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Abstract

The impact of tobacco cigarette (TCIG) smoking and electronic cigarette (ECIG) vaping on the risk of development of severe
COVID-19 is controversial. The present study investigated levels of proteins important for SARS-CoV-2 pathogenesis pre-
sent in plasma because of ectodomain shedding in smokers, ECIG vapers, and non-smokers (NSs). Protein levels of soluble
angiotensin-converting enzyme 2 (ACE2), angiotensin (Ang) II (the ligand of ACE2), Ang 1-7 (the main peptide generated
from Ang II by ACE2 activity), furin (a protease that increases the affinity of the SARS-CoV-2 spike protein for ACE2), and
products of ADAM17 shedding activity that predict morbidity in COVID-19 (IL-6/IL-6R alpha (IL-6/IL-6Ra) complex,
soluble CD163 (sCD163), L-selectin) were determined in plasma from 45 NSs, 30 ECIG vapers, and 29 TCIG smokers using
ELISA. Baseline characteristics of study participants did not differ among groups. TCIG smokers had increased sCD163,
L-selectin compared to NSs and ECIG vapers (p < 0.001 for all comparisons). ECIG vapers had higher plasma furin com-
pared to both NSs (p <0.001) and TCIG smokers (p <0.05). ECIG vaping and TCIG smoking did not impact plasma ACE2,
Ang 1-7, Ang II, and IL-6 levels compared to NSs (p> 0.1 for all comparisons). Further studies are needed to determine
if increased furin activity and ADAM17 shedding activity that is associated with increased plasma levels of sCD163 and
L-selectin in healthy young TCIG smokers may contribute to the future development of severe COVID-19 and cardiovascular
complications of post-acute COVID-19 syndrome.

Keywords Ectodomain shedding - ACE2 activity - ADAM17 activity - Smoking - Oxidative stress - COVID-19 - Inflammation

Introduction

The ongoing COVID-19 pandemic has had a dramatic
impact on morbidity and mortality worldwide [1]. The
impact of tobacco cigarette (TCIG) smoking on progression
and development of COVID-19 has been controversial [2].
Electronic cigarettes (ECIGs), used by smokers often trying
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to quit, but also among young non-smokers, have also vari-
ably been associated with a risk of COVID-19 diagnosis [3].
Although levels of cotinine, the metabolite of nicotine, are
comparable in smokers and vapers, emissions from ECIGs
contain far fewer non-nicotine toxicants compared to emis-
sions from TCIGs [4]. It has been proposed that nicotine has
anti-inflammatory, protective, effects on the pathogenesis
of severe COVID-19 [4]. It remains unknown whether vap-
ing, with its exposure to fewer non-nicotine toxicants, car-
ries the same risk as smoking for progression of COVID-19
and cardiovascular complications of post-acute COVID-19
syndrome (PACS), a determination with significant public
health implications.

Increased soluble protein levels of receptors or products
of sheddase activity of enzymes in accessible plasma are
surrogate measures that reflect cleaving of the ectodomain
portion of these receptors from the cell and diffusion into
the circulation. Thus, soluble plasma levels of proteins
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that are shed may reflect increased cellular activity of pro-
teins in less accessible epithelial cells (that are targets of
SARS-CoV-2). Plasma levels of proteins that are shed may
also reflect systemic effects of TCIG smoking and ECIG
vaping toxicity on the cellular and tissue levels of these
proteins. To address this question, a comparison of levels
of proteins important for SARS-CoV-2 pathogenesis pre-
sent in plasma due to ectodomain shedding among smok-
ers, vapers, and non-smokers/vapers may be illuminating.

Angiotensin (Ang)-converting enzyme 2 (ACE2) is the
host receptor for the viral spike protein of SARS-COV-2
and is critical for viral entry. Shedding of ACE2 by lung
epithelial cells is mediated by tumor necrosis factor-alpha-
converting enzyme (TACE, ADAM17 metalloproteinase)
that increases soluble ACE2 levels [5]. Thus, although
the physiological role of ACE2 ectodomain shedding in
COVID-19 remains elusive, the interplay between ACE2
and ADAM17 may be a major regulator in COVID-19
[6]. Plasma levels of soluble ACE2 may reflect the sys-
temic toxicity of ECIG vaping and TCIG smoking, lev-
els of ACE2 among several tissues and protein expres-
sion among different cell subtypes such as epithelial and
endothelial cells. Angiotensin II is expressed in several
cells and tissues, binds to ACE2, and regulates inflamma-
tory responses in tissues during SARS-CoV-2 infection.
However, it is unclear whether increased oxidative stress
in TCIG smokers induces ectodomain shedding of pro-
teins mediated by ADAM17 activity that may contribute
to pathogenesis of COVID-19.

