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Abstract

E-cigarette, or vaping product use-associated lung injury (EVALI), is a severe respiratory disorder 

that caused a sudden outbreak of hospitalized young people in 2019. Using cannabis oil containing 

vaping products, including vitamin E acetate contaminants, was found to be strongly associated 

with EVALI. However, the underlying tissue impacts of the condition are still largely unknown. 

Here, we focused on the vehicle cannabinoid oil (CBD oil) and contaminant vitamin E acetate 

(VEA) effects on airway epithelial cells. Primary human bronchial epithelial (HBE) cultures were 

exposed to e-liquid aerosols that contained CBD oil and VEA in combination or the common e-

liquid components PG/VG with and without nicotine. Cell viability analysis indicated dramatically 

increased cell death counts after three days of CBD exposure, and this effect was even higher after 

CBD+VEA exposure. Microscopic examination of the cultures revealed cannabinoid and VEA 

depositions on the epithelial surfaces and cannabinoid accumulation in exposed cells, followed by 

cell death. These observations were supported by proteomic analysis of the cell secretions that 

exhibited increases in known markers of airway epithelial toxicity, such as xenobiotic enzymes, 

factors related to oxidative stress response and cell death indicators. Overall, our study provides 

insights into the association between cannabinoid oil and vitamin E acetate vaping and lung injury. 

Collectively, our results suggest that the adherent accumulation of CBD oil on airway surfaces and 

the cellular uptake of both CBD oil- and VEA-containing condensates cause elevated metabolomic 

stress, leading to increased cell death rates in human airway epithelial cultures.
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Short Abstract

E-cigarette, or vaping product use-associated lung injury (EVALI), is a severe respiratory disorder 

that caused a sudden outbreak of hospitalized young people in 2019. Despite an association with 

cannabinoid containing vaping products, the underlying tissue impacts of the condition remained 

largely unknown. Our study reveals that the adherent accumulation of CBD oil on airway surfaces 

and the cellular uptake of CBD oil- and VEA-containing condensates cause elevated metabolomic 

stress, leading to increased cell death rates in human airway epithelial cultures.
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Introduction:

The long-term adverse health effects of smoking are severe and impose a large burden on 

affected individuals and society as a whole (Warren et al., 2014). While cigarette smoking 

has declined in the United States in recent years (Cornelius et al., 2020; U.S.D.H.H.S, 

2014), the use of electronic nicotine delivery systems (ENDS) is becoming increasingly 

popular (Azagba et al., 2020). The use of ENDS, particularly among younger people, has 

dramatically increased (up to 900%) (Murthy, 2016; Singh, Arrazola, et al., 2016) among 

former smokers and first-time users. ENDS are designed to aerosolize propylene glycol and 

glycerin e-liquids with nicotine and flavors for inhalation. However, using other substances 

in ENDS, such as cannabis, has become increasingly popular among younger ENDS users 

(Kenne et al., 2017; Miech et al., 2017; Singh, Kennedy, et al., 2016). A study by Morean et 

al. (Morean et al., 2015) found that 5.4% of high school students reported using cannabis in 

an e-cigarette.

In the second half of 2019, a dramatic increase in hospitalizations of mostly younger ENDS 

users approached epidemic levels, involving more than 2700 cases and resulting in over 

60 deaths by February 2020 (Hartnett et al., 2020). The condition described as e-cigarette 

or vaping product use-associated lung injury (EVALI) is a severe respiratory disorder. 

Radiological imaging of EVALI patients reveals diagnoses of pneumonia, eosinophilic 

pneumonia, and chemical lung injury (Henry et al., 2019; Lu et al., 2020). Analysis 

of products used by patients revealed that cannabis oil and tetrahydrocannabinol (THC) 

containing vaping products, particularly from informal sources, are linked to most EVALI 

cases (Duffy et al., 2020; Layden et al., 2020). Furthermore, a contaminant of these cannabis 

oil products, vitamin E acetate (VEA), was found to be strongly associated with EVALI 

(Blount et al., 2019), and vitamin E acetate was found in up to 50% of the total amount 

in 15 tested illicit market samples (Eisenberg et al., 2019). Even though VEA was found 

in various products and patient samples, its pathophysiological effects on lung damage in 

combination with cannabinoid oils are not well understood.

In the lungs, the airway epithelium and its mucosal surface are the first points of contact for 

inhaled substances, and they function to protect the airways from biological and chemical 

hazards (Kesimer et al., 2013). In this study, we utilized the well-established model of 
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primary human bronchial epithelial cultures (Fulcher et al., 2005) to study the effects of 

CBD oil and VEA containing ENDS aerosols in contrast to common e-liquid components. 

Experimental conditions were chosen to replicate real-life exposure scenarios, e.g. with a 

VEA portion of the e-liquid of up to 50%, as reported in the analysis of products used 

by EVALI patients (Eisenberg et al., 2019). To assess the impacts of EVALI-associated 

exposure on the airway epithelium, light microscopy imaging, cytotoxicity screening and 

proteomics were employed. The results from this study on various compound-specific 

toxicity effects lead to a better understanding of EVALI pathology.

Materials and methods:

Human bronchial epithelial cell isolation and culture:

Human bronchial epithelium cells were isolated from the main stem/lobar bronchi of 6 

human excess donors and excised recipient normal lung tissues were enzymatically digested 

following protocol #03–1396 approved by the University of North Carolina Biomedical 

Institutional Review Board. All methods were performed following relevant guidelines and 

regulations. Informed consent was obtained from all donors or authorized representatives of 

the donors. Cultures were used after 3–6 weeks of seeding.

