
 
 

University of Birmingham

E-cigarette vapor renders neutrophils dysfunctional
due to filamentous actin accumulation
Jasper, Alice; Faniyi, Aduragbemi; Davis, Lauren; Grudzinska, Frances; Halston, Robyn;
Hazeldine, Jon; Parekh, Dhruv; Sapey, Elizabeth; Thickett, David; Scott, Aaron
DOI:
10.1016/j.jaci.2023.08.025

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Jasper, A, Faniyi, A, Davis, L, Grudzinska, F, Halston, R, Hazeldine, J, Parekh, D, Sapey, E, Thickett, D & Scott,
A 2024, 'E-cigarette vapor renders neutrophils dysfunctional due to filamentous actin accumulation', Journal of
Investigational Allergology and Clinical Immunology, vol. 153, no. 1, pp. 320-329.e8.
https://doi.org/10.1016/j.jaci.2023.08.025

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 30. Apr. 2024

https://doi.org/10.1016/j.jaci.2023.08.025
https://doi.org/10.1016/j.jaci.2023.08.025
https://birmingham.elsevierpure.com/en/publications/d0718af4-a9cc-4f5b-8b3c-004034587092


Environmental and occupational disease
E-cigarette vapor renders neutrophils
dysfunctional due to filamentous actin
accumulation
Alice E. Jasper, PhD,a Aduragbemi A. Faniyi, PhD,a Lauren C. Davis, PhD,a Frances S. Grudzinska, MRes,a

Robyn Halston, MSc,a Jon Hazeldine, PhD,b Dhruv Parekh, PhD,a,c,e Elizabeth Sapey, PhD,a,d,e

David R. Thickett, MD,a,e and Aaron Scott, PhDa,e Birmingham, United Kingdom
Background: Electronic cigarette (e-cigarette) use continues to
rise despite concerns of long-term effects, especially the risk of
developing lung diseases such as chronic obstructive pulmonary
disease. Neutrophils are central to the pathogenesis of chronic
obstructive pulmonary disease, with changes in phenotype and
function implicated in tissue damage.
Objective: We sought to measure the impact of direct exposure
to nicotine-containing and nicotine-free e-cigarette vapor on
human neutrophil function and phenotype.
Methods: Neutrophils were isolated from the whole blood of
self-reported nonsmoking, nonvaping healthy volunteers.
Neutrophils were exposed to 40 puffs of e-cigarette vapor
generated from e-cigarette devices using flavorless e-cigarette
liquids with and without nicotine before functions,
deformability, and phenotype were assessed.
Results: Neutrophil surface marker expression was altered, with
CD62L and CXCR2 expression significantly reduced in
neutrophils treated with e-cigarette vapor containing nicotine.
Neutrophil migration to IL-8, phagocytosis of Escherichia coli
and Staphylococcus aureus pHrodo bioparticles, oxidative burst
response, and phorbol 12-myristate 13-acetate–stimulated
neutrophil extracellular trap formation were all significantly
reduced by e-cigarette vapor treatments, independent of
nicotine content. E-cigarette vapor induced increased levels of
baseline polymerized filamentous actin levels in the cytoplasm,
compared with untreated controls.
Conclusions: The significant reduction in effector neutrophil
functions after exposure to high-power e-cigarette devices, even
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in the absence of nicotine, is associated with excessive
filamentous actin polymerization. This highlights the potentially
damaging impact of vaping on respiratory health and reinforces
the urgency of research to uncover the long-term health
implications of e-cigarettes. (J Allergy Clin Immunol
2024;153:320-9.)