‘We hypothesized that smoking and, potentially, ECIG vap-
ing are associated with increased plasma levels of (i) soluble
ACE2; (ii) Ang II (the ligand of ACE2) and Ang 1-7 (the
main peptide generated from Ang II by ACE2 activity; the
cross-talk between the ACE2/Ang 1-7 and the ACE/Ang I1-1
axis Ang II levels regulates tissue inflammation [6]; (iii) furin,
a protease that cleaves the spike protein, thereby increasing
its affinity for ACE2 [7]; (iv) plasma IL-6/IL-6R alpha (IL-6/
IL-6Ra) complex given that sIL-6R is a product of ADAM17
shedding activity and its ligand plasma IL-6 predicts morbidity
in COVID-19 [1]; (v) plasma CD163, a product of ADAM17
shedding activity that predicts morbidity in severe COVID-19
[8]; and (vi) plasma L-selectin, a product of ADAM17 shed-
ding activity in activated neutrophils during acute inflam-
mation [9], that is a predictor for thrombosis in hospitalized
COVID-19 patients [10]. We determined the impact of TCIG
smoking and ECIG vaping on ectodomain shedding of pro-
teins important for SARS-CoV-2 pathogenesis in plasma of
otherwise healthy young people without other cardiac risk fac-
tors, except smoking or vaping. This research may advance the
knowledge of the potential risk of TCIG smokers and ECIG
vapers to develop severe COVID-19 and cardiovascular com-
plications of PACS after SARS-CoV-2 infection.

@ Springer

Methods
Study participants

Plasma was collected before the pandemic from 45 non-
smokers, 30 ECIG vapers, and 29 TCIG smokers. All
participants had refrained from smoking 12 h before the
study session. Healthy male and female volunteers with
previously described characteristics [11] between the ages
of 21 years and 45 years were eligible for enrollment if
they were chronic (> 1 year), as follows: (1) active TCIG
smokers (regardless of the number of pack-years) or (2)
ECIG vapers (no dual users) or (3) non-smokers. Former
TCIG smokers were eligible to be included in the non-
smoker group, if greater than 1 year had elapsed since
quitting. End-tidal CO, elevated > 10 ppm in smokers,
was measured in EC vapers and non-smokers to confirm
none was surreptitiously smoking TCIGs. Current smok-
ing/vaping burden was estimated by plasma cotinine levels
as previously described [11]. The experimental protocols
were approved by the UCLA Institutional Review Board
(IRB#18-001,147), and all participants provided written
informed consent.

Immunoassays

Plasma protein levels of ACE2, Ang II, Ang 1-7, furin,
IL-6/IL-6Ra, soluble CD163 (sCD163), and L-selectin
were determined in plasma from participants using ELISA
kit according to the manufacturer’s instructions (ACE2,
Ang II, Ang 1-7 [Cloud-Clone Corp, Houston, USA]J;
furin [Sigma Aldrich®, St. Louis, MO, USA]J; IL-6/IL-6R
alpha complex, sCD163, and L-selectin [R&D Minneapo-
lis, MN, USA)).

Statistical analysis

Kruskal-Wallis analysis of variance (ANOVA) was used
to compare the 3 groups, and if the results were statisti-
cally significant (p <0.05), then the Mann-Whitney test
was used to compare individual 2 groups. Overall and
pairwise p values for comparing categorical covariates
(sex, race, and education) across 2 study groups were
computed using the Fisher exact test. This is an explora-
tory, hypothesis-generating small study, and we did not
adjust for multiple comparisons.