Aerosol exposures:

Primary human bronchial epithelial cultures (HBECs) were isolated from 6 different normal 

donor lungs and grown in culture dishes. After confluence was reached (3–5 days), HBECs 

were maintained at an air-liquid interface (ALI) that generated polarized, well-differentiated, 

pseudostratified cultures resembling the in vivo mucociliary epithelium within 4 weeks 

(Pickles et al., 1998). Full-differentiated HBECs were cultured in 12-well (Ø 12 mm) culture 

inserts for 4 weeks and exposed in an exposure chamber apically as previously described 

(Clunes et al., 2008) to different PG/VG aerosol compositions or air for 3 consecutive days.

The exposures consisted of PG/VG (50%/50% vol/vol)-based aerosols that were generated 

using a Sigelei Fuchei 200 W Box Mod e-cigarette device with the default constant 

temperature setting at 450°F. A Uwell Crown stainless steel sub-tank was utilized and 

filled with 5 ml e-liquid per exposure session, and a 0.25-Ω SUS316 coil was used 

for aerosolization. The 4 investigated e-liquid compositions to generate aerosols were as 

follows: 1) PG/VG, 2) PG/VG containing 12 mg/ml (±)-nicotine (Sigma-Aldrich), 3) 50% 

PG/VG + 50% CBD oil (1000 mg Hemp Solution, Hemp Generation, Cary NC) (v/v) and 

4) 50% PG/VG + 25% CBD oil + 25% vitamin E acetate (Sigma-Aldrich) (v/v/v). The CBD 

oil and VEA to PG/VG ratios were chosen based on mixing guides (Velvet Cloud, 2018), 

and observed ratios of these components found in cannabinoid-containing vaping fluids used 

by EVALI patients (Duffy et al., 2020). Each exposure consisted of 10 × 70 ml puffs with 

30 second intervals between puffs. Aerosols and air puffs were applied apically, as depicted 

in Fig. 1. Apical and basal secretions were collected 2 h after a single exposure each day. 

On day 3, following the secretion collection, HBE cells were stained for viability assessment 

and analyzed using a TECAN fluorescence scanner.
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Cell viability assay:

The cell viability of HBE ALI cultures exposed to air with different aerosol compositions 

was assessed using calcein-AM propidium iodide labeling as described in Ghosh et al., 

2017 (A. Ghosh et al., 2017). Briefly, 2 h after 3 days of exposure, HBE culture secretions 

were collected in PBS, and cells were stained with 3 μM calcein AM (Life Technologies) 

in PBS apically and incubated for 30 min at 37°C. Then, the cells were washed with PBS 

and stained with 150 μM propidium iodide (Sigma-Aldrich) for 15 min at 37°C, which 

was followed by two PBS washes. The florescence intensities were quantified using an 

Infinite M1000 microplate reader (Tecan Trading AG). Fluorescence intensity scan were 

performed in technical triplicates and statistical significance was determined by Dunn’s 

multiple comparison test.

Confocal microscopy analysis:

HBE cultures were washed apically with PBS 2 h after exposure, and the basal culture 

medium was exchanged. ALI cultures were then imaged on their inserts using a Leica SP8 

confocal microscope (Leica Microsystems, Wetzlar, Germany) using ×10 and ×20 objective 

lenses. Fluorescent light fluorescence was acquired using a 405 nm diode laser with 

emissions collected from 410–550 nm. Microscopic analyses were performed in triplicates 

per exposure condition and representative images were selected for Figure 2 and 3.

Apical secretion proteomic analysis:

HBEC apical secretions were collected using 500 microliters of PBS per culture insert 

and were prepared for label-free quantitative proteomics. Proteomic sample preparation was 

performed using filter-aided sample preparation (FASP) (Wisniewski et al., 2009), including 

the reduction of cysteine residues by 10 mM dithiothreitol (Sigma-Aldrich) and alkylation in 

50 mM iodoacetamide (Sigma-Aldrich), followed by a trypsin digestion (25 ng/μl) overnight 

at 37°C. The peptides were vacuum freeze-dried and dissolved in 30 μl of 2% acetonitrile 

and 0.1% trifluoroacetic acid, and 5 μl was injected into each sample for chromatography 

tandem mass spectrometry (LC-MS/MS). LC-MS/MS analysis was performed utilizing a 

Q-Exactive (Thermo Scientific) mass spectrometer coupled to an Ultimate 3000 nano HPLC 

system (Thermo Scientific), and data acquisitions were performed as described in Kesimer et 

al. 2015 (Kesimer et al., 2015).

Proteomic data analysis:

The raw data were processed and searched against the UniProt protein database (Homo 

sapiens, April 2017) using Proteome Discoverer 1.4 (Thermo Scientific) software. The 

following parameters were used in the Sequest search engine: 10 ppm mass accuracy for 

parent ions and 0.02 Da accuracy for fragment ions; 2 missed cleavages were allowed. The 

carbamidomethyl modification for cysteines was set to fixed, and methionine oxidation 

was set to variable. Scaffold 4.7.5 (Proteome Software Inc.) was used to validate the 

MS/MS-based peptide and protein identifications by loading individual peptide fraction 

data search results into MudPIT (Multidimensional Protein Identification Technology) data 

files for each biological sample. Peptide identifications were accepted if they had greater 

than 95.0% probability by the scaffold local FDR algorithm. Protein identifications were 
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accepted if they had greater than 99.0% probability and contained at least 2 identified 

peptides. Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii 

et al., 2003). Proteins that contained similar peptides and could not be differentiated 

based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. 

