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A B S T R A C T   

Cigarette smoking is a risk factor for several diseases such as cancer, cardiovascular disease (CVD), and chronic 
obstructive pulmonary diseases (COPD), however, the underlying mechanisms are not fully understood. Alter-
native nicotine products with reduced risk potential (RRPs) including tobacco heating products (THPs), and e- 
cigarettes have recently emerged as viable alternatives to cigarettes that may contribute to the overall strategy of 
tobacco harm reduction due to the significantly lower levels of toxicants in these products’ emissions as 
compared to cigarette smoke. Assessing the effects of RRPs on biological responses is important to demonstrate 
the potential value of RRPs towards tobacco harm reduction. Here, we evaluated the inflammatory and signaling 
responses of human lung epithelial cells to aqueous aerosol extracts (AqE) generated from the 1R6F reference 
cigarette, the glo™ THP, and the Vype ePen 3.0 e-cigarette using multiplex analysis of 37 inflammatory and 
phosphoprotein markers. Cellular exposure to the different RRPs and 1R6F AqEs resulted in distinct response 
profiles with 1R6F being the most biologically active followed by glo™ and ePen 3.0. 1R6F activated stress- 
related and pro-survival markers c-JUN, CREB1, p38 MAPK and MEK1 and led to the release of IL-1α. glo™ 
activated MEK1 and decreased IL-1β levels, whilst ePen 3.0 affected IL-1β levels but had no effect on the signaling 
activity compared to untreated cells. Our results demonstrated the reduced biological effect of RRPs and suggest 
that targeted analysis of inflammatory and cell signaling mediators is a valuable tool for the routine assessment 
of RRPs.   

1. Introduction 

Epidemiological studies demonstrate that cigarette smoking is a 
cause of several diseases including, but not limited to cancer, cardio-
vascular diseases (CVD), and chronic obstructive pulmonary disease 
(COPD) [43,66]. While smoking cessation provides the best solution for 
smokers to reduce the health risks related to smoking, many smokers 
choose not to quit [24,67]. There has thus been an increasing recogni-
tion among public health authorities that encouraging smokers who 
would not otherwise quit to switch to RRPs [25,58] can contribute 
significantly to tobacco harm reduction. RRPs encompass several 

categories, with snus, electronic cigarettes (e-cigarettes) and tobacco 
heating products (THPs) among the most widely used and studied. In 
this context, RRPs should be toxicologically assessed relative to ciga-
rettes [5,39] with several studies already having provided evidence of 
reduced toxicity of RRPs compared to cigarettes. By using contemporary 
and standardized analytical and in vitro toxicological assays, these 
studies have demonstrated that aerosols from RRPs, whilst effective in 
delivering nicotine, contain significantly lower levels of harmful 
chemicals compared to cigarette smoke [20,71], which may contribute 
to reduced levels of cellular oxidative stress, DNA damage, mutage-
nicity, and carcinogenicity [13,16,28–30,39,59,60,62–64]. 2D and 3D 
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human in vitro cellular models have also been used to assess 
smoking-disease related processes such as endothelial migration [10] 
and integrity and function of airway epithelia, [27] further highlighting 
reduction in the activity of biological, disease-associated mechanisms in 
response to RRP aerosols compared to cigarette smoke. While these 
toxicological responses to RRP emissions are comparably less than those 
from cigarette smoke, constituents of cigarette smoke such as carbonyl 
compounds, and nitrosamines can be present in RRPs emissions, albeit at 
significantly lower concentration levels [34,50]. Historically, rodent 
inhalation studies have been used to assess the toxic and pathological 
effects of cigarette smoke, and more recently, RRPs. However, these 
models have limitations. For example, it is difficult to induce lung cancer 
in rodent models using cigarette smoke, despite many years of opti-
mizing exposure protocols and evaluating various rodent strains [15, 
55]. Furthermore, as a highly-complex mixture of over 7000 chemicals 
[54], the effects of all of the individual chemical constituents and the 
mechanisms by which they induce toxicity and disease are not fully 
understood. 

Recently developed in vitro systems toxicology studies enable the 
understanding of perturbed cellular processes during exposure to ciga-
rette smoke or PRRP aerosols, and the underlying biological mecha-
nisms involved [22,23,27–30]. Systems approaches generally consider 
the analysis of gene expression profiles from different cell types exposed 
to cigarette smoke or RRP aerosols and have demonstrated a reduced 
effect of RRP on processes commonly affected by cigarette smoke such as 
oxidative stress, cell proliferation and inflammation. However, these 
studies are exploratory and are difficult to standardize or increase 
through-put for routine RRP assessment. At the proteome level, studies 
are limited to the analysis of inflammatory markers, whilst information 
at the phosphoprotein level regarding the effect of RRPs on intracellular 
signaling pathways is lacking. Additionally, the cellular toxicity induced 
by cigarette smoke may affect protein responses unless experimental 
conditions are optimized to retain cellular health [13,63,64]. Therefore, 
the development of in vitro assay tools that can provide a simple and 
robust framework for the toxicological assessment of RRP performance 
characteristics should be considered. 

