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Take home message: 

E-cigarette use, particularly with nicotine-containing vapour, is a harmful alternative 

to tobacco smoking. Nicotine-containing e-cigarette vapour increased pulmonary 

endothelial permeability, induced inflammation and caused mild airway and 

parenchymal alterations.   



Abstract 

Electronic cigarette (e-cigarette) vapour is gaining popularity as an alternative to 

tobacco smoking and can induce acute lung injury. However, the specific role of 

nicotine in e-cigarette vapour and its long-term effects on the airways, lung 

parenchyma and vasculature remain unclear. We found that in vitro exposure to 

nicotine-containing e-cigarette vapour extract (ECVE) or nicotine-free extract (NF 

ECVE) induced changes in gene expression of epithelial cells and pulmonary arterial 

smooth muscle cells (PASMC), but preferentially ECVE caused functional alterations 

(e.g. decrease of human or mouse PASMC proliferation by 29.3±5.3% or 44.3±8.4%, 

respectively). Additionally, acute inhalation of nicotine-containing e-cigarette vapour 

(ECV) but not nicotine-free vapour (NF ECV) increased pulmonary endothelial 

permeability in isolated lungs. Long-term, in vivo exposure of mice to ECV for 8 months 

significantly increased the number of inflammatory cells, in particular lymphocytes 

compared to control and NF ECV in the bronchoalveolar lavage (BAL, ECV: 

853.4±150.8, control: 37.0±21.1, NF ECV: 198.6±94.9 cells/ml) and in lung tissue 

(ECV: 25.7±3.3, control: 4.8±1.1, NF ECV: 14.1±2.2 cells/mm3). BAL-cytokines were 

predominantly increased by ECV. Moreover, ECV caused significant changes in lung 

structure and function (e.g. increase in airspace by 17.5±1.4% compared to control), 

similar to mild tobacco smoke-induced alterations, which also could be detected in the 

NF ECV group, albeit to a lesser degree. In contrast, the pulmonary vasculature was 

not significantly affected by ECV or NF ECV. In conclusion, NF ECV components 

induce cell-type specific effects and mild pulmonary alterations, while inclusion of 

nicotine induces significant endothelial damage, inflammation and parenchymal 

alterations.  

Introduction 



Chronic exposure to cigarette smoke (CS) is a major trigger of chronic obstructive 

pulmonary disease (COPD), which affects more than 174 million people worldwide [1]. 

COPD comprises pulmonary inflammation, airway obstruction, pulmonary emphysema 

and often pulmonary hypertension (PH) [2]. Aside from nicotine, numerous ingredients 

in tobacco smoke are responsible for increased oxidative stress and activation of 

immune cells, leading to airway destruction and chronic inflammation in the lung [3]. 

Therefore, the substitution of traditional tobacco smoking with electronic cigarettes (e-

cigarettes) containing liquids that optionally include nicotine and/or different flavours to 

produce an aerosol (commonly referred to as vapour or e-cigarette vapour) for 

inhalation has grown in popularity as a healthier alternative to cigarette smoking, 

especially among young people [4].  

Despite a growing number of studies in this area, there is currently no consensus on 

the effects of e-cigarette smoking on human health. The large variability of e-liquid 

content (e.g. flavours, nicotine), technical specifications of e-cigarettes (e.g. voltage, 

temperature) and user habits (e.g. puff duration, number of puffs), and the relatively 

short period that e-cigarettes have been in use hamper robust scientific conclusions, 

in particular, those concerning their long-term effects [5]. Accordingly, studies in 

humans reported discrepant results with a decrease [6], an increase [7] or no change 

[8] of inflammatory markers after short-term use of e-cigarettes. Moreover, although 

until recently, studies in humans did not find severe effects of e-cigarette use on health 

[5], more than 2600 cases of acute e-cigarette or vaping-product-associated lung injury 

(EVALI) have been reported in recent years [9].  

Due to these variabilities and limited experience with long-term effect in humans, it is 

necessary to assess the effects of e-cigarette vapour in a clearly-defined animal model. 

Previously, discrepant results from in vivo studies concerning the development of CS-



like lung structural alterations, such as emphysema, have been reported; some studies 

show signs of emphysema after 4 months [10], and others demonstrate no effect after 

8 months [11] of exposure to nicotine-containing (18mg/ml) e-cigarette vapour. 

Furthermore, cell type-specific effects on primary lung cells and the impacts of e-

cigarette vapour on pulmonary vasculature remain to be addressed in research. In this 

regard, previous in vitro experiments suggested cell type specific cytotoxic effects of 

different e-cigarette preparations depending on their ingredients [12-16].   

Therefore, we investigated 1) the in vitro effects of nicotine-containing e-cigarette 

vapour extract (subsequently termed ECVE) and nicotine-free e-cigarette vapour 

extract (subsequently termed NF ECVE) on different human and murine pulmonary 

cell types, 2) the short-term ex vivo effects of e-cigarette vapour with nicotine (ECV) 

and without nicotine (NF ECV) on endothelial permeability in isolated perfused and 

ventilated mouse lungs, and 3) the long-term in vivo effects of ECV and NF ECV on 

pulmonary function, structure and the vasculature.   

Methods 

For detailed methods, please see the online supplementary material. 

Animal experiments 

Wild-type C57BL/6J mice were obtained from Charles River Laboratories (Sulzfeld, 

Germany). Animals were housed under controlled conditions of a 14/10 daylight/night 

cycle with food and water supply ad libitum. All experiments were approved by the 

governmental ethics committee for animal welfare (Regierungspräsidium Giessen, 

Germany, GI 20/10, Nr. 105/2014, GI 20/10, Nr. 74/2016, GI 20/10, Nr. 115/2014).  

Cell culture 



Primary mATII cells were isolated, as described previously, by negative selection of 

CD16/32+ (553142, BD Biosciences, Franklin Lakes, USA) and CD45+ cells (553076, 

BD Biosciences, Franklin Lakes, USA) [17]. Primary mPASMC were isolated from 

precapillary pulmonary arterial vessels as described previously [18]. Primary hPASMC 

were isolated from pulmonary arteries of donor lung transplants by dissection of the 

medial layer. The studies with hPASMC were approved by the Ethics Committee of the 

Faculty of Medicine at Justus-Liebig University Giessen (AZ 58/15, AZ 10/06). A549 

cells were purchased from the German Collection of Microorganisms and Cell Cultures 

(DSMZ, Braunschweig, Germany) and human bronchial epithelial cells (HBEpC) from 

PromoCell (Heidelberg, Germany). All cells were cultured in a humidified atmosphere 

of 5% CO2 at 37°C in a cell incubator. 24h after seeding, the cell culture medium was 

replaced with a medium containing different doses of ECVE, NF ECVE or CS extract 

(CSE) (for preparation, see below). The medium bubbled with room air served as the 

control medium. For detailed isolation protocols and functional assays, please refer to 

the supplementary material.  

Preparation of ECVE and CSE for in vitro assays 

100% ECVE or NF ECVE was produced by bubbling the vapour from an e-cigarette 

(2.2Ohm, 3.3V, Joyetech eGo-C, Shenzhen, China) filled with 0.8ml e-cigarette liquid 

(60% propylene glycol, 30% glycerol and 10% water; Riccardo Retail GmbH, 

Neubrandenburg, Germany) either containing 18mg/ml nicotine or without nicotine 

through 10ml of culture medium. The puffing condition was 15 puffs of 4 sec duration 

and 20 sec intervals between them. 100% CSE was freshly prepared by bubbling 10ml 

of basal cell culture medium (without foetal calf serum) with mainstream smoke of one 

3R4F cigarette (University of Kentucky, Lexington, USA). After pH adjustment to 7.4, 

the medium was sterile-filtered through a 0.22µm pore filter, and the CSE 



concentration was determined spectrophotometrically (absorbance 290nm). For 

control experiments, 100% medium for the respective cell type was bubbled with room 

air for 5 min.  

E-cigarette vapour application in the isolated ventilated and perfused mouse 

lung system 

The isolated ventilated and perfused mouse lung system was used to investigate the 

effects of repetitive intra-tracheal application of ECV and NF ECV on hypoxic 

pulmonary vasoconstriction (HPV) and the capillary filtration coefficient (Kfc) [19]. A 

detailed description is provided within the supplementary material. 

Animals and e-cigarette vapour exposure 

To generate e-cigarette vapour for animal exposure, Joyetech eVic-VTC Mini e-

cigarettes (coil resistance: 0.15Ohm, 4.1V, 15-50W, Joyetech, Riccardo Retail GmbH, 

Neubrandenburg, Germany) were integrated into a custom made “inExpose” inhalation 

exposure chamber (SCIREQ Scientific Respiratory Equipment Inc., Montreal, 

Canada). This automated system (FlexiWare 6.1, SCIREQ Scientific Respiratory 

Equipment Inc., Montreal, Canada) was set to inject one 60ml puff per min with a flow 

of 3l/min into the whole-body exposure chamber. Mice were randomly allocated to the 

control group or the ECV or NF ECV exposure groups for 6 h/day, 5 days/week for 8 

months. Control animals were housed under otherwise identic conditions to those of 

the ECV/NF ECV-exposed mice and were age- and sex-matched. Commercially 

available e-liquids [60% propylene glycol (PG), 30% glycerol (VG) and 10% (water) 

(Avoria GmbH, Nuremberg, Germany] with (18mg/ml) or without (0mg/ml) nicotine or 

flavouring were used. A MicroDust Pro (UT-CEL712, Casella Measurements, Bedford, 



UK) device was integrated into the vapour exposure system for real-time monitoring of 

aerosols. For conventional CS, the mice were exposed as previously described [17].  

In vivo hemodynamics, lung function, micro-CT imaging and echocardiography   

Lung function and structure and pulmonary vascular function and structure were 

determined as described previously [17, 20]. Heart function was measured by 

transthoracic echocardiography using a VEVO770 or VEVO2100 system 

(Visualsonics, Toronto, Canada). In vivo µCT images were acquired using a Quantum 

GX microCT scanner (PerkinElmer, Waltham, USA) as previously described [20]. 

