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Abstract
Dendritic cells (DCs) are professional antigen presenting cells that play a critical role in bridging innate and adaptive 
immunity. Numerous studies have shown that tobacco constituents present in conventional cigarettes affect the phenotype 
and function of DCs; however, no studies have examined the effects of vapour from E-cigarettes on human DCs. Here, the 
effects of E-cigarette vapour extract (ECVE) on the phenotype and function of DCs were investigated by creating an in vitro 
cell culture model using human monocyte-derived DCs (MoDCs). Immature DCs were generated from peripheral blood 
monocytes and mature DCs were then produced by treatment with LPS or Poly I:C for 24 h. For LPS-matured DCs, 3% ECVE 
treatment slightly suppressed HLA-DR and CD86 expression, whereas 1% ECVE treatment enhanced IL-6 production. The 
overall expression of 29 signalling molecules and other cytoplasmic proteins (mainly associated with DC activation) was 
significantly upregulated in immature DCs by 1% ECVE, and in LPS-treated DCs by 3% ECVE. In particular, the condition 
that induced IL-6 production also upregulated MAPK pathway activation. These findings indicate that E-cigarette vapour 
moderately affects human DCs, but the effects are less pronounced than those reported for tobacco smoke.
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Introduction

Electronic cigarettes (E-cigarettes) are handheld electronic 
devices that generate vapours or aerosols by heating E-liq-
uid. The main components of E-liquids are humectants [i.e. 
propylene glycol (PG), vegetable glycerol (VG)], nicotine 
and flavourings. E-liquid is stored in the cartridge and then 
supplied to the atomizer which contains a small coil of 
electrically resistant wire that heats up when the battery is 
switched on. E-cigarettes have gained rapidly in popular-
ity around the world in recent years; sales of E-cigarettes 
are predicted to reach $44 billion by 2023 (Research and 

Markets 2018). Since E-cigarettes were invented in 2003, 
their usage has increased dramatically: in 2018, overall 
usage by adults in the USA was 7.6%, but this increases to 
36.5% in ex-cigarette smokers (Dai and Leventhal 2019); 
amongst adolescents (16–19 years) in the USA, UK and 
Canada, between 32 and 37% used e-cigarettes in 2018 
(Hammond et al. 2019). In some countries, E-cigarettes are 
promoted as a tool for smoking cessation (Beard et al. 2016; 
Etter 2010; Polosa et al. 2011, 2014) and as a safe alternative 
to conventional cigarettes due to lower levels of carcinogens 
and toxicants in vapours (Goniewicz et al. 2014). However, 
the use of E-cigarettes remains controversial (Bush et al. 
2019). A rapid rise in E-cigarette use has occurred not only 
amongst current smokers, but also non-smokers who may, 
therefore, develop a smoking habit and/or nicotine addic-
tion (Lam et al. 2014). Although it is still too soon to know 
the effects of chronic E-cigarette use over a period of dec-
ades, there have been several reports since 2014 of acute 
lung injury, pneumonitis and/or pneumonia associated with 
E-cigarette use (Arter et al. 2019; Khan et al. 2018; Layden 
et al. 2019; Moore 2015; Nair et al. 2019; Sommerfeld et al. 
2018; Thota and Latham 2014).
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E-cigarettes have been found to have effects on a variety 
of cell types in humans, including epithelial and endothe-
lial cells, fibroblasts, macrophages and neutrophils (Chen 
et al. 2019). However, the effects of E-cigarette vapours 
(ECV) on human myeloid DCs (mDCs) have not been 
studied previously. In contrast, numerous studies have 
shown that the phenotype and functions of mDCs are 
affected by tobacco smoke, with suppression of T cell-
stimulating, immunogenic properties of mDCs by CS 
constituents (Stampfli and Anderson 2009). Evidence for 
this derives from human and murine in vivo and in vitro 
studies. In a mouse smoking model, DCs show low expres-
sion of co-stimulatory molecules and reduced stimula-
tion of T cells (Robbins et al. 2004, 2008). Similarly, in 
humans, smoking impairs the maturation of mDCs in the 
lungs, evidenced by reduced expression of CD40, CD83 
and CCR7 (Arellano-Orden et al. 2016; Liao et al. 2015). 
Treatment of mouse bone marrow-derived DCs (bmDCs) 
with cigarette smoke extract (CSE) differentially affects 
T cell stimulation, depending on T cell phenotype  (CD4+ 
or  CD8+) (Mortaz et al. 2009) and length of treatment 
(chronic exposure to CSE suppresses DC maturation) 
(Givi et al. 2015). The maturation of human monocyte-
derived DCs (moDCs), and their ability to stimulate Th1 
and Th17 cells, is also suppressed by CSE (Kroening et al. 
2008; Le Rouzic et al. 2016; Vassallo et al. 2005). We 
have shown that CSE treatment of human moDCs reduced 
their expression of pro-inflammatory signalling molecules 
(Alkhattabi et al. 2018). Although numerous chemicals 
within CS affect immune cells (Stampfli and Anderson 
2009), nicotine is the main addictive component and has 
well-documented suppressive effects on IL-12 produc-
tion and Th1 stimulation by human moDCs and mouse 
bmDCs, promoting instead Th2 responses (Guinet et al. 
2004; Nouri-Shirazi and Guinet 2003, 2006; Nouri-Shi-
razi et al. 2007). Immunosuppressive effects of nicotine 
are exerted particularly via the α7 nicotinic acetylcholine 
receptor (Zdanowski et al. 2015). It should also be noted 
that some studies indicate the activation of DCs by CS 
(Bratke et al. 2008; Vassallo et al. 2008, 2010).

Although some studies have reported that CS and ECV 
have similar effects on various cell types (Chen et al. 2019), 
others have found that the effects of CS are much more pro-
nounced and deleterious than those of ECV (Husari et al. 
2016; Iskandar et al. 2019; Taylor et al. 2016). Therefore, in 
view of the critical role of DCs in immunity and the marked 
effects of CS on DCs, in the current study, the effects of 
ECV on the phenotype and function of DCs was investi-
gated by creating an in vitro cell culture model using human 
moDCs. Human moDCs were treated with E-cigarette 
vapour extract (ECVE) and the effects of ECVE on surface 
marker expression, cytokine secretion and signalling path-
ways was examined.

Materials and methods

Generation of monocyte‑derived DCs

Fresh venous blood was taken into heparinised Vacutainer 
tubes from healthy, never-smoking volunteers with ethical 
approval (FMHS REC ref: 121-1706) and informed con-
sent. Peripheral blood mononuclear cells (PBMCs) were 
separated by density gradient centrifugation using Histo-
paque-1077 (Sigma-Aldrich, Gillingham, UK). The cells 
were washed and resuspended in RPMI complete medium, 
that is RPMI-1640 medium supplemented with 100 μg/
ml Penicillin–Streptomycin (Sigma-Aldrich, Gillingham, 
UK), 2 mM l-Glutamine (Sigma-Aldrich, Gillingham, 
UK), 10 mM HEPES (Sigma-Aldrich, Gillingham, UK) 
and 10% fetal bovine serum (FBS, Sigma-Aldrich, Gill-
ingham, UK).

CD14 + monocytes were isolated from PBMCs using 
CD14 + microbeads (Miltenyi Biotec, Bisley, UK) by 
positive selection according to the manufacturer’s instruc-
tions. One ml of CD14 + cell suspension (5 × 105 cells) 
was added to each well in a 24-well plate (Costar, High 
Wycombe, UK) in the presence of 50 ng/ml GM-CSF 
(Peprotech, London, UK) and 400 IU IL-4 (Peprotech, 
London, UK) and incubated at 37℃, 5%  CO2 for 5 days. 
Fresh medium and cytokines were added on day 3. To gen-
erate mature DCs, immature DCs on day 5 were stimulated 
with 100 ng/ml LPS or 30 μg/ml Poly I:C (Sigma-Aldrich, 
Gillingham, UK) for 24 h.