Data availability statement
The datasets generated during and/or analyzed during the

current study are available from the corresponding author
on reasonable request.
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Results
Study participants

The baseline characteristics of study participants are shown
in Table 1. Baseline characteristics of participants including
age, sex, race, and educational level, did not differ among
groups. Four (8.9%) of the 45 non-users were former TCIG
smokers, all quitting at least 1 year before the study. Twenty
(66.7%) of the 30 ECIG vapers were former TCIG smokers,
all quitting at least 1 year before the study. None was a cur-
rent TCIG smoker. Importantly, TCIG smokers and ECIG
vapers had similar current smoking and vaping burdens
based on plasma cotinine levels (Table 1).

Plasma levels of ACE2 activity

There were no differences in plasma ACE2 (Fig. 1A), Ang
II (Fig. 1B), and Ang 1-7 (Fig. 1C) among the three groups.
These data in healthy young adults suggest that ECIG vaping
and TCIG smoking do not impact plasma levels of ACE2
activity compared to non-smokers.

Plasma levels of ADAM17 activity

There were no differences in plasma IL-6/IL-6Ra among
the three groups (Fig. 1D). TCIG smokers had increased
plasma levels of CD163 compared to NSs (p <0.001) and
ECIG vapers (p=0.003) (Fig. 1E). TCIG smokers had

Table 1 Study population characteristics

increased plasma levels of L-selectin compared to NSs
(p<0.001) and ECIG vapers (p=0.015) (Fig. 1F). ECIG
vapers had also increased plasma levels of L-selectin com-
pared to NSs (p=0.006) (Fig. 1F). These data in healthy
young adults suggest that TCIG smoking increases inde-
pendent blood products of the ADAM17 activity (sCD163,
L-selectin) compared to non-smokers. Our data also sug-
gest that ECIG vaping increases plasma L-selectin com-
pared to non-smokers.

Plasma levels of furin

ECIG vapers had the highest plasma levels of furin com-
pared to both NSs (p <0.001) and TCIG smokers (p=0.037)
(Fig. 1G). These data in healthy young adults suggest that
ECIG vaping may increase systemic levels of furin com-
pared to non-smokers and TCIG smokers.

Plasma levels of furin and activities
of ACE2 and ADAM17 among ECIG vapers
with or without prior history of smoking

There were no differences in plasma ACE2 (Fig. 2A), Ang
IT (Fig. 2B), Ang 1-7 (Fig. 2C), IL-6/IL-6Ra (Fig. 2D),
CD163 (Fig. 2E), and L-selectin (Fig. 2F) among ECIG
vapers with or without prior history of smoking. These data
in healthy young adults suggest that prior remote history
of TCIG smoking in ECIG vapers does not impact plasma
levels of furin and ADAM17 activity and that the increases
in plasma levels of L-selectin, sSCD163, and furin observed

Cohort Non-users ECIG users TCIG users p value
Sample size n=45 n=30 n=29
Age (mean + SD) 27.4+5.71 28.7+5.36 27.6+5.99 0.387
Sex (F/M) 19/26 9/21 9/20 0.531
BMI (mean + SD) 23.0+3.02 24.6+3.51 244273 0.191
Race

White 28 18 17 0.782

Asian 8 7 9

African American 1 2 2

Hispanic 5 2 1

American Indian/Alaskan 0 0 0

Native Hawaiian 2 0 0

Unknown 1 1 0
Ex-smokers (1, %) in non-users and ECIG users 4 (8.9%) 20 (66.7%) - <0.001*
Pack-years, median (Q1, Q3) 0.32 (0.05, 1.54) 1.63 (0.24, 3.88) 3.75(1.39,7.13) 0.451
Base cotinine (nL/dL), median (Q1,Q3) 0 83.0 (25.1, 140.0) 98.0 (50.7, 205.0) 0.1727%:*

BMI body mass index (expressed in kg/m?)
“p value of ECIG cohort vs non-user cohort
“p value of ECIG cohort vs TCIG cohort
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Fig. 1 Plasma levels of proteins involved in ACE2 and ADAM17
activities among smoker groups in study participants. Levels of sol-
uble ACE2 (A), angiotensin (Ang) II (B), Ang 1-7 (C), IL-6/IL-6R
alpha (IL-6/IL-6Ra) complex (D), sCD163 (E), L-selectin (F),
and furin (G) were determined by ELISA immunoassays. Data are

in ECIG vapers compared to non-smokers were associated
with ECIG vaping per se.