The relative protein quantities are expressed as the total precursor intensities of all their 

assigned peptides. Statistical significance between the control and exposure groups was 

determined by Friedman’s nonparametric test and Dunn’s multiple comparison analysis. For 

quantification, the average protein intensities for 6 biological replicates were compared to 

determine protein level changes. Heatmap proteins were selected based on their post-2nd 

exposure relative abundance difference between PG/VG and PG/VG + CBD oil + VEA 

by the Wilcoxon signed rank test. The heatmap was generated using the software tool 

Heatmapper (Babicki et al., 2016).

Aerosol particle size analysis:

An eight-stage Sierra Series 210 Cascade Impactor (Sierra Instruments, Carmel Valley, CA) 

was operated with an airflow rate of 14 l/min to determine the particle size distributions. 

This flow rate is one of the recommended flow rates for operation and the stage cutoff 

sizes are clearly provided. The 50% collection efficiency for the impactor stages spans 

aerodynamic diameters from 0.15 to 13 μm at 14 l/min. Prior to each run, filter paper 

was weighed using a microbalance, and each filter’s weight and designated stage were 

recorded. A Sigelei Fuchai 213 box-mod device and Crown II tank were used at a 40 

W power setting to generate aerosols of 50:50 PG/VG, 50:50 PG/VG containing 50% 

CBD, or 50:50 PG/VG containing 25% CBD and 25% vitamin E acetate (VEA). Each 

aerosol test was conducted within a chemical fume hood and began with 10 seconds of 

ambient air followed by a single 5-second puff and then an additional 10 seconds of 

ambient air. Following each test, filter papers were weighed a second time to assess particle 

deposition at each stage, and masses were then used to calculate the aerosol particle mass 

median aerodynamic diameter (MMAD) and the geometric standard deviation (GSD). The 

MMAD and GSD were calculated using the probit method as previously described by Hinds 

(Hinds). Accordingly, the probit method plots the cumulative mass percent versus the related 

mean cutoff diameter of each stage of the impactor on a log probability graph. Thus, the 

aerodynamic diameter associated with a cumulative count of 50% (d50%) corresponds to 

MMAD, while GSD is estimated. Samples were analyzed in triplicate repeats and ANOVA 

statistical analysis was performed to compare aerosol MMADs.

Cannabinoid chemical analysis:

A certified reference standard containing 1 mg/ml each of (−)-Δ9-THC, cannabinol (CBN) 

and cannabidiol (CBD) in methanol was purchased from Cerilliant (Round Rock, TX). The 

internal standard CBD-d9 (1 mg/mL in methanol) was purchased from Cayman Chemical 

(Ann Arbor, MI). Hemp oil samples were diluted 1:2000 in 1:1 methanol: water, centrifuged 

at 4,000 rpm for 20 min, and analyzed using a Thermo TSQ Quantum Ultra triple 

quadrupole mass spectrometer coupled to a Waters Acquity UPLC system. A 50 × 2.1 

mm Phenomenex Kinetex EVO C18 column with a 2.6 μm particle size maintained at 40°C 

was used for analysis. A gradient elution scheme was used for compound separation, where 

eluent A was 5% methanol in water with 0.1% acetic acid and eluent B was 5% methanol 
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in acetonitrile with 0.1% acetic acid: 60% A from 0 to 0.7 min, 60% A to 10% A from 

0.7 to 2.1 min, 10% A from 2.1 to 2.5 min, 10% A to 60% A from 2.5 to 2.6 min, and 

60% A from 2.6 to 4 min. Selected reaction monitoring was used in negative ion mode with 

the following precursor-to-product ion transitions and collision energies for detection and 

quantitation: m/z 313 > 245 and m/z 313 > 191 for CBD and THC (26 V), m/z 322 > 254 for 

CBD-d9 (internal standard) (27 V), and m/z 309 > 279 for CBN (30 V).

Results:

EVALI is strongly associated with the vaping of cannabinoids. To investigate how aerosols 

that contain cannabinoid oil and the contaminant vitamin E acetate may impact airway 

surfaces, we exposed primary HBECs established from six nonsmoker donors to different 

aerosol compositions or air on three consecutive days (Fig. 1) and analyzed the airway 

epithelial viability, morphology and apical secretion composition, in addition to aerosol 

particle size.

Cannabinoid oil compound analysis:

To verify the amounts of the most common cannabinoids in the CBD oil used for 

exposures, we subjected CBD oil samples to LC-MS/MS analysis and used (labeled) 

standards for quantification. Supplementary Fig. 1 shows the representative chromatograms 

of the cannabinoid oil components cannabidiol (CBD), tetrahydrocannabinol (THC) and 

cannabinol (CBN). The quantification results of these 3 compounds using standard curves 

are presented in Suppl. Figure 2 and Suppl. Table 1. The measured amounts of CBD (26.2 

± 1.6 mg/ml), THC (1.90 ± 0.46 mg/ml) and CBN (63.9 ± 18.5 μg/ml) were within ranges 

provided the manufacturer and therefore classify the products as a hemp or cannabinoid oil.