Here, we propose an experimental platform based on the targeted, 
multiplex analysis of intracellular signaling markers and secreted in-
flammatory mediators for the assessment of RRPs (THP and e-cigarette) 
compared to cigarettes. This is based on the hypothesis that the lower 
levels of toxicants in aerosols from RRPs relative to cigarette smoke 
would lead to lower perturbation of cell signaling pathways and less 
secretion of inflammatory markers. We developed a workflow for 
exposure of NCI-H292 lung epithelial cells to non-cytotoxic concentra-
tions of aqueous extracts (AqE) generated from cigarette smoke or RRP 

(THP and e-cigarette) aerosols, followed by multiplex analyses of 37 
protein targets. Non-cytotoxic concentrations were selected for primary 
endpoint analysis so that resulting effects would not be confounded by 
cytotoxicity. This experimental platform revealed distinct signaling and 
inflammatory profiles between the different RRP aerosol extracts and 
cigarette smoke. These data add to the growing weight-of-evidence of 
the risk continuum for tobacco and nicotine products. Application of this 
methodology for routine assessment of these and other RRPs, such as 
tobacco-free nicotine pouches (NPs) can contribute to a better under-
standing of the complexities involved in the reduced risk assessment of 
RRPs. 

2. Results 

2.1. Nicotine analysis of test products 

The test products used in this study and the nicotine levels of the 
respective AqE preparations used for cell exposure are presented in  
Table 1. As shown in Table 1, the extracts were neither puff-matched nor 
nicotine-matched. The selection of number of puffs was based on pre-
vious data [12] to allow the production of a robust test extract for each 
product category that would elicit a response in the H292 test system up 
to the point of cytotoxicity in order to develop the multiplex assays. 

2.2. Assessment of cell viability in response to cigarette smoke 

We tested the effect of reference cigarette 1R6F AqE concentration 
and exposure duration on cell viability with the aim of identifying non- 
toxic treatment conditions that do not compromise cellular health. We 
tested 1R6F AqE concentrations of 1.6%-100% v/v for short (5 min up to 
4 hrs) and prolonged (24–48 hrs) exposure times. 1R6F AqE at con-
centrations greater than 25% and exposure times longer than 2 hrs 
negatively affected cell viability as demonstrated by a decrease in viable 
cells by >50% (Fig. 1). Prolonged exposure for 24 hrs resulted in sta-
tistically significant decrease in cell viability, where >30% cell death at 
1R6F AqE concentrations as low as 6.25%. Cell viability also varied after 
48 hrs at low concentrations yet decreased significantly at high 1R6F 
AqE concentrations. Overall, results suggest that 1R6F AqE concentra-
tions no greater than 25%, and exposure times of 2 hrs do not cause a 
statistically significant decrease in cell viability and are acceptable for 
assessment of cellular responses without compromising results. 

2.3. Comparative assessment of RRPs’ biological effects 

The experimental design used for assessment of biological responses 

Table 1 
Summary of tobacco test products, aerosol generation and AqE nicotine content.  

Test product Product 
category 

Product Code Source Puff 
Regimen 

Puff 
Number 

Puff 
Volume 
(ml) 

Puff 
Duration 
(s) 

Repeat 
Duration 
(s) 

Puff 
Shape 

AqE Nicotine 
content (μg/ 
ml) 

Kentucky 1R6F 
reference cigarette 

Cigarette 1R6F University of 
Kentucky 

HCI3  8  55  2  30 Bell  7.07 

glo™ with Rich 
Tobacco Kent 
Neosticks™1 

Tobacco 
heating 
product 

THP1.4. 
HPCTRT 

British 
American 
Tobacco 

HCIm4  40  55  2  30 Bell  18.03 

Vuse ePen 3with 
Blended Tobacco 
18 mg/ml e- 
liquid2 

Electronic 
cigarette 

EPEN3.0BT18 British 
American 
Tobacco 

CRM815  200  55  3  30 Square  61.31 

1glo™ g004 is a portable electronic heating device and provides an inhalable aerosol by heating a specific tobacco consumable product to a maximum temperature of 
240 ◦C ± 5 ◦C. 
2a cotton wick system that provides an electrical current to the heating element contained within the disposable cartridge containing e-liquid, producing an inhalable 
aerosol. 
3Health Canada Intense regime 
4modified Health Canada Intense regime 
5CORESTA CRM81 regime 
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of test products is schematically presented in Fig. 2. Selection of AqE 
exposure conditions was based on optimization experiments using 1R6F 
AqE and are collectively presented in Supplementary Material. Briefly, 
the conclusion from the optimization experiments was that 25% 1R6F 
applied for 2 hrs with a 48 hrs recovery phase was the optimum treat-
ment condition for protein analysis (phosphoprotein analysis performed 
on the cells immediately following the treatment, and cytokine analysis 
performed after the recovery period) and was carried forward for the 
THP and e-cigarette test articles. 