Key words: Neutrophils, e-cigarettes, nicotine, phagocytosis,
NETosis, oxidative burst

Electronic cigarettes (e-cigarettes) were designed to reduce the
harm caused by tobacco smoking. In 2021, the Global State of
Tobacco Harm Reduction project estimated that there were
82 million e-cigarette users worldwide.1 The use of e-cigarettes,
particularly disposable devices, continues to rise rapidly in popu-
larity among young people and adults alike, despite uncertainties
about their long-term safety.2

In the developed world, smoking is the most common risk
factor for developing chronic obstructive pulmonary disease
(COPD) and increases the risk of emphysema, recurrent infection,
and lung cancer. Neutrophils play an essential role in inflamma-
tion initiation and resolution and are rapidly recruited to sites of
inflammation and tissue injury. In COPD, airway neutrophilia is
directly correlated with the severity of airflow obstruction, the
rate of decline in lung physiology, and the progression of
emphysema.3-7 Cigarette smoke–induced neutrophil dysfunction
has been causally associated with tissue damage, small airways
disease, exacerbation frequency, and mortality after COPD diag-
nosis.3 Furthermore, neutrophil dysfunction after in vitro cigarette
smoke exposure mimics that reported in patients with COPD.8,9

Neutrophils are also implicated in other lung diseases, for
example, interstitial lung disease in which bronchoalveolar
lavage neutrophilia is associated with disease severity and poor
prognosis.10,11 Although the effects of smoking on neutrophil
function can be induced following both acute and chronic expo-
sures, smoking-related lung damage is slowly progressive, taking
years to become clinically discernible. Given the relative youth of
e-cigarette research, the relationship between vaping and inflam-
matory lung disease remains unclear.

Before the addition of nicotine and/or flavoring agents, e-
cigarette liquids (e-liquids) consist of the base elements propyl-
ene glycol (PG) and vegetable glycerine (VG), which are
generally regarded as safe for human consumption by the US
Food and Drug Administration. However, when these compo-
nents are vaporized, the chemical composition changes and they
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Abbreviations used
COPD: C
hronic obstructive pulmonary disease
FITC: F
luorescein isothiocyanate
MFI: M
edian fluorescence intensity
NET: N
eutrophil extracellular trap
PG: P
ropylene glycol
PMA: P
horbol myristate acetate
RCS: R
eactive carbonyl species
ROS: R
eactive oxygen species
VG: V
egetable glycerine
XF: E
xtracellular flux
produce reactive carbonyl species (RCS) such as formaldehyde,
acetaldehyde, and acrolein,12-15 which are also found in cigarette
smoke.

Research has focused on cellular effects of e-cigarette vapor to
detect changes predictive of long-term outcomes. Dysregulated
neutrophil migration, phagocytosis, protein secretion, formation
of neutrophil extracellular traps (NETosis), and reactive oxygen
species (ROS) generation have been reported.16-18 Neutrophils
are highly glycolytic cells, and glycolytic inhibitors have been
shown to abolish neutrophil functions,19 but glycolysis has not
been investigated in the context of e-cigarette–induced dysfunc-
tion. The ability of neutrophils to rearrange filamentous actin
(F-actin) to polarize and direct migration has been demonstrated
to be impaired by e-cigarette vapor extract,16 but the contribution
of baseline deformability to neutrophil dysfunction has not been
explored despite its importance in effector functions. Existing
studies are limited by the use of e-cigarette vapor condensate or
vapor extract models, which heavily dilute andmay fail to capture
some vapor constituents.

Here, using both nicotine-containing and nicotine-free e-liquid
formulations, we have used a direct model of e-cigarette vapor
exposure to investigate its impact on human neutrophil phenotype
and function. We aimed to determine whether e-cigarette–
induced changes in phenotype and function could be attributed
to changes in glycolytic function or cell deformability. Under-
standing the effect of e-cigarettes on neutrophil function and the
underlying driving mechanisms will help to predict the likelihood
of e-cigarette users developing features of smoking-related lung
diseases after long-term use.
METHODS
Detailed methodology can be found in the Methods section in

this article’s Online Repository at www.jacionline.org. All
studies were undertaken following ethical approvals, which
were provided by the University of Birmingham Research Ethics
Committee (ERN 12-1185R2).Written informed consent was ob-
tained from all participants before the collection of data and bio-
logical samples.
Study subjects
Volunteers were recruited from members of staff at the