Flow cytometry 

Flow cytometry was performed with an LSRII flow cytometer (BD Biosciences, Franklin 

Lakes, USA) using the DIVA software (BD Biosciences, Franklin Lakes, USA) as 

previously described [21, 22]. For detailed methods and the gating strategy, please 

refer to the supplementary material.  

Immunohistochemistry 

Immunohistochemical staining was performed using 3μm sections of mouse lungs [23]. 

CD3-positive cells were counted per section area of the lung. CD45-positive cells were 

counted around vessels, septa and bronchi in randomly selected fields according to 

the following scale: 0 – small number of CD45+ cells, 1 – moderate number of CD45+ 

cells, and 2 – many CD45+ cells. A detailed description is provided within the 

supplementary material. 

Multiplex assay 



A custom-made mouse magnetic bead-based multiplex assay was used to analyse the 

levels of selected inflammatory mediators in bronchoalveolar lavage fluid (BALF) 

according to the manufacturer's protocol (R&D Systems, Minneapolis, USA). 

Statistical analysis 

Data are reported as mean ± standard error of the mean (SEM). Statistical analyses 

using Student’s t-test or one-way ANOVA with Tukey’s post-hoc-test were carried out 

using GraphPad Prism®. The combined p-value of the in vivo lung functional 

measurements was calculated by a meta-analysis using Fisher's method and the 

'BisRNA' R package. Categorical analysis was done using pair-wise Wilcoxon tests 

with continuity correction to evaluate the data from immunohistochemical staining of 

CD45+ cells. For comparison of the in vivo effects of ECV and NF ECV, binominal 

analysis was performed by using Binom.Dist in Excel. For this analysis, parameters 

were categorised as alterations either compatible or incompatible with pathological 

changes seen in smoke-induced emphysema or pulmonary hypertension using 

differences in mean values of the different parameters. 

  



Results 

ECVE and NF ECVE differentially affected metabolic activity and proliferation of 

murine and human cultured pulmonary cells  

High dose NF ECVE treatment decreased metabolic activity in isolated mouse alveolar 

type II (mATII) cells and A549 cells (Figure 1a, Supplementary Figure 1a), only, while 

ECVE treatment decreased metabolic activity in all epithelial cell types and human 

pulmonary arterial smooth muscle cells (hPASMC) at high concentrations (100% 

ECVE; Figure 1a, d, e, Supplementary Figure 1a). Proliferation of murine and human 

PASMC at lower concentrations (15% ECVE) that did not affect metabolic activity was 

also diminished following ECVE but not NF ECVE treatment (Figure 1c, f, 

Supplementary Figure 1b). Accordingly, only 15% ECVE decreased mouse and human 

PASMC confluence, without affecting migration or the number of dead cells 

(Supplementary Figure 1c-g). Moreover, ECVE and NF ECVE did not show any 

cytotoxic effects at any concentration (Supplementary Figure 2a-e) or induce apoptosis 

compared to the untreated controls (Supplementary Figure 2f-j). In contrast, exposure 

to CSE decreased the metabolic activity of all cell types (Figure 1a, b, d, e, 

Supplementary Figure 1a), decreased cell confluence (Supplementary Figure 1c, d) 

and migration (Supplementary Figure 1e, f), induced cellular toxicity and increased 

apoptosis (Supplementary Figure 2a-j). The paradoxical reduction in apoptosis in some 

of these experiments may be explained by faster action of 100% CSE compared to 

50% CSE (Supplementary Figure 2k).  

ECVE and NF ECVE exposure changed gene expression patterns in a cell-type-

specific manner 



Hypothesis-driven and non-hypothesis-driven approaches were used to study the 

ECVE and NF EVCE effects on signalling pathways in mPASMC and mATII cells. First, 

the expression levels of different genes, which were changed specifically in vessels 

and/or septa after in vivo cigarette smoke (CS) exposure [24], were investigated in 

mPASMC and mATII cells. Interestingly, only ECVE but not NF ECVE increased the 

mRNA expression of inducible nitric oxide synthase (Nos2) and cyclin A1 (Ccna1) 

specifically in mPASMC (Supplementary Figures 3a-b). Second, microarray analysis 

of ECVE and NF ECVE treated mATII, and mPASMC revealed cell type-specific 

alterations of various pathways in these cells, largely independent of the presence of 

nicotine in the vapour extract (Figure 2a, b, Supplementary Figures 3c-f, 4a-i and 5a-

j). The most consistently regulated genes after exposure to either ECVE or NF ECVE 

were an upregulation of DAZ interacting protein 1-like (Dzip1l) in mATII and a 

downregulation of UDP-N-acetylglucosamine pyrophosphorylase 1-like 1 (Uap1l1) and 

dipeptidyl peptidase 7 (Dpp7) in mPASMC (Supplementary Figures  3c-f). Besides a 

general effect on metabolic pathways, we found specific upregulation of glutathione 

metabolism in mATII cells (Figure 2a) and downregulation of the lysosomal pathways 

in mPASMC (Figure 2b). We confirmed these results by showing that the ratio of 

GSH/GSSG was decreased by the application of ECVE or NF ECVE in mATII cells 

(Figure 2c) and that protein expression levels of markers of the autophagy-lysosome 

system, microtubule-associated proteins 1A/1B light chain 3B (LC3-II) and p62, were 

decreased in mPASMC (Figure 2d).  

ECV and NF ECV inhalation increased endothelial permeability 

To investigate the effects of ECV and NF ECV on HPV and endothelial permeability, 

we used an isolated perfused and ventilated mouse lung model. Repetitive application 

of ECV or NF ECV via the trachea attenuated HPV in both the ECV and NF ECV 



groups (Figure 3a). However, only the inhalation of ECV (but not of NF ECV) increased 

the capillary filtration coefficient (Kfc) as a measure of endothelial permeability (Figure 

3b). 

Long-term exposure to ECV caused a pulmonary inflammatory response 

To evaluate the immune response of the lung to ECV and NF ECV exposure, flow 

cytometry of BAL and multiplex immunoassay analysis of BALF (i.e., BAL supernatant) 

from mice exposed to NF ECV or ECV for 8 months were performed (Figure 4). The 

flow cytometry gating strategy is depicted in Supplementary Figure 6a. Although there 

was only a trend toward an increase in the total number of cells in BAL from mice 

exposed to ECV (Figure 4a), there was a significant increase in the number of 

neutrophils (Figure 4b, Supplementary Figure 6b) and lymphocytes (Figure 4c, 

Supplementary Figure 6b). Moreover, despite an unchanged number of total 

macrophages after ECV or NF ECV exposure (Figure 4d), only ECV significantly 

shifted the macrophage population from resident macrophages (rAM) to pro-

inflammatory exudative macrophages (ExMAs; Figure 4 e-f, Supplementary Figure 

6b); NF ECV had no such effect.  

Multiplex screening of selected inflammatory mediators in BALF showed that ECV 

altered the levels of chemokine (C-C motif) ligands (CCL) in BALF (Figure 4gi). ECV 

decreased CCL3 while it increased CCL8 and CCL12 levels, indicating a dysbalance 

of recruitment and activation of different immune cells [25-27]. In addition, only ECV 

increased the levels of pro-inflammatory interleukins (IL) 5, 13 and 16 (Figure 4gii), 

which promote autoimmune responses as seen in asthma [28], while NF ECV did not. 

In contrast, ECV exposure decreased the level of IL-2 (Figure 4gii), the main driver of 

T cell proliferation and differentiation, and anti-viral responses [29, 30]. Interestingly, 



only NF ECV increased the level of IL-33 (Figure 4gii), which promotes the production 

of Th2-associated cytokines [31]. Screening of other cytokines and chemokines did not 

reveal any significant alterations (Supplementary Figure 7a-c). Moreover, we 

investigated various matrix metalloproteinases (MMP) in BALF, which are known to be 

associated with increased inflammation in COPD. ECV exposure increased MMP-9 

and MMP-12 levels, while NF ECV only increased MMP-12 in BALF from mice exposed 

to e-cigarette vapour for 8 months (Figure 4giii). Other MMPs did not reveal any 

significant alterations (Supplementary Figure 7d).  

To further investigate the effects of ECV and NF ECV on lymphocytes, which showed 

a change in the initial screening by FACS but were not characterised in detail, we 

investigated CD45+ cells (leukocytes) and T cell infiltration (CD3+) in lung sections. 

Interestingly, the immunohistochemical staining of CD45+ cells revealed that ECV 

induced a higher accumulation of leukocytes in the different compartments of the lung 

compared to NF ECV  and confirmed the FACS data by showing an increased number 

of CD3+ T cells in the lung tissue of ECV treated mice compared to NF ECV (Figure 

4h-j).  

Long-term exposure to ECV resulted in structural and functional pulmonary 

changes without effects on the lung vasculature 

In vivo exposure of mice to ECV in our setup resulted in lower plasma concentrations 

of nicotine and cotinine compared to conventional CS exposure (nicotine: 3.8±0.9ng/ml 

vs. 16.0±3.0ng/ml; cotinine: 6.2 ± 0.9ng/ml vs. 50.7±7.4ng/ml; Supplementary Figure 

8a-c). During 8 months of exposure, the mice gained weight to a similar level in all 

experimental groups (Supplementary Figure 8d). The haematocrit (HCT) was 

increased in mice after exposure to ECV for 8 months (Supplementary Figure 8e). 



Lung functional parameters (Figure 5a-d) showed a trend of being affected by ECV. 

Meta-analysis of p-values from lung function (Figure 5a: static compliance, Figure 5b: 

resistance and Figure 5c: inspiratory capacity) suggests that ECV induced significant 

functional alterations similar to CS-induced emphysema-like changes (combined 

p=0.03); we did not detect significant differences in the NF ECV group. Moreover, only 

exposure to ECV for 8 months induced significant structural alterations of the 

pulmonary parenchyma, as determined by in vivo µCT imaging (Figure 5e-g) and 

histological analysis (Figure 5h-j), while NF ECV exposure did not show this result. 