Discussion

To our knowledge, this is the first study in humans to study
the impact of TCIG smoking and ECIG vaping on ectodo-
main shedding of proteins important for SARS-CoV-2 patho-
genesis (ACE2, furin, Ang II, Ang 1-7, IL-6R, sCD163,
L-selectin) in plasma collected before the pandemic (Fig. 3).
Thus, our study suggests unique immunomodulatory mech-
anisms in TCIG smokers that could predispose them to a
higher risk of severe COVID-19 compared to non-smokers.
Importantly, the plasma cotinine levels were not different
between ECIG vapers and TCIG smokers implicating the

@ Springer

shown as median and interquartile range (IQR). The Kruskal-Wallis
analysis of variance (ANOVA) was used to compare the 3 groups,
and if the results were statistically significant (p <0.05), then the
Mann—Whitney test was used to compare individual 2 groups
(*p<0.05, **p <0.01, ***p <0.001)

non-nicotine pro-oxidant toxicants in TCIG smoke or ECIG
vapor as instigators of increased levels of these proteins.
Our data that the plasma levels of sCD163 and L-selectin
were increased in TCIG smokers compared to non-smokers
are consistent with prior evidence that ADAM17 may be
upregulated by TCIG smoking [12—-14]. Importantly, smok-
ing triggers the generation of oxygen radicals, which, in
turn, stimulate ADAM17 through the activation of src kinase
[15]. Increased ADAM17 sheddase activity may contribute
to the pathogenesis of severe COVID-19. ADAM17 shed-
ding seems to be involved in SARS-CoV cellular entry and
replication, and an ADAM17 inhibitor suppresses SARS-
CoV replication in vitro [16]. Consistent with this evidence,
we have previously shown that ADAM17, a protein that is
important for pathogenesis of COVID-19, was increased
in blood immune cells of TCIG smokers but not in ECIG
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Fig.2 Plasma levels of proteins involved in ACE2 and ADAMI17
activities among electronic cigarettes (ECIG) users (n=30) with
(n=20) or without (n=10) prior history of tobacco cigarette (TCIG)
smoking. Levels of soluble ACE2 (A), angiotensin (Ang) II (B), Ang

vapers by at least twofold compared to non-smokers [11].
However, our prior study [11] was small and was done
in total heterogeneous peripheral blood immune cells of
healthy young adults. No blood immune cells were avail-
able for the participants of this study. Further larger studies
in ECIG vapers that also measure protein levels of ADAM17
in monocytes/macrophages among different groups of ECIG
vapers with higher burden of exposure to ECIG may better
determine the effect of ECIG use on ADAM17 levels.

In healthy young adults without comorbidities, we found
that sCD163 was increased in TCIG smokers compared to
ECIG vapers and non-smokers. Increased plasma CD163
reflects overall ADAM17 cellular activity since CD163
is known to be shed exclusively by cellular activity of
ADAMI17 acting on cells such as macrophages and epithe-
lial cells [17]. Our data is consistent with prior evidence

1-7 (C), IL-6/IL-6R alpha (IL-6/IL-6Ra) complex (D), sCD163 (E),
L-selectin (F), and furin (G) were determined by ELISA immunoas-
says. Data are shown as median and interquartile range (IQR). The
Mann—Whitney test was used to compare individual 2 groups

that TCIG smoking reduces membrane levels of CD163 on
myeloid cells [18-20] that reflect increased cellular activity
of ADAM17 on macrophages and increased levels of shed
sCD163 in plasma [17]. CD163 is an important biomarker
not only of hyperinflammation and innate immune activation
in severe COVID-19 [8] but also of atherosclerotic cardio-
vascular disease [21]. Herein, we found that sCD163 was
increased in TCIG smokers compared to ECIG vapers and
non-smokers even in healthy young participants. Increased
levels of CD163 in smokers may be a biomarker of pre-
disposition of this vulnerable population to increased mor-
bidity and mortality not only from severe COVID-19 [8]
but also from atherosclerotic heart disease [21]. Increased
innate immune responses may also contribute to the adverse
sequelae of PACS [22]. Our findings are consistent with
data from others that TCIG use is associated with increased