University of Birmingham Research Laboratories in the Queen
Elizabeth Hospital Birmingham (age range, 19-63 years;
17 female and 14 male participants). Participants were self-
reported never-smokers, never-vapers, and otherwise healthy as
defined by the absence of chronic or acute medical conditions and
by taking no regular prescription medications.
Materials
All materials were purchased fromMerck (Gillingham, Dorset,

UK), unless stated otherwise.
Isolation of peripheral blood neutrophils
Neutrophils were isolated from lithium-heparin anticoagulated

venous blood via discontinuous Percoll gradient separation
technique as described previously.20,21 Postisolation, neutrophils
were resuspended at 1 3 106/mL in sterile RPMI containing
2 mM L-glutamine, supplemented with 1% (vol/vol) penicillin-
streptomycin.
E-cigarette devices
KangerTech TOPBOX mini (modifiable parameters, set to

315ºC, 0.2U, 75W) e-cigarette starter kits (Amazon,Manchester,
UK) and KangerTech replacement atomizers (Amazon) were
loaded with flavorless e-liquid (50:50 [PG:VG]) containing 0 or
36 mg/mL nicotine (maximum strength on the market at the
time of project conception) (American e-liquid). A fully charged
battery (rechargeable 3000 mAh, 3.7 V) and a filled tank (allow-
ing time for the wick to saturate to prevent dry puffs) were used
each time, and atomizers were changed regularly.
E-cigarette vapor chamber
Amodified hypoxia chamber (total volume, 5.5 L) was used as

an e-cigarette vapor exposure system. The chamber was attached
to a vacuum pump to generate the suction required for full
e-cigarette activation. Every 30 seconds, the e-cigarette was
activated manually via the activating switch, at the same time
as the vacuum started, creating a puff in the chamber
lasting 4 seconds (duration based on topography studies22-25).
A 30-second interpuff interval allowed the device to cool between
puffs to prevent overheating. A total of 40 puffs were generated
over a 20-minute period.
Neutrophil functional and phenotypic assays
Neutrophils (1 3 105) were plated into a 96-well flexi-plate

(Corning, Loughborough, UK) precoated with PBS containing
1%BSA and placed in the center of the e-cigarette vapor chamber
(except during chemotaxis assays when cells were exposed while
adhered to coverslips). After e-cigarette vapor exposure, pheno-
typical and functional analyses were performed as described in
the Online Repository.
Statistical analysis
All statistical analyses were performed using GraphPad Prism

(version 9.0.2 for Mac, Dotmatics, Boston, Mass). A normality
test (Shapiro-Wilk test) was carried out on all data sets.
Repeated-measures ANOVA (for normally distributed data)
and the Kruskal-Wallis/Friedman tests (for not normally distrib-
uted data) were used. A P value of less than or equal to .05 was
considered statistically significant.

http://www.jacionline.org


FIG 1. Neutrophil surface marker phenotyping after e-cigarette vapor exposure. Expression of 11 surface

markers was measured after e-cigarette treatment using a multicolor panel and analyzed using a flow

cytometer. Cell surface marker expression is presented as MFI. Statistical significance was assessed using

the Friedman test. A significant difference between treatment groups is indicated by asterisks above a

capped line between the 2 statistically different groups. CTL, Untreated control. *P <_ .05; **P <_ .01; (n 5 6).
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Data sharing
To access original data presented in this manuscript, please

contact the corresponding author: a.scott@bham.ac.uk.
RESULTS

Neutrophil phenotypic markers are altered in

response to e-cigarette vapor exposure
Forty puffs of e-cigarette vapor had no significant effect on

neutrophil viability immediately after exposure or after 24 hours
(see Fig E1 in this article’s Online Repository at www.jacionline.
org). Using this nontoxic puff regimen, we examined the impact
of e-cigarette vapor on neutrophil cell surface marker expression.