Cannabinoid oil and vitamin E acetate aerosol condensates accumulate in and on airway 
epithelial cells and lead to cell death:

Following cannabinoid oil and VEA-containing aerosol exposure, HBECs were examined 

daily by light microscopy. Figure 2 shows the microscopic images of HBECs 22 h after 

the first aerosol exposure and two hour prior to the 2 day exposures. In the overview 

examination using a x 10 objective lens, we observed confluent and homogeneous cell layers 

for the air- and PG/VG plus nicotine-exposed cultures (Fig. 2A and C). In contrast, CBD oil-

exposed cultures and CBD oil plus VEA-exposed cultures showed apparent accumulation of 

visible condensation droplets on the apical surface of HBECs (Fig. 2 D and E). Only the 

VEA-exposed culture surfaces showed smaller droplet accumulations 22 h after exposure 

(the white arrow in Fig. 2E) that were distinct and smaller in size than the droplets observed 

on HBE cultures exposed to CBD oil aerosol alone (the black arrow in Fig. 2D). HBECs 

exposed to PG/VG-only aerosol displayed no apparent accumulation of such droplets but 

presented a less homogenous cell layer than that of the air controls and PG/VG+N-exposed 

cultures.

To acquire information on the contents of the observed aerosol condensate droplets by 

light microscopy (Fig. 3), we took advantage of the known fluorescent properties of 

cannabinoids that show an excitation maximum wavelength of approximately 370 nm and 
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an emission maximum wavelength of approximately 420 nm (Dienyssiou-Asteriou & Miras, 

1975). PG/VG alone showed no visible fluorescence at 370 nm excitation and 420 nm 

emission wavelengths compared to that of the acetonitrile solvent. PG/VG CBD oil had 

the highest fluorescence signal, and PG/VG CBD oil + VEA showed roughly half of 

that intensity, which agrees with the result of containing 50% less cannabinoid oil. We 

then microscopically examined HBECs two hours after the 2nd day of exposure by using 

fluorescent light to identify the accumulation of cannabinoids. Using UV laser excitation 

and an emission window of 410–550 nm, the rounded culture areas visibly distinct in 

transmission light after CBD oil exposure also showed a fluorescence signal (Fig. 3A 

and B). Prior to the microscopy fluorescence imaging, we measured the fluorescence of 

our exposure e-liquids PG/VG, PG/VG CBD oil mix and PG/VG CBD oil VEA mix, 

each diluted 1:10 in acetonitrile using a plate reader fluorescence scanner (Fig. 3C). In 

addition to the HBECs areas that formed rounded and dome-shaped areas with a centric 

fluorescence signal, fluorescence was also detected within smaller surface accumulation 

droplets on the PG/VG+CBD+VEA-exposed cultures (Fig. 3D–F). The culture areas with 

cannabinoid fluorescence signal accumulation also displayed cell density and morphology 

loss (Fig. 3A, D and F). These visual indications of the viability decreased in the cultures 

exposed to PG/VG+CBD and PG/VG+CBD+VEA after 2 day exposures were confirmed by 

life/death staining assays, which showed high cell death rates of approximately 45% and 

60%, respectively, after 3 day exposures, as opposed to the 1% to 3% rates seen in the other 

exposure conditions (Fig. 4).

To investigate whether the toxicity of the CBD oil- and VEA-containing aerosols could 

be related to a difference in aerosol deposition due to aerosol particle sizes, we analyzed 

the particle sizes of CBD oil-, VEA-containing and PG/VG-alone aerosols (Suppl. Fig. 3). 

This analysis showed that the aerosol particles of the compared compositions did not have 

significantly different sizes.

Cannabinoid oil and vitamin E acetate aerosols impact the integrity of the airway epithelial 
cell layer and change the protein composition of the apical surface liquid:

To investigate the impacts CBD oil- and VEA-containing aerosols have on the integrity 

and homeostasis of airway epithelium in more detail, we analyzed the apical secretions of 

aerosol-exposed HBECs by label-free quantitative proteomics. Samples were collected every 

day 2 h after consecutive daily exposures and analyzed by LC-MS/MS. By setting a peptide 

confidence interval of 95% and requiring a minimum of 2 assigned peptides per protein, 

our proteomic analysis of HBEC apical secretions identified a total of approximately 2000 

proteins across all analyzed samples (Supplementary Data). For an initial assessment of 

the impact of the different exposures on the secretion composition, the number of uniquely 

identified proteins per group was compared using Venn diagrams (Fig. 5). Since all aerosols 

used in this study contained at least 50% PG/VG, we first evaluated the global proteome 

changes induced by PG/VG alone and PG/VG containing 12 mg/ml nicotine (Fig. 5A). 

281 unique proteins were identified in the secretions from HBECs exposed to PG/VG 

aerosol post day 1 exposure, with some overlap of the uniquely identified proteins in 

the PG/VG+N exposed cultures. This overlap increased after consecutive exposures and 

displayed the highest numbers of uniquely identified proteins that were shared between 
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PG/VG and PG/VG+N post-2 day (310 proteins) and post-3 day (286 proteins) exposures 

(Fig. 5A). To discriminate between effects of CBD oil- and VEA-containing aerosols from 

the baseline effects seen by PG/VG alone, the numbers of uniquely identified proteins from 

these three groups were presented in Figure 5B. The largest number of unique proteins 

was identified in the PG/VG group after the day 1 exposure. However, there was a shift 

toward highest unique proteins numbers after the 2 day and 3 day exposures in the PG/

VG+CBD+VEA (and PG/VG overlapping) identifications. This trend also indicates that the 

set of proteins that appeared in the apical secretions in response to PG/VG+CBD+VEA 

over days 2 and 3 is different from the PG/VG set of unique proteins. To gain some insight 

into the functional differences of the unique protein sets after PG/VG alone and VEA, we 

performed a PANTHER (Thomas et al., 2003) protein classification analysis (Suppl. Fig. 4). 