@ Springer
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Fig.3 Overall hypothesis. Epithelial and endothelial cells are tar-
gets of SARS-CoV-2 infection and express ADAM17 sheddase and
furin, a protease that increases the affinity of the SARS-CoV-2 spike
protein for ACE2. Shedding of cellular levels of furin and increased
ADAM17 activity increase the circulating blood levels of furin, solu-
ble CD163 (sCD163), and L-selectin. The increased baseline blood
levels of furin, sCD163, and L-selectin in healthy young people
who smoke tobacco cigarette and/or vape electronic cigarettes com-
pared to non-smokers reflect the increased cellular activity of furin
and ADAM17. Increased cellular activity of furin and ADAMI17
may contribute to increased inflammation and future development
of severe COVID-19 and cardiovascular complications of post-acute
COVID-19 syndrome

activation of innate immune responses that may predispose
to severe COVID-19 [23]. This novel finding is consistent
with our prior data, in which we reported that expression of
key proteins of the Toll-like receptor 4—inflammasome—IL-6
signaling axis was increased in blood immune cells from
TCIG smokers compared to ECIG vapers and non-smokers
[24]. Just as important as the elevation of CD163 in TCIG
smokers is the absence of CD163 elevation in ECIG vapers.
In healthy young adults without comorbidities, we also
found that L-selectin was increased in TCIG smokers com-
pared to ECIG vapers and non-smokers. ECIG vapers had
also increased plasma levels of L-selectin compared to NSs.
These data are consistent with prior evidence that ECIG use
causes a pro-inflammatory response from human neutrophils
and induces matrix metalloproteinases [25-27]. Notably,
L-selectin induces neutrophil activation and transmigra-
tion of neutrophils across endothelial cells [28, 29] and is a
product of ADAM17 shedding activity in activated neutro-
phils during acute inflammation [9]. Thus, our data support
the hypothesis that chronic ECIG use induces activation of
ADAM17 and L-selectin activity in neutrophils and may
contribute to inflammation in airways of ECIG users.
ADAMI17 also induces shedding of IL-6R, the receptor
for IL-6 that is an important mediator of hyperinflammation

@ Springer

and innate immune activation in severe COVID-19 [1] and
atherosclerotic cardiovascular disease [30]. We have previ-
ously shown that IL-6Ra, the receptor for IL-6 that contrib-
utes to lung inflammation and morbidity in COVID-19, was
increased in blood immune cells of TCIG smokers but not
in ECIG vapers compared to non-smokers [11]. However,
our data suggest that plasma levels of the IL-6/IL-6Ra com-
plex did not differ among different smoker groups in healthy
adults and these levels should be further assessed in smoker
groups with COVID-19.

Furin is a protease that regulates binding of the SARS-
CoV-2 spike protein to ACE2 in epithelial cells during
SARS-CoV-2 infection, but it is also expressed in blood and
immune cells and other tissues. Furin can be shed into the
extracellular space as an active enzyme, and furin-mediated
protein processing perpetuates many infections including
COVID-19 [1, 31]. In this study, plasma furin was increased
in ECIG vapers compared to non-smokers and TCIG smok-
ers. These data are consistent with our recently reported data
that in ECIG vapers, furin was increased in blood immune
cells compared to NSs [11]. Thus, the small increase in furin
levels in plasma and blood immune cells of ECIG vapers
compared to non-smokers is a consistent finding and is con-
cerning. Differential immunomodulatory effects of ECIG
use on T cells [32] and other non-immune cells such as
endothelial [33] and epithelial [34] cells compared to TCIG
use may explain the differential effect of ECIG versus TCIG
use on furin, but further studies are needed to show this. Our
data are consistent with evidence from preclinical experi-
mental studies in mice that chronic inhalation of ECIG aero-
sols alters the inflammatory state of the lungs [35].

In our young population, we did not find any differences
in plasma levels of ACE2 and Ang II among the compared
groups. In contrast, we recently described that TCIG smok-
ers compared to NSs had significantly increased cellular
expression of ACE2 in blood immune cells compared to
NSs [11]. Collectively, these data suggest that cellular and
tissue levels of ACE2 and its ligands, rather than circulat-
ing levels of ACE2, Ang II, and Ang 1-7, may better reflect
the impact of TCIG smoking versus ECIG vaping on the
ACE2 signaling pathway and the risk of development of
severe COVID-19.