ECVE preparation

E-cigarette devices and a DIY E-liquid Mixing Kit were 
purchased from VAPEMATE (Brentwood, UK). The 
E-liquid contained 50/50 PG/VG and 12 mg/ml nicotine. 
The smoking apparatus consisted of a three-way stopcock 
attached to a 50 ml syringe, the E-cigarette and a bottle 
containing 20 ml RPMI complete medium. The vapour was 
drawn into the syringe and then bubbled into the 20 ml 
RPMI complete medium at a flow rate of 50 mL/min. It 
took approximately 25 cycles to consume 200 mg of E-liq-
uid. The medium was then filter-sterilized with a 0.45 μm 
pore-size filter. The EC cartridge was weighed before and 
during the process to confirm that 200 mg of liquid was 
consumed. The resulting extract was considered as 100% 
ECVE. Further dilution was needed to generate 1% and 
3% ECVE, which were used to treat DCs. The choice of 
final ECVE concentrations was based on nicotine content 
as follows: the E-liquid contained 12 mg of nicotine per 
gram of liquid. Therefore, 200 mg of E-liquid contained 
2.4 mg nicotine. This resulted in 1% ECVE containing 
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approximately 12 μg/ml nicotine and 3% ECVE containing 
36 μg/ml nicotine. This is similar to the nicotine concen-
trations in 0.5–3% cigarette smoke extract (CSE) used in 
previous studies (Alkhattabi et al. 2018).

Treatment of MoDCs with ECVE

On Day 5, immature MoDCs were cultured with or with-
out 100 ng/ml lipopolysaccharide (LPS) or 30 µg/ml pol-
yinosinic polycytidylic acid (Poly I:C) (Sigma-Aldrich, 
Gillingham, UK), in the absence or presence of 1% or 3% 
ECVE, at 37 °C, 5%  CO2 for 24 h. The cells treated with 
LPS or Poly I:C for 24 h (with or without simultaneous treat-
ment with ECVE) are referred to as ‘LPS-matured DCs’ or 
‘Poly I:C-matured DCs’, respectively.

Extracellular staining for surface marker detection

DCs were placed in 1 ml PBA buffer (PBS, 1% BSA and 
0.1% sodium azide) and centrifuged at 300 g for 5 min. The 
supernatant was discarded and the cell pellets were resus-
pended. Samples were incubated 30 min in the dark at room 
temperature with fluorochrome-labelled antibodies (as indi-
cated in Table 1); corresponding isotype control antibodies 
were also applied. After incubation, 2 ml of PBA was added 
to remove excess and unbound antibodies, followed by cen-
trifugation at 300 g for 5 min. Finally, the cells were fixed 
with 0.5% formaldehyde and the samples were kept at 4 °C 
until flow cytometric analysis. Flow cytometry was carried 
out using an FC500 Flow Cytometer (Beckman Coulter) and 
data were analysed using Weasel Software v3.0.2.

Enzyme‑linked immunosorbent assay (ELISA) 
for cytokine detection

Cell-free culture supernatants were collected and stored at 
− 20 °C before analysis. The levels of cytokines IL-6, IL-8, 

IL-10, IL-12p70, and TNF-α were measured by sandwich 
ELISA using Duo Set ELISA kits (R&D Systems) according 
to the manufacturer’s instructions.

Reverse‑phase protein microarray (RPPA)

RPPA was performed as described previously (Alkhattabi 
et al. 2018; Negm et al. 2014). We had previously confirmed 
that the detection of signalling molecules by RPPA gave 
results consistent with those obtained by western blotting 
(Negm et al. 2014). DCs were harvested and centrifuged for 
5 min at 300g. The pellets were resuspended in RIPA buffer 
(Thermo Scientific, Loughborough, UK), supplemented with 
phosphate/protease inhibitor (Thermo Scientific, Lough-
borough, UK) and benzonase nuclease ultrapure (Sigma-
Aldrich, Gillingham, UK). Samples were then incubated on 
ice for 30 min with frequent shaking followed by centrifuga-
tion at 10,000g at 4 °C for 10 min. The supernatants were 
collected and stored at − 80 °C until assayed.

Before conducting RPPA, a BCA protein assay was per-
formed using a Micro BCA™ Protein Assay Kit (Thermo 
Scientific, Loughborough, UK) to confirm the protein con-
centration of lysates. Lysates were diluted to 500 μg/ml with 
4 × SDS printing buffer containing 0.4 M DTT and heated 
at 95 °C for 5 min. Subsequently, lysates were transferred 
to 394-well plates and were robotically spotted onto nitro-
cellulose-coated glass slides by microarrayer (MicroGrid II, 
Digilab) and dried in the air. Printed slides were stored at 
− 20 °C until they were processed.

Slides were incubated in Super G blocking buffer (Grace 
Bio-Labs) for 1 h. After washing with 0.5% Tween-20 in 
PBS 3 times for 5 min each time, slides were incubated with 
primary antibodies (Table 2) diluted in blocking buffer and 
incubated for 2 h at room temperature. Mouse anti-β-actin 
(Sigma Aldrich, Gillingham, UK), diluted 1:1000 in block-
ing buffer, was used to monitor this ‘housekeeping’ protein 
to control for differences in protein loading. After wash-
ing 3 times with 0.5% Tween-20 in PBS, the slides were 
incubated with biotinylated secondary antibodies diluted 
1:20,000 in blocking buffer and incubated for 2 h at room 
temperature. Next, the slides were incubated with streptavi-
din conjugated to infrared dyes, IRDYE-800CW (1:10,000 
in blocking buffer, LI-COR Biotechnology, Cambridge, 
UK) for 30 min at room temperature. Lastly, the slides were 
rinsed with distilled water, centrifuged dry and scanned with 
a Licor Odyssey scanner (LI-COR Biotechnology, Cam-
bridge, UK) at 800 nm. The resultant TIFF images were 
processed with GenePix Pro-6 Microarray Image Analysis 
software (Molecular Devices). Protein signals were finally 
determined using background subtraction and normalization 
to the internal housekeeping targets.

Changes within the expression of many signalling mol-
ecules takes place within a few minutes of cell stimulation. 

Table 1  Antibodies used for flow cytometric analysis and their conju-
gation and manufacturers

Antibody Clone Isotype Fluorochrome Company

CD80 IM1853U IgG1 FITC Beckman Coulter
DC-SIGN A07407 IgG1 PE Beckman Coulter
CD86 REA968 IgG1 FITC Miltenyi Biotec
CD83 REA714 IgG1 PE Miltenyi Biotec
HLA-DR REA805 IgG1 APC Miltenyi Biotec
CD40 REA733 IgG1 PE-Vio 770 Miltenyi Biotec
CD36 REA760 IgG1 FITC Miltenyi Biotec
CXCR-4 REA649 IgG1 APC Miltenyi Biotec
CD74 REA1103 IgG1 PE-Vio 770 Miltenyi Biotec
PD-L1 MIH1 IgG1 APC BD Biosciences
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To determine the peak of signalling molecule expression, a 
time course experiment was performed. DCs were treated 
with LPS or Poly I:C and ECVE for the following time 
durations: 5, 15, 30, 60 and 120 min and expression of 
signalling molecules examined by RPPA. The expression 
of many signalling molecules peaked at 30 min, followed 
by a reduction of signal level in both immature and matur-
ing DCs. Therefore, in addition to 24 h-ECVE treatment, 
30-min ECVE treatment was employed to study the effects 
of ECVE treatment on signalling pathways in DCs.

