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Abstract

Clinical cases and experimental evidence revealed that electronic cigarettes (ECIG) induce serious adverse health
effects, but underlying mechanisms remain to be fully uncovered. Based on recent exploratory evidence, investigat-
ing the effects of ECIG on macrophages can broadly define potential mechanisms by focusing on the effect of ECIG
exposure with or without nicotine. Here we investigated the effect of ECIG-aerosol exposure on macrophages (MQ)
phenotype, inflammatory response, and function of macrophages.

MQ were cultured at air liquid interface and exposed to ECIG-aerosol. Oxidative stress was determined by reactive
oxygen species (ROS), heat shock protein 60 (HSP60), glutathione peroxidase (GPx) and heme oxygenasel (HMOX1).
Lipid accumulation and lipid peroxidation were defined by lipid staining and level of malondialdehyde (MDA) respec-
tively. MQ polarization was identified by surface expression markers CD86, CD11C and CD206 as well as pro-inflam-
matory and anti-inflammatory cytokines in gene and protein level. Phagocytosis of E. coli by MQ was investigated

by fluorescence-based phagocytosis assay.

ECIG-aerosol exposure in presence or absence of nicotine induced oxidative stress evidenced by ROS, HSP60, GPx,
GPx4 and HMOX1 upregulation in MQ. ECIG-aerosol exposure induced accumulation of lipids and the lipid peroxida-
tion product MDA in MQ. Pro-inflammatory MQ (M1) markers CD86 and CD11C but not anti-inflammatory MQ (M2)
marker CD206 were upregulated in response to ECIG-aerosol exposure. In addition, ECIG induced pro-inflammatory
cytokines IL-Tbeta and IL-8 in gene level and IL-6, IL-8, and IL-1beta in protein level whereas ECIG exposure down-
regulated anti-inflammatory cytokine IL-10 in protein level. Phagocytosis activity of MQ was downregulated by ECIG
exposure. ShRNA mediated lipid scavenger receptor ‘CD36’silencing inhibited ECIG-aerosol-induced pro-inflammatory
MQ polarization and recovered phagocytic activity of MQ.

ECIG exposure alters lung lipid homeostasis and thus induced inflammation by inducing M1 type MQ and impair
phagocytic function, which could be a potential cause of ECIG-induced lung inflammation in healthy and inflamma-
tory exacerbation in disease condition.
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Introduction

The trends of using electronic cigarettes (ECIG) are
increasing. First generation of ECIG was introduced
in 2003 and became available commercially in 2007 in
the US and spread through the countries [1]. The use of
ECIG is dramatically increasing and it is predicted that
it will supersede traditional smoking in next ten years
[2]. Although ECIG was expected as a safer alternative
than the traditional smoking, in the US by the mid of
February 2020, a total 2807 ECIG users got severe lung
injury, hospitalized and 68 deaths were confirmed [3,
4]. The emergence of a case report from 98 patients
related to lung illness reported various clinical symp-
toms and toxicity [4]. The patients reported respiratory
symptoms, cough, chest pain, gastrointestinal symp-
toms, and constitutional symptoms. Clinically, 100%
of patients with vaping associated lung injury expe-
rience constitutional symptoms such as fever, chills,
and weight loss, whereas respiratory symptoms were
present in 97% of patients [4]. In addition, bilateral
infiltrates on chest X-ray were reported. Mild and non-
specific inflammation as well as foamy or lipid laden
macrophages (MQ) were identified [4-7]. Moreover,
mice studies revealed that chronic ECIG-aerosol expo-
sure downregulates MQ-mediated innate immunity [7].
Most importantly, the study showed lipid dysregulation
in response to ECIG-aerosol exposure. Disrupted lipid
homeostasis in lungs may contribute to the pathogen-
esis of COPD [8]. In some studies ECIG-induced toxic-
ity and inflammatory responses were determined as an
nicotine independent phenomena [7, 9] whereas nico-
tine dependent TLR2 reduction was also reported [10].
Chronic exposure to nicotine containing ECIG was
reported to be associated with development of COPD
in mice [11]. Use of ECIG might cause an unknown
vaping related lung disease as well as potential cause
of cardiovascular diseases after chronic exposure [12,
13]. First comprehensive study in human volunteers
that examined acute vascular impact against ECIG
has been reported [13]. The study identified that ECIG
induced arterial stiffness, which is an early indicator of
cardiovascular disease [13]. According to accumulated
data from experimental studies, ECIG induce inflam-
matory responses, oxidative stress, cell death and DNA
damage as well as reduced phagocytosis of bacteria by
macrophages [9, 14]. In the proximal airways and alve-
oli, MQ are the specialized resident immune cells that
encounter and clean up inhaled particles like pollutants
or antigens and thus regulate cellular homeostasis [15,
16]. Alteration in function of MQ in airways can lead
to the pathogenesis of lung disease such as COPD and
increase susceptibility to infection such as pneumonia
[15, 16].
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In ECIG-aerosols, around 7,000 different chemicals
were identified [9]. We found in an in vitro study that
ECIG with or without nicotine induced pro-inflamma-
tory effects and DNA methylation [17]. In addition, in
a cross-sectional study, we recently found significantly
higher prevalence of cough and mucus production
among ECIG users in comparison to non-ECIG users
[18].

Although the recommendations of the European Res-
piratory Society task force on ECIG research included
the need for identification of molecular patterns as well
as studies characterizing the health effects and toxicol-
ogy of ECIG flavorings [5], the underlying mechanism
of ECIG-induced adverse health effects are not fully
uncovered. Despite the commonality of lipid accumula-
tion in lung of ECIG users, the physiological importance
of accumulation of lipid and whether such phenomenon
can be recapitulated in experimental systems remain to
be elucidated. More specifically, information on the effect
of ECIG on the immune cell (MQ) function is still incom-
plete. Very limited data is available comparing the poten-
tial effects of ECIG exposure on alveolar MQ in presence
and absence of nicotine with the same flavor. In the cur-
rent study, we investigated the effect of ECIG in presence
or absence of nicotine on MQ polarization, inflamma-
tory and oxidative stress response as well as phagocytosis
activities of MQ in connection with lipid homeostasis.

Materials and methods

Cell culture

Buffy coat was collected from Karolinska University hos-
pital, Sweden, and monocytes were isolated from the
buffy coats by a negative selection kit (Stem cell technol-
ogies, UK). Isolated monocytes were stimulated with 50
ng/ml of GM-CSF (Immunotools, Germany) for 5 days to
differentiate into macrophages. Macrophage differentia-
tion was confirmed by light microscopic visual observa-
tion and CD11B staining. The differentiated macrophages
were trypsinized and seeded in 12 wells transwell inserts
with 0.4 um pore size (Corning, Sigma Aldrich, Sweden)
following earlier protocol for THP1 derived macrophages
[19]. After overnight incubation, cell culture media was
removed from the apical side to start culturing at air-liq-
uid interface (ALI) and the basal side was filled with the
RPMI complete media with 10% FBS and 1% penicillin /
Streptomycin.

ECIG exposure

MQ were exposed to ECIG-aerosol according to the ear-
lier established protocol [17, 20]. According to the earlier
study, we selected the ECIG flavor 2 (ripe strawberry,
sweet apples and kiwi) which was more toxic than the
flavor 1 [17]. For this study, the difference between ECIG
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with nicotine (3 mg/ml) and without nicotine was just
nicotine. The detail, characterization of these ECIG liq-
uid was published in our earlier study [17].

Shortly, MQ in 12 well plates were placed in a glass
jar with 3L desiccator volume, maintained at 37 °C and
humidity above 70% and allowed to equilibrate for 10-15
min. An air-tight pre-heated glass syringe was used to
repeatedly collect 40 ml (representing one puff) of ECIG-
aerosol and injected it into the desiccator. Ten puffs were
injected to mimic one vaping session. The inlet tube con-
tained multiple sidewise apertures for an even spread of
the ECIG-aerosol within the desiccator. The macrophages
cultured at ALI were exposed to ECIG-aerosol or filtered
air for 15 min, where after they were transferred to a cell
incubator (37 °C, 60% humidity and 5% CO,) for 1 h (h)
until the next exposure session. MQ were exposed to
ECIG-aerosol total 3 times and 10 puffs in each exposure
with 1 h between each exposure. Following completion
of 3 exposures, the MQ were incubated for various time
points depending on the readout indicated below.

Cell viability and apoptosis assay

To evaluate whether ECIG-aerosol exposure induce
apoptosis or cell death, LDH assay (Thermofisher, Swe-
den) and annexin V assay (BD Bioscience, USA) were
performed following manufacturer protocol. Shortly, MQ
were exposed to ECIG-aerosol with or without nicotine
and incubated for 18 h. After the incubation, cell cul-
ture supernatant was used for LDH assay and cells were
stained with annexin V for apoptosis measurement by
flow cytometry.

ROS measurement

Environmental insults including cigarette smoke induce
oxidative stress and generate reactive oxygen spe-
cies (ROS). Therefore, we evaluated the level of ROS in
response to ECIG in the presence or absence of nico-
tine. After the 3™ exposure to ECIG-aerosol, MQ were
incubated for 2 h. After the incubation, basal media was
removed, and both apical and basal side of the insert
were washed three times with PBS. Five uM of Cell ROX
reagent (Thermofisher, Sweden) in RPMI media was
added at both basal (500 pl) and apical side (500 pl) of
the insert. After 30 min of incubation, cells were washed
3 times with PBS, trypsinized, resuspended in PBS and
collected into flow cytometry tubes. In the presence of
reactive oxygen species (ROS), CellROX reagents gener-
ate fluorescence which is proportional to ROS level. The
total ROS level was determined by flow cytometry, and
median fluorescence intensity (MFI) was presented as the
level of ROS generation.
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Phospholipid measurement

According to the manufacturer protocol (Abcam, UK),
levels of phospholipids in ECIG liquid and ECIG vapor
condensate were measured by phospholipid assay kit.

Flow cytometry

MQ were incubated for 18 h after the 3™ exposure to
ECIG-aerosol. MQ were trypsinized and incubated
with Fc blocker for 10 min on ice. After the incubation
with Fc blocker, the MQ were incubated for 30 min on
ice with the antibodies, specific to M1 MQ markers
(PerCp5.5-labeled CD86 and PE-labeled CD11C), M2
MQ marker (FITC-labeled CD206), TLR2 (BV-421-la-
beled), TLR4 BV711-labeled) and lipid scavenger recep-
tor ‘CD36’ (PE labeled-CD36) (BD bioscience, US).
Cells were washed 3 times with PBS, resuspended in
fresh PBS and the expression of these cell surface mark-
ers was investigated by flow cytometry using single or
multi color fluorochrome. In the muti color assay, com-
pensation was performed by compensation beads (BD
bioscience, US) to avoid spectral overlap. The raw data
from flow cytometry was analyzed by Flow Jo software
and the expression level was presented as median fluo-
rescence intensity.

Malondialdehyde measurement

According to the manufacturer instruction, Lipid per-
oxidation product malondialdehyde (MDA) was meas-
ured from the cell lysate using MDA assay kit (Sigma
Aldrich, Sweden). In order to detect MDA-modified
protein, MQ was incubated as above with FITC-labeled
MDA antibodies (antibodies against MDA-modified
protein, Abcam UK) and as above, the level of MDA-
modified proteins was investigated by flow cytometry.

RT-qPCR
After the 3% exposure to ECIG-aerosol, MQ were
incubated for 6 h, and mRNA was extracted from the
MQ by RNA extraction mini kit (Qiagen, Germany).
c¢DNA was synthesized from 300 ng of RNA by cDNA
synthesis kit (Applied biosystem, Germany) and 100
ng of cDNA was used in each reaction of RT-qPCR.
PCR amplification primers were selected according to
the earlier study [17]. Housekeeping gene glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was used
as an internal control. The expression levels of oxida-
tive stress related genes glutathione peroxidase (GPx),
glutathione peroxidase (GPx4) and HOMOX1 as well as
inflammatory cytokines genes IL-6, TNF-a, IL-12, IL-1f3
and /L-10 were calculated by delta-delta CT methods.
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ELISA

After the 3 exposure, cell culture media was collected
after 18 h of incubation. Secreted cytokines includ-
ing IL-6, TNF-«, IL1-B, IL-8, IL-12A and IL-10 levels
were measured from the culture supernatant by ELISA
duoset (Biotechne, UK). In addition, cell lysates were
prepared after 6 h of 3' exposures and level of HSP60
was measured from the cell lysates using ELISA duoset
(Biotechne, UK).

Lipid accumulation assay

Lipid accumulation was measured by flow cytometry and
microscopy. After ECIG exposure, according to the man-
ufacturer’s protocol, cells were stained with lipid stain-
ing reagent BODIPY (Sigma Aldrich, Sweden) and lipid
accumulation was investigated by flow cytometry and
confocal microscopy. Median fluorescence intensity was
presented as the level of expression from Flow cytometry
measurement and microscopic image was presented after
developed by image ] software.

CD36 silencing

According to the manufacturer protocol (Santa Cruz,
Germany), CD36 was silenced with shRNA. In brief, dif-
ferentiated MQ were cultured with serum free medium
in 6 wells plate and transfected with CD36 shRNA or
with a control shRNA. After 6 h of transfection, 10%
FBS was added to the culture medium. After 72 h, more
than 70% reduced expression of CD36 was confirmed at
gene and protein level by qRT-PCR and flow cytometry,
respectively.

Phagocytosis

According to the manufacturer’s protocol (Vybrant
Phagocytosis Assay Kit, Thermo Fisher, Sweden), phago-
cytosis of E. coli particles (FITC labeled) by MQ was
investigated. In short, MQ-cultured at ALI were exposed
to ECIG-aerosol as described above. After overnight
incubation, apical side of the insert was washed with
RPMI media and E. coli particles in 100yl of media was
added on the top of the MQ. After 3 h of incubation, MQ
were trypsinized, transferred into 96 wells plates and
the plates were read at 485 excitation wavelengths by
microplate reader (Bioteknik, US). Percentage of phago-
cytosis was calculated and compared between control
and exposed condition. As described above, MQ were
exposed to ECIG and incubated for 18 h after the 3
exposure and stained with CD35 (complement recep-
torl) and CD64 (Fc receptor) antibodies (BD bioscience,
US) to detect surface expression. The expression of these
cell surface markers was determined by flow cytometry,
and the expression level was presented as median fluo-
rescence intensity (MFI).
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Statistical analysis

Each experiment was performed with MQ from 3 donors
(N=3), and technical replicates n=2-3 from each donor.
The results were expressed as median and interquartile
ranges (25th—75th percentiles) followed by non-para-
metric statistical analysis. Within each group, the com-
parisons between control and ECIG exposure with or
without nicotine were performed by the Friedman test
and followed by Wilcoxon signed-rank test. In all statis-
tical tests, the difference with a P value<0.05 was con-
sidered statistically significant. Statistical significance
in comparison to clean filtered air (sham) to all treat-
ment condition expressed with * and between exposure
with or without nicotine was expressed with #. Pearson
two tailed analysis was performed to determine correla-
tion between lipid accumulation and dependent vari-
ables and correlation matrix to evaluate the correlation
between each variable. All the data were analyzed using
the GraphPad Prism 8.30 software.

Results

Cell viability and apoptosis

ECIG-aerosol exposure with or without nicotine did not
affect viability of the MQ (data not shown). In the pres-
ence or absence of nicotine, ECIG did not induce apop-
tosis. Although, there was a trend of minimal induction
of apoptosis in response to ECIG with nicotine, but the
effect was not significant statistically (Supp. Fig. 1).

ECIG induced oxidative stress

Oxidative stress was assessed by measuring the level
of ROS production. The level of ROS generation was
increased significantly in response to ECIG-aerosol expo-
sure both with and without nicotine (Fig. 1A). The levels
of oxidative stress related genes GPx, GPx4 and HMOX1
(Fig. 1B-D) were increased significantly in response
to ECIG vapor both with and without nicotine. GPx4
increased primarily in the presence of nicotine (Fig. 1C).
In addition, stress related protein HSP60 was increased
significantly in response to ECIG-aerosol exposure both
with and without nicotine but primarily in presence of
nicotine (Fig. 1E).

ECIG-aerosol induced lipid accumulation and lipid
peroxidation

Phospholipids were detected in both ECIG liquid and
ECIG vapor condensate (Supp. Fig. 2). Next, lipid peroxi-
dation was measured in ECIG-aerosol exposed-MQ, both
ECIG-aerosol with and without nicotine, but primarily
with nicotine induced lipid peroxidation product MDA
(Fig. 2A). Exposure to ECIG-aerosol both with and with-
out nicotine, but significantly more with nicotine induced
MDA-modified protein (Fig. 2B). Furthermore, lipid
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Fig. 1 ECIG-aerosol expposure ndued oxidative stress in presence
or absence of nicotine. Reactive oxygen species prodution

was induced in response to ECIG exposure (A). Anti-oxidant (GPx)
and lipid peroxidanation specific antioxidant (GPx4) was upregulated
by ECIG with or without nicotine but GPx was increased promiarily
in prsesence of nictoine (B) and (C). HMOX1 in gene level

was increaed in response ECIG exposure (D). HSP60 expression

was upregulated in response to ECIG expopsure both with nicotine
and without nicotine but primarily with nicotine (E). Statistical
significance (p <0.05) between Sham and exposure (nicotine

or without nicotine) condition was indicated as *. Statistical
significance between nicotine and without nicotine was indicated
as#

scavenger receptor (CD36) expression was increased in
response to ECIG- aerosol both with and without nico-
tine, but primarily without nicotine (Fig. 2C). In addi-
tion to lipid scavenger receptor, lipid accumulation was
increased significantly in ECIG-aerosol (both with and
without nicotine)-exposed MQ (Fig. 2D).

ECIG-aerosol induced pro-inflammatory macrophage
polarization

ECIG-aerosol exposure resulted in increased expres-
sion of pro-inflammatory M1 MQ polarization mark-
ers ‘CD86" and ‘CD11C. M1 markers were induced
significantly both in presence and absence of nicotine
compared to sham, whereby CD86 expression was signifi-
cantly higher in absence of nicotine compared to nicotine
containing ECIG vapor (Fig. 3A). However, ECIG-aerosol
exposure did not induce M2 macrophage marker ‘CD206’
significantly (Supp. Fig. 3). The expression of pro-inflam-
matory cytokines /L-8 and IL-1 beta was increased sig-
nificantly at gene level whereas the levels of TNE IL-6,
IL-12A and IL-10 were not affected at gene levels after
exposure to ECIG-aerosol (Fig. 3B). In addition, secretion
of inflammatory cytokines IL-6, IL-8 and IL-1 beta was

Page 5 of 12

increased significantly against exposure to ECIG-aerosol
both in presence and absence of nicotine (Fig. 3C). How-
ever, the release of the anti-inflammatory cytokine IL-10
was reduced significantly in presence or absence of nico-
tine (Fig. 3C).

CD36 silencing inhibited lipid accumulation and MQ
polarization

Silencing of CD36 suppressed ECIG-aerosol -induced
lipid accumulation in MQ (Fig. 4A). In addition, ECIG-
aerosol-induced expressions of MQ polarization markers
‘CD86’ and ‘CD11C’ were inhibited significantly by CD36
silencing (Fig. 4B-C).

ECIG exposure induced TLR4 but not TLR2 expression

In comparison to air (sham) exposure, ECIG-aerosol
exposure with or without nicotine did not affect the
expression of TLR2 but induced the expression of TLR4
on MQ (Fig. 5).

ECIG-aerosol exposure induced decrease in phagocytosis
of E.coli

ECIG-aerosol exposure both with and without nicotine,
affected phagocytosis activity of MQ. In comparison to
filtered air (sham), ECIG-aerosol-exposed MQ engulfed
E.coli particles in reduced levels (Fig. 6A). CD36 silenc-
ing recovered phagocytosis activity in ECIG-aerosol
exposed MQ (Fig. 6A). Furthermore, after ECIG-aerosol
exposure, a reduced expression of phagocytosis recep-
tors CD35 and CD64 was noticed both after exposure
to ECIG with or without nicotine, but regarding CD35
expression, primarily with nicotine (Fig. 6B).

Lipid accumulation is associated with MQ phenotype,
phagocytosis, lipid peroxidation and inflammatory
markers

Lipid accumulation was positively correlated with
CD86, CD11C, CD36, lipid peroxidation, TLR4, IL-6,
GPx, GPx4, HMOXI and negatively correlated with
CD35, CD64 and phagocytosis (Supp. Fig. 4 and Supp.
Table 1). Correlation between lipid accumulation and
ROS, HSP60, TLR2 or IL-8 was not statistically signifi-
cant (Supp. Fig. 4 and Supp Table 1). Correlation between
each variable was presented in the heatmap (Fig. 7).

Discussion

In this study, we investigated the effect of ECIG vapor
with or without nicotine on MQ polarization and its
function on oxidative stress, inflammation, and phagocy-
tosis in connection with lipid homeostasis in an in-vitro
experimental set-up, using peripheral blood mono-
cyte derived MQ cultured at ALL Our data highlights
the importance of MQ in lipid homeostasis and overall
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and CD64 expression was downregulated in ECIG-aerosol-exposed MQ

immune function of MQ in lungs in response to ECIG
exposure. ECIG-induced generation of ROS in airway
epithelial cells have been reported in earlier studies [21].
Our data determined that ECIG-induced ROS genera-
tion in MQ is nicotine independent. Induction of GPx
expression is an important step to reduce oxidative stress
to balance redox homeostasis [22]. GPx4 is induced in
response to lipid peroxidation. ECIG with or without
nicotine, but primarily with nicotine induced GPx4 at
gene level, indicating that ECIG exposure in presence of
nicotine increases higher level of cellular lipid peroxida-
tion. Recent investigation in a mice model showed that

chronic exposure to ECIG reduce the level of GPx [23],
indicating that chronic exposure to ECIG-aerosol poten-
tially imbalance the redox state and induce inflammation,
thus potentially play role in pathogenesis of different dis-
eases such as COPD and fibrosis.

Among all HSP, HSP60 is more conserved in prokary-
otic and eukaryotic cells and HSP60 is also involved
in inflammation. We determined in our earlier study
that HSP60 activates immune cells and thus induces
inflammation [24]. ECIG-induced HSP60 upregula-
tion potentially facilitates MQ activation and induces
inflammation in the airways. Since GPx4 induction
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SshRNA group). CD35 and CD64 expression was downregulated

in ECIG-aerosol-exposed MQ (B) and (C). Statistical significance

(p <0.05) between Sham and exposure (nicotine or without nicotine)
condition was indicated as *
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indicates lipid peroxidation, therefore, we measured the
lipid peroxidation product malondialdehyde (MDA).
Our result determined that ECIG exposure with or
without nicotine, but primarily with nicotine induces
the lipid peroxidation product MDA, which is consist-
ent with the GPx4 induction. Our earlier study showed
that MDA-modified human serum albumin induces
M1 MQ polarization [25] which indicates that ECIG-
induced lipid peroxidation is a potential cause of M1
MQ polarization. Vitamin E acetate (VEA) of ECIG
as a potential causative factor for oxidative damage-
induced lung injury [26-28]. VEA exposure increased
the level of MDA in a murine model [28], which was
suggested as a pathway for systemic inflammation in
the murine model of EVALI. Since vitamin E is a lipid
soluble antioxidant, the study speculated that VEA can
be converted to vitamin E by alveolar MQ. Alveolar
macrophage forms the first line of defense against pol-
lutants and microorganisms and uses a variety of pat-
tern recognition and scavenger receptors to sense and
phagocytose pathogens [29]. MQ are known phago-
cytic cell type, but dynamic factors in MQ including
MQ phenotype, difference in maturation and tissue
migration have been identified. Lipid regulation has a
potential effect in MQ polarization and reprogramming
[30]. Association between chronic ECIG exposure and
COPD was shown to be nicotine dependent [11] and
altered lipid homeostasis in lungs can trigger pathogen-
esis of COPD [8]. Nicotine independent ECIG-induced
lipid homeostasis was implicated in a mice model
[7]. The study revealed aberrant phospholipids and
increased surfactant-associated phospholipids in alveo-
lar MQ and in airway. Chronic exposure of ECIG vapor
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on impaired response of MQ against viral infection
as well as enhanced inflammation in lung, thus tissue
damage was reported in that study [7]. In line with the
findings of Madison et al. [7], our study suggests that
ECIG-induced lipid laden macrophages (LLM) trigger
inflammatory response in airways. However, LLM as
a unique marker for EVALI has been questioned in a
clinical case [6]. For instance, in the study, 7 out of 13
ECIG users were positive for LLM. Due to small sam-
ple size and interindividual differences, the study sug-
gested further investigation with a bigger sample size
whether LLM is a unique marker for EVALI or causes
lung inflammation. M2 specific macrophage plays an
important role in the inflammatory resolution process.
We measured M1 and M2 specific pro and anti-inflam-
matory cytokines or chemokines both at gene and
secreted protein level. IL-8 and IL-1 beta were upregu-
lated both at secreted protein and gene level. Follow-
ing ECIG exposure, M2 MQ specific surface marker
CD206 expression was not affected significantly, but
M2 specific cytokine IL-10 was decreased significantly,
suggesting that ECIG exposure may not affect polariza-
tion towards M2 MQ, but the function of M2 MQ. We
identified the existence of lipids, specifically phospho-
lipids in ECIG liquid. Oxidized phospholipids induced
pro-inflammatory effects have been reported in several
studies [27, 31-33] but phospholipid-induced func-
tional alteration in the airway is not well studied. A
recent finding [34] showed that oxidized phospholipid
induced oxidative stress and loss of viability in human
epithelial cells BEAS-2B and Calu-3 cell lines, as well as
epithelial cell barrier dysfunction, suggesting that phos-
pholipids directly contribute to disease development.
CD36 as a fatty acid transporter was reported to be
involved in lipid induced M1 MQ polarization in diabe-
tes [35, 36]. Wang et al. suggested that G9a potentially
affects the expression of CD36 and lipid transportation,
thus playing an important role for M1 MQ polarization
[35]. In addition, lipid composition is associated with
alveolar MQ polarization and low grade of inflamma-
tion in obese mice [35]. According to Prieur et al. [36]
length and saturation of lipids affect MQ polarization.
In obese mice M1 MQ specific marker was significantly
higher in ECIG-exposed mice in comparison to control
mice. Increased levels of cytotoxic lipids such as short
chain fatty acid and more saturated lipids were sus-
pected for M1 MQ polarization [36]. Our current study
detected that ECIG induces CD36 expression and lipid
accumulation as well as increased level of lipid peroxi-
dation, indicating that CD36 mediated lipid accumula-
tion from ECIG causes lipid peroxidation, which is a
potential cause of M1 MQ polarization. The finding of
Wang et al. and Prieur et al. is resembling the finding in
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our study. Furthermore, we validated the role of CD36
mediated lipid accumulation in M1 MQ polarization by
silencing CD36, because CD36 silencing inhibited lipid
accumulation and M1 MQ polarization.

Since MQ phenotypes decide the function of MQ,
we investigated whether phagocytic activity of MQ was
affected by exposure to ECIG. It has been shown that
LLM has reduced phagocytic activity [33, 37]. Our exper-
iment also revealed reduced phagocytosis of E.coli by
MQ after ECIG exposure whereas CD36 silencing in MQ
recovered the phagocytic activity of MQ significantly.
Our findings are suggesting that lipid uptake or disrupted
lipid homeostasis were causative factors of reduced
phagocytosis of E.coli by altering MQ phenotype. TLR2
and TLR4 play an important role in innate immunity
including pathogen recognition. In the MQ mediated
immune response including phagocytosis of bacteria,
TLR2 and TLR4 signaling is a hallmark in defense reac-
tion and bacterial phagocytosis by MQ is promoted by
TLR ligands [38, 39]. In our experiment TLR2 expression
was not affected by ECIG-aerosol exposure but TLR4
expression was increased significantly after ECIG expo-
sure. Ween et al. [10] detected reduced expression of
TLR2 in response to ECIG in comparison to control con-
dition. We observed that TLR2 expression is not affected
by ECIG significantly. The study by Ween et al., used dif-
ferent flavors of ECIG with a higher nicotine concentra-
tion (18mg/ml) than the concentration we used in our
experiments. Furthermore, the experiments were per-
formed in THP1 derived macrophages under submerged
condition. On the other hand, we used ECIG with (3mg/
ml) or without nicotine, and primary MQ which was cul-
tured at air-liquid interface. Therefore, due to different
flavors of ECIG, higher concentration of nicotine or dif-
ferent cell types as well as exposure of ECIG-aerosol in
culture medium in different experimental settings may
explain non-identical outcomes in their study. How-
ever, the small sample size and limited technical repli-
cates in our study is also a plausible reason for different
results from the previous study. TLR2 and TLR4 promote
and facilitate phagocytosis, but a wide range of cellular
receptors and signaling such as CD35 and CD64 play a
significant role in phagocytosis [35-37]. Often all these
components jointly facilitate such activities but roles of
TLR2, TLR4, CD35 and CD64 are distinct in phagocy-
tosis. TLR2 and TLR4 facilitate phagocytosis indirectly
by promoting recruitment of phagocytes. The role of the
TLR2 and TLR4 in the actual engulfment of microorgan-
isms by phagocytes is limited. CD35 directly contributes
to the phagocytosis by facilitating recognition and uptake
of compliment opsonized pathogen. CD35 acts as a
receptor for complement components such as c¢3b which
are deposited on the surface of microorganisms, thereby
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enhance phagocytosis activity. CD64 mediated phagocy-
tosis is antibody dependent. Both CD35 and CD64 were
downregulated in response to ECIG exposure, indicat-
ing that ECIG-induced lipid accumulation may affect
those receptors and thus reduce uptake of E.coli. Since
our cell culture condition was antibody free, therefore
we speculate that CD35 reduction was a major cause of
reduced phagocytosis. Moreover, reduced phagocytic
activity by exposure to ECIG, can potentially increase the
risk of infection. Incidence of pneumococcal pneumo-
nia and pneumococcal nasopharyngeal colonization are
increased in cigarette smokers [40, 41]. In addition, ECIG
alters immune response against influenza infection and
reduces survival from infection [7], furthermore, the role
of lipid receptor in viral entry and replication has been
implicated [42]. Our correlation analysis revealed that
lipid accumulation was positively associated with lipid
peroxidation, CD36 expression and M1 MQ polariza-
tion, on the other hand lipid accumulation was negatively
correlated with the rate of phagocytosis and expression
of the phagocytic receptors CD35 and CD64. Similarly,
lipid peroxidation was also positively correlated with
M1 MQ polarization whereas negatively correlated with
the rate of phagocytosis and expression of the phago-
cytic receptors CD35 and CD64, which conforming our
experimental findings that CD36 mediated lipid accu-
mulation from ECIG triggers lipid peroxidation which is
a potential causative agent for M1 MQ polarization and
inflammation.

We conclude that ECIG exposure promotes polari-
zation and function of MQ. Moreover, ECIG-induced
altered lipid homeostasis affects phagocytic function of
MQ. Our data contributes to explaining the possible link
between ECIG exposure related lung injury and lipid-
induced MQ phenotype and function.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512950-023-00367-6.

Additional file 1.
Additional file 2.
Additional file 3.
Additional file 4.
Additional file 5.

Acknowledgements

Thanks to Karolinska Institutet imaging core to assist with the microscopy
facilities and thanks to all the funding agencies for their support to conduct
this research.

Authors’ contributions

MR conceived and designed the study, performed experiments, and wrote
the manuscript. SS performed experiments and statistical analysis, contrib-
uted to study design and writing manuscript. MI performed experiment and

Page 11 of 12

contributed in manuscript preparation and writing. SU and KG conceived the
study, contributed to study design and manuscript writing. LP conceived the
study, contributed to study design, manuscript writing and supervised the
entire study. All the authors read and approved the manuscript.

Funding

Open access funding provided by Karolinska Institute. The study was sup-
ported by the Swedish Heart and Lung Foundation, and Swedish Fund for
Research without Animal Experiments.

Availability of the data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
NA.

Consent for publication
We give our consent to the publisher for the publication the content of the
whole manuscript.

Competing interests
The authors declare no competing interests.

Author details
'Unit of Integrative Toxicology, Institute of Environmental Medicine, Karolinska
Institutet, 171 77 Stockholm, Sweden.

Received: 1 November 2022 Accepted: 7 November 2023
Published online: 17 November 2023

References

1. Worku D, Worku E. A narrative review evaluating the safety and efficacy
of e-cigarettes as a newly marketed smoking cessation tool. SAGE Open
Med. 2019;7:2050312119871405.

2. Breland AB, Spindle T, Weaver M, Eissenberg T. Science and electronic
cigarettes: current data, future needs. J Addict Med. 2014;8(4):223-33.

3. Vardavas Cl, Filippidis FT, Agaku IT. Determinants and prevalence of
e-cigarette use throughout the European Union: a secondary analysis of
26 566 youth and adults from 27 countries. Tob Control. 2015;24(5):442-8.

4. Layden JE, Ghinail, Pray |, Kimball A, Layer M, Tenforde MW, et al. Pul-
monary illness related to e-cigarette use in Illinois and Wisconsin - final
report. N Engl J Med. 2020;382(10):903-16.

5. Bals R, Boyd J, Esposito S, Foronjy R, Hiemstra PS, Jimenez-Ruiz CA, et al.
Electronic cigarettes: a task force report from the European Respiratory
Society. Eur Respir J. 2019;53(2):1801151.

6. Shields PG, Song MA, Freudenheim JL, Brasky TM, McElroy JP, Reisinger
SA, et al. Lipid laden macrophages and electronic cigarettes in healthy
adults. EBioMedicine. 2020;60:102982.

7. Madison MC, Landers CT, Gu BH, Chang CY, Tung HY, You R, et al. Elec-
tronic cigarettes disrupt lung lipid homeostasis and innate immunity
independent of nicotine. J Clin Invest. 2019;129(10):4290-304.

8. Kotlyarov S, Kotlyarova A. Molecular mechanisms of lipid metabolism
disorders in infectious exacerbations of chronic obstructive pulmonary
disease. Int J Mol Sci. 2021:22(14):7634.

9. Scott A Lugg ST, Aldridge K, Lewis KE, Bowden A, Mahida RY, et al.
Pro-inflammatory effects of e-cigarette vapour condensate on human
alveolar macrophages. Thorax. 2018;73(12):1161-9.

10. Ween MP, Whittall JJ, Hamon R, Reynolds PN, Hodge SJ. Phagocytosis and
inflammation: exploring the effects of the components of E-cigarette
vapor on macrophages. Physiol Rep. 2017;5(16):e13370.

11. Garcia-Arcos |, Geraghty P, Baumlin N, Campos M, Dabo AJ, Jundi B, et al.
Chronic electronic cigarette exposure in mice induces features of COPD
in a nicotine-dependent manner. Thorax. 2016;71(12):1119-29.


https://doi.org/10.1186/s12950-023-00367-6
https://doi.org/10.1186/s12950-023-00367-6

Rahman et al. Journal of Inflammation

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

(2023) 20:39

MacDonald A, Middlekauff HR. Electronic cigarettes and cardiovascular

health: what do we know so far? Vasc Health Risk Manag. 2019;15:159-74.

Antoniewicz L, Brynedal A, Hedman L, Lundback M, Bosson JA. Acute
effects of electronic cigarette inhalation on the vasculature and the
conducting airways. Cardiovasc Toxicol. 2019;19(5):441-50.

Lee HW, Park SH, Weng MW, Wang HT, Huang WC, Lepor H, et al.
E-cigarette smoke damages DNA and reduces repair activity in mouse
lung, heart, and bladder as well as in human lung and bladder cells. Proc
Natl Acad Sci U S A. 2018;115(7):E1560-9.

Vlahos R, Bozinovski S. Role of alveolar macrophages in chronic obstruc-
tive pulmonary disease. Front Immunol. 2014;5:435.

Jasper AE, Sapey E, Thickett DR, Scott A. Understanding potential mecha-
nisms of harm: the drivers of electronic cigarette-induced changes in
alveolar macrophages, neutrophils, and lung epithelial cells. Am J Physiol
Lung Cell Mol Physiol. 2021;321(2):L336-48.

Ganguly K, Nordstrom A, Thimraj TA, Rahman M, Ramstrom M, Sompa SI,
et al. Addressing the challenges of E-cigarette safety profiling by assess-
ment of pulmonary toxicological response in bronchial and alveolar
mucosa models. Sci Rep. 2020;10(1):20460.

Sompa SI, Zettergren A, Ekstrom S, Upadhyay S, Ganguly K, Georgelis A,
et al. Predictors of electronic cigarette use and its association with res-
piratory health and obesity in young adulthood in Sweden; findings from
the population-based birth cohort BAMSE. Environ Res. 2022;208:112760.
Rahman M, Upadhyay S, Ganguly K, Introna M, Ji J, Boman C, et al.
Comparable response following exposure to biodiesel and diesel
exhaust particles in advanced multicellular human lung models. Toxics.
2023;11(6):532.

Rahman M, Irmler M, Introna M, Beckers J, Palmberg L, Johanson G, et al.
Insight into the pulmonary molecular toxicity of heated tobacco prod-
ucts using human bronchial and alveolar mucosa models at air-liquid
interface. Sci Rep. 2022;12(1):16396.

Zhao J, Zhang Y, Sisler JD, Shaffer J, Leonard SS, Morris AM, et al. Assess-
ment of reactive oxygen species generated by electronic cigarettes using
acellular and cellular approaches. J Hazard Mater. 2018;344:549-57.
Trachootham D, Lu W, Ogasawara MA, Nilsa RD, Huang P. Redox regula-
tion of cell survival. Antioxid Redox Signal. 2008;10(8):1343-74.

Alzoubi KH, Khabour OF, Al-Sawalha NA, Karaoghlanian N, Shihadeh A,
Eissenberg T. Time course of changes in inflammatory and oxidative
biomarkers in lung tissue of mice induced by exposure to electronic
cigarette aerosol. Toxicol Rep. 2022;9:1484-90.

Rahman M, Steuer J, Gillgren P, Hayderi A, Liu A, Frostegard J. Induction of
dendritic cell-mediated activation of T cells from atherosclerotic plaques
by human heat shock protein 60. J Am Heart Assoc. 2017,6(11):e006778.
Rahman M, Steuer J, Gillgren P, Vegvari A, Liu A, Frostegard J. Malondial-
dehyde conjugated with albumin induces pro-inflammatory activation
of T cells isolated from human atherosclerotic plaques both directly

and via dendritic cell-mediated mechanism. JACC Basic Transl Sci.
2019;4(4):480-94.

Bhat TA, Kalathil SG, Bogner PN, Blount BC, Goniewicz ML, Thanavala YM.
An animal model of inhaled vitamin E acetate and EVALI-like lung injury.
N Engl J Med. 2020;382(12):1175-7.

Blount BC, Karwowski MP, Shields PG, Morel-Espinosa M, Valentin-Blasini
L, Gardner M, et al. Vitamin E acetate in bronchoalveolar-lavage fluid
associated with EVALL. N Engl J Med. 2020;382(8):697-705.

Matsumoto S, Traber MG, Leonard SW, Choi J, Fang X, Maishan M,

et al. Aerosolized vitamin E acetate causes oxidative injury in mice

and in alveolar macrophages. Am J Physiol Lung Cell Mol Physiol.
2022;322(6):L.771-83.

Aggarwal NR, King LS, D'Alessio FR. Diverse macrophage populations
mediate acute lung inflammation and resolution. Am J Physiol Lung Cell
Mol Physiol. 2014;306(8):L709-25.

Batista-Gonzalez A, Vidal R, Criollo A, Carreno LJ. New insights on the role
of lipid metabolism in the metabolic reprogramming of macrophages.
Front Immunol. 2019;10:2993.

SerbuleaV, DeWeese D, Leitinger N. The effect of oxidized phospholipids
on phenotypic polarization and function of macrophages. Free Radic Biol
Med. 2017;111:156-68.

Serbulea V, Upchurch CM, Schappe MS, Voigt P, DeWeese DE, Desai

BN, et al. Macrophage phenotype and bioenergetics are controlled by
oxidized phospholipids identified in lean and obese adipose tissue. Proc
Natl Acad Sci U S A. 2018;115(27):E6254-63.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 12 of 12

Remmerie A, Scott CL. Macrophages and lipid metabolism. Cell Immunol.
2018;330:27-42.

Pascoe CD, Roy N, Turner-Brannen E, Schultz A, Vaghasiya J, Ravandi

A, et al. Oxidized phosphatidylcholines induce multiple functional
defects in airway epithelial cells. Am J Physiol Lung Cell Mol Physiol.
2021,321(4):L.703-17.

Wang X, Chen S, He J, Chen W, Ding Y, Huang J, et al. Histone methyl-
transferases G9a mediated lipid-induced M1 macrophage polarization
through negatively regulating CD36. Metabolism. 2021;114:154404.
Prieur X, Mok CY, Velagapudi VR, Nunez V, Fuentes L, Montaner D, et al.
Differential lipid partitioning between adipocytes and tissue mac-
rophages modulates macrophage lipotoxicity and M2/M1 polarization in
obese mice. Diabetes. 2011;60(3):797-809.

Gibeon D, Zhu J, Sogbesan A, Banya W, Rossios C, Saito J, et al. Lipid-laden
bronchoalveolar macrophages in asthma and chronic cough. Respir Med.
2014,108(1):71-7.

Doyle SE, O'Connell RM, Miranda GA, Vaidya SA, Chow EK, Liu PT, et al.
Toll-like receptors induce a phagocytic gene program through p38. J Exp
Med. 2004;199(1):81-90.

Skjesol A, Yurchenko M, Bosl K, Gravastrand C, Nilsen KE, Grovdal LM, et al.
The TLR4 adaptor TRAM controls the phagocytosis of gram-negative
bacteria by interacting with the Rab11-family interacting protein 2. PLoS
Pathog. 2019;15(3):e1007684.

Brook |, Gober AE. Recovery of potential pathogens and interfer-

ing bacteria in the nasopharynx of smokers and nonsmokers. Chest.
2005;127(6):2072-5.

Vila-Corcoles A, Aguirre-Chavarria C, Ochoa-Gondar O, de Diego C,
Rodriguez-Blanco T, Gomez F, et al. Influence of chronic illnesses and
underlying risk conditions on the incidence of pneumococcal pneumo-
nia in older adults. Infection. 2015;43(6):699-706.

Wei C,Wan L, Yan Q, Wang X, Zhang J, Yang X, et al. HDL-scavenger recep-
tor B type 1 facilitates SARS-CoV-2 entry. Nat Metab. 2020;2(12):1391-400.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Lipid from electronic cigarette-aerosol both with and without nicotine induced pro-inflammatory macrophage polarization and disrupted phagocytosis
	Abstract 
	Introduction
	Materials and methods
	Cell culture 
	ECIG exposure
	Cell viability and apoptosis assay
	ROS measurement
	Phospholipid measurement
	Flow cytometry
	Malondialdehyde measurement
	RT-qPCR
	ELISA
	Lipid accumulation assay
	CD36 silencing
	Phagocytosis
	Statistical analysis

	Results
	Cell viability and apoptosis
	ECIG induced oxidative stress
	ECIG-aerosol induced lipid accumulation and lipid peroxidation
	ECIG-aerosol induced pro-inflammatory macrophage polarization
	CD36 silencing inhibited lipid accumulation and MQ polarization
	ECIG exposure induced TLR4 but not TLR2 expression
	ECIG-aerosol exposure induced decrease in phagocytosis of E.coli
	Lipid accumulation is associated with MQ phenotype, phagocytosis, lipid peroxidation and inflammatory markers

	Discussion
	Anchor 28
	Acknowledgements
	References