This analysis indicated that there were several shifts regarding the representation of protein 

classes between the PG/VG alone and VEA-containing exposures. For the VEA-exposed 

cultures, these shifts include reductions in IDs among protein modifying enzymes and 

transmembrane signal receptors and strongly increased numbers of translational proteins and 

nucleic acid metabolism proteins compared to that of PG/VG alone.

To examine whether the increased presence of cytosolic proteins in the apical secretions 

of exposed cultures was accompanied by the loss of epithelial integrity, we quantified the 

apical abundance of two proteins that are exclusive to the basolateral culture medium and 

not expressed by HBECs. Accordingly, serotransferrin (TF) and serum albumin (ALB) were 

significantly increased in apical secretions of VEA-exposed cultures after 2 day exposures 

and in CBD oil and VEA after 3 day exposures, signifying an epithelial barrier loss that 

was not observed among the other exposure groups (Fig. 6). This result largely parallels the 

cytotoxicity assessment, in which increased cell death rates were detected after the day 3 

CBD oil (45%) and VEA (60%) aerosol exposure, significantly contributing to this leakage 

(Fig. 4).

The extracellular presence of cytosolic metabolism enzymes is often utilized as a measure 

to assess cytotoxicity. Fig. 7 shows the intensities of two commonly employed cytotoxicity 

markers, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and lactate dehydrogenase 

(LDH), across all conditions and exposure days. GAPDH and LDH displayed significantly 

increased levels after the day 3 exposure to PG/VG and PG/VG+N, while CBD and VEA 

exposures led to peak extracellular levels of these enzymes after the day 2 exposure, 

indicating that there was an earlier toxicity impact.

To visualize the aerosol exposure-dependent changes in the protein abundances of the apical 

lining fluid, a heatmap was generated (Fig. 8). The heatmap contains the set of proteins that 

demonstrated significantly changed levels after VEA exposure compared to that of PG/VG 

alone following the 2 day exposures. This representation illustrates that there are clusters 

of proteins that display similar abundance changes among exposures as well as clusters of 

proteins with very exposure-specific changes. Three of these clusters are highlighted by 

rectangles in Figure 8 that are labeled I, II and III. Cluster I comprises proteins that are 

particularly increased after CBD exposure compared to that of all other groups, although 

it has some similarity to VEA exposure. A STRING protein interaction network analysis 

of this protein subset included the following distinct pathways: glycan degradation and 
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carbon metabolism (Suppl. Fig. 5). Cluster II represented the largest group of proteins with 

decreased levels in the CBD- and VEA-exposed cultures. The STRING analysis focused on 

cellular localization indicated that the majority (39 of 60) of the proteins in this cluster were 

typically extracellular (Suppl. Fig. 6), which highlighted a general trend of reduced protein 

apical secretion after CBD and VEA exposure.

Figure 9 shows the relative abundances of the following exemplary secreted airway 

epithelial proteins: BPI fold containing family B member 1 (BPIFB1), mucin 4 (MUC4), 

galectin 3 binding protein (LG3BP) and secretory leukocyte peptidase inhibitor (SLPI), all 

of which displayed significant reductions after CBD and VEA 2 day exposures.

Cluster III of the heatmap (Fig. 8) contains proteins with similarly increased levels after 

VEA aerosol exposure that comprise glycolytic and amino acid biosynthesis enzymes, 

as well as ribosomal proteins (Suppl. Fig. 7). The strong presence of ribosomal and 

mitochondrial proteins after the 2nd VEA aerosol exposure was distinct from all other 

groups, including CBD exposures. Among the sets of proteins that showed significant 

increases after the 2nd CBD exposure were detoxification and redox balance enzymes such 

as glutathione S-transferase P1 (GSTP1) and superoxide dismutase 1 (SOD1) as well as the 

xenobiotic target protein (SELENBP1) (Fig. 10).

Discussion:

The causative pathological mechanisms in EVALI are still largely unknown; however, the 

use of cannabinoid oil containing vaping products and the contaminant vitamin E acetate 

were found to be strongly associated with EVALI (Duffy et al., 2020; Layden et al., 2020). 

Since in the past neither nicotine vaping nor the use of THC had been described to cause 

acute lung injuries as observed in EVALI, and largely varying amounts of Delta9-THC 

detected in product samplings of EVALI cases (Guo et al., 2021), we focused our study 

on freely available CBD oil that contains the same most common carrier solvent (medium-

chain triglycerides oil) for cannabinoids as is the case for THC vaping products. Since the 

cannabinoid vaping liquid additive vitamin E acetate has been shown to be highly associated 

with EVALI (Blount et al., 2020), we aimed our airway epithelial toxicity analyses on these 

two major common components identified in EVALI cases. VEA alone was not tested to 

replicate real-life exposure scenarios, since pure VEA aerosols have a much smaller particle 

size than PG/VG aerosols (Mikheev et al., 2020), which affects its deposition to cell surfaces 

and thereby would have compromised the comparability of our measured outcomes, also 

in regards to real-live exposure. First, we analyzed the composition of the cannabinoid oil 

used in our aerosol exposure contaminants (Suppl. Fig. 1, 2, and Suppl. Table 1). These 

analyses confirmed that the amounts of CBD, CBN and THC were within the ranges of 

concentrations provided by the manufacturer and ensured that the potential observed effects 

were independent of THC.