Neutrophils exposed to e-cigarette vapor containing nicotine
exhibited a 90.6% reduction in themedian fluorescence intensity
(MFI) of CD62L compared with untreated controls (P 5 .0045;
Fig 1, A). There was no difference in CD62L expression after
treatment with nicotine-free vapor. There was a trend toward
reduced MFI of CD16 for neutrophils treated with nicotine-
containing e-cigarette vapor (P 5 .0628). Exposure
to nicotine-free vapor reduced CD16 expression by 40.8%
(P 5 .0117; Fig 1, B).
Neutrophil CXCR2 expression was reduced by 47.4% (P 5
.0045; Fig 1, C) when treated with nicotine-containing vapor,
but not with nicotine-free vapor (P 5 .0628).

There was a trend toward a reduction in the MFI of CD184 in
neutrophils treated with nicotine-containing e-cigarette vapor
(P5 .0628). However, when treated with nicotine-free e-cigarette
vapor, CD184 expression was reduced by 38.7% (P5 .0117; Fig
1, D). There was a trend toward a reduction in MFI of CD11c in
neutrophils treated with nicotine-containing e-cigarette vapor
(P 5 .0628), and this was significantly reduced by 16.8% (P 5
.0117) in neutrophils exposed to nicotine-free e-cigarette vapor
(Fig E1, B).

No significant changes were observed in the expression of PD-
L1, CD10, CD54, CD11b, or CD66b following treatment with
nicotine-containing or nicotine-free e-cigarette vapor (see Fig E2
in this article’s Online Repository at www.jacionline.org).
E-cigarette vapor slows neutrophil chemotaxis and

transmigration to IL-8 (CXCL8)
Exposure to nicotine-containing and nicotine-free e-cigarette

vapor significantly reduced neutrophil transmigration, with the
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FIG 2. E-cigarette vapor reduces neutrophil migration to 100 nM IL-8. A, Neutrophil transmigration across a

membrane toward 100 nM IL-8 was assessed over a 90-minute period following e-cigarette treatment. B and

C, Neutrophil speed (Fig 2, B) and velocity (Fig 2, C) of migration to 100 nM IL-8 were assessed using an In-

sall chamber and video microscope as described. Data were not normally distributed, and so the Kruskal-

Wallis test was performed to assess statistical difference. CTL, Untreated control. *P <_ .05; **P <_ .01; (Fig

2, A, n 5 10; Fig 2, B and C, n 5 6).
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total number of neutrophils that had migrated toward CXCL8
reduced by 77.4% (P 5 .0032) and 66.6% (P 5 .0203), respec-
tively, when compared with untreated controls (Fig 2, A).

Analysis of chemotactic dynamics using the Insall chamber
revealed that treatment with e-cigarette vapor containing nicotine
reduced neutrophil chemokinesis to CXCL8 by 76.3%
(P 5 .0058; Fig 2, B). Chemokinesis was reduced by 85.5%
(P 5 .0152) when neutrophils were treated with nicotine-free e-
cigarette vapor. Neutrophil velocity (chemotaxis) was reduced
by 114.8% (P 5 .0433) after treatment with nicotine-containing
e-cigarette vapor (Fig 2, C). In contrast, nicotine-free vapor had
no effect on neutrophil chemotaxis.
E-cigarette vapor inhibits neutrophil phagocytosis

of Escherichia coli and Staphylococcus aureus
bioparticles

Neutrophil phagocytosis of E coli and S aureus pHrodo bio-
particles was assessed at 30 minutes during intermediate-phase
phagocytosis. Compared with untreated controls, the proportion
of E coli–positive neutrophils was reduced by 94.4% (P 5
.0060) and 97.9% (P 5 .0026) following treatment with
nicotine-containing and nicotine-free e-cigarette vapor, respec-
tively (Fig 3, A). The proportion of S aureus–positive neutrophils
was reduced by 93.3% (P5 .0044; Fig 3, B) after treatment with
nicotine-containing e-cigarette vapor and reduced by 92.2% (P5
.0021; Fig 3, B) after nicotine-free vapor treatment, compared
with controls.