In the cell viability assay, a 2 hrs exposure to 1R6F, glo™ and ePen3 
AqE resulted in a significant increase in ATP levels by 49% (p<0.001), 
22% (p<0.001), and 13% (p<0.01), respectively, compared to the un-
treated control (Fig. 3a). After 48 hrs of cellular recovery (the time point 
of collection of cell supernatants used for inflammatory protein anal-
ysis), cells across all treatments had similar ATP levels compared to the 
untreated control, with 1R6F AqE exposure showing only a marginal 
decrease by 8% (p <0.01) (Fig. 3b). Overall, the data confirmed the 
conditions and concentrations used for protein analysis were non- 
cytotoxic, which ensured that cytokine secretion and cell signaling 
proteins could be assessed without the confounding factor of 
cytotoxicity. 

Responses from 17 signaling (Table 2) and 20 inflammatory markers 
(Table 3) were analyzed in total. Hierarchical clustering of relative 
protein levels revealed distinct patterns across all test products (Fig. 4a). 
Specifically, relative phosphoprotein levels showed a distinct activatory 
cell signaling profile following 1R6F AqE exposure, compared to RRPs 
and the untreated control. Samples from 1R6F AqE-exposed H292 cells 
clustered furthest from the untreated controls, followed by glo™ and 
ePen 3.0. We also observed a similar pattern of clustering in the case of 
secreted inflammatory molecules, with ePen 3.0 and untreated samples 
forming one uniform cluster, while glo™ and 1R6F samples forming 
distinct groups. 

We further assessed the statistical significance and extent of the 

changes from exposure to the three different test products compared to 
untreated control (Fig. 4b-c). Results from the three contrasts (summa-
rized in volcano plots, Fig. 4b) showed that exposure to 1R6F AqE had 
the strongest effect on the levels of the protein markers tested followed 
by glo™ and ePen 3.0 (p-value < 0.05). Six proteins exhibited fold 
changes > 1.5 following exposure to one or more test products (Fig. 4c). 
Specifically, 1R6F resulted in the significant activation of signaling 
markers MEK1, CREB1, cJUN and p38 MAPK. glo™ had markedly 
reduced effect on these markers compared to 1R6F, except for MEK1 
which was activated at levels similar to 1R6F. ePen 3.0 exposure did not 
activate any of the signaling markers tested and resulted in a minor 
decrease on MEK1 phosphorylation. In the case of inflammatory 
markers, 1R6F resulted in the significant release of IL-1α compared to 
the other product categories and the untreated control (1R6F =
99.94 pg/ml, glo™ =55.00 pg/ml, ePen 3.0 =53.26 pg/ml, and un-
treated =56.45 pg/ml). glo™ and ePen 3.0 exposure led to the signifi-
cant decrease in IL-1β levels compared to untreated cells (1R6F =
2.04 pg/ml, THP = 0.91 pg/ml, EC = 0.98 pg/ml, and untreated =
3.29 pg/ml) (Fig. 4c). 

3. Discussion 

The growing interest to further tobacco harm reduction by encour-
aging smokers who would not otherwise quit to switch to RRPs has 
contributed to rapid growth in THPs and e-cigarettes [43]. Given the 
diversity of RRPs, in vitro assessment of their biological effects should be 
part of their routine toxicological evaluation [29,43,58]. The focus of 
this study was to compare the inflammatory responses and cell signaling 
effects between a combustible reference cigarette (1R6F) and two RRPs 
(glo™ and ePen3), at non-cytotoxic conditions, using an experimental 
multiplex proteomics platform. 

Experiment conditions such as exposure time, cell recovery time, and 
AqE concentration were optimized to ensure that biologically relevant 

Fig. 1. Cell viability following exposure to 1R6F AqE. Each graph corresponds to a different exposure time. Data from the CellTiter-Glo assay were first transformed 
into % viable cells by comparing the data from each 1R6F AqE concentration (% v/v from stock solution) to the untreated cells. Untreated cells were considered as 
100% viable. Mean ± standard deviation from three independent replicates is presented. (.) p = 0.05, *p<0.05, **p<0.01, ***p<0.001. 
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responses were not obscured by cell death due to test product toxicity 
and that the most potent effects were captured. Our approach enabled 
the discrimination between the different RRP categories based on dif-
ferential inflammatory and cell signaling profiles. Hierarchical clus-
tering analysis demonstrated the heterogeneous effect of AqE exposure 
on cytokine and phosphoprotein signatures in H292 cells, as evident 

from the different clustering patterns observed. H292 cells exposed to 
AqE from RRPs displayed significant reductions in both inflammatory 
and intracellular signaling activity compared to 1R6F AqE exposure. 
This adds to the growing body of evidence that RRP aerosol exposure 
may result in reduced biological outcomes in vitro when compared to 
reference cigarette smoke. 