To gain insights into the pathological effects of cannabinoid oil vaping on the airways, we 

exposed human airway epithelial cultures to PG/VG aerosols containing cannabinoid oil 

and VEA (Fig. 1). Our studies revealed several novel insights. First, 24 h after exposure, 

CBD oil- and VEA-containing aerosol condensates accumulated on the surface of HBECs, 
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in contrast to no visible accumulations of the common e-liquid PG/VG (Fig. 2). This 

observation agrees with findings by Blount et al. who detected vitamin E acetate in 

bronchoalveolar lavage fluids in 94% of their EVALI cohort (Blount et al., 2019). Indeed, 

we were able to observe oily droplet accumulations prior to the day 2 exposures and the 

daily apical wash of the airway surface, which indicated that accumulations persisted at least 

24 h after exposure and may contribute to the EVALI pathology.

In fact, our imaging analysis post 2-day exposures shows that HBECs contained CBD oil 

after aerosol exposure, which led to the affected fluorescent areas of the cultures swelling 

and displaying nonuniform cells and confluence reduction (Fig. 3). These indications of 

nonhealthy cell areas ultimately resulted in high levels (~45%) of cell death after day 3 (Fig. 

4). A similar decrease in cell viability of airway epithelial cell cultures was observed by 

Leigh et al. after exposure to propylene glycol based cannabidiol containing aerosols (Leigh 

& Goniewicz, 2020). Further, CBD+VEA exposed culture surfaces displayed cannabinoid 

fluorescence droplets. The addition of VEA may contribute to these droplets persisting on 

the apical surface (Fig. 3F). Cultures exposed to VEA-containing aerosols showed even 

higher levels of dead cells (~60%) after the third exposure (Fig. 4). A cellular uptake or 

absorption of aerosolized VEA has also been observed in human alveolar epithelial type 

II cells and lead to increased cell death (Matsumoto et al., 2020). These findings may 

indicate that airway epithelial cells can be overburdened with the clearance of hemp oil 

condensates, since lung tissue typically lacks the major cytochrome P450 metabolomic 

enzymes CYP2C19 and CYP3A4 that are involved in the breakdown of CBD as well as 

VEA (Zendulka et al., 2016).

In previous studies we have demonstrated that, our apical airway proteomic analyses 

correlate well with individual proteins measurements and are a valuable tool to globally 

assess toxicity effects of tobacco product use on the airways (Ghosh et al., 2017; 

Abdelwahab et al., 2020). To further characterize the effects of CBD and VEA aerosols 

on the airway surface, we collected apical lining fluid samples of HBE cultures daily 

two hours after exposure and analyzed the protein composition by LC-MS/MS. First, the 

results of this analysis unexpectantly showed that PG/VG aerosol-only exposures displayed 

an early impact on the number of changing proteins compared to that of air that was 

not mirrored by PG/VG+N exposures (Fig. 5A). This may be related to a nicotine effect 

that initially increases the permeability of the airway epithelial cell layer, which facilitates 

less PG/VG aerosol condensate accumulation on the apical surface. This hypothesis is 

supported by our relative quantification of the basal media; only the proteins albumin and 

serotransferrin showed increased apical leakage after nicotine-containing aerosol exposure 

(Fig. 6). Furthermore, this permeability-increasing effect of nicotine-containing PG/VG 

has also been observed by others (B. Ghosh et al., 2020). Furthermore, another important 

observation was made on the impact of PG/VG only exposures that showed relatively high 

numbers of uniquely identified proteins with intracellular origins. Since the observed protein 

number increases found in apical secretion were not accompanied by increased cell death 

rates (Fig. 4), these increases likely stemmed from PG/VG-induced cytosolic leakage, which 

has also been observed by others in the form of cell shrinkage (Woodall et al., 2020). 

In contrast, the apical secretome changes after CBD oil, particularly after CBD oil+VEA 

exposure (Fig. 5B), were associated with high cell death rates on day 3. This loss in cell 
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viability was indicated after the 2nd exposure by strong increases in translational and nucleic 

acid metabolism proteins in CBD and VEA samples that were absent from cultures exposed 

to PG/VG alone (Fig. 8 and Suppl. Fig. 4).

Since aerosol particle size measurements (Suppl. Fig. 6) did not indicate differences between 

PG/VG alone and CBD oil- or VEA-containing aerosols, the observed toxic effects are 

unlikely to be a result of changed deposition. Rather, the effects likely resulted from 

accumulations on and in the airway epithelium that led to cellular damage (Fig. 3). This 

cell damaging effect is demonstrated through the integrity loss of the epithelium shown by 

leakage of the basal media proteins albumin and serotransferrin after the second and third 

exposures (Fig. 6) and correlates with dramatic increases in dead cells after day 3 that are 

absent in the control groups such as PG/VG alone (Fig. 4).

This drop in viability of CBD- and VEA-exposed cultures on day 3 is also reflected in the 

reduced amounts of cytosolic proteins, such as GAPDH and LDHB, at day 3 compared 

to day 2 (Fig. 7), which was likely due to decreased protein synthesis. We concluded that 

the total cell numbers had already decreased substantially by day 3 in CBD and VEA 

treated cultures due to strong toxicity effects leading to overall lower protein levels than 

on day 2. While exposure to PG/VG resulted in cytosolic proteins, such as GAPDH or 

LDHB peaking at day 3 in the apical lining fluid of exposed HBECs (Fig. 7), PG/VG 

exposure did not result in significantly increased cell death (Fig. 4). These differential 

patterns of aerosol composition-specific protein level changes are further illustrated in 

the heatmap of Figure 8. Among several clusters in this heatmap, the following clusters 

that characterized different toxicity outcomes were significant: Group I included proteins 

with similar increases after CBD exposure that were associated with the processes of 

glycan degradation and carbon metabolism (Suppl. Fig. 6). Exposure to CBD aerosols was 

associated with increases in proteins that play a role in detoxification and redox stress (Fig. 