In contrast, after long-term exposure of mice to ECV or NF ECV, we did not detect 

statistically significant alterations indicating induction of PH, which was assessed by 

hemodynamic measurements and morphological analysis of the pulmonary 

vasculature (Figure 6a-c). Accordingly, long-term exposure of mice to ECV or NF ECV 

did not significantly affect the Fulton index (Figure 6d), or right ventricular (RV) or global 

heart function evaluated by echocardiography (Figure 6e-h). Meta-analysis of p-values 

also did not indicate any statistically significant effect of ECV or NF ECV on the 

pulmonary vasculature. 

 Although no significant effect of NF ECV on single measurement parameters was 

detected, binominal analysis of parameters characterising the pulmonary 

airways/parenchyma indicated that in the NF ECV group, the phenotype was more 

affected compared to the control group and less compared to the ECV group, (Table 

1a, b). Furthermore, we detected a significant difference between the NF ECV and 

ECV groups when performing a combined analysis of the inflammatory and pulmonary 

airway/parenchymal parameters (combined p=0.031), supporting the notion that 

nicotine promotes the effects of e-cigarette vapour on inflammation and 

airway/parenchymal parameters.  



Discussion 

Our study provides evidence that ECV can induce acute and chronic lung damage. 

Although both nicotine-containing e-cigarette vapour (ECV) and nicotine-free e-

cigarette vapour (NF ECV) affected functional and gene expression patterns in 

pulmonary cells in vitro and airway/parenchymal parameters, only ECV significantly 

increased endothelial permeability ex vivo, and promoted inflammation and mild 

structural and functional pulmonary alterations in vivo, similar to CS-induced 

alterations after long-term exposure. However, in contrast to CS exposure, we did not 

detect significant pulmonary vascular alterations.  

Our in vitro experiments showed that ECVE and NF ECVE reduce metabolic activity in 

specific cell types only at high concentrations but are insufficient to induce cytotoxic 

effects or trigger apoptosis. Furthermore, nicotine promotes the inhibitory effects of e-

cigarette vapour on metabolic activity and proliferation, the latter at least in PASMC. 

Due to the lack of general standardisation of e-cigarette vapour generation, comparing 

other published studies with our data is limited [32]. In this regard, some studies 

reported no effect (regardless of the nicotine content and flavouring) of the pad-

collected e-cigarette extracts in CHO-K1/A549 cells [14], while another observed a 

dose- and flavour-dependent decrease of CALU3 cell viability after e-cigarette vapour 

exposure [15]. Despite the more pronounced effect of ECVE on cellular functions, 

microarray analysis showed that exposure to ECVE and NF ECVE changed gene 

expression patterns differentially in mATII cells compared to mPASMC but largely 

independent from nicotine content, suggesting that ECVE and NF ECVE trigger 

transcriptional alterations with hitherto unknown functional relevance. In line with our 

microarray data, we showed downregulation of the GSH/GSSG ratio in mATII cells and 

of two proteins involved in the autophagy-lysosomal pathway, LC3‐II (an active lipid-



modified form of LC3) and p62 (autophagy receptor) in mPASMC in a nicotine-

independent manner. GSH depletion and decreased GSH/GSSG levels occur in many 

different cell types secondary to CSE-induced oxidative stress [33, 34]. The relevance 

of downregulated lysosomal pathway in mATII cells remains unclear; however, 

previously, alterations of lysosomal pathways were found to contribute to the 

pathogenesis of COPD [35]. 

As recently acute respiratory distress syndrome (ARDS) was associated with vaping 

[36], we investigated the acute effects of ECV inhalation on endothelial permeability in 

isolated mouse lungs. Interestingly, only ECV but not NF ECV increased capillary 

permeability, indicating the effect of nicotine. Nicotine could directly alter the function 

of vascular endothelial cells, PASMC, airway epithelial cells, and immune cells 

expressing nicotinic acetylcholine receptors [37], thus promoting increased capillary 

permeability. Although using oil-formulated tetrahydrocannabinol or cannabidiol in 

ECV was suggested to be associated with vaping-induced ARDS, our data indicate 

that nicotine in e-cigarettes may contribute to ARDS development [6, 7, 36-39]. 

Similarly, cigarette smoke increases the risk of ARDS due to alterations in pulmonary 

vascular permeability and endothelial barrier function [38]. In addition to endothelial 

permeability, pulmonary vasoreactivity, in response to acute hypoxia, was affected by 

e-cigarette vapour, independently from the presence of nicotine. This suggests that 

ECV or NF ECV may alter the endothelial release of vasoactive mediators, as inhaled 

cigarette smoke reversed human HPV through the NO-cGMP signalling pathway [40].  

In accordance with our ex vivo studies, in vivo ECV or NF ECV treatment for 8 months 

showed different effects, related to the presence or absence of nicotine. Only exposure 

to ECV – not NF ECV – resulted in a significant increase of inflammatory cells in the 

BAL, as well as of CD45+ in different compartments of the lung. However, ECV 



exposure showed a significantly higher accumulation of CD3+ T cells in the lungs 

compared to NF ECV. In this regard, FACS analysis of BAL may be limited, as 

lymphocytes were only identified by their scattering properties in our study and were 

not further characterised. Moreover, BALF analysis shows that presence of nicotine 

enhances recruitment and activation of immune cells such as T cells, eosinophils and 

macrophages, indicated by increased CCL8 and CCL12 [25-27], and triggers an 

inflammatory response similar as seen in asthma, indicated by an increase in IL-5 and 

IL-13 [41, 42], so one could speculate that ECV induces an allergic reaction and pre-

disposes to bronchial hyper-reagibility [28]. In line with our data, previous studies have 

shown that exposure to nicotine-containing ECV altered lung inflammatory responses 

in mice after 3 days [43], 2 weeks [44] and 4 months [10] and in humans after 4 weeks 

[45], leading to macrophage-mediated inflammation [44] and increased levels of pro-

inflammatory cytokines [43]. Moreover, the presence of nicotine increased lymphocyte 

levels in human BAL [44]. Interestingly, in our study, ECV significantly increased MMP-

9 and 12 levels in BALF, while NF ECV increased MMP-9 levels only. MMP-9 and -12 

are important mediators associated with inflammation and the development of COPD 

[46, 47]. These findings align with our in vivo study, demonstrating a more pronounced 

effect of ECV than NF ECV on pulmonary structural alterations, which showed 

characteristics of CS-induced alterations, albeit less pronounced. Previous in vivo 

studies suggested development of emphysema [10], lung functional alterations [48] or 

no effect [11] of long-term ECV treatment in mice. However, differences in mice strains 

[10], age of mice [48] and daily duration of ECV exposure [11] may explain 

discrepancies with regard to severity of development of lung functional and structural 

alterations.   



Plasma nicotine levels of 3.8±0.9ng/ml in our study are comparable to low 

concentrations in human e-cigarette users. In clinical studies, the levels of nicotine in 

the plasma of e-cigarette users vary from ~1ng/ml to ~50ng/ml depending on study 

design, the e-cigarette device etc. [49, 50]. Interestingly, a prospective human study 

over 3.5 years did not find any functional or structural changes in 9 subjects that used 

e-cigarettes daily [51]; however, the exposure time is much lower compared to the 

mouse model. Moreover, from our study, we cannot exclude a harmful effect of NF 

ECV, as we found in the distribution analysis of pathological values an effect of NF 

ECV compared to control. However, we did not find a statistically significant difference 

for single parameters.  

In contrast to lung functional, airway and alveolar alterations, we did not detect 

pulmonary vascular alterations indicating development of PH, a frequent comorbidity 

of COPD [2]. Previous investigations on the impact of ECV on global heart function 

could not find any ECV-induced alterations after short-term (14 days) [52] and long-

term (8 months) [11] exposure in mice. However, 8 months of ECV exposure induced 

increased aortic stiffness [52]. Moreover, a recent study using high doses of nicotine 

induced PH development [53]. Thus, despite ECVE affecting PASMC in vitro, ECV in 

vivo did not induce pulmonary vascular remodelling in our setting. 

A study limitation is the relatively low n-number in the in vivo experiments and the 

isolated lung setup, which may mask subtle changes in the different parameters 

assessed – especially regarding possible differences between NF ECV and ECV. 

However, the finding of the pronounced effect of ECV in these two independent 

experimental setups supports the conclusion that nicotine promotes the deleterious 

effects of e-cigarette vapour. 



In summary, we showed that the presence of nicotine in e-cigarette vapour promoted 

acute endothelial damage, pulmonary inflammation and chronic pulmonary functional 

and structural alterations. Although research on e-cigarette use is hampered by the 

lack of standardisation in methods to produce and apply e-cigarette vapour, this 

diversity may reflect the variety of human situations in which application depends on 

e-liquid composition, puffing topography and e-cigarette characteristics [50].   
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a) Lung airways and parenchyma 

 
Control vs. NF 
ECV 

Control vs. 
ECV 

NF ECV vs. 
ECV 

Static compliance Compatible Compatible Compatible 

Resistance Compatible Compatible Compatible 

Inspiratory capacity Compatible Compatible Compatible 

Air/tissue, lung density* Compatible Compatible Compatible 

Airspace Compatible Compatible Compatible 

MLI Compatible Compatible Compatible 

n-number of compatible 
changes 

6 6 6 

Total n-number of 
analysed parameters 

6 6 6 

p-value 0.031 0.031 0.031 

 

b) Pulmonary vasculature 

 
Control vs. NF 

ECV 
Control vs. 

ECV 
NF ECV vs. 