Fig. 2. Optimized workflows used to assess inflammatory and cell signaling proteins in H292 cells exposed to AqEs from different tobacco product categories. A) 
Cells aimed for inflammatory protein analysis were exposed for 2 hrs to AqE from the test products, followed by recovery in complete culture medium for 48 hrs. At 
the end of the recovery period, the culture supernatant was kept for multiplex quantitative analysis. B) Cells aimed for phosphoprotein analysis were exposed for 2 
hrs to AqE from the test products and the cell lysates were immediately harvested for multiplex semi-quantitative analysis. In both cases, cells were assessed for 
viability by CellTiter-Glo. 

Fig. 3. Cell viability following exposure to 1R6F and RRP AqEs. Intracellular ATP levels measured by CellTiter-Glo immediately after 2 hrs exposure to 25% AqE of 
each test product (a) or after 2 hrs exposure and 48 hrs recovery (b) are presented as % relative to untreated cells. Relative ATP levels for each product AqEs are mean 
± standard deviation from 3 independent replicates. **p<0.01, ***p<0.001. 
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Cytokines commonly serve as biomarkers for inflammation and the 
subsequent oxidative stress. In this study we devised a panel of cyto-
kines, focusing on markers that are shown in the literature to be linked 
to specific pathophysiology related to cigarette smoke. 

For example, MCP1 (Monocyte chemoattractant protein-1), also 
known as Chemokine (CC-motif) ligand 2 (CCL2) is a proinflammatory 

cytokine, known to enhance the migration of inflammatory cells to the 
inflammatory site. It is involved in the pathogenesis of several diseases, 
such as cancers, CVD, and idiopathic pulmonary fibrosis (IPF). This is 
particularly relevant as IPF is shown to be substantially increased in 
smokers [6,56]. Similarly, MIP-1α is involved in inflammatory cell 
migration and the pathology of several inflammatory diseases, 

Table 2 
Phosphoproteins included in multiplex assay panel A (phospho-plex).  

Protein Name Uniprot 
Entry 

Phospho 
Residue 

Description Function 

AKT (pan) P31749 
P31751 
Q9Y243 

S473 Rac-alpha/beta/gamma serine-threonine 
protein kinase 

Metabolism, proliferation, cell survival, cell growth, angiogenesis 

GSK-3α/β P49840 
P49841 

S21/9 Glygogen synthase kinase alpha & beta Glugose homeostasis, Wnt signalling, regulation of transcription factors, 
apoptosis 

MEK1 Q02750 S218/222 Dual specificity mitogen-activated protein 
kinase kinase 1 

Cell growth, survival, differentiation 

ERK1/2 P28482 
P27361 

T202/Y204 Mitogen-activated protein kinase-1 & 3 Cell growth, adhesion, survival, differentiation 

AKT1S1 
(PRAS40) 

Q96B36 T246 Proline-rich AKT1 substrate 1 Cell growth, survival 

c-JUN P05412 S63 Transcription factor AP-1 Cell cycle progression, proliferation, angiogenesis, apoptosis, response to 
stress 

SMAD3 P84022 S423/425 Mothers against decapentaplegic homolog 3 Wound healing, cell differentiation, apoptosis, inflammation 
NFkB P19838 S536 Nuclear factor NF-kappa-B p105 subunit inflammation, immunity, differentiation, cell growth, tumorigenesis and 

apoptosis 
p38 MAPK P53778 T180/Y182 Mitogen-activated protein kinase 12 DNA-damage response, response to stress, cell cycle arrest 
RS6 P62753 S235/236 40 S ribosomal protein S6 Cell growth, proliferation, apoptosis 
STAT3 P40763 Y705 Signal transducer and activator of 

transcription 3 
Cell growth, proliferation, migration, differentiation, apoptosis, 
inflammation, defense response 

IRS1 P35568 S636/639 Insulin receptor substrate 1 Glucose homeostasis, PI3K signaling 
FAK1 Q05397 Y397 Focal adhesion kinase-1 Cell migration, adhesion, cell cycle, progression, proliferation, apoptosis 
CREB1 P16220 S133 Cyclic AMP-responsive element-binding 

protein 1 
Proliferation, migration, tumour suppression, response to nicotine 

HSP27 P04792 S78/82 Heat shock protein beta-1 Oxidative stress response, apoptosis, angiogenesis, chemotaxis 
NRF2 Q60795 S40 Nuclear factor erythroid 2-related factor 2 Oxidative stress response, angiogenesis 
PTN11 Q06124 Y542 Tyrosine-protein phosphatase non-receptor 

type 11 
MAPK signaling, cell adhesion, DNA damage response  

Table 3 
Inflammatory proteins included in multiplex panel B (cyto-plex).  