10), which have also been observed in response to cigarette smoke in airway secretions in 

vitro and in vivo (Abdelwahab et al., 2020; A. Ghosh et al., 2017; Reidel et al., 2018). In 

addition, CBD exposure also led to increases in proteins that are targets and responders to 

natural xenobiotics (Fang et al., 2009), such as SELENBP1 (Fig. 10C).

In contrast, Group II contained mitochondrial, ribosomal, and amino acid biosynthesis 

proteins that were similarly increased after VEA exposure (Suppl. Fig. 8). These results 

hint at the different toxicity effects of CBD alone and VEA on airway epithelial cells. 

The degradation of ribosomes and mitochondria and the release of intracellular content are 

features of necrosis (Cummings & Schnellmann, 2004; Marshall et al., 2014) that were 

not pronounced after CBD exposure at day 2 and may indicate accelerated cell death after 

VEA exposure. Group II indicated a general trend that was observable among both protein 

compositional changes of CBD and CBD plus VEA exposures versus the remaining control 

groups, which was a significant and broad decrease in major secreted proteins (Fig. 8 and 

9). Besides these proteomic cell viability decrease indicators, VEA exposure has also been 

shown to increase cysteinyl leukotrienes, such as LTC4 and LTE4 (Muthumalage et al., 

2020), which are potent bronchoconstrictors and stimulators of mucus secretion that may 

further exacerbate the EVALI condition. It should be noted that, the extend of toxicity 

effects of CBD oil and VEA vapors observed in our in vitro system may differ from the 
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severity in vivo, where additional protective mechanisms such as immune cell responses 

and mucociliary clearance are at work. Nonetheless, our analysis delivers insights towards 

the nature of the toxicity insults of the investigated exposures and thereby aids in the 

understanding of the pathological outcomes observed in patients.

Taken together, the microscopic imaging and cell viability outcomes observed are supported 

by the results of our proteomic analysis of HBEC apical lining fluid that showed dramatic 

changes in their protein compositions following CBD oil and VEA aerosol exposure. 

After 2 consecutive exposures to CBD- and VEA-containing aerosols in 24-h intervals, 

HBECs displayed cannabinoid material accumulation and severe cell layer displacement that 

resulted in high cell death rates by day 3. While VEA exposure displayed the strongest 

effect on airway cells and caused necrosis resembling proteome changes during cell death, 

CBD oil exposure alone also had strong impacts on airway epithelial cultures by reducing 

integrity and viability.

To our knowledge, this is the first study utilizing primary human bronchial epithelial 

cultures that demonstrates the airway surface effects of EVALI-associated ENDS aerosols 

and their cellular toxicity outcomes. Our study strengthens the hypothesis of a cumulative 

EVALI pathology of oxidative and metabolomic stress inducing CBD oil compounds and 

a toxic airway surface coating effect by VEA. Taken together, these airway epithelium-

damaging factors likely play significant roles in the overall EVALI pathology and build 

an argument to strongly advise against the inhalation of CBD oil containing e-liquids, 

particularly from ambiguous sources.
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Figure 1: Schematic of the experimental setup to investigate the impact of CBD oil and VEA 
containing e-cigarette aerosols:
Primary human bronchial epithelial cultures that were established from donor lungs and 

grown at the air liquid interface were exposed to air, and aerosols generated by a third 

generation ENDS device containing either PGVG, PG/VG + nicotine, PG/VG + CBD oil, 

or PG/VG + CBD oil + VEA in 3 exposure sessions with 24 h intervals. Poste-exposure 

HBE cultures were analyzed by light microscopy, cell viability assessment and secretion 

proteomics.
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Figure 2: Aerosolized CBD oil and VEA accumulate on HBEC apical surfaces pre day 2 
exposures.
Transmission light micrographs acquired from HBE culture inserts exposed to (A) air, 

(B) PG/VG, (C) PG/VG + nicotine, (D) PG/VG + CBD oil, and (E) PG/VG + CBD oil 

+ VEA. Representative images were collected from n=6 biological replicate cultures per 

exposure condition. The black arrow in (D) indicates droplet accumulation on PG/VG+CBD 

oil-exposed cultures. The white arrow in (E) indicates droplet accumulation on PGVG+CBD 

oil+VEA-exposed cultures. Scale bar = 200 μm.
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Figure 3: Aerosolized CBD oil and VEA accumulate on and in HBE cultures 2 h post day 2 
exposures.
HBE culture insert exposed to PG/VG plus CBD oil, (A) transmission light micrograph, (B) 

fluorescence at 410–550 nm. (C) Plate reader fluorescence intensities of diluted e-liquids in 

solvent acetonitrile (ACN). HBEC inserts exposed to PG/VG + CBD oil + VEA. Bar graphs 

present means and standard deviation values are indicated by horizontal bars. Statistical 

significance was determined by ANOVA and multiple comparison analysis, and the p-value 

is indicated by **** ≤ 0.001. (D) Transmission light micrograph, (E) fluorescence at 410–