To determine whether this reduction in phagocytosis was a
consequence of a reduced maximal capacity to phagocytose or a
slower rate of phagocytosis, neutrophils were also incubated with
E coli and S aureus for 60 minutes.

Compared with controls, treatment with nicotine-containing e-
cigarette vapor reduced the proportion of E coli bioparticle–
positive neutrophils by 96.2% (P 5 .0157) compared with a
98.0% (P 5 .0034; Fig 3, C) reduction when nicotine-free vapor
was used. Compared with untreated controls, treatment with
nicotine-containing and nicotine-free e-cigarette vapor reduced
the proportion of S aureus bioparticle–positive neutrophils
by 94.4% (P 5 .0044) and 91.0% (P 5 .0021), respectively
(Fig 3, D).
Phorbol myristate acetate–stimulated NET

generation is impaired by e-cigarette vapor

exposure
Neutrophil capacity for NETosis after e-cigarette vapor

exposure was determined by a fluorescence-based assay with
confirmation by microscopy. E-cigarette vapor did not induce
spontaneous NETosis, as shown in Fig 4, A. In response to stim-
ulation with 25 nM phorbol myristate acetate (PMA), the magni-
tude of NET response mounted to PMA was calculated
(stimulated 2 unstimulated). Compared with untreated controls,
neutrophils treated with e-cigarette vapor containing nicotine ex-
hibited an 86.0% (P 5 .0226; Fig 4, C) reduction in the NET
response mounted to PMA. When nicotine-free e-cigarette vapor
was used to treat neutrophils, the NET response mounted to PMA
remained suppressed by 89.9% (P5 .0099; Fig 4, B). Immunoflu-
orescence imaging of NET generation revealed that neutrophils
treated with e-cigarette vapor did not undergo nuclear deconden-
sation (Fig 4, C).
E-cigarette vapor impairs oxidative burst response

in neutrophils
Oxidative burst after 160 nM PMA stimulation was assessed

using extracellular flux (XF) technology, with oxygen consump-
tion rate used as a surrogate marker of ROS generation. The area
under the curve during the oxidative burst response, expressed as
the total oxygen consumption, was reduced by 76.9% (P5 .0281;
Fig 5, A and B) for neutrophils pretreated with e-cigarette vapor
containing nicotine when compared with controls. When nicotine
was absent from the e-cigarette vapor, oxidative burst response
was reduced by 64.3% (P 5 .0281; Fig 5, A and B).



FIG 3. E-cigarette vapor reduces neutrophil phagocytosis of E coli and S aureus pHrodo bioparticles. Neu-

trophils were treated with relevant e-cigarette vapor before incubation with E coli (Fig 3, A and C) or S

aureus (Fig 3, B and D) pHrodo bioparticles for 30 (Fig 3, A and B) or 60 (Fig 3, C and D) minutes. The per-

centage of pHrodo-positive cells in the population was recorded (on the basis of cytochalasin D–negative

control samples). Data were not normally distributed, and so statistical significance was assessed using

the Kruskal-Wallis test. CTL, Untreated control. *P <_ .05; **P <_ .01; (n 5 9).
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In addition to XF analysis, cytoplasmic andmitochondrial ROS
production was measured using the CellROX fluorescent dye.
Therewas a trend toward a reduction in cytoplasmic ROS levels in
neutrophils treated with nicotine-containing e-cigarette vapor
(P 5 .0628) compared with controls and a 94.8% (P 5 .0051)
reduction when nicotine-free vapor was used. Similarly, there
was a trend toward a reduction in mitochondrial/nuclear ROS
levels in neutrophils treated with e-cigarette vapor containing
nicotine (P5 .0911) and levels were 84.2% (P5 .0022) lower af-
ter nicotine-free vapor treatment (Fig 5, D).
Neutrophil glycolysis is not impaired by e-cigarette

vapor exposure
Using an XF analyzer, we assessed basal and stimulated

glycolysis of neutrophils exposed to e-cigarette vapor to
determine whether changes in metabolism driven by e-cigarette
exposure are associated with the observed dysfunction. After
exposure to nicotine-containing and nicotine-free e-cigarette
vapor, there were no differences in basal glycolysis (Fig 6, A
and B), PMA-induced glycolysis (Fig 6, A and C), or glycolytic
response to PMA (Fig 6, A and D).
E-cigarette vapor exposure increases baseline