Gene Name / 
Protein Name 

Uniprot 
Entry 

Protein Names Function Reference 

CCL2/MCP1 P13500 C-C motif chemokine 2, Monocyte chemotactic 
protein 1 

Angiogenesis, chemotaxis [14,37] 

CCL3/MIP-1α P10147 C-C motif chemokine 3, Macrophage 
inflammatory protein 1-alpha 

Monokine with inflammatory and chemokinetic properties [73] 

CCL5/RANTES P13501 C-C motif chemokine 5 Chemoattractant [44] 
CNTF P26441 Ciliary neurotrophic factor Axon regeneration NA 
CXCL10/IP-10 P02778 C-X-C motif chemokine 10, 10 kDa interferon 

gamma-induced protein 
chemotaxis, differentiation, activation of peripheral immune cells, cell 
growth, apoptosis, modulation of angiostatic effects 

[30] 

CXCL11/I-TAC O14625 C-X-C motif chemokine 11, Interferon-inducible T- 
cell alpha chemoattractant 

Chemotaxis, skin immune responses NA 

FGF-1 P05230 Fibroblast growth factor 1 cell survival, cell division, angiogenesis, cell differentiation, cell 
migration 

NA 

CXCL1/GRO-α P09341 Growth-regulated alpha protein Chemotaxis, inflammatory response [26] 
IL-12A P29459 Interleukin-12 subunit alpha Cytokine, growth factor [7] 
IL-13 P35225 Interleukin-13 Cytokine, inflammatory response NA 
IL-1α P01583 Interleukin-1 alpha Inflammatory response, angiogenesis, cell division [30] 
IL-1β P01584 Interleukin-1 beta Inflammatory response, angiogenesis, cell division, cell migration [26,30,35] 
IL-6 P05231 Interleukin-6 Acute-phase response, immunity, tissue regeneration, metabolism [7,37] 
CXCL8/IL-8 P10145 Interleukin-8 Chemotaxis, angiogenesis, inflammatory response [7,26,41, 

44] 
MMP9 P14780 Matrix metalloproteinase-9 Extracellular matrix organization, apoptosis, response to stress [7] 
NRG1 Q02297 Pro-neuregulin-1, membrane-bound isoform, 

heregulin 
Cell growth, differentiation, wound healing NA 

RETN Q9HD89 Resistin Hormone, fat cell differentiation NA 
TGF-β1 P01137 Transforming growth factor beta-1 proprotein Cell growth, migration, differentiation, chemotaxis, inflammatory 

response, vasculogenesis 
[33] 

TIMP1 P01033 Metalloproteinase inhibitor 1, tissue inhibitor of 
metalloproteinases 1 

Extracellular matrix disassembly, cell differentiation, migration, cell 
death 

[70] 

TNF-α P01375 Tumor necrosis factor Cell death, cell proliferation, angiogenesis, inflammatory response [73]  
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specifically, MIP-1α levels are increased in several inflammatory lung 
diseases [9]. Other cytokines in our inflammatory panel (Table 3) 
included MMP9 and TIMP1 which are implicated in the regulation of 
extracellular matrix degradation in pulmonary fibrosis [11,70]. A group 
of interleukins which have been shown to be impacted by cigarette 
smoke but not by other RRPs in in vitro studies (IL-1α, IL-1β, IL-6, IL-8) 

[7,30] were also included in our panel aiming to reproduce common 
patterns of inflammatory responses that can differentiate between 
combustible cigarette and RRPs. Interestingly, in a recent study by Desai 
et al. [17] considerable increases in the levels of some of the above-
mentioned markers (MCP1, MIP-1α, MMP9, IL-1β) were found in the 
bronchoalveolar lavage of rats exposed to cigarette smoke in comparison 

Fig. 4. Inflammatory protein and cell signaling profiles of H292 cells exposed to 25% AqEs from 1R6F and RRP aerosols. (a) Heat maps showing MFI values of 20 
inflammatory markers (left) and 17 phosphoproteins (right) normalized by subtracting background noise data from analysis of RPMI media or lysis buffer alone, 
respectively). (b) Volcano plots comparing MFI values between AqE-exposed and untreated cells for each test product category. Proteins showing significant fold- 
changes (higher than 1.5 or lower than − 1.5) compared to the untreated control occur outside a pair of vertical black dotted lines and are highlighted in green 
and red to indicate increase and decrease, respectively. Proteins showing a tendency in fold change difference compared to the untreated control (higher than 1.2 or 
lower than − 1.2) occur outside a pair of grey vertical dotted threshold lines and are highlighted in light green or light red respectively. Proteins with statistically 
significant changes compared to untreated control (p < 0.05, n=5, Mann-Whitney test) occur above the horizontal dotted black lines. Black dots correspond to 
proteins with statistically non-significant changes or with changes < 1.5 relative to untreated controls. (c) Concentration (pg/ml) of individual cytokines and MFI 
values of cell signaling phosphoproteins with > 1.5-fold change and p <0.05 from (b). Mean ± standard deviation from 5 independent replicates is presented. FC: 
fold change, *p<0.05, **p<0.01. 
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to rats exposed to filtered air or e-cigarette vape which were associated 
with pulmonary inflammation in rats. These findings further showcase 
the relevance of studying these markers in the context of establishing the 
risk continuum of RRPs. 