ECV 

Heart ratio No change Not compatible Not compatible 

RVSP Compatible Not Compatible Compatible 

RVWT Compatible Compatible Compatible 

TAPSE Not compatible Not compatible Not compatible 

Degree of muscularization Not compatible Not compatible Not compatible 

n-number of compatible 
changes 

2 1 2 

Total n-number of 
analysed parameters 

5 5 5 

p-value >0.99 >0.99 >0.99 

Table 1. Binominal analysis of parameters characterising a) lung airways and 

parenchyma, and b) the pulmonary vasculature. Binominal analysis of parameters 

characterising a) lung airways and parenchyma, and b) the pulmonary vasculature. 

„Compatible“ indicates that the parameter was compatible with a certain pathology 



(smoke-induced emphysema or pulmonary hypertension) - marked in green colour; 

„Not compatible“ indicates that the parameter was not compatible with a certain 

pathology - marked in red colour; “No changes” indicates that the parameter was not 

changed - marked in blue colour. *dependent parameters, regarded as one variable. 

NF ECV: nicotine free e-cigarette vapour, ECV: nicotine-containing e-cigarette vapour, 

MLI: mean linear intercept, RVSP: right ventricular systolic pressure, RVWT: right 

ventricular weight, TAPSE: tricuspid annular plane systolic excursion. Binominal 

analysis was performed by using Binom.Dist in Excel. 
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Figures 

Figure 1. Effect of in vitro ECVE or NF ECVE exposure on metabolic activity and 

proliferation 

a, b) Cell metabolic activity of primary mouse ATII cells (mATII, a, n=6), and primary 

mouse PASMC (mPASMC, b, n=5) after exposure to different concentrations of either 

nicotine-free e-cigarette vapour extract (NF ECVE), nicotine-containing e-cigarette 

vapour extract (ECVE) or conventional cigarette smoke extract (CSE). Data are 

presented as percent of control. c) Cell proliferation of mPASMC (n=8) after exposure 

to either 15% NF ECVE, 15% ECVE, 5% CSE or control. Data are presented as 

percent of control. d, e) Cell metabolic activity of primary human bronchial epithelial 

cells (HBEpC, d, n=6) and primary human PASMC (hPASMC, e, n=5) after exposure 

to different concentrations of either NF ECVE, ECVE or conventional CSE. Data are 

presented as percent of control. f) Cell proliferation of hPASMC (n=6) after exposure 

to either 15% NF ECVE, 15% ECVE, 5% CSE or control. Data are presented as 

percent of control. Controls were treated with medium without ECVE, NF ECVE or 

CSE. n of mATII cells, mPASMC and hPASMC represents independent isolations per 

group, n of HBEpC represents independent experiments per group. Statistical analysis 

was performed by one-way ANOVA with Tukeys post hoc-test. Significant p-values in 

comparison to respective controls are presented. Data are presented as mean ± SEM. 

Figure 2. The effects of ECVE or NF ECV on gene expression patterns, 

glutathione levels and protein expression of the autophagy-lysosome system. 

a, b) Gene ontology (GO) enrichment analysis of differentially expressed mRNA 

transcripts in primary mATII cells (a) and primary mPASMC (b) exposed to either 15% 

nicotine-free e-cigarette vapour extract (NF ECVE) or 15% nicotine-containing e-



cigarette vapour extract (ECVE). Bubble plots for enrichment analysis of GO terms are 

presented. The bubble areas indicate the number of genes in the sets, and the colour 

indicates if most of GO terms were up- (red), or downregulated (green). Yellow colour 

indicates that both up- and downregulated genes contribute to the enrichment. n=8. 

The y-axis [-log(p)] displays the significance level, the x-axis the percentage of 

expressed genes in the respective set of genes for a specific pathway. c) Level of the 

GSH/GSSG ratio in primary mATII cells exposed to either 15% NF ECVE, 15% ECVE, 

2.5% CSE or control medium without ECVE, NF ECVE or CSE. n=8 each. d) Protein 

expression of p62 and LC3-II, normalised to the expression of β-actin in primary 

mPASMC exposed to either 15% NF ECVE, 15% ECVE or control medium without 

ECVE or NF ECVE. n=4. n-numbers represent independent isolations per group. For 

statistical analysis of c,d one-way ANOVA with Tukeys post hoc-test was used. Data 

are presented as mean ± SEM. 

Figure 3. ECV inhalation increased endothelial permeability in isolated perfused 

and ventilated mouse lungs.  

a) Effect of nicotine-free e-cigarette vapour (NF ECV) or nicotine-containing e-cigarette 

vapour (ECV) on hypoxic pulmonary vasoconstriction (HPV). b) Effect of NF ECV or 

ECV on the capillary filtration coefficient (Kfc). HPV was determined as the maximum 

increase of pulmonary arterial pressure (ΔPAP) during hypoxic ventilation. Kfc was 

measured gravimetrically and calculated from the slope of lung weight gain induced by 

an increase of the pulmonary venous pressure from 2 to 10mmHg. Data are provided 

as percent change of ΔPAP and Kfc compared to the reference hypoxic manoeuvre or 

pressure challenge without NF ECV or ECV. n=5-6 isolated mouse lungs per group, 

control lungs were ventilated without NF ECV or ECV. Statistical analysis was 



performed by one-way ANOVA with Tukeys post hoc-test. Data are presented as mean 

± SEM. 

Figure 4. Effect of long-term in vivo exposure to ECV or NF ECV on pulmonary 

inflammation.  

a-d) Total number of cells (a), neutrophils (b), lymphocytes (c) and macrophages (d) 

in bronchoalveolar lavage (BAL) from mice exposed to nicotine-free e-cigarette vapour 

(NF ECV) or nicotine-containing e-cigarette vapour (ECV) for 8 months. e, f) Number 

of macrophages given for exudate macrophages (ExMAs, e) and residence 

macrophages (rAM, f). Values are given as percentage of total macrophages. a-f) n=5 

mice per group. g) Levels of selected inflammatory mediators in the bronchoalveolar 

lavage fluid (BALF=BAL supernatant) from mice exposed to NF ECV or ECV for 8 

months (n=10 mice per group). h) Number of CD45+ cells located around vessels, 

alveolar septa or bronchi in lung sections of mice exposed to NF ECV or ECV for 8 

months according to the following scale: 0 – little  number of  CD45+ cells, 1 – moderate 

number of CD45+ cells, and 2  – many CD45+ cells (n=6 lungs per group). i) Number 

of CD3+ cells per lung section area in mice exposed to NF ECV or ECV for 8 months 

(n=5 lungs per group). j) Representative images of lung sections from mice exposed 

to NF ECV or ECV stained for CD3+ and CD45+ cells. Control animals (Ctrl) received 

room air only. Statistical analysis: (a-g, i) one-way ANOVA with Tukeys post hoc-test. 

(h) Categorical analysis was done using pair-wise Wilcoxon-tests with continuity 

correction. Data are presented as mean ± SEM.  

 

Figure 5. Effect of long-term in vivo exposure to ECV or NF ECV on lung 

functional and structural parameters in mice.  



a-d) Lung functional parameters (n=9-11), static compliance (a), resistance (b), 

inspiratory capacity (c), pressure-volume loops (d) of mice exposed to nicotine-free e-

cigarette vapour (NF ECV), nicotine-containing e-cigarette vapour (ECV) or room air 

(control, ctrl) for 8 months. e-j) Lung structural parameters from in vivo µCT 

measurements (n=9-12), air/tissue ratio (e), lung density (f), representative µCT 

imaging (g) or histological analysis (n=6), airspace (h), mean linear intercept (i), 

representative pictures (j). Lung sections were stained with haematoxylin and eosin 

(scale bars 250μm). Statistical analysis: one-way ANOVA with Tukeys post hoc-test. 

Combined p-value from e, f, g): p=0.03 determined by meta-analysis according to the 

Fisher's method using 'BisRNA' R package. Data are presented as mean ± SEM.  

Figure 6. Effect of long-term in vivo exposure to ECV or NF ECV on the 

pulmonary circulation in mice. 

a, b) Hemodynamic measurements (n=9-12), right ventricular systolic pressure 

(RVSP, a) and systolic arterial pressure (SAP, b). c) Morphological analysis of 

pulmonary vessels. Data are given as percentage of fully, partially or not muscularised 

vessels of total vessel count (n=6). d) Heart ratio (ratio of the weight of the right 

ventricle (RV) and the left ventricle plus septum (LV+S)), n=10-11. The LV+S weight 

was not changed between the groups. e-h) Echocardiographic analysis of right 

ventricular wall thickness (RVWT, e), tricuspid annular plane systolic excursion 

(TAPSE, f) and cardiac index (g) (n=4-7 each); representative images of 

echocardiography (h). Data were assessed from mice either exposed to nicotine-free 

e-cigarette vapour (NF ECV), nicotine-containing e-cigarette vapour (ECV) or room air 

(Control, Ctrl) for 8 months. Statistical analysis was performed by one-way ANOVA 

with Tukeys post hoc-test. Data are presented as mean ± SEM. 
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SUPPLEMENTARY METHODS 

Cell culture 

All cells were cultured in a humidified atmosphere of 5% CO2 at 37°C in a cell incubator 

and used 24 h after seeding. For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT), lactate dehydrogenase activity (LDH, cytotoxic assay) and 

apoptosis assay, cells were seeded in 96-well plates in the following concentrations: 

10,000 cells/well for A549, human pulmonary arterial smooth muscle cells (hPASMC), 

and primary mouse pulmonary arterial smooth muscle cells (mPASMC), 20,000 

cells/well for human bronchial epithelial cells (HBEpC), and 140,000 cells/well for 

mouse alveolar epithelial type II cells (mATII) cells. For analyses of cell confluence and 

the number of dead cells (BOBO™-3 iodide staining), mPASMC and hPASMC cells 

were seeded in 96-well plates (both cell types 10,000 cells/well), for the BrdU 



proliferation assay in 24-well plates (both cell types 20,000 cells/well), for the migration 

assay in 2-well Ibidi culture-inserts (Ibidi GmbH, Gräfelfing, Germany) (2,500 cells/well 

of hPASMC and 5,000 cells/well of mPASMC), and for the real-time PCR, Western blot 

and microarray in 6-well plates (both cell types 60,000 cells/well). 140,000 cells/well 

and 3,000,000 cells/well of mATII were seeded in 96-well plates and 6-well plates for 

the glutathione assay and real-time PCR/microarray, respectively. The following media 

were used in the study: DMEM (Thermo Fisher Scientific, Waltham, USA) with 10% 

FCS (Sigma-Aldrich, Burlington, USA) for A549 and mATII cells, airway epithelial cell 

growth medium (PromoCell, Heidelberg, Germany) with 10% FCS for HBEpC, smooth 

muscle cell growth medium (PromoCell, Heidelberg, Germany) with supplement and 

10% FCS for mPASMC and without FCS for hPASMC.  