Overall, some (L-selectin, sCD163), but not all (such as
sACE2), targets of ADAM17 were increased in the plasma
of TCIG smokers compared to non-smokers. These data
suggest that cellular and tissue levels of ADAMI17 and its
activity on its targets do not fully reflect circulating levels of
products of ADAM17 shedding activity. Other mechanisms
other than ADAMI17 may also regulate circulating levels
of L-selectin and sCD163. Notably, both L-selectin and
CD163 are mainly expressed in immune cells while ACE2
is mostly expressed in tissue parenchymal cells (such as epi-
thelial cells) and is not abundant in blood immune cells [36].
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Both macrophages [37] and neutrophils [38] express redox
mechanisms that are essential for their function and may be
more prone to systemic redox effects of smoking and ECIG
use that also regulate ADAMI17 activity [15]. Consistent
with this hypothesis and our data in this report, we have
previously shown that the cellular oxidative stress in blood
immune cells is lower in non-smokers and ECIG users com-
pared to TCIG smokers [39]. These redox mechanisms may
be less relevant in certain parenchymal cells (such as epi-
thelial cells) [40]. A differential regulation of ADAM17 in
immune cells compared to epithelial cells (a more important
source of SACE2 compared to blood immune cells) would
also explain the discrepant results between the current study
that TCIG smoking did not impact sACE2 levels compared
to NSs while TCIG smokers had significantly increased cel-
lular expression of ACE2 in blood immune cells compared
to NSs [11]. Further larger studies with single cell analysis
of ACE2, redox pathways, CD163, L-selectin, and ADAM17
levels among cell subsets (immune, epithelial, and endothe-
lial cells) in smoking groups are needed to fully elucidate the
impact of TCIG smoking and ECIG use on the differential
regulation of ADAM17 activity.

Our study has limitations. Our study is small. We studied
readily accessible plasma instead of less accessible tissues
such as lung epithelial tissues. Soluble blood levels of a pro-
tein may reflect the sheddase activity of ADAMI17 in several
heterogeneous tissues and cells. Thus, no normalization of
soluble levels of each protein against the total cell-associated
levels of each protein could be performed and the cell-specific
enzymatic activity of ADAM17 could not be assessed. Instead,
soluble levels of each protein were normalized by the volume
of plasma (pg/pul) and reflect systemic levels and ectodomain
shedding. We did not measure the studied soluble proteins
in TCIG smokers and ECIG vapers with acute COVID-19
to compare levels to those of uninfected TCIG smokers and
ECIG vapers. Despite the established role of ADAMI17 shed-
dase in COVID-19 pathogenesis, there is lack of published
evidence on the clinical relevance of sCD163, s-L-selectin,
and furin in SARS-CoV-2-uninfected persons for future risk
of severe COVID-19. Our data need to be validated in larger
longitudinal studies of TCIG smokers and ECIG vapers who
developed different levels of severity of COVID-19. Nonethe-
less, the data herein complement our prior study where we
showed a consistent increase in the expression of key pro-
teins in COVID-19 pathogenesis in blood immune cells from
TCIG smokers compared to ECIG vapers and non-smokers
[11]. Confirmation of these findings in specific tissues that
are targets for SARS-CoV-2 infection, including lung and/or
gastrointestinal, is warranted.

In conclusion, the finding that plasma levels of CD163
and L-selectin, independent products of ADAM17 sheddase
activity, are lower in non-smokers and chronic ECIG vapers
compared to TCIG smokers, is intriguing and warrants

additional investigation. ECIG vapers had increased plasma
levels of furin and L-selectin compared to non-smokers.
E-cigarette vapers may also be at higher risk of developing
infections and inflammatory disorders of the lungs. ECIGs
are not harmless and should be used for only the shortest
time possible in smoking cessation, and not at all by non-
smokers. Further studies are needed to demonstrate whether
increased innate immune responses and ADAM17 activity in
healthy young TCIG smokers may explain why these young
patients can develop severe COVID-19 even with no appar-
ent pre-existing medical conditions.
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