Statistical analysis

Data were analysed using GraphPad Prism v7.02 for 
Windows (GraphPad Software) and values expressed as 
median from independent experiments, unless otherwise 
stated. A test for normality was performed and either 
paired t test/Wilcoxon matched-pairs test or paired one-
way ANOVA/paired Friedman test was performed, as 

appropriate to the data. A p value < 0.05 was considered 
statistically significant.

Results

The effects of ECVE on surface markers of MoDCs

The generation of mature DCs by treatment of MoDCs 
with LPS was confirmed by changes in surface markers 
expression using flow cytometry. Stimulation of MoDCs 
with 100 ng/ml LPS for 24 h significantly elevated surface 
expression of HLA-DR, CD80, CD86, CD40, CD83, PD-L1 
and CXCR4, but decreased expression of DC-SIGN (Fig. 1).

To determine the effect of ECVE on surface marker 
expression, immature and LPS-matured DCs were treated 
with or without ECVE for 24 h (Figs. 2 and 3, respectively); 
ECVE treatment did not significantly reduce the viability 
of moDCs (data not shown). The expression of CD83 on 
immature DCs was slightly, but significantly reduced after 
3% ECVE treatment for 24 h (Fig. 2). Treatment with 3% 

Table 2  Primary antibodies 
used in RPPA specific for 
the proteins of interest in DC 
lysates

All antibodies were purchased from Cell Signalling Technology

Antibody specificity Species Dilution Antibody specificity Species Dilution

c-Rel
(12707)

Rabbit 1:200 pSTAT3
(9145)

Rabbit 1:50

pMST1
(3681)

Rabbit 1:200 pHSP27
(2401)

Rabbit 1:50

HMGB1
(6893)

Rabbit 1:200 p44/42 MAPK
(4370)

Rabbit 1:250

LSP1
(3812)

Rabbit 1:100 pAKT Threonine
(9275)

Rabbit 1:50

nNOS
(4231)

Rabbit 1:100 pAKT Serine
(9271)

Rabbit 1:50

PIPK1C
(3296)

Rabbit 1:100 pC-Jun
(9261)

Rabbit 1:250

CD74
(77274)

Rabbit 1:400 pNF-κB P65
(3031)

Rabbit 1:50

IRAKM
(4369)

Rabbit 1:50 pSTAT1
(9177)

Rabbit 1:250

TAB2
(3744)

Rabbit 1:250 pROS
(3078)

Rabbit 1:250

IRF3
(4302)

Rabbit 1:2000 pc-Fos
(5348)

Rabbit 1:500

pIRF3
(4947)

Rabbit 1:2000 Bcl-xL
(2764)

Rabbit 1:250

pTAB2
(8155)

Rabbit 1:500 IRAK1
(4362)

Rabbit 1:250

NALP1
(4990)

Rabbit 1:500 IRAK2
(4367)

Rabbit 1:50

pIRF7
(5184)

Rabbit 1:500 pP38
(4511)

Rabbit 1:2000

SOD1
(4266)

Mouse 1:400
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ECVE slightly, but significantly, inhibited the expression 
of HLA-DR and CD86 on LPS-matured DCs (Fig. 3). No 
alterations were found in the expression of other surface 
markers in response to ECVE treatment.

Stimulation of MoDCs with 30 μg/ml Poly I:C for 24 h 
also significantly elevated surface expression of HLA-DR, 
CD80, CD86, CD40, CD83 and PD-L1 (but not CXCR4), 
and decreased expression of DC-SIGN (Supplementary 
Fig. 1S). The treatment of Poly I:C-matured DCs with 1% 
or 3% ECVE did not alter significantly the expression of any 
of the surface markers examined (Supplementary Fig. 2S).

The effects of ECVE on cytokine production 
by MoDCs

The culture supernatants of immature and LPS-matured 
DCs, cultured in the absence or presence of 1% or 3% ECVE 
for 24 h, were assayed by ELISA to determine levels of IL-6, 
IL-8, IL-10, IL-12p40 and TNF-α. Twenty-four hour ECVE 
treatment did not affect the secretion of these cytokines 
from immature DCs. For LPS-matured DCs, 1% (but not 
3%) ECVE significantly enhanced the production of IL-6 
(Fig. 4). Levels of IL-8, IL-10, IL-12p70 and TNF-α were 
unaffected by ECVE treatment.

The treatment of Poly I:C matured DCs with 1% or 3% 
ECVE for 24 h did not significantly alter secreted levels of 
any of the cytokines assayed (IL-6, IL-8, IL-10, IL-12p70 
or TNF-α) (Supplementary Fig. 3S).

The effects of ECVE on signalling molecule 
expression of MoDCs

RPPA was used to analyse the expression by DCs of 29 sig-
nalling molecules and other cytoplasmic molecules mainly 

associated with DC activation and immunogenicity; several 
of the molecules are involved in IRAK/IRF, MAPK, NF-κB, 
JAK/STAT and PI3K/AKT pathways, amongst others (see 
Table 2). Thirty-minute or 24 h ECVE treatment did not 
cause a statistically significant change in the expression of 
most individual molecules of immature, LPS-matured or 
Poly I:C-matured DCs (data not shown). However, it was 
observed that, for many molecules, ECVE treatment gave 
a trend towards higher molecule expression. We therefore 
determined the combined or ‘global’ effects of ECVE on all 
29 molecules investigated by comparing the median expres-
sion (for up to 9 donors) of all molecules in the absence 
or presence of ECVE. The basis for this is that biological 
effects are likely to depend on the cumulative changes in 
expression of multiple molecules associated with signalling 
pathways, although the change for each individual molecule 
may be relatively subtle. 1% ECVE treatment was then seen 
to increase significantly the global expression of the mol-
ecules in immature DCs after 30 min (Fig. 5a) and 24 h 
(Fig. 5b). 3% ECVE treatment also significantly increased 
global expression of the molecules in LPS-maturing DCs 
after 30 min (Fig. 5a) and in LPS-matured DCs after 24 h 
(Fig. 5b).

For Poly I:C-treated DCs, 1% ECVE treatment for 30 min 
significantly reduced the ‘global’ signalling molecule 
expression (Supplementary Fig. 4S). However, treatment 
with 3% ECVE for 30 min, or either 1% or 3% ECVE for 
24 h had no significant effect on global signalling molecule 
expression (Supplementary Fig. 4S).

We observed that many of the molecules upregulated by 
24 h treatment of LPS-matured DCs with 1% ECVE (i.e. the 
conditions in which ECVE treatment significantly enhanced 
IL-6 production) were those associated with the IRAK/
TRAF6/TAB pathway that is stimulated when LPS binds 