F-actin polymerization in neutrophils
As a marker of neutrophil deformability, we examined F-actin

polymerization in neutrophils stained with fluorescein isothiocy-
anate (FITC)-conjugated phalloidin, which binds to the polymer-
ized F-actin, but not its monomeric form. Fig 7, A, shows
representative microscopy images of neutrophils treated with e-
cigarette vapor. Fluorescence intensity increased after e-cigarette



FIG 4. E-cigarette vapor reduces PMA-stimulated NETosis. Neutrophil NETosis was measured using

SYTOX Green dye, as described. Fluorescence was measured using a plate reader, and the RFU readout

correlates with NET generation. NETosis was assessed after exposure to e-cigarette vapor, with or without

stimulation with 25 nM PMA. Unstimulated NETosis (A) and the size of the NET response to PMA (PMA-

stimulated 2 unstimulated 5 DRFU) (B) were measured. Values were corrected to baseline. C, In addition,

NETs were assessed by immunofluorescence staining using SYTOX Green. The Friedman test was per-

formed to assess statistical differences. CTL, Untreated control; RFU, relative fluorescence unit. *P <_ .05,

**P <_ .01 (n 5 8 per group).
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vapor exposure, suggesting higher levels of baseline polymerized
F-actin in the cell cytoplasm. Neutrophils exhibited a 42.8% (P5
.0237) and a 43.5% (P5 .0360) increase in baseline F-actin levels
when treated with nicotine-containing and nicotine-free e-ciga-
rette vapor, respectively (Fig 7, B). Neutrophils with lower base-
line F-actin transmigrated more (R2 5 0.2154; P 5 .0169; Fig 7,
C) than those with high baseline levels of F-actin, implicating
accumulation of F-actin in the e-cigarette–induced dysfunction
of neutrophils.

PD-L1 expression was the only measurement with a significant
difference between nicotine-free and nicotine-containing treat-
ment groups. All measurements, including median values,
interquartile ranges, and P values for all tests performed in this
study, are provided in Table E1 (in the Online Repository avail-
able at www.jacionline.org).
DISCUSSION
Direct treatment with e-cigarette vapor induced significant

dysfunction in neutrophils, and this was associated with changes
in cell surface markers involved in environment sensing and
adhesion. These replicate some of the phenotypic and functional
changes seen in neutrophils from patients with COPD, such as
reduced chemokinesis7 and reduced NETosis,26 and may increase
tissue damage, susceptibility to infection, and inflammation after
long-term e-cigarette use. The global neutrophil effector dysfunction
following direct e-cigarette vapor treatment is a feature that suggests
the involvement of a central cellular pathway. Therefore, we inves-
tigated metabolism but did not find a difference in glycolysis, sug-
gesting that this was not a driver of the dysfunction seen. Then,
we considered which core pathway is shared by phagocytosis,
migration, andNETosis and could be induced by known constituents
of e-cigarette vapor. We found F-actin, a molecule implicated in cell
deformability, to be a potential driver of dysfunction seen. Notable
F-actin expression correlated negatively with cellular migration,
suggesting a relationship between the two. The relationship between
migration, a process that requires rearrangement of the
cytoskeleton for the formation of pseudopods, and F-actin
polymerization was assessed as a proof-of-concept study. Other
functions, including phagocytosis and NETosis, require similar
F-actin dynamics.27 This therefore suggests that this mechanism is
likely to be implicated broadly across all effector functions.