Differences in inflammatory responses between 1R6F and RRP AqEs 
were mostly limited to differential levels of IL-1α and IL-1β markers 
found in the culture supernatants of H292 cells. IL-1 has emerged as a 
key component in immune defense against inhaled noxious agents, 
including cigarette smoke, [38] and cancer-related inflammation 
through its role in activating cytokines and chemokines involved in 
pro-tumoral microenvironments [3,68]. For instance, highly metastatic 
human lung cancer cell lines are known to express higher levels of IL-1α 
compared to low-metastatic cell lines [69]. IL-1 s also have demon-
strated their roles in the different phenotypes found in COPD [45,46]. 
The levels of IL-1 s may also aid in differentiating COPD phenotypes 
[74]. Our findings show that cells exposed to 1R6F AqEs release more 
IL-1α and IL-1β than those exposed to the RRP AqEs, supporting the 
evidence that RRP may reduce the risk of developing abovementioned 
inflammatory diseases via a decrease in pro-inflammatory molecule 
activation when compared to conventional cigarette smoking. However, 
the caveats of utilizing cell lines for such experiments must also be 
considered, as other studies using in vitro cytokine profiling have shown 
that exposing human monocytic (THP.1) cells to potential toxins can 
cause cytotoxic events despite an absence of pro-inflammatory markers 
[8]. Based on this, and our assay’s primary focus on the listed 20 in-
flammatory cytokines, it is difficult to conclude whether the relative 
alterations in cytokine levels are an accurate reflection of the compre-
hensive toxicity-related inflammatory events in H292s during exposure 
to RRP AqEs. Moreover, it should be noted that, while studies have 
shown that IL-1β accumulation has pro-tumorigenic and 
pro-inflammatory roles in most cells, IL-1β has also shown an antago-
nistic effect on tumor growth and has shown tumor inhibiting effects [2, 
21]. Finally, the absence of an effect on the other markers with previ-
ously proven dependency to cigarette smoke may be a limitation of the 
in vitro cellular model used. Whilst some markers may be secreted by the 
studied cells, others may only be found to be secreted under certain 
conditions in vivo in the bronchoalveolar lavage. 

Phosphorylation of intracellular proteins is critical for cell signal 
transduction, and perturbations in signaling pathways could result in an 
increase in disease phenotypes [4]. Therefore, the relative differences in 
the phosphorylated forms of intracellular phosphoproteins upon expo-
sure to AqEs from the reference cigarette and the RRPs enable better 
understanding of the relationships between signal transduction patterns 
and tobacco and nicotine product usage. The increase (≥1.5-fold) in 
phosphorylation of several signaling molecules upon 1R6F AqE expo-
sure indicated widespread signaling activity caused by cigarette smoke 
as compared to RRP aerosol extracts. Some of the hyperphosphorylated 
markers identified in this study have been previously linked to 
smoking-related diseases. The proto-oncogene c-JUN is a known medi-
ator of growth factor signals in non-small cell lung cancer. Recently, the 
role of c-JUN in relation to cigarette smoke extracts (CSEs) and devel-
opment of COPD was described. Mitani et al. [42] provided evidence of 
the role of c-JUN in COPD corticosteroid insensitivity by inhibition of its 
activator, mTOR, using rapamycin. Additionally, their results showed 
that an increase in immature dendritic cells found in COPD patients may 
correlate with CSE induced DNMT3a regulation via the c-JUN pathway. 
Studies have also pointed out the contribution of the MEK/Erk1/2 
pathway on lung fluid homeostasis through the cystic fibrosis trans-
membrane conductance regulator (CFTR) [72]. Cigarette smoke nega-
tively regulates CFTR expression through the activation of the MEK 
pathway, thereby resulting in a cigarette-smoke induced decrease of 
airway surface liquid in the lungs, which is typically seen in regular 
smokers with COPD [72]. Here, MEK1 was found to be increased in cells 
exposed to reference cigarette (1R6F) and THP (glo™) AqEs, but not in 
cells exposed to e-cigarette (ePen3) AqE. This illustrates that the relative 
changes identified in cell signaling levels in toxicological studies of 

tobacco and nicotine product categories occur in a risk continuum. 
Finally, the ERK/p38 MAPK-CREB1 signaling axis may implicate intra-
cellular mechanisms that mediate mucin hypersecretion in cells of the 
human airway epithelia due to inflammatory activity (IL-1β) in the 
respiratory tract [57]. These signaling and cytokine markers were 
affected in concerted patterns in cells exposed to 1R6F AqEs, but not in 
those exposed to RRP AqEs. 

In conclusion, the results presented here are consistent with histor-
ical data and previous studies wherein combustible cigarettes are posi-
tioned at one end of the risk continuum with the highest level of 
associated risk, followed by THPs, and e-cigarettes, in order of their 
potential risk reduction profiles [12,40,43]. The simultaneous detection 
of inflammatory and intracellular cell signaling markers could help to 
provide comparative risk assessments of RRPs by highlighting the 
changes to markers associated with smoking-related disease mecha-
nisms and functional networks. Multiplex proteomics can generate 
rapid, quantifiable, and high-throughput analysis of in vitro toxicological 
profiles that is compatible with other datasets, i.e., chemical, in vivo, 
clinical, and population studies. We propose this proteomic multiplex 
approach as a robust and reliable tool for screening RRPs such as THPs 
and e-cigarettes for comparative biological effects. The identified in-
flammatory and phosphoproteomic responses in H292 cells enable the 
‘benchmarking’ of a known/expected response to be generated when 
contrasting across RRPs and may possibly be replicated across different 
cell types. 