550 nm, and (F) overlay. Representative images were collected from n=6 biological replicate 

cultures per exposure condition. Scale bar = 200 μm.
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Figure 4: CBD oil- and VEA aerosol-exposed HBECs show high percentages of dead cells after 3 
consecutive exposures.
HBECs exposed to aerosols containing CBD oil showed ~45% and CBD oil+VEA ~60% 

dead cells after the 3rd exposure. Plotted are percentages of propidium iodide (PI)-positive 

cells, indicating cell death rates for each exposure group. HBE cultures from 6 individual 

donors (n=6) per exposure group were analyzed in triplicate fluorescence analyses. Mean 

and SEM values are indicated by major and minor horizontal bars, respectively. Statistical 

significance was determined by Dunn’s multiple comparison test; the p-value is indicated by 

**** ≤ 0.001.
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Figure 5: CBD oil, VEA and PG/VG aerosol exposures show differential proteome composition 
changes in the HBE apical surface liquid.
Venn diagrams show the numbers of uniquely identified proteins in each exposure group 

and day for (A) air versus PG/VG and PG/VG+N and (B) PG/VG versus PG/VG+CBD oil 

and PG/VG+CBD oil+VEA-exposed HBE cultures. The analysis of the uniquely identified 

protein distributions shows that PG/VG alone, PG/VG+CBD oil and PG/VG+CBD oil+VEA 

each had unique effects on the proteomic composition of the HBE apical surface liquid.
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Figure 6: CBD oil and VEA containing aerosol exposure compromise the airway epithelial 
barrier.
The basal medium exclusive protein (A) serotransferrin (TF) and (B) serum albumin (ALB) 

were significantly increased post 2 day exposures with PG/VG+CBD oil+VEA. After the 3rd 

exposure, (C) serotransferrin (TF) and (D) serum albumin (ALB) showed further increased 

levels after PG/VG+CBD oil+VEA in addition to significant increases after PG/VG+CBD 

oil. Total precursor intensities in each panel are the sums of precursor peptide ion intensities 

for a given protein, used to assess the presented protein abundances. The mean and SEM 

values are indicated by major and minor horizontal bars, respectively. Statistical significance 

was determined by Friedman’s nonparametric test and Dunn’s multiple comparison analysis. 

The p-value is indicated by * ≤ 0.05, *** ≤ 0.005, **** ≤ 0.001.
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Figure 7: PG/VG, CBD oil and VEA aerosol exposure causes leakage of cytosolic proteins and 
cytotoxicity markers GAPDH and LDH from HBE cells.
The typical cytosolic proteins (A) glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

serotransferrin and (B) lactate dehydrogenase (LDH) were significantly increased after the 

3 day exposure to PG/VG and PG/VG+N. PG/VG+CBD oil- and PG/VG+CBD oil+VEA-

exposed cultures displayed the highest apical surface liquid levels after the 2nd exposure, 

indicating an earlier toxicity impact. Total precursor intensities in each panel are the sums 

of precursor peptide ion intensities for a given protein, used to assess the presented protein 

abundances. Mean and SEM values are indicated by major and minor horizontal bars, 

respectively. Statistical significance was determined by Friedman’s nonparametric test and 
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Dunn’s multiple comparison analysis, and the p-value is indicated by * ≤ 0.05, ** ≤ 0.01, 

*** ≤ 0.005, **** ≤ 0.001.
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Figure 8: Heatmap of proteins that displayed significantly altered levels in the HBE apical lining 
fluid after PG/VG+CBD oil+VEA aerosol exposure.
The heatmap includes 91 proteins that were selected based on their significant (p<0.05) 

difference in abundance between PG/VG and PG/VG+CBD oil+VEA after the 2nd exposure, 

as determined by the Wilcoxon signed rank test. Among clustering areas, three are 

highlighted by rectangles labeled I, II and III.
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Figure 9: CBD oil and VEA aerosol exposure causes significant reductions in major secreted 
airway proteins.
The relative proteomic quantification of major secreted proteins in the HBE lining fluid. 

(A) BPI fold containing family B member 1 (BPIFB1), (B) mucin 4 (MUC4), (C) galectin 

3 binding protein (LG3BP) and (D) secretory leukocyte peptidase inhibitor (SLPI) showed 

significant reductions after CBD oil or VEA containing aerosol exposure. Total precursor 

intensities in each panel are the sums of precursor peptide ion intensities for a given protein, 

used to assess the presented protein abundances. The mean and SEM values are indicated 

by major and minor horizontal bars, respectively. Statistical significance was determined by 
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Friedman’s nonparametric test and Dunn’s multiple comparison analysis, and the p-value is 

indicated by ** ≤ 0.01, *** ≤ 0.005.
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Figure 10: CBD oil containing aerosol exposure results in increases in detoxifying and redox 
stress proteins in the airway epithelial lining fluid.
The proteins (A) glutathione S-transferase P1 (GSTP1), (B) superoxide dismutase 1 (SOD1), 

and (C) selenium binding protein 1 (SELENBP1) showed significant increases after CBD 

oil aerosol the 2 day exposure. Total precursor intensities in each panel are the sums of 

precursor peptide ion intensities for a given protein, used to assess the presented protein 

abundances. The mean and SEM values are indicated by major and minor horizontal bars, 

respectively. Statistical significance was determined by Friedman’s nonparametric test and 
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Dunn’s multiple comparison analysis, and the p-value is indicated by ** ≤ 0.01, *** ≤ 

0.005.
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