines (IL-8, IL-6, and TNF-a) in e-ciga-
rette users significantly increased after reduced e-cigarette
use, suggesting an increase in the potentially protective
inflammatory responses after reduction in e-cigarette use. In
LPS-stimulated monocytes, the level of inflammatory cyto-
kines was lower in subjects with reduced e-cigarette use
compared to healthy controls, suggesting that e-cigarettes
could alter the functional state of monocytes and increase
the susceptibility to infections especially by gram negative
bacteria that include LPS. E-cigarette aerosols and flavoring
chemicals have been shown to increase the secretion of
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inflammatory cytokines such as IL-6, IL-8, and MCP-1 from
human bronchial epithelial cells, human mucoepidermoid
carcinoma epithelial cells (H292), human lung fibroblasts,
and in vivo mouse model (22, 37). E-cigarette vapor conden-
sate increased the secretion of IL-6, TNF-o, CXCL-8, MCP-1,
and matrix metalloproteinase 9 in human alveolar macro-
phages (38). Similarly, exposure of monocytic cells to flavor-
ing chemicals and flavored e-liquid increased the secretion
of IL-8 and reactive oxygen species (ROS) (39). Also, e-ciga-
rette flavored pods stimulate inflammation and DNA dam-
age in lung epithelial cells and a monocytic cell line,
although the inflammatory effect seems to be related to fla-
voring (40). Moreover, e-cigarette triggers human neutrophil
inflammatory responses such as neutrophil elastase (NE),
matrix metallopeptidase 9 (MMP-9), and the activation of
inflammatory signaling (41). Thus, our data are aligned with
previous findings in cell lines and isolated leukocytes.
Collectively, our findings suggest that e-cigarette use can al-
ter the functional and inflammatory responses of circulating
immune cells.

Our study has several limitations. Our study consisted of a
small subset of subjects with its absolute number limiting
definitive statistical analyses. Larger studies will allow for
more detailed analyses of the impact of particular flavors or
e-devices on inflammatory changes and immune function.
Another limitation is that our UCSD Inhalant Survey was in
its infancy and was not yet accurately quantifying e-cigarette
use and defining e-device and e-liquid characteristics. We
are now in the sixth iteration of the UCSD Inhalant Survey,

L1144

Reduced
Use

Control Ecig Reduced Control Ecig Reduced
Use

Use

such that future studies will be able to accurately discern
between heavy and light users, tobacco, mint, and fruit fla-
vor users, base nicotine versus nicotinic salt users, and levels
of nicotine within e-liquids used. Unfortunately, gender
characteristics of e-cigarette users and controls were statisti-
cally different at baseline. Further studies to assess for gender
and sex-specific differences in inflammatory and immune
responses to e-cigarette use are needed. Investigational analy-
ses may have been strengthened if complete e-cigarette cessa-
tion was possible after 2 wk, rather than simply a decrease in
e-cigarette use. However, the fact that only one of the subjects
could truly quit vaping in those 2 wk, even though all subjects
expressed confidence that they could stop vaping for 2 wk
during enrollment, confirms the addictive nature of these nic-
otine delivery devices. This is a common limitation in tobacco
studies, and we confirmed that it is a limitation in e-cigarette
studies as well.

In conclusion, daily inhalation of e-cigarette vapor may
change the immunophenotype of the lungs and systemic cir-
culation, as detected via alterations in levels of inflammatory
proteins and alterations in immune cell phenotypes and
functional states. In this study, we found that e-cigarette use
was associated with a modified inflammatory state of the
oral cavity, airways, and circulation, with changes in IL-1Ra
and GRO in the airways most consistent with a dampened
inflammatory state, but a proinflammatory state in systemic
circulation, with elevated levels of TNFB and VEGF. This
dysregulation of the immune system may ultimately play a
role in susceptibility to infections and development of
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inflammatory disease in users with chronic aerosol inhala-
tion. Moreover, our pilot study may provide an approach
for future studies to assess the toxicity of e-cigarettes and
perhaps to motivate cessation among those afflicted.
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