Isolation of primary mouse pulmonary arterial smooth muscle cells (mPASMC) 

mPASMC were isolated from precapillary pulmonary arterial vessels as described 

previously [1]. Briefly, 3ml of M199 (Medium 199, Invitrogen, Carlsbad, USA) 

containing 5mg/ml low melting point agarose, 5mg/ml Fe3O4 (Sigma-Aldrich, 

Burlington, USA), and 1% penicillin/streptomycin was injected into the pulmonary 

artery and the lung was fixated via agarose injection into the trachea. Subsequently, 

the lung was cut with scissors for 5 min into tiny pieces, which were maintained in 10ml 

PBS. The pieces from the pulmonary arterial vessels containing Fe3O4 (Sigma-Aldrich, 

Burlington, USA)  were collected using a magnet in a magnetic holder and digested in 

10ml of M199, containing 80U/ml collagenase (Sigma-Aldrich, Burlington, USA) at 

37°C for 60 min. The tissue mixture was disrupted by passing it through 15 and 18-

gauge needles 5–6 times each. The resulting suspension, containing the medial and 

intimal layer of the pulmonary arterial vessels attached to Fe3O4 (Sigma-Aldrich, 

Burlington, USA) particles, was rinsed three times with M199 (Thermo Fisher Scientific, 



Waltham, USA), containing 10% FCS, in the magnetic holder. These pieces were re-

suspended in smooth muscle cell growth medium (PromoCell, Heidelberg, Germany) 

with a supplement and 10% FCS, transferred to culture flasks and incubated at 37°C 

in a cell incubator to induce outgrowth of smooth muscle cells. Upon reaching 80% 

confluence, the grown mPASMC were trypsinised and seeded into new culture flasks 

(=first passage). The experiments were performed with mPASMC in the second 

passage.  

Isolation of primary human pulmonary artery smooth muscle cells (hPASMC) 

The hPASMC were isolated from pulmonary arteries of donor lung transplants. The 

studies were approved by the ethics committee of the Justus-Liebig University (AZ 

58/15, AZ 10/06). Briefly, pulmonary arteries were dissected from the lung transplant. 

Then, the medial layer was separated from the adventitial and endothelial layers under 

a microscope. The medial layer of the arteries was minced using scalpels, transferred 

to Petri dishes, and cultured with 10ml of smooth muscle cell growth medium 

(PromoCell, Heidelberg, Germany) containing a supplement (PromoCell, Heidelberg, 

Germany) to induce outgrowth of hPASMC.  

Isolation of primary mouse alveolar epithelial type II cells (mATII) 

The mATII cells were isolated from mouse lungs using a modification of the method 

described previously [2]. After perfusion of the lung through the pulmonary artery with 

3ml of saline, 2ml of dispase (Corning, Corning, USA) was instilled intratracheally. The 

lungs were removed from the chest cavity, placed in a 50ml falcon tube containing 2ml 

of dispase and incubated for 30 min at 37°C. Then, the lungs were transferred to a 

50ml falcon tube containing 2ml DMEM (Thermo Fisher Scientific, Waltham, USA), 

0.04mg/ml DNase (Sigma-Aldrich, Burlington, USA) and 1ml FCS (Sigma-Aldrich, 



Burlington, USA) to stop dispase activity. After a brief stirring, the lungs were 

transferred to a 100 mm culture dish. The heart, oesophagus and trachea were 

carefully removed, and the lung tissue was minced using two scissors. The cell 

suspension was filtered through a 70µm, 40µm and 10µm nylon mesh cell strainer and 

centrifuged at 200g for 10 min (15°C). After centrifugation, the supernatant was 

discarded, and the cell pellet was re-suspended with 1ml DMEM (Thermo Fisher 

Scientific, Waltham, USA). Crude cell suspensions were purified by the negative 

selection of immune cells using 100 mm tissue culture plates, coated with a mixture of 

0.75µg/ml CD16/32 (#553142, BD Biosciences, Franklin Lakes, USA) and 0.75µg/ml 

CD45 (#553076, BD Biosciences, Franklin Lakes, USA). After incubation for 45 min at 

37°C, the cell suspension was placed in uncoated 100 mm tissue culture plates and 

incubated for 45 min at 37°C. The cell suspension was collected in a 50ml falcon tube 

and centrifuged at 200g for 10min (15°C). Afterwards, the cell suspension was treated 

with 2ml of erythrocyte red blood cell lysing buffer (BD Biosciences, Franklin Lakes, 

USA) for 5 min. The reaction was stopped by adding 4ml of DMEM. The suspension 

was centrifuged at 200g for 10 min (15°C). The mATII were re-suspended in DMEM 

medium (Thermo Fisher Scientific, Waltham, USA) plus 2% L-glutamate (PAN-Biotech 

GmbH, Aidenbach, Germany), 1% penicillin/streptomycin (Capricorn Scientific GmbH, 

Ebsdorfergrund, Germany) and 10% FCS (Thermo Fisher Scientific, Waltham, USA) 

and cultured on 3µg/cm² fibronectin-coated plates (Sigma-Aldrich, Burlington, USA).  

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

MTT metabolic assay was used to evaluate the metabolic activity after 24 h incubation 

with ECVE or CSE according the manufacturer’s protocol (Sigma-Aldrich, Burlington, 

USA).  



LDH cytotoxicity assay 

24 h after seeding, cells were treated with ECVE, NF ECVE or CSE for 24 h. Twenty-

four hours after treatment with different doses of ECVE, NF ECVE or CSE, the 

CyQUANT™ LDH Cytotoxicity Assay (Thermo Fisher Scientific, Waltham, USA) was 

performed using 50µl cell medium collected from the samples according to the 

manufacturer’s instructions. Control cells were treated with a medium without ECVE, 

NF ECVE or CSE. 

Proliferation assay 

Cells were cultured in 24-well plates. Twenty-four hours after seeding, cells were 

treated with different doses of ECVE, NF ECVE or CSE and simultaneously incubated 

with bromodeoxyuridine [BrdU (colorimetric) Cell Proliferation ELISA] assay (Roche, 

Basel, Switzerland) for 24 h according to the manufacturer’s instructions. To quantify 

proliferation, absorbance was measured with a microplate reader (Tecan Group Ltd, 

Männedorf, Switzerland) at 370 nm (absorbance at 450 nm was measured as a 

reference). Control cells were treated with a medium without ECVE, NF ECVE or CSE. 

Wound healing assay 

Culture-inserts (Ibidi culture-inserts, 2-well) were inserted into the bottom of 24-well 

plates to provide two cell culture reservoirs and 2,500 hPASMC and 5,000 mPASMC 

were seeded per reservoir. The wound healing assay was initiated by removing the 

culture-insert 24 h after seeding. Subsequently, the cells were treated with different 

doses of ECVE, NF ECVE or CSE for 16 h. Control cells were treated with a medium 

without ECVE, NF ECVE or CSE. Simultaneously with the application of ECVE, NF 

ECVE, CSE or the control medium, the wound closure (cell migration) was recorded 



using an IncuCyte ZOOM™ live cell imaging system (Essen BioScience, Inc., Ann 

Arbor, USA) and pictures were acquired every hour for 16 h. This system measured 

scratch closure in real-time and automatically calculated the relative wound density 

within the initially vacant area at each time point. 

Apoptosis assay 

For the assessment of apoptosis, an IncuCyte ZOOM (Essen BioScience Inc.) system 

and an annexin XII-based polarity-sensitive probe from Kinetic Apoptosis Kit 

(#ab129817, Abcam, Cambridge, UK) were used according to the manufacturer’s 

instructions. Twenty-four hours after seeding, cells were treated with different doses of 

ECVE, NF ECVE or CSE for 24 h. Control cells were treated with a medium without 

ECVE, NF ECVE or CSE. Twenty-four hours after exposure of the cells to ECVE, NF 

ECVE, CSE or the control medium, the fluorescent signal from the annexin XII-based 

polarity-sensitive probe was measured at an excitation wavelength of 488 nm and an 

emission wavelength of 530 nm. 

Dead cell count 

To determine dead cells, 10,000 cells/well of mPASMC and hPASMC were seeded in 

a 96-well plate. Twenty-four hours after seeding, cells were treated with different doses 

of ECVE, NF ECVE or CSE for 24 h. Control cells were treated with a medium without 

ECVE, NF ECVE or CSE. Twenty-four hours after exposure to ECVE, NF ECVE, CSE 

or the control medium, the fluorescent signal from BOBO™-3 Iodide (Thermo Fisher 

Scientific, Waltham, USA) was collected by an IncuCyte ZOOM and analysed using 

the Incucyte® integrated analysis software (Essen BioScience Inc., Ann Arbor, USA). 

BOBO™-3 Iodide penetrates cells with diminished plasma membrane integrity, 

resulting in a 100–1000-fold increase in fluorescence upon binding to DNA. 



Quantitative real-time PCR 

Quantitative real-time PCR of mPASMC and mATII cells was performed 24 h after 

exposure of the cells to different doses of ECVE, NF ECVE or the control medium 

(medium without ECVE and NF ECVE). Cells were treated with ECVE, NF ECVE, CSE 

or the control medium 24 h after seeding. The mRNA was isolated from the mPASMC 

and mATII by using the RNeasy Mini Kit (Qiagen, Hilden, German) according to the 

manufacturer’s instructions. The 1,000ng mRNA was used to synthesise cDNA with 

the iScript cDNA Synthesis Kit (Bio-Rad Laboratories GmbH, Feldkirchen, Germany). 