4. Materials and methods 

4.1. Test products 

The tobacco and nicotine products used are summarized in Table 1. 

4.2. Reagents 

Cell culture reagents were purchased from Fisher Scientific. Mag-
Plex® magnetic microspheres (beads) were from Luminex Corp. Re-
combinant standard proteins were purchased from Peprotech and Bio- 
techne. Buffers for cell lysis and multiplex assays were prepared in- 
house using reagents from Sigma-Aldrich and Santa Cruz Biotechnology. 

4.3. AqE preparation 

AqE generation was performed as previously described [12]. Prior to 
use 1R6F cigarettes and THP consumables were conditioned for at least 
48 hrs at 22 ± 1 ◦C and 60% ± 3% relative humidity in accordance with 
ISO 3402:1999 ISO [31] and generation conducted under ISO laboratory 
conditions. 1R6F cigarette AqE extracts were produced using the Health 
Canada Intense (HCI) machine puffing regime (55 ml puff taken over 2 s 
in 30 s intervals, bell-shaped puffing profile) on a Borgwaldt-KC RM20H 
rotary 20-port smoking machine (Borgwaldt GmBH, Hamburg, Ger-
many) with cigarettes vent blocked. glo™ AqE extracts were also pro-
duced on a Borgwaldt-KC RM20H rotary 20-port smoking machine with 
no vent blocking using the modified Health Canada Intense (HCIm) 
machine puffing regime (55 ml puff taken over 2 s in 30 s intervals, 
bell-shaped puffing profile). ePen3 e-cigarette aerosol extracts were 
machine-puffed using the CORESTA Recommended Method No. 81 
machine puffing regime (Borgwaldt, Richmond, VA, USA) (55 ml puff 
taken over 3 s in 30 s intervals, square wave puffing profile). AqE 
samples were produced by bubbling 8 puffs from a single 1R6F cigarette, 
40 puffs for the THP variants, and 200×55 for the e-cigarette through 
20 ml supplemented serum-free RPMI 1640 media The generated 100% 
AqE stock solution was used to prepare test concentrations for cell 
exposure. AqE stock solutions were stored at − 80 ◦C immediately and 
used within one month. To prevent “dry-wicking” conditions in e-ciga-
rette samples, devices were puffed at 45⁰C and cartomisers changed 
every 100 puffs [19]. 
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4.4. Nicotine measurement and analysis 

Nicotine concentration was measured for each cigarette or RRP AqE, 
as previously described, as a QC measure to ensure reproducible extract 
generation [12]. Briefly, samples were spiked with d4-nicotine (Sigma 
Aldrich, St Louis, USA) to a final concentration of 10 ng/ml, evaporated 
under a vacuum, and dissolved in a 5% acetonitrile:water solution 
(volume:volume). Nicotine quantification was carried out using a Wa-
ters Acquity UPLC (Waters, Milford, USA) linked to an Applied Bio-
sciences 4000QTrap mass spectrometer (Applied Biosystems, Foster 
City, USA); the UPLC method was adapted from Adamson et al. [1] 

4.5. Candidate biomarkers selection and multiplex assay development 

Two multiplex assay panels were prepared for this study. Panel A 
(phospho-plex, Table 2) was used for semi-quantitative analysis of the 
phosphorylation status of 17 phosphoproteins and panel B (cyto-plex, 
Table 3) was used for quantitative analysis of 20 extracellular inflam-
matory proteins (cytokines, chemokines, and growth factors). Phos-
phoproteins were selected based on their involvement on key signaling 
pathways driving cellular processes known to be affected by cigarette 
smoke. Inflammatory proteins were selected based on previous studies 
[26,32,35,37,41,44,47,65] and included inflammatory mediators and 
markers of extracellular matrix organization found to be perturbed in 
response to cigarette smoke and/or smoking-related pathological con-
ditions such as COPD and idiopathic pulmonary fibrosis [32,35,47]. 

Assays were developed by Protavio as previously described [18]. For 
preparation of multiplex assay reagents, each bead ID was coupled to a 
different capture antibody at a ratio of 30 μg antibody per 6.25 million 
beads and bead IDs were mixed to a final concentration of 50 beads/μl 
per bead ID (bead mix). Detection antibodies for each assay were bio-
tinylated and mixed according to internally pre-determined concentra-
tions to generate the detection antibody mix. For the cyto-plex panel, 
recombinant standard proteins were mixed at a final concentration of 
40 ng/ml and the protein mix was used for generation of the assay 
calibration curves. Assay performance characteristics are presented in 
Supplementary Material. 