Our data suggest that neutrophil dysfunction following
e-cigarette exposure is driven by a reduction in deformability,
thus physically arresting the rearrangement of the cell to exert
effector functions. Reduced neutrophil deformability, and the
associated inability to deprime, has also been recognized as a
hallmark feature in acute lung injury.28We have demonstrated that
polymerized F-actin is increased in neutrophils treated with e-ciga-
rette vapor compared with untreated counterparts. Consistent with
our findings, excessive actin polymerization has been shown to
contribute to the inability of neutrophils tomigrate after e-cigarette
vapor extract exposure16 and has been used as a surrogate marker
for neutrophil deformability.29 F-actin polymerization is an essen-
tial process in the formation of lamellipodia during chemotaxis and
phagocytosis.30 Increased F-actin polymerization prevents neutro-
phils rearranging the cytoskeleton and cell surface membrane, dis-
rupting the ability of neutrophils to degranulate, to apoptose, and to
assemble Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase. Therefore, F-actin polymerization has consequences for
all neutrophil functions and can explain the demonstrated cellular
effects of e-cigarette vapor.

F-actin polymerization is not the only important process
relating to F-actin. The ability to depolymerize F-actin is also
essential, with depolymerization blockade abolishing neutrophil
transmigration.31 Evidence suggests that F-actin depolymeriza-
tion is controlled by regulation of intracellular calcium levels,32

and calcium signaling dysregulation has been hypothesized as a
driving mechanism of e-cigarette–induced neutrophil dysfunc-
tion.33 Therefore, F-actin polymerization may be the missing
link between e-cigarette–induced neutrophil dysfunction and
the reported changes in calcium signaling as a driving mecha-
nism. Both calcium signaling and F-actin polymerization are pro-
cesses that happenwithinminutes, and therefore could explain the
rapid change in function seen after such an acute exposure of
e-cigarette vapor. In concert, direct protein carbonylation
caused by RCS and indirect via by-products of lipoxidation (4-
hydroxynonenal) may drive the accumulation of F-actin observed

http://www.jacionline.org


FIG 5. E-cigarette vapor reduces neutrophil oxidative burst and ROS production. Neutrophil oxidative burst

response to 160 nM PMAwas assessed using XF analyzers as described. A, The combined OCR trace for the

duration of the metabolic test presented as mean 6 SEM of 7 distinct donors. B, Area under the curve anal-

ysis was performed on the trace for each individual and the total oxygen consumption was calculated. C and

D, In addition, neutrophils were stained using CellROX red (Fig 5, C) and CellROX green (Fig 5, D) to repre-

sent cytoplasmic and nuclear/mitochondrial ROS production. The Friedman test was used to assess statis-

tical differences. Statistical significance is indicated by asterisks above each group, corresponding to a

significant difference from CTL. CTL, Untreated control; 2-DG, 2-Deoxy-D-glucose; OCR, oxygen consump-

tion rate. *P <_ .05; **P <_ .01; (n 5 7).
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after e-cigarette exposure. The RCS component in cigarette
smoke can cause significant nonenzymatic posttranslational
modification to proteins. Once exposure exceeds the ability of
the cell to neutralize these potential oxidants, modification of pro-
teins by oxidation results in targeting peptide residues such as
Lys, Arg, His, and Cys.34,35 We speculate that Cys18 on the
p-loop of RAC1, of which the thiol side chain plays a role in sta-
bilizing nucleotide binding, can be oxidized by the excessive RCS
load present during e-cigarette vapor challenge. This results in
effective constitutive activation of RAC1, which paradoxically
leads to impaired membrane polarization and accumulation of
F-actin in other cell types.36

Previous work has suggested that e-cigarettes activate
neutrophils, with upregulation of CD11b and CD66b,
morphological changes, proteinase secretion, and stimulated
NET sensitivity.17,18,33 We propose that these cellular effects
cannot be attributed to neutrophil activation; typically, activation
would upregulate function. Studies by Reidel and Ghosh
examined neutrophils from chronic e-cigarette users, whereas
the Higham study modeled a longer exposure than topography
studies suggest.22-25
Neutrophils rapidly shed CD62L in response to infectious or
inflammatory stimuli (see Table E2 in