Quantitative real-time PCR was performed with the iQTM SYBR® Green Supermix (Bio-

Rad Laboratories GmbH, Feldkirchen, Germany) according to the manufacturer’s 

instructions.  

All primers used in the current study are listed in Supplemental Table 1. Expression 

levels of target genes were normalised by concurrent measurement of the reference 

gene beta-2-microglobulin (B2M).  

 

 



Microarray experiments 

Twenty-four hours after exposure of the cells to ECVE, NF ECVE or control medium 

(medium without ECVE and NF ECVE), microarray analysis (GEO accession number 

GSE202215) of mPASMC and mATII cells was performed (project number GEn-1543) 

by using oligonucleotide spotted microarray slides (Agilent Technologies, Santa Clara, 

USA). Purified total RNA was amplified and Cy3-labelled using the LIRAK kit (Agilent 

Technologies, Santa Clara, USA) following the kit instructions. 200ng of total RNA was 

used per reaction. The Cy-labelled aRNA was hybridised overnight to 8x60K 60 mer 

oligonucleotide spotted microarray slides (design ID 028005). Hybridisation and 

subsequent washing and drying of the slides were performed following the Agilent 

hybridisation protocol. The dried slides were scanned at 2µm/pixel resolution using the 

InnoScan 900 (Innopsys, Carbonne, France). Image analysis was performed with the 

Mapix 6.5.0 software, and calculated values for all spots were saved as GenePix 

results files. The data were evaluated using the R-software (R 3.5.1) and the limma 

package (limma 2.14) from BioConductor. Log mean spot signals were taken for further 

analysis. Data were background corrected using the NormExp procedure on the 

negative control spots and quantile-normalised before averaging [3]. Genes were 

ranked for differential expression using a moderated t-statistic. Pathway analyses were 

done using gene set tests on the ranks of the t-values. 

Protein isolation and Western blot analysis 

Western blot analysis was performed using mPASMC lysates after exposure of the 

cells to ECVE, NF ECVE or control medium (medium without ECVE and NF ECVE) for 

24 h. Cells were treated with ECVE, NF ECVE, CSE or control medium 24 h after 

seeding. The blots were blotted for ubiquitin-binding protein p62 (p62, SPC-219, 



StressMarq Biosciences, Victoria, Canada), microtubule-associated proteins 1A/1B 

light chain 3B (LC3II, # SPC-217, StressMarq Biosciences, Victoria, Canada), PCNA 

(#13110, RRID: AB_2636979, Cell Signaling, Danvers, CA, USA). The protein 

expression level of β-actin (#A5316; RRID: AB_476743, Sigma-Aldrich, Burlington, 

USA) was used as the loading control. The dilution of primary antibodies was 1:1,000 

for p62, LC3II and PCNA and 1:50,000 for β-actin. The dilution of the corresponding 

secondary antibodies was 1:5,000. The incubation time for the primary antibodies was 

overnight at 4°C and 1h at room temperature for the corresponding secondary 

antibodies. 

Glutathione assay  

Total glutathione (GSH and GSH/GSSG ratios) was measured in mATII cell lysates 

after exposure to ECVE, or NF ECVE, CSE or control medium (medium without ECVE 

and NF ECVE) for 24 h by a GSH/GSSG-Glo™ assay (Promega, Madison, United 

States) following the manufacturer’s instructions. Luminescence was measured by a 

microplate reader (Tecan Group Ltd, Männedorf, Switzerland). Cells were treated with 

ECVE, NF ECVE, CSE or control medium 24 h after seeding.  

E-cigarette vapor application in isolated ventilated and perfused mouse lungs  

To isolate the lungs, mice were intubated through a tracheostomy under deep 

anaesthesia with ketamine (100mg/kg body weight, i.p.) and xylazine (20mg/kg body 

weight, i.p.) after anticoagulation with heparin (2,500U/kg body weight). Mice were 

ventilated with a normoxic gas mixture (21.0% O2, 5.3%CO2, balanced with N2, 10μl/g 

body weight tidal volume, 90 breaths/min and 3 cm H2O positive end expiratory 

pressure) using a piston pump (Minivent Type 845, Hugo Sachs Elektronik, March-

Hugstetten, Germany) while the chest was opened and the lung and heart were 



prepared. Lung perfusion with Krebs-Henseleit buffer [120 mM NaCl, 4.3 mM KCl, 1.1 

mM KH2PO4, 2.4 mM CaCl2, 1.3 mM MgCl2, 13.3 mM glucose, 5% (w/v) hydroxyethyl 

amylopectin (molecular weight 200,000Da)] was initiated through a catheter inserted 

into the pulmonary artery using a peristaltic pump (ISM834A V2.10, Ismatec, 

Wertheim, Germany). After the lung and heart removal from the chest cavity, the 

lung/heart preparation was freely suspended on a scale to measure its weight 

changes, and a catheter was inserted in the left atrium for collection of the outflow 

perfusate (Supplementary methods figure 1). Outflow pressure was fixed at 2 cm H2O. 

Pulmonary arterial pressure, pulmonary venous pressure, ventilation pressure and 

weight were monitored continuously during the experiment.  

 

Supplementary methods figure 1. Experimental setup. Nicotine-containing e-

cigarette vapour (ECV) was applied in a repetitive manner 3 times for 5 min each, via 

the trachea in the isolated ventilated and perfused mouse lung system. The lung was 

ventilated via the trachea and perfused via the pulmonary artery (PA) with recirculating 

the perfusate by a catheter in the left atrium (LA). 

After preparation of the lung and an initial steady-state perfusion period, the lungs were 

ventilated five times for 10 min with a hypoxic gas mixture (1% O2, 5.3% CO2, balanced 



with N2) to determine HPV, each time followed by a ventilation period with a normoxic 

gas mixture (21% O2, 5.3% CO2, balanced with N2). The normoxic interval between 

the first and second hypoxic manoeuvre was 25 min; subsequent interval durations 

lasted 50 min. The Kfc was determined by increasing the venous pressure from 2 to 

12cm H2O for 8 min (“pressure challenge”). The first pressure challenge was performed 

during normoxic ventilation 7 min after the first hypoxic manoeuvre and was used as a 

reference for all subsequent pressure challenges. After the second hypoxic manoeuvre 

(which was used as a reference for all ensuing hypoxic manoeuvres), the following 

protocol was applied to the lung 3 times: 1) normoxic ventilation stage: 10 min of 

ventilation, intratracheal application of ECV or NF ECV for 5 min, followed by 17 min 

of ventilation, 8 min of pressure challenge and 10 min of ventilation; 2) subsequent 

hypoxic ventilation stage: 10 min of ventilation. ECV or NF ECV was produced by 

Joyetech eVic Primo Mini e-cigarette (0.56Ohm, 4.1V, 30W, Joyetech, Riccardo Retail 

GmbH, Neubrandenburg, Germany) and drawn with normoxic air into a perfusor 

syringe using a vacuum pump (see Supplementary methods figure 2). The puffing 

condition was 4 puffs of 5 sec duration (20 sec in total). For the application of ECV or 

NF ECV in the isolated lung, the vapour was delivered via the inspiratory tube by a 

syringe driver, mimicking the ventilation mode of vapour-free ventilation. During the 

application, the expiratory tube of the ventilation was closed until the “normal” 

inspiratory volume was reached. After reaching the inspiratory volume, the expiratory 

tube was opened to release the ECV or NF ECV-air mixture. This procedure lasted 2 

sec and was repeated 150 times for 5 min. Thus, ventilation with normoxic air was 

guaranteed during the intratracheal application of vapour. The PEEP (positive end-

expiratory pressure) of 3cm H2O was constant throughout the procedure. The same 

protocol was performed for control experiments, but only with normoxic air delivery 

without ECV or NF ECV. The strength of HPV was determined as the maximum 



increase of PAP during hypoxia [1]. The Kfc was calculated from the slope of the lungs’ 

weight gain induced by the increased lungs’ fluid content during the pressure challenge 

[4]. 

 

 

 

Supplementary methods figure 2. Preparation of e-cigarette vapour with or 

without nicotine (ECV or NF ECV) for inhalative application to the isolated lung 

via a syringe driver. Joyetech eVic-Primo Mini e-cigarettes were used to produce 

ECV or NF ECV. ECV or NF ECV was drawn into the syringe by a vacuum pump at a 

flow rate of 1000ml/min to a final volume of 50ml ECV or NF ECV. The puffing condition 

was four puffs of 5 sec each, 20 sec in total. The syringe was kept in a cylinder heated 

to 60°C to prevent condensation of the vapour until delivery to the lung. During the 

inhalation, the syringe containing ECV, NF ECV or normoxic air was kept under an 

ultraviolet light lamp to maintain a temperature of 37°C. 

 

Animals for in vivo e-cigarette vapour exposure 



Twelve mice per group were exposed to ECV, NF ECV or room air. All animals were 

used for the determination of in vivo hemodynamic and lung function measurements 

and for micro-computed tomography (µCT) imaging. Mice from each group were 

randomly assigned to echocardiography (n=7), histological (n=6), 

immunohistochemical (n=5-6), multiplex (n=10) and FACS (n=5) analyses. The 

number of experiments (n) for in vivo lung function and hemodynamics, 

echocardiography and µCT may differ from the initial n due to technical issues (e.g., 

dislocation of the measurement catheter). 