4.6. Cell culture and AqE treatment 

NCI-H292 human lung carcinoma cells (#CRL-1848, ATCC) were 
cultured in RPMI-1640 medium supplemented with 10% fetal bovine 
serum (FBS), 1% penicillin/streptomycin and 1% L-glutamine (complete 
medium) for two weeks, followed by seeding into 96-well plates at a 
density of 25,000 cells/well. Treatment with AqE was optimized for AqE 
concentration, time of exposure and time of recovery (for analysis of 
inflammatory markers). Optimization experiments are presented in 
detail in Supplementary Material. The final optimized workflow is pre-
sented in Fig. 2. Cells were treated for 2hrs with 100 μl/well of 25% AqE 
(expressed as % v/v of the stock solution) prepared in RPMI-1640 me-
dium supplemented with penicillin/streptomycin and L-glutamine only 
(dilution medium). Dilution medium was used as mock treatment (un-
treated control). For phosphoprotein analysis, cellular protein lysates 
were collected immediately after exposure. For inflammatory protein 
analysis, AqEs were removed, and cells were washed once in dilution 
medium and left to recover in complete medium for 48 hours. The cul-
ture medium supernatant was collected and stored at − 80◦C until the 
day of analysis. 

4.7. Protein lysate preparation and multiplex protein analysis 

Cellular lysates were generated by washing cells in ice-cold PBS 
followed by lysis in 60 μl/well of lysis buffer containing protease and 
phosphatase inhibitors (Protavio) using a freeze-thaw cycle. Proteins 
were extracted by centrifugation at 4000 x g for 10 min and stored at 
− 80◦C until the day of analysis. Total protein content was measured 

using the Pierce BCA Protein Assay (Thermo Fisher Scientific) following 
the manufacturer’s instructions. 

Multiplex assay measurements were performed in 96-well plates as 
described previously [49]. Briefly, 35 μl of each undiluted sample, 
control lysate (panel A) or standard (panel B) was incubated with 50 μl 
of the bead mix (2500 beads per bead ID) for 90 min at room temper-
ature with shaking. Beads were washed twice with assay buffer to 
remove unbound material and further incubated with 20 μl of the 
detection antibody mix for 60 min at room temperature with shaking. 
Beads were washed again with assay buffer to remove unbound anti-
bodies and incubated with 35 μl of streptavidin-phycoerythrin at a 
1:200 dilution for 15 min at room temperature with shaking. Beads were 
washed once, resuspended in 130 μl assay buffer and measured in a 
FlexMAP 3D instrument (Luminex Corp, Austin, Texas, USA) using a 
minimum of 50 counts, high PMT setting and DD gating of 3000–20,000. 
Median Fluorescence Intensity (MFI)values were used as input data for 
subsequent statistical analysis. For absolute quantification of cytokine 
levels, net MFI values (blank-subtracted) were used and a 5PL logistic 
regression was applied for generation of calibration curves. 

4.8. Cell viability assay 

The CellTiter-Glo® Luminescent assay (Promega) was used to 
determine the number of viable cells upon treatment with the aqueous 
extracts [51–53]. Cells were washed once with PBS to remove AqE ex-
tracts and incubated for 10 min with 100 μl/well of the assay reagent 
diluted 1:2 with RPMI-1640 medium supplemented with pen-
icillin/streptomycin and L-glutamine. Luminescence was measured on a 
Varioskan™ LUX multimode microplate reader (Thermo Scientific) 
using 100 msec acquisition time. 

4.9. Statistical analysis 

Statistical analysis for Figs. 1 and 3 was performed in GraphPad 
Prism (v. 9.0.0). For each dataset, homoscedasticity was tested using 
Bartlett’s and Brown-Forsythe tests and the residuals distribution was 
visually inspected through Quantile-Quantile plot, residual histogram 
and residual vs. fitted values plot. If the assumptions of normality and 
homoscedasticity were met, data were analysed using ordinary one-way 
ANOVA followed by Dunnett’s post hoc tests to compare each treatment 
versus the ‘untreated’ control. If the assumptions were not met data 
were analysed using Welch’s ANOVAs followed by Dunnett’s T3 mul-
tiple comparison tests (treatments vs. ‘untreated’ control). 

Statistical analysis for Fig. 4 was performed in R using the package 
“PMCMRplus”[48]. Test products were compared against the untreated 
control using nonparametric two-tailed Mann–Whitney tests followed 
by a multiple test correction by means of Benjamini-Hochberg false 
discovery rate. P-values < 0.05 were considered statistically significant. 

The effect of AqE exposure on phosphoprotein and inflammatory 
protein levels changes was plotted using a volcano plot with the negative 
log10 transformed p values on the y-axis against the log2 fold change 
between the two conditions on the x-axis. Proteins were considered as 
showing differential expression if they showed statistically significant 
differential levels (Mann-Whitney test, see above) and with fold changes 
in expression levels higher than 1.5 or lower than − 1.5 compared to the 
untreated control. MFI values in response to the different test products 
were compiled into a heatmap with unsupervised visual hierarchical 
clustering using Pearson correlation and average linkage with scaled 
protein values using R package “Pheatmap”[36] in R v. 4.1.1[61] and 
RStudio IDE (v. 1.4). 
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