Fig. 1  Comparison of MFI 
value of surface markers 
between untreated immature 
and LPS-matured DCs. Data are 
presented as scatter plots and 
each dot represents a different 
individual donor. The median 
of six independent experiments 
is shown. If data were normally 
distributed, paired t test was 
used, otherwise Wilcoxon test 
was used. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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Fig. 2  The MFI of surface markers on immature DCs after 24 h with 
or without ECVE treatment. Data are presented as scatter plots and 
each dot represents a different individual donor. The median of six 

individual experiments is shown. If data were normally distributed, 
paired one-way ANOVA was used, otherwise paired Friedman test 
was used
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Fig. 3  The MFI of surface markers on LPS-matured DCs after 24 h 
with or without ECVE treatment. Data are presented as scatter plots 
and each dot represents a different individual donor. The median of 

six individual experiments is shown. If data were normally distrib-
uted, paired one-way ANOVA was used, otherwise paired Friedman 
test was used
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to TLR4, and which leads to MAPK activation and IL-6 
production: these molecules are IRAK1, IRAK2, TAB2, 
pTAB2, pP38, pERK1/2 and pC-Fos (Fig. 6i). In addition, 
the molecules HMGB1 and SOD1, which can further stimu-
late this pathway are presented (Fig. 6i). Conversely, certain 
molecules that were also measured can have an inhibitory 
effect on the pathway (i.e. IRAK-M, pSTAT-3, pMST-1) 
(Fig. 6ii). The median values for all of these molecules (from 
up to 9 donors) are plotted: this shows that both 1% ECVE 
(Fig. 6i, left panel) and 3% ECVE (Fig. 6i, right panel) sig-
nificantly up-regulated the signalling (and other) molecules 
associated with the IRAK/TAB/MAPK inflammatory path-
way. However, whereas 1% ECVE treatment did not upregu-
late the inhibitory molecules IRAK-M and pSTAT3 (Fig. 6ii, 
left panel), 3% ECVE treatment did upregulate these inhibi-
tory molecules (Fig. 6ii, right panel). This may explain why 
IL-6 production by LPS-matured DCs is upregulated by 
treatment with 1% ECVE, but not with 3% ECVE.

Discussion

The effects of E-cigarettes on the human immune system are 
not fully elucidated; in particular, the effects of ECVE on 
human DCs have not been investigated previously although 
numerous studies have shown deleterious (and mainly 
immunosuppressive) effects of CS on DCs (Alkhattabi et al. 
2018; Arellano-Orden et al. 2016; Givi et al. 2016; Guinet 
et al. 2004; Kroening et al. 2008; Le Rouzic et al. 2016; Liao 
et al. 2015; Mortaz et al. 2009; Nouri-Shirazi and Guinet 
2003, 2006; Nouri-Shirazi et al. 2007; Robbins et al. 2004, 
2008; Stampfli and Anderson 2009; Vassallo et al. 2005). 
DCs are professional antigen presenting cells that link innate 
and adaptive immunity; therefore, due to the importance of 
DCs within the immune system, the aim of the present study 
was to investigate the effects of ECVE on the biological 
behaviour of DCs in vitro using human monocyte-derived 
DCs.

The present study showed that ECVE treatment of DCs 
slightly reduced the expression of some surface markers, but 
enhanced the production of the pro-inflammatory cytokine 
IL-6 by LPS-matured DCs. The ECVE treatment of imma-
ture and LPS-matured DCs also broadly upregulated their 
expression of signalling molecules (and other cytoplas-
mic molecules) associated with DC activation. Interest-
ingly, ECVE did not upregulate IL-6 production by Poly 
I:C-matured DCs, nor enhance their signalling molecule 

expression. In fact, short-term exposure to 1% ECVE of Poly 
I:C-treated DCs down-regulated signalling molecule expres-
sion. It thus appears that ECVE can have different effects on 
DCs depending on which toll-like receptor (TLR) pathways 
are also stimulated (i.e. TLR-4 by LPS and TLR-3 by Poly 
I:C). This also relates to the type of infection that may be a 
co-factor, i.e. bacterial (LPS) or viral (Poly I:C).

Compared to the numerous previous reports of the effects 
of CS on DCs [including our own using the same experi-
mental conditions employed here (Alkhattabi et al. 2018)], 
the present study indicates that ECVE has less pronounced 
effects than CS on DCs. This is consistent with some other 
studies that have compared the effects of CS and ECV on 
different cell types. In particular, Iskandar et al. (Iskandar 
et al. 2019) recently reported that, in a multi-layer toxicology 
system, E-liquid and E-vapour were less toxic to cultured 
airway epithelial cells than was CS. They found that the 
‘Base’ E-liquid that is equivalent to that used in our study 
(containing the humectants propylene glycol and vegeta-
ble glycerin, plus nicotine), and MESH Classic Tobacco-
flavoured E-liquid, showed similar levels of toxicity. Thus, 
this particular flavouring showed no additional toxicity over 
the Base E-liquid. However, more than 8000 different E-liq-
uid flavourings are now available and it is probable that at 
least some of these will have significant respiratory and/or 
systemic toxicity. Indeed, some of these flavourings may 
be responsible for the cases of E-cigarette induced hyper-
sensitivity pneumonitis and other lung-damaging reactions 
that have been reported [e.g. (Nair et al. 2019)]. Some fla-
vourings have been shown to induce alterations in various 
cell types, including affecting their viability, proliferation, 
phagocytic ability and cytokine production (Chen et al. 
2019). It would there be of interest to use flavoured E-liquids 
to generate ECVE and evaluate their effects on DCs.

A specific point of consistency between the effects of 
Base ECV on human immature and LPS-matured MoDCs in 
the present study, and on buccal epithelial cells in the study 
of Iskandar et al. (Iskandar et al. 2019) is that we observed 
upregulation of inflammatory signalling molecules at 30 min 
and 24 h and Iskandar et al. observed upregulation of an 
inflammatory transcriptome at 4 h and 24 h. In addition, 
we observed upregulation by ECVE of the release of IL-6 
(but not other cytokines) from LPS-matured DCs, and they 
observed increased release of IL-1α and IP-10 (but not other 
cytokines) by buccal cells in response to Base ECV. These 
different studies thus provide consistent evidence for mild 
pro-inflammatory effects of Base ECV.

Treatment of DCs with 3% ECVE slightly, but signifi-
cantly, inhibited surface expression of HLA-DR and CD86 
in LPS-matured DCs. HLA-DR is an MHC II molecule that 
provides ‘signal 1’ in DC-T cell interaction. The co-stimu-
latory molecules CD80 and CD86 deliver the ‘signal 2’ to 
T cells: these bind to the CD28 molecule on T cells, thereby 

Fig. 4  Cytokine production by immature and LPS-matured DCs after 
24 h with or without ECVE treatment. Data are presented as scatter 
plots of eight independent experiments and their medians. If data 
were normally distributed, paired one-way ANOVA was used, other-
wise paired Friedman test was used

◂
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Fig. 5  The effects of ECVE treatment on global expression of signal-
ling molecules by DCs. Global effects on 29 signalling molecules in 
DCs treated with ECVE for a 30 min and b 24 h. Data are presented 
as scatter plots and each dot represents the median expression of each 

signalling molecule from up to nine independent experiments. If data 
were normally distributed, one-way ANOVA was used; otherwise 
Freidman test was used
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Fig. 5  (continued)
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promoting their activation. Upregulation of co-stimulatory 
molecule levels is characteristic of mature DCs, as seen in 
the current study when stimulating immature DCs with LPS. 
Interestingly, we found that 3% ECVE attenuated CD86 
expression on LPS-matured DCs, but not CD80 expres-
sion. The expression of CD80 is more abundant than CD86 
on immature DCs while CD86 expression increases more 
rapidly and strongly than CD80 in response to stimuli that 
induce DC maturation (Sansom et al. 2003). Although both 

CD80 and CD86 can bind to CD28, CD80 in particular also 
interacts with CTLA-4 (Sansom et al. 2003) which inhibits 
T cell activation and proliferation (Krummel and Allison 
1996). Compared to CD80, CD86 is a more important co-
stimulatory molecule for T cell activation (Sharpe 1995) 
and blockade of CD86 has been reported to inhibit T cell 
proliferation in mixed lymphocyte reactions (Ke et al. 2016; 
Zheng et al. 2004), whereas blockade of CD80 promoted 
it (Zheng et al. 2004). In the current study, levels of CD86 

Fig. 6  Selected RPPA data for 
LPS-matured DCs treated with 
1% or 3% ECVE. The median 
values presented are taken from 
Fig. 5. Data are presented as 
scatter plots and each dot repre-
sents the median expression of 
each signalling molecule from 
up to nine independent experi-
ments. If data were normally 
distributed, paired t test was 
used; otherwise Wilcoxon test 
was used. In (i): for 0% versus 
1% ECVE, p = 0.0085; for 0% 
versus 3% ECVE, p < 0.0001
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but not CD80 were slightly decreased by 3% ECVE in LPS-
matured DCs suggesting a potential role of this higher dose 
of ECVE in attenuating T cell activation by DCs.

Numerous studies have reported evidence of a role for 
IL-6 in inflammatory lung diseases, including hypersensi-
tivity pneumonitis (Denis et al. 1992; Moodley et al. 2003; 
Park et al. 2000; Schuyler et al. 2000; Shieh et al. 2019). 
Several studies show that CS enhances IL-6 production by 
various types of cells including DCs (Chi et al. 2012; Givi 
et al. 2015; Wang et al. 2017), and in BALF of mice (Givi 
et al. 2016). In the current study, 1% ECVE significantly 
stimulated IL-6 secretion by LPS-matured DCs, suggesting 
E-cigarette use may promote an inflammatory environment 
in humans. However, the levels of other cytokines includ-
ing IL-8, IL-10, IL-12 and TNF-α remained unchanged 
after ECVE treatment, although it has been reported that 
they are altered by CS treatment of DCs (Givi et al. 2015, 

2016; Mortaz et al. 2009; Vassallo et al. 2005). It has also 
been reported that E-cigarette vapour condensate enhanced 
production of IL-6 by human alveolar macrophages (Scott 
et al. 2018), consistent with our findings reported here for 
human DCs. However, E-cigarette vapour condensate also 
enhanced the production of TNF-α, CXCL-8 (IL-8), MCP-1 
and MMP-9 by alveolar macrophages (Scott et al. 2018). 
These different findings may be partly due to the different 
cell types being studied (i.e. alveolar macrophages versus 
monocyte-derived DCs) and/or the different methods of pro-
ducing E-cigarette vapour extract or condensate.

Compared with other proteomic methods, RPPA is a 
sensitive and high-throughput technology which yields a 
large volume of quantitative or semi-quantitative molecular 
information in an experiment using only nanolitres of sam-
ple (Mueller et al. 2010). In the present study, the effects 
of ECVE treatment of DCs on the expression of individual 

Fig. 7  Schematic representation 
of the LPS-TLR4 MAPK path-
way stimulated by 1% ECVE 
treatment of LPS-matured 
MoDCs. (Based on data pre-
sented in Fig. 6). Molecules that 
were found to be upregulated by 
1% ECVE treatment are shown 
in red. Molecules that were 
unchanged or down-regulated 
by 1% ECVE treatment are 
shown in blue. Molecules that 
were not investigated in this 
study are shown in grey (color 
figure online)
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signalling molecules was relatively subtle and, for most 
individual molecules, not statistically significant. However, 
as we have noted in other systems examined in this way 
(Negm et al. 2014), although effects on individual signal-
ling molecules may seem relatively small, the combined or 
‘global’ effects on multiple signalling molecules may be 
both statistically and biologically significant. Thus, looking 
at the global effects of ECVE, 1% ECVE generally enhanced 
expression of the signalling molecules at both 30 min and 
24 h in immature DCs. For LPS-treated DCs, 3% ECVE 
significantly enhanced the expression of the signalling mol-
ecules at both 30 min and 24 h, suggesting up-regulation 
of signalling molecule expression as also seen in immature 
DCs, but with different sensitivity to ECVE concentration. 
In contrast, we found that 30-min treatment with 1% ECVE 
suppressed signalling molecule expression by Poly I:C-stim-
ulated DCs, as we previously reported for the effects of CSE 
and nicotine (Alkhattabi et al. 2018).

Some signalling molecules have inhibitory/regulatory 
activities rather than activating/inflammatory activities in 
particular contexts. We thus observed that the conditions 
that promoted IL-6 production by DCs (i.e. 1% ECVE-
treatment of LPS-matured DCs) did not give an overall 
statistically significant enhancement of all 29 molecules 
detected by RPPA at the ‘global’ level. However, these 
conditions did significantly upregulate molecules involved 
in the IRAK/TAB/MAPK inflammatory pathway, but did 
not upregulate certain molecules that can be inhibitory, in 
particular IRAK-M (Kobayashi et al. 2002) and pSTAT3 
(Zhang et al. 2014) (see Fig. 7). Since the MAPK pathway 
is involved in maturation (Bansal et al. 2010; Dunand-
Sauthier et al. 2011b; Nakahara et al. 2004; Pathak et al. 
2012), cytokine production (Dunand-Sauthier et al. 2011a; 
Nakahara et al. 2004) and antigen-specific T cell activa-
tion (Bansal et al. 2010; Dunand-Sauthier et al. 2011a) of 
DCs, activation of the MAPK pathway induced by ECVE 
may enhance functionality of DCs. In contrast, 3% ECVE-
treatment of LPS-matured DCs significantly upregulated 
all 29 molecules, including IRAK-M and pSTAT-3, which 
may explain why 3% ECVE treatment did not enhance 
IL-6 production. Interestingly, ECVE treatment did not 
consistently upregulate signalling molecules associated 
with the NFκB pathway (cRel and pP65), again indicating 
that the increased IL-6 production in response to ECVE 
plus LPS was probably stimulated via the MAPK pathway. 
We also observed that ECVE treatment upregulated DC 
expression of HMGB1 and SOD1: the former promotes 
TLR4 signalling (Bianchi 2009; Park et al. 2006) and DC 
maturation (Messmer et al. 2004), and the latter promotes 
MAPK activity via production of hydrogen peroxide 
(Wang et al. 2018). Overall, the global enhancement in 
expression of the inflammatory signalling molecules and 
other cytoplasmic molecules in DCs by ECVE treatment 

would be consistent with ECVE promoting DC functions 
and activity.

In conclusion, this study established an in-vitro model 
to investigate the effects of ECVE on human monocyte-
derived DCs. Several biological aspects of DCs have been 
examined including signalling pathways, surface markers 
and cytokine production, using a variety of culture condi-
tions. ECVE generally had moderate effects on DC func-
tion, including changed levels of signalling molecules and 
production of the pro-inflammatory cytokine IL-6. There-
fore, E-cigarettes are not completely harmless to human 
DCs, but the effects appear to be less pronounced than 
those reported for CS.

Funding This work was supported by funding from The Jones 1986 
Charitable Trust.

Compliance with ethical standards 

Conflict of interest The authors state that they have no conflicts of in-
terest to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Alkhattabi N, Todd I, Negm O, Tighe PJ, Fairclough LC (2018) 
Tobacco smoke and nicotine suppress expression of activat-
ing signaling molecules in human dendritic cells. Toxicol Lett 
299:40–46. https ://doi.org/10.1016/j.toxle t.2018.09.002

Arellano-Orden E, Calero-Acuna C, Moreno-Mata N et al (2016) Ciga-
rette smoke decreases the maturation of lung myeloid dendritic 
cells. PLoS ONE 11(4):e0152737. https ://doi.org/10.1371/journ 
al.pone.01527 37

Arter ZL, Wiggins A, Hudspath C, Kisling A, Hostler DC, Hostler 
JM (2019) Acute eosinophilic pneumonia following electronic 
cigarette use. Respir Med Case Rep 27:100825. https ://doi.
org/10.1016/j.rmcr.2019.10082 5

Bansal K, Elluru SR, Narayana Y et al (2010) PE_PGRS antigens of 
Mycobacterium tuberculosis induce maturation and activation of 
human dendritic cells. J Immunol 184(7):3495–3504. https ://doi.
org/10.4049/jimmu nol.09032 99

Beard E, West R, Michie S, Brown J (2016) Association between 
electronic cigarette use and changes in quit attempts, success of 
quit attempts, use of smoking cessation pharmacotherapy, and 
use of stop smoking services in England: time series analysis 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.toxlet.2018.09.002
https://doi.org/10.1371/journal.pone.0152737
https://doi.org/10.1371/journal.pone.0152737
https://doi.org/10.1016/j.rmcr.2019.100825
https://doi.org/10.1016/j.rmcr.2019.100825
https://doi.org/10.4049/jimmunol.0903299
https://doi.org/10.4049/jimmunol.0903299


2111Archives of Toxicology (2020) 94:2097–2112 

1 3

of population trends. BMJ 354:i4645. https ://doi.org/10.1136/
bmj.i4645 

Bianchi ME (2009) HMGB1 loves company. J Leukoc Biol 
86(3):573–576. https ://doi.org/10.1189/jlb.10085 85

Bratke K, Klug M, Bier A et al (2008) Function-associated surface 
molecules on airway dendritic cells in cigarette smokers. Am J 
Respir Cell Mol Biol 38(6):655–660. https ://doi.org/10.1165/
rcmb.2007-0400O C

Bush A, Bhatt J, Grigg J (2019) E cigarettes: tar wars: the (Tobacco) 
empire strikes back. Arch Dis Child 104(11):1027–1039. https 
://doi.org/10.1136/archd ischi ld-2018-31582 0

Chen IL, Todd I, Fairclough LC (2019) Immunological and patho-
logical effects of electronic cigarettes. Basic Clin Pharmacol 
Toxicol 125(3):237–252. https ://doi.org/10.1111/bcpt.13225 

Chi DS, Lin T-C, Hall K et al (2012) Enhanced effects of cigarette 
smoke extract on inflammatory cytokine expression in IL-1β-
activated human mast cells were inhibited by Baicalein via 
regulation of the NF-κB pathway. Clin Mol Allerg 10(1):3

Dai H, Leventhal AM (2019) Prevalence of e-cigarette use among 
adults in the United States, 2014–2018. JAMA. https ://doi.
org/10.1001/jama.2019.15331 

Denis M, Cormier Y, Laviolette M (1992) Murine hypersensitivity 
pneumonitis: a study of cellular infiltrates and cytokine production 
and its modulation by cyclosporin A. Am J Respir Cell Mol Biol 
6(1):68–74. https ://doi.org/10.1165/ajrcm b/6.1.68

Dunand-Sauthier I, Santiago-Raber M-L, Capponi L et  al (2011) 
Silencing of c-Fos expression by microRNA-155 is critical for 
dendritic cell maturation and function. Blood 117(17):4490–4500 

Etter JF (2010) Electronic cigarettes: a survey of users. BMC Public 
Health 10:231. https ://doi.org/10.1186/1471-2458-10-231

Givi ME, Folkerts G, Wagenaar GT, Redegeld FA, Mortaz E (2015) 
Cigarette smoke differentially modulates dendritic cell maturation 
and function in time. Respir Res 16:131. https ://doi.org/10.1186/
s1293 1-015-0291-6

Givi ME, Akbari P, Boon L et al (2016) Dendritic cells inversely regu-
late airway inflammation in cigarette smoke-exposed mice. Am 
J Physiol Lung Cell Mol Physiol 310(1):L95–102. https ://doi.
org/10.1152/ajplu ng.00251 .2014

Goniewicz ML, Knysak J, Gawron M et al (2014) Levels of selected 
carcinogens and toxicants in vapour from electronic cigarettes. 
Tob Control 23(2):133–139. https ://doi.org/10.1136/tobac cocon 
trol-2012-05085 9

Guinet E, Yoshida K, Nouri-Shirazi M (2004) Nicotinic environment 
affects the differentiation and functional maturation of monocytes 
derived dendritic cells (DCs). Immunol Lett 95(1):45–55. https ://
doi.org/10.1016/j.imlet .2004.06.003

Hammond D, Reid JL, Rynard VL et al (2019) Prevalence of vap-
ing and smoking among adolescents in Canada, England, and 
the United States: repeat national cross sectional surveys. BMJ 
365:l2219. https ://doi.org/10.1136/bmj.l2219 

Husari A, Shihadeh A, Talih S, Hashem Y, El Sabban M, Zaatari G 
(2016) Acute exposure to electronic and combustible cigarette 
aerosols: effects in an animal model and in human alveolar cells. 
Nicotine Tob Res 18(5):613–619. https ://doi.org/10.1093/ntr/
ntv16 9

Iskandar AR, Zanetti F, Marescotti D et al (2019) Application of a 
multi-layer systems toxicology framework for in vitro assessment 
of the biological effects of Classic Tobacco e-liquid and its cor-
responding aerosol using an e-cigarette device with MESH tech-
nology. Arch Toxicol 93(11):3229–3247. https ://doi.org/10.1007/
s0020 4-019-02565 -9

Ke N, Su A, Huang W, Szatmary P, Zhang Z (2016) Regulating the 
expression of CD80/CD86 on dendritic cells to induce immune 
tolerance after xeno-islet transplantation. Immunobiology 
221(7):803–812

Khan MS, Khateeb F, Akhtar J et al (2018) Organizing pneumonia 
related to electronic cigarette use: a case report and review of 
literature. Clin Respir J 12(3):1295–1299. https ://doi.org/10.1111/
crj.12775 

Kobayashi K, Hernandez LD, Galan JE, Janeway CA Jr, Medzhitov R, 
Flavell RA (2002) IRAK-M is a negative regulator of Toll-like 
receptor signaling. Cell 110(2):191–202. https ://doi.org/10.1016/
s0092 -8674(02)00827 -9

Kroening PR, Barnes TW, Pease L, Limper A, Kita H, Vassallo R 
(2008) Cigarette smoke-induced oxidative stress suppresses gen-
eration of dendritic cell IL-12 and IL-23 through ERK-dependent 
pathways. J Immunol 181(2):1536–1547

Krummel MF, Allison JP (1996) CTLA-4 engagement inhibits IL-2 
accumulation and cell cycle progression upon activation of resting 
T cells. J Exp Med 183(6):2533–2540

Lam DC, Nana A, Eastwood PR, Asian-Pacific Society of R (2014) 
Electronic cigarettes: ’vaping’ has unproven benefits and poten-
tial harm. Respirology 19(7):945–947. https ://doi.org/10.1111/
resp.12374 

Layden JE, Ghinai I, Pray I et al (2019) Pulmonary illness related to 
E-cigarette use in illinois and wisconsin—preliminary report. N 
Engl J Med. https ://doi.org/10.1056/NEJMo a1911 614

Le Rouzic O, Kone B, Kluza J et al (2016) Cigarette smoke alters the 
ability of human dendritic cells to promote anti-Streptococcus 
pneumoniae Th17 response. Respir Res 17(1):94. https ://doi.
org/10.1186/s1293 1-016-0408-6

Liao SX, Ding T, Rao XM et al (2015) Cigarette smoke affects 
dendritic cell maturation in the small airways of patients 
with chronic obstructive pulmonary disease. Mol Med Rep 
11(1):219–225. https ://doi.org/10.3892/mmr.2014.2759

Messmer D, Yang H, Telusma G et al (2004) High mobility group 
box protein 1: an endogenous signal for dendritic cell matura-
tion and Th1 polarization. J Immunol 173(1):307–313. https ://
doi.org/10.4049/jimmu nol.173.1.307

Moodley YP, Misso NL, Scaffidi AK et al (2003) Inverse effects of 
interleukin-6 on apoptosis of fibroblasts from pulmonary fibro-
sis and normal lungs. Am J Respir Cell Mol Biol 29(4):490–
498. https ://doi.org/10.1165/rcmb.2002-0262O C

Moore KYH, Ryan MF (2015) Bilateral pneumonia and pleural effu-
sions subsequent to electronic cigarette use. Open J Emerg Med 
3:5

Mortaz E, Kraneveld AD, Smit JJ et al (2009) Effect of cigarette 
smoke extract on dendritic cells and their impact on T-cell pro-
liferation. PLoS ONE 4(3):e4946. https ://doi.org/10.1371/journ 
al.pone.00049 46

Mueller C, Liotta LA, Espina V (2010) Reverse phase protein micro-
arrays advance to use in clinical trials. Mol Oncol 4(6):461–
481. https ://doi.org/10.1016/j.molon c.2010.09.003

Nair N, Hurley M, Gates S et al (2019) Life-threatening hypersen-
sitivity pneumonitis secondary to e-cigarettes. Arch Dis Child. 
https ://doi.org/10.1136/archd ischi ld-2019-31788 9

Nakahara T, Uchi H, Urabe K, Chen Q, Furue M, Moroi Y (2004) 
Role of c-Jun N-terminal kinase on lipopolysaccharide induced 
maturation of human monocyte-derived dendritic cells. Int 
Immunol 16(12):1701–1709. https ://doi.org/10.1093/intim m/
dxh17 1

Negm OH, Mannsperger HA, McDermott EM et al (2014) A pro-
inflammatory signalome is constitutively activated by C33Y 
mutant TNF receptor 1 in TNF receptor-associated periodic syn-
drome (TRAPS). Eur J Immunol 44(7):2096–2110. https ://doi.
org/10.1002/eji.20134 4328

Nouri-Shirazi M, Guinet E (2003) Evidence for the immunosuppressive 
role of nicotine on human dendritic cell functions. Immunology 
109(3):365–373

Nouri-Shirazi M, Guinet E (2006) A possible mechanism linking 
cigarette smoke to higher incidence of respiratory infection and 

https://doi.org/10.1136/bmj.i4645
https://doi.org/10.1136/bmj.i4645
https://doi.org/10.1189/jlb.1008585
https://doi.org/10.1165/rcmb.2007-0400OC
https://doi.org/10.1165/rcmb.2007-0400OC
https://doi.org/10.1136/archdischild-2018-315820
https://doi.org/10.1136/archdischild-2018-315820
https://doi.org/10.1111/bcpt.13225
https://doi.org/10.1001/jama.2019.15331
https://doi.org/10.1001/jama.2019.15331
https://doi.org/10.1165/ajrcmb/6.1.68
https://doi.org/10.1186/1471-2458-10-231
https://doi.org/10.1186/s12931-015-0291-6
https://doi.org/10.1186/s12931-015-0291-6
https://doi.org/10.1152/ajplung.00251.2014
https://doi.org/10.1152/ajplung.00251.2014
https://doi.org/10.1136/tobaccocontrol-2012-050859
https://doi.org/10.1136/tobaccocontrol-2012-050859
https://doi.org/10.1016/j.imlet.2004.06.003
https://doi.org/10.1016/j.imlet.2004.06.003
https://doi.org/10.1136/bmj.l2219
https://doi.org/10.1093/ntr/ntv169
https://doi.org/10.1093/ntr/ntv169
https://doi.org/10.1007/s00204-019-02565-9
https://doi.org/10.1007/s00204-019-02565-9
https://doi.org/10.1111/crj.12775
https://doi.org/10.1111/crj.12775
https://doi.org/10.1016/s0092-8674(02)00827-9
https://doi.org/10.1016/s0092-8674(02)00827-9
https://doi.org/10.1111/resp.12374
https://doi.org/10.1111/resp.12374
https://doi.org/10.1056/NEJMoa1911614
https://doi.org/10.1186/s12931-016-0408-6
https://doi.org/10.1186/s12931-016-0408-6
https://doi.org/10.3892/mmr.2014.2759
https://doi.org/10.4049/jimmunol.173.1.307
https://doi.org/10.4049/jimmunol.173.1.307
https://doi.org/10.1165/rcmb.2002-0262OC
https://doi.org/10.1371/journal.pone.0004946
https://doi.org/10.1371/journal.pone.0004946
https://doi.org/10.1016/j.molonc.2010.09.003
https://doi.org/10.1136/archdischild-2019-317889
https://doi.org/10.1093/intimm/dxh171
https://doi.org/10.1093/intimm/dxh171
https://doi.org/10.1002/eji.201344328
https://doi.org/10.1002/eji.201344328


2112 Archives of Toxicology (2020) 94:2097–2112

1 3

asthma. Immunol Lett 103(2):167–176. https ://doi.org/10.1016/j.
imlet .2005.10.024

Nouri-Shirazi M, Tinajero R, Guinet E (2007) Nicotine alters the 
biological activities of developing mouse bone marrow-derived 
dendritic cells (DCs). Immunol Lett 109(2):155–164. https ://doi.
org/10.1016/j.imlet .2007.02.005

Park CS, Chung SW, Ki SY et al (2000) Increased levels of inter-
leukin-6 are associated with lymphocytosis in bronchoalveolar 
lavage fluids of idiopathic nonspecific interstitial pneumonia. 
Am J Respir Crit Care Med 162(3 Pt 1):1162–1168. https ://doi.
org/10.1164/ajrcc m.162.3.99060 07

Park JS, Gamboni-Robertson F, He Q et al (2006) High mobility group 
box 1 protein interacts with multiple Toll-like receptors. Am J 
Physiol Cell Physiol 290(3):C917–C924. https ://doi.org/10.1152/
ajpce ll.00401 .2005

Pathak SK, Skold AE, Mohanram V, Persson C, Johansson U, Spetz 
AL (2012) Activated apoptotic cells induce dendritic cell matu-
ration via engagement of Toll-like receptor 4 (TLR4), dendritic 
cell-specific intercellular adhesion molecule 3 (ICAM-3)-grab-
bing nonintegrin (DC-SIGN), and beta2 integrins. J Biol Chem 
287(17):13731–13742. https ://doi.org/10.1074/jbc.M111.33654 5

Polosa R, Caponnetto P, Morjaria JB, Papale G, Campagna D, 
Russo C (2011) Effect of an electronic nicotine delivery device 
(e-Cigarette) on smoking reduction and cessation: a prospective 
6-month pilot study. BMC Public Health 11:786. https ://doi.
org/10.1186/1471-2458-11-786

Polosa R, Morjaria JB, Caponnetto P et al (2014) Effectiveness and 
tolerability of electronic cigarette in real-life: a 24-month prospec-
tive observational study. Intern Emerg Med 9(5):537–546. https ://
doi.org/10.1007/s1173 9-013-0977-z

Research and Markets (2018) E-Cigarette Market by Product—Global 
Size, Share, Development, Growth, and Demand Forecast, 2013–
2023. In. https ://www.resea rchan dmark ets.com/resea rch/4k4nz 5/
globa l?w=12. Accessed Oct 2018

Robbins CS, Dawe DE, Goncharova SI et al (2004) Cigarette smoke 
decreases pulmonary dendritic cells and impacts antiviral immune 
responsiveness. Am J Respir Cell Mol Biol 30(2):202–211. https 
://doi.org/10.1165/rcmb.2003-0259O C

Robbins CS, Franco F, Mouded M, Cernadas M, Shapiro SD (2008) 
Cigarette smoke exposure impairs dendritic cell maturation 
and T cell proliferation in thoracic lymph nodes of mice. J 
Immunol 180(10):6623–6628. https ://doi.org/10.4049/jimmu 
nol.180.10.6623

Sansom DM, Manzotti CN, Zheng Y (2003) What’s the difference 
between CD80 and CD86? Trends Immunol 24(6):314–319

Schuyler M, Gott K, Cherne A (2000) Mediators of hypersensitiv-
ity pneumonitis. J Lab Clin Med 136(1):29–38. https ://doi.
org/10.1067/mlc.2000.10769 4

Scott A, Lugg ST, Aldridge K et al (2018) Pro-inflammatory effects of 
e-cigarette vapour condensate on human alveolar macrophages. 
Thorax 73(12):1161–1169. https ://doi.org/10.1136/thora xjnl-
2018-21166 3

Sharpe AH (1995) Analysis of lymphocyte costimulation in vivo using 
transgenic and ‘knockout’mice. Curr Opin Immunol 7(3):389–395

Shieh JM, Tseng HY, Jung F, Yang SH, Lin JC (2019) Elevation of 
IL-6 and IL-33 levels in serum associated with lung fibrosis 

and skeletal muscle wasting in a bleomycin-induced lung injury 
mouse model. Mediators Inflamm 2019:7947596. https ://doi.
org/10.1155/2019/79475 96

Sommerfeld CG, Weiner DJ, Nowalk A, Larkin A (2018) Hyper-
sensitivity pneumonitis and acute respiratory distress syn-
drome from E-cigarette use. Pediatrics. https ://doi.org/10.1542/
peds.2016-3927

Stampfli MR, Anderson GP (2009) How cigarette smoke skews 
immune responses to promote infection, lung disease and cancer. 
Nat Rev Immunol 9(5):377–384. https ://doi.org/10.1038/nri25 30

Taylor M, Carr T, Oke O et al (2016) E-cigarette aerosols induce lower 
oxidative stress in vitro when compared to tobacco smoke. Toxi-
col Mech Methods 26(6):465–476. https ://doi.org/10.1080/15376 
516.2016.12224 73

Thota D, Latham E (2014) Case report of electronic cigarettes pos-
sibly associated with eosinophilic pneumonitis in a previously 
healthy active-duty sailor. J Emerg Med 47(1):15–17. https ://doi.
org/10.1016/j.jemer med.2013.09.034

Vassallo R, Tamada K, Lau JS, Kroening PR, Chen L (2005) Ciga-
rette smoke extract suppresses human dendritic cell function 
leading to preferential induction of Th-2 priming. J Immunol 
175(4):2684–2691

Vassallo R, Kroening PR, Parambil J, Kita H (2008) Nicotine and 
oxidative cigarette smoke constituents induce immune-mod-
ulatory and pro-inflammatory dendritic cell responses. Mol 
Immunol 45(12):3321–3329. https ://doi.org/10.1016/j.molim 
m.2008.04.014

Vassallo R, Walters PR, Lamont J, Kottom TJ, Yi ES, Limper AH 
(2010) Cigarette smoke promotes dendritic cell accumulation in 
COPD; a Lung Tissue Research Consortium study. Respir Res 
11:45. https ://doi.org/10.1186/1465-9921-11-45

Wang Y, Luo G, Chen J et al (2017) Cigarette smoke attenuates phago-
cytic ability of macrophages through down-regulating Milk fat 
globule-EGF factor 8 (MFG-E8) expressions. Sci Rep 7:42642

Wang Y, Branicky R, Noe A, Hekimi S (2018) Superoxide dismutases: 
dual roles in controlling ROS damage and regulating ROS sign-
aling. J Cell Biol 217(6):1915–1928. https ://doi.org/10.1083/
jcb.20170 8007

Zdanowski R, Krzyzowska M, Ujazdowska D, Lewicka A, Lewicki 
S (2015) Role of alpha7 nicotinic receptor in the immune sys-
tem and intracellular signaling pathways. Cent Eur J Immunol 
40(3):373–379. https ://doi.org/10.5114/ceji.2015.54602 

Zhang H, Hu H, Greeley N et al (2014) STAT3 restrains RANK- and 
TLR4-mediated signalling by suppressing expression of the E2 
ubiquitin-conjugating enzyme Ubc13. Nat Commun 5:5798. https 
://doi.org/10.1038/ncomm s6798 

Zheng Y, Manzotti CN, Liu M, Burke F, Mead KI, Sansom DM (2004) 
CD86 and CD80 differentially modulate the suppressive function 
of human regulatory T cells. J Immunol 172(5):2778–2784

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

https://doi.org/10.1016/j.imlet.2005.10.024
https://doi.org/10.1016/j.imlet.2005.10.024
https://doi.org/10.1016/j.imlet.2007.02.005
https://doi.org/10.1016/j.imlet.2007.02.005
https://doi.org/10.1164/ajrccm.162.3.9906007
https://doi.org/10.1164/ajrccm.162.3.9906007
https://doi.org/10.1152/ajpcell.00401.2005
https://doi.org/10.1152/ajpcell.00401.2005
https://doi.org/10.1074/jbc.M111.336545
https://doi.org/10.1186/1471-2458-11-786
https://doi.org/10.1186/1471-2458-11-786
https://doi.org/10.1007/s11739-013-0977-z
https://doi.org/10.1007/s11739-013-0977-z
https://www.researchandmarkets.com/research/4k4nz5/global?w=12
https://www.researchandmarkets.com/research/4k4nz5/global?w=12
https://doi.org/10.1165/rcmb.2003-0259OC
https://doi.org/10.1165/rcmb.2003-0259OC
https://doi.org/10.4049/jimmunol.180.10.6623
https://doi.org/10.4049/jimmunol.180.10.6623
https://doi.org/10.1067/mlc.2000.107694
https://doi.org/10.1067/mlc.2000.107694
https://doi.org/10.1136/thoraxjnl-2018-211663
https://doi.org/10.1136/thoraxjnl-2018-211663
https://doi.org/10.1155/2019/7947596
https://doi.org/10.1155/2019/7947596
https://doi.org/10.1542/peds.2016-3927
https://doi.org/10.1542/peds.2016-3927
https://doi.org/10.1038/nri2530
https://doi.org/10.1080/15376516.2016.1222473
https://doi.org/10.1080/15376516.2016.1222473
https://doi.org/10.1016/j.jemermed.2013.09.034
https://doi.org/10.1016/j.jemermed.2013.09.034
https://doi.org/10.1016/j.molimm.2008.04.014
https://doi.org/10.1016/j.molimm.2008.04.014
https://doi.org/10.1186/1465-9921-11-45
https://doi.org/10.1083/jcb.201708007
https://doi.org/10.1083/jcb.201708007
https://doi.org/10.5114/ceji.2015.54602
https://doi.org/10.1038/ncomms6798
https://doi.org/10.1038/ncomms6798

	Electronic cigarette vapour moderately stimulates pro-inflammatory signalling pathways and interleukin-6 production by human monocyte-derived dendritic cells
	Abstract
	Introduction
	Materials and methods
	Generation of monocyte-derived DCs
	ECVE preparation
	Treatment of MoDCs with ECVE
	Extracellular staining for surface marker detection
	Enzyme-linked immunosorbent assay (ELISA) for cytokine detection
	Reverse-phase protein microarray (RPPA)
	Statistical analysis

	Results
	The effects of ECVE on surface markers of MoDCs
	The effects of ECVE on cytokine production by MoDCs
	The effects of ECVE on signalling molecule expression of MoDCs

	Discussion
	References