Flow cytometry 

Bronchoalveolar lavage (BAL) was collected, and the cell pellets were incubated with 

Fc block (Miltenyi Bitech, Bergisch Gladbach, Germany) and stained with CD45APC-

Cy7 (clone 30-F11; BioLegend, Fell, Germany), CD11b Pacific Blue (clone M1/70; 

BioLegend, Fell, Germany), GR-1 PerCy7 (clone RB6-8C5; BioLegend, Fell, 

Germany), Ly6G FITC (clone 1A8, BioLegend, Fell, Germany) or SiglecF PE (clone 

E50/2440; BD Biosciences, Franklin Lakes, USA) anti-mouse antibodies in the dark for 

15 min at 4°C; they were then washed with a fluorescence-activated cell sorting 

(FACS) buffer. Flow cytometry was performed with an LSRII flow cytometer (BD 

Biosciences, Franklin Lakes, USA) using the DIVA software (BD Biosciences, Franklin 

Lakes, USA) as previously described [5, 6]. The gating strategy was as follows: the 

total BAL cells were first gated with forward scatter (FSC) and side scatter (SSC). The 

lymphocytes were gated from the total BAL cells based on the low FSC and low SSC 

within the CD45+ cluster. The mononuclear phagocytes (MonPh) were gated based 

on the higher FSC and/or SSC within the CD45+ cluster. From the MonPh cluster, the 

CD11c+Gr-1- population was sub-gated to differentiate resident macrophages (rAMs: 

CD11bhiSiglec-Fhi) and exudate macrophages (ExMAs: CD11bhiSiglecFlow). From the 



MonPh cluster, the CD11c-Gr-1+ population was sub-gated to identify neutrophils (GR-

1+Ly6Ghi) and monocytes (GR-1+Ly6G-). 

Multiplex assay 

A custom-made mouse magnetic bead-based multiplex assay was used to analyse the 

levels of selected inflammatory mediators in BAL fluid (BALF) according to the 

manufacturer's protocol (R&D Systems, Minneapolis, USA). For the experiments, 

BALF was used after sedimentation of the cells by centrifugation at 300g for 10 min at 

4°C). The assay was conducted using the Bio-Plex 200 instrument (Bio-Rad 

Laboratories GmbH, Feldkirchen, Germany) and analysed with the Bio-Plex Manager 

software (Bio-Rad Laboratories GmbH, Feldkirchen, Germany).  

In vivo hemodynamics, echocardiography, histology and micro-computed 

tomography (µCT)  

Pulmonary vascular function was determined by in vivo haemodynamics using a Millar 

catheter (Model SPR-671 pressure catheter; Millar Instruments, Inc.; Houston, USA) 

and the PowerLab system with the LabChart 7.0 software (ADInstruments GmbH, 

Oxford, UK) [7]. Transthoracic echocardiography was performed using a VEVO770 or 

VEVO2100 system (Visualsonics, Toronto, Canada) [1].   

For histological analysis, paraffin blocks were cut in 3μm sections, de-paraffinised, 

rehydrated, and stained with haematoxylin and eosin (H&E), following routine 

protocols. Septal wall thickness and mean linear intercept were assessed on H&E-

stained slides using uniform random sampling and the Qwin alveolar morphometry 

software (Leica Microsystems, Wetzlar, Germany) as previously described[8]. 



In vivo µCT images were acquired using a Quantum GX micro-CT scanner 

(PerkinElmer, Waltham, USA) in mice under isoflurane anaesthesia. Reconstructed 

volumes were loaded into the Analyze Pro software (Analyze Direct, Overland Park, 

USA) and processed by a single observer. Lung segmentation and quantitative 

analysis of the CT density and functional residual capacity were performed as 

described previously [7]. 

In vivo lung function measurements 

Measurements of in vivo lung function parameters were performed as previously 

described  [9, 10] using the FlexiVent system equipped with an FX2 module (SCIREQ 

Scientific Respiratory Equipment Inc., Montreal, Canada) at a positive end-expiratory 

pressure (PEEP) of 3 cm H2O, following the manufacturer’s recommendations. Before 

the lung function measurement, deep inflation was performed by inflating the lung with 

air up to a pressure of 40 cm H2O (from initially 3 cm H2O) over 3 sec and then holding 

at 40 cm H2O for an additional 3 sec [11]. This manoeuvre recruited closed lung areas, 

and the lung volume history was standardised [11-13]. The deep inflation manoeuvre 

was also used to determine the total inspiratory capacity. The overall respiratory 

system resistance, a single compartment model perimeter, was measured using a 

single frequency forced oscillation (SnapShot-150) perturbation as previously 

described [12]. The static compliance measurement was calculated from a respiratory 

pressure-volume (P-V) loop as previously described[12, 14]. The P-V manoeuvre 

included stepwise lung inflation through eight steps of increasing pressure from 3 to 

40 cm H2O with a 1-sec hold at each step. It was similarly followed by stepwise 

deflation back to the PEEP pressure of 3 cm H2O. The whole manoeuvre lasted 16 

sec. The P-V loop was constructed by recording volume changes and plotting it with 

pressure values at each holding step  [12, 14]. The FlexiVent software automatically 



calculated the lung function parameters associated with a perturbation. The software 

also provided a coefficient of determination (COD), which reflects the fit of the 

mathematical model to the dataset. Each dataset with an insufficient COD was labelled 

and excluded by the software as previously described [12]. The results were presented 

as an average of at least three repeated measurements with the COD above 0.90. 

Exposure of mice to conventional cigarette smoke (CS) 

Adult mice were exposed to mainstream smoke from 3R4F cigarettes (Kentucky 

University, Lexington, USA) produced by a smoke generator (Burkhart, Wedel, 

Germany) at a concentration of 140mg particulate matter/m3 for 6 h as in [8, 9]. The 

blood samples to measure nicotine and cotinine concentration were taken immediately 

after removing the animals from the smoking chamber. 

Plasma nicotine and cotinine concentration 

Plasma nicotine and cotinine concentrations were measured after exposure of mice to 

ECV or CS for 6 h by liquid chromatography with tandem mass spectrometry by ABS 

Laboratories (Welwyn Garden City, UK). The samples to measure nicotine and cotinine 

concentration were taken immediately after removing the animals from the exposure 

chamber. Under deep anaesthesia with ketamine (100mg/kg body weight, i.p.) and 

xylazine (20mg/kg body weight, i.p.) after anticoagulation with heparin (2,500U/kg body 

weight), abdominal cavity of the mouse was opened and a blood sample was taken 

from abdominal aorta. Then the blood samples were centrifuged at 2000 g for 10 min 

(4°C). 

Immunohistochemistry 



Paraffin-embedded mouse lungs were cut into 3μm thick sections, deparaffinised and 

rehydrated following standard protocols. Antigen retrieval was performed using the 

Rodent Decloaker solution (Biocare Medical LLC, Pacheco, USA), and unspecific 

binding was blocked with a 10% BSA solution. The slides were incubated with primary 

antibodies (CD45: ab10559, Abcam Cambridge, UK; dilution 1:200 and CD3: #RBK 

024-05, Zytomed Systems GmbH, Berlin, Germany; dilution 1:200) diluted in antibody 

diluent (Zytomed Systems GmbH, Berlin, Germany) overnight at 4°C. A ZytoChem 

Plus phosphatase polymer kit (Zytomed Systems GmbH, Berlin, Germany) and Warp 

Red Chromogen substrate kit (Zytomed Systems GmbH, Berlin, Germany) were used 

to visualise the staining according to the manufacturer’s protocols. Counterstaining 

was performed with CAT Haematoxylin solution (Biocare Medical LLC, Pacheco, 

USA). The number of cells was determined in randomly selected fields using the Qwin 

software (Leica Microsystems, Wetzlar, Germany).  
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Supplementary Figure 1. Effect of in vitro ECVE or NF ECVE exposure on metabolic activity,  cell confluence, 
PCNA protein expression and migration.
a) Cell metabolic activity of human epithelial cells from A549 cell line (n=5) after exposure to different concentrations 
of either nicotine-free e-cigarette vapour extract (NF ECVE), nicotine-containing e-cigarette vapour extract (ECVE) or 
conventional cigarette smoke extract (CSE). Data are presented as percent of control.  Significant p-values in compari-
son to control.  b) Protein expression of PCNA normalised to expression of β-actin in mPASMC exposed to either 15% 
NF ECVE or 15 % ECVE (n=3). c-d) Cell confluence (n=4 each) of mPASMC and hPAMSC exposed to either NF 
ECVE, ECVE or CSE. e, f) Wound confluence (% of confluence at 0h) of mPASMC (e i, n=10) and hPASMC (f i, n=5) 
after exposure to either 15% NF ECVE, 15% ECV, 5% CSE or control. Depicted are representative pictures of wound 
healing assays, used for determination of cell migration (e ii, f ii). Scale bars 300μm. g) Dead cell counts (n=4 each) 
for mPASMC and hPAMSC exposed to either NF ECVE, ECVE or CSE. 
Controls were treated with medium without ECVE, NF ECVE or CSE. n for mPASMC, and hPASMC represent inde-
pendent cell isolations per group, n for A549 cells represent independent experiments per group. Statistical analysis 
was performed by one-way ANOVA with Tukeys post hoc-test. Data are presented as mean ± SEM.
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Supplementary Figure 2. Effect of in vitro ECVE or NF ECVE exposure on cytotoxicity and apoptosis.
a-e) Cytotoxicity assays of primary mouse ATII cells (a, mATII, n=3), A549 cells (b, n=3), HBEpC (c, n=3), primary 
mPASMC (d, n=3), and primary hPASMC (e, n=3). f-j) Apoptosis assays of mATII cells (f, n=5), A549 cells (g, n=4), 
HBEpC (h, n=4), mPASMC (i, n=4), hPASMC (j, n=4). Cells were either exposed to nicotine-free e-cigarette vapour 
extract (NF ECVE), nicotine-containing e-cigarette vapour extract (ECVE) or conventional cigarette smoke extract 
(CSE). k) Kinetics of apoptosis in mPASMC exposed to 50% and 100% CSE (n=4).
Controls were treated with medium without ECVE, NF ECVE or CSE. n for mATII cells, mPASMC, and hPASMC repre-
sent independent cell isolations per group, n for A549 cells and HBEpC represent independent experiments per group. 
Statistical analysis was performed by one-way ANOVA with Tukeys post hoc-test. Significant p-values in comparison 
to CSE are presented. Data are presented as mean ± SEM.
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Supplementary Figure 3. Gene expression patterns of ECVE- or NF ECVE-exposed cells from real-time 
PCR and microarray analyses. 
a, b) Real-time PCR analysis of mRNA expression of Mmp9, Nos2, Bcl2, Ccna1, Timp3 and Traf1 in primary 
mouse mATII cells (a, n=5) and primary mPASMC (b, n=4-5) after exposure to either 15% nicotine-free e-cigarette 
vapour extract (NF ECVE) or 15% nicotine-containing e-cigarette vapour extract (ECVE). Data are presented as 
fold change compared to respective untreated controls. Statistical analysis was performed by Student’s t-test. 
Data are presented as mean ± SEM. 
c-f) Volcano plots of microarray analyses from primary mATII cells (c, d, n=8) and mPASMC (e, f, n=8) exposed 
to 15% NF ECVE or 15% ECVE. The y-axis [-log10(p value)] displays the significance level and the x-axis [log2 
(fold-change)] the fold change compared to control. Controls were treated with medium without ECVE or NF 
ECVE. n represents independent cell isolations per group.
Abbreviation: Abhd6 – abhydrolase domain containing 6; Ankrd13d – ankyrin repeat domain 13 family, member 
D; Apaf1 – apoptotic peptidase activating factor 1; Atp6v1b2 – ATPase, H+ transporting, lysosomal V1 subunit B2; 
Atp9b – ATPase, class II, type 9B; Atrx – alpha thalassemia/mental retardation syndrome X-linked homolog 
(human); Bcl-2 – B-cell lymphoma 2; Bhlhe40 – basic helix-loop-helix family, member e40; C77080 – expressed 
sequence C77080; Camk2b – calcium/calmodulin-dependent protein kinase II, beta; Ccdc68 – coiled-coil domain 
containing 68; Ccna1 – Cyclin A1; Cenpn – centromere protein N; Cpeb1 – cytoplasmic polyadenylation element 
binding protein 1; Ctsk – cathepsin K; Dcaf5 – DDB1 and CUL4 associated factor 5; Dnajc12 – DnaJ (Hsp40) 
homolog, subfamily C, member 12; Dpp7 – dipeptidylpeptidase 7; Dzip1l – DAZ interacting protein 1-like; Elk4 – 
ELK4, member of ETS oncogene family; Evpl – envoplakin; Fbrs – fibrosin; Fbxo10 – F-box protein 10; Fndc3a – 
fibronectin type III domain containing 3A; Fnip2 – folliculin interacting protein 2; Gltscr1l – glioma tumor suppres-
sor candidate region gene 1-like; Grk4 – G protein-coupled receptor kinase 4; Kazn – kazrin, periplakin interacting 
protein; Kif15 – kinesin family member 15; Lgals3 – lectin, galactose binding, soluble 3; Mdm4 – transformed 
mouse 3T3 cell double minute 4; Mmp9 – matrix metalloproteinase 9; Mrgbp – MRG/MORF4L binding protein; 
Nampt – nicotinamide phosphoribosyltransferase; Nanog – Nanog homeobox; Nos2 – nitric oxide synthase 2; 
Pde4d – phosphodiesterase 4D, cAMP specific; Ppp1r18 – protein phosphatase 1, regulatory subunit 18; Prss36 
– protease, serine, 36; Pyy – peptide YY; Rell2 – RELT-like 2; Rmrp – RNA component of mitochondrial RNAase 
P; S100pbp – S100P binding protein; Sorbs3 – sorbin and SH3 domain containing 3; Spata7 – spermatogenesis 
associated 7; Stat5a – signal transducer and activator of transcription 5A; Steap3 – STEAP family member 3; 
Syngr1 – synaptogyrin 1; Timp3 – tissue inhibitor of metalloproteinase 3; Tmco3 – transmembrane and coiled-coil 
domains 3; Tmed7 – transmembrane emp24 protein transport domain containing 7; Traf1 – TNF receptor-associ-
ated factor 1; Ttll4 – tubulin tyrosine ligase-like family, member 4; Uap1l1 – UDP-N-acetylglucosamine pyrophos-
phorylase 1-like 1; Zfp654 – zinc finger protein 654.
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Supplementary Figure 4. Comparison of gene expression patterns of mouse alveolar epithelial type II cells (mATII) 
exposed to ECVE or NF ECVE from microarray analyses.
a-i) Correlation of mRNA transcript expression of microarray data between primary mATII cells either exposed to 15% 
nicotine-free e-cigarette vapour extract (NF ECVE) or 15% nicotine-containing e-cigarette vapour extract (ECVE). Controls 
were treated with medium without ECVE or NF ECVE. Data show all measured mRNA transcripts (a), or the subsets of the 
data from genes being annotated to KEGG pathways: “Drug metabolism – cytochrome” p450 (b), “Steroid hormone biosyn-
thesis” (c), “Glutathione metabolism” (d), “Metabolic pathways” (e), “Focal adhesion” (f), “Endocytosis” (g) “Oxidative phos-
phorylation” (h), and “Protein export” (i). The colour of the points indicates the spatial density of the values (lowest density 
is black, highest density is yellow). The densities were obtained using a 2-dimensional Gaussian kernel estimator. The 
colouring visualizes the inner structure of dense clouds of overplotted points. “Up” and “Down” indicate up- or downregula-
tion of the majority of respective mRNA transcripts in the specific pathway. n.s., not significant changes. Data are derived 
from n=8 independent cell isolations per group.
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Supplementary Figure 5. Comparison of gene expression patterns of mouse pulmonary arterial smooth 
muscle cells (mPASMC) treated with ECVE or NF ECVE from microarray analyses.
a-j) Correlation of mRNA transcript expression of microarray data between primary mPASMC cells either exposed to 
15% nicotine-free e-cigarette vapour extract (NF ECVE) or 15% nicotine-containing e-cigarette vapour extract 
(ECVE). Controls were treated with medium without ECVE or NF ECVE. Data show measured mRNA transcripts (a), 
or the subsets of the data from genes being annotated to KEGG pathways: “Metabolic pathways”(b), “Glycolysis/Glu-
coneogenesis” (c), “Phagosome” (d), “Cell cycle” (e), “Lysosome” (f), “Spliceosome” (g) “Focal adhesion” (h), “RNA 
transport” (i) and “Steroid hormone biosynthesis” (j). The colour of the points indicates the spatial density of the values 
(lowest density is black, highest density is yellow). The densities were obtained using a 2-dimensional Gaussian 
kernel estimator. The colouring visualizes the inner structure of dense clouds of overplotted points. “Up” and “Down” 
indicate up- or downregulation of the majority of respective mRNA transcripts in the specific pathway. n.s., not signifi-
cant changes. Data are derived from n=8 independent cell isolations per group.
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Supplementary Figure 6. Effect of long-term in vivo exposure to ECV or NF ECV on immune cell composi-
tion of bronchoalveolar lavage (BAL).
a) Flow cytometry gating strategy. First, the total BAL cells were gated with forward scatter (FSC) and side scatter 
(SSC). From the total BAL cells, the lymphocytes were gated based on  low FSC and low SSC within the CD45+ 
cluster. The mononuclear phagocytes (MonPh) were gated based on the higher FSC and/or SSC within the CD45+ 
cluster. From the MonPh cluster, the CD11c+Gr-1- population was sub-gated to differentiate resident macrophages 
(rAMs: CD11bhiSiglec-Fhi) and exudate macrophages (ExMAs: CD11bhiSiglec-Flow). From the MonPh cluster, the 
CD11c-Gr-1+ population was sub-gated to identify neutrophils (GR-1+Ly6Ghi) and monocytes (GR-1+Ly6G-). 
b) Representative flow cytometry plots of the bronchoalveolar lavage (BAL) from mice exposed to either 
nicotine-free e-cigarette vapour (NF ECV) or nicotine-containing e-cigarette vapour (ECV) for 8 months. Control 
animals received room air only. 
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Supplementary Figure 7. Multiplex analysis of bronchoalveolar lavage fluid (BALF).
a-d) Analysis of multiplex immunoassay screening for cytokines (a), chemokines (b), other pro-inflammatory mediators 
(c) and matrix metalloproteinases (d) in BALF from mice exposed to either nicotine-free e-cigarette vapour (NF ECV) 
or nicotine-containing e-cigarette vapour (ECV) for 8 months. Control animals were treated with room air only. 
Statistical analysis was performed by one-way ANOVA with Tukeys post hoc-test. n=10 mice per group. No significant 
differences could be observed between the Control, NF ECV and ECV groups. 
Abbreviation: CCL – (C-C motif) ligands; CRP – c reactive protein; EMMPRIN – extracellular matrix metalloproteinase 
inducer; GF - CSF – granulocyte-macrophage colony-stimulating factor; IL – Interleukin; IFN-γ – interferon gamma; 
MMP – matrix metalloproteinase;TNF-α - tumor necrosis factor alpha.
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Supplementary Figure 8. Effect of long-term in vivo exposure to ECV or NF ECV on  nicotine, cotinine concentrations 
and on hematocrit. 
 a, b) Concentrations of nicotine (a) and cotinine (b) in the plasma of mice exposed to nicotine-free e-cigarette vapour (NF ECV) 
or nicotine-containing e-cigarette vapour (ECV) for 6h (n=5). c) Nicotine and cotinine concentration in the plasma of mice 
exposed to conventional CS for 6h (n=6). d) Mouse weight during the time course of exposure to NF ECV or ECV for 8 months.  
n=12 mice per group. e) Hematocrit (n=9-12) of mice exposed to NF ECV or ECV for 8 months. Control animals were treated 
with room air only. Statistical analysis was performed by one-way ANOVA with Tukeys post hoc-test. Data are presented as 
mean ± SEM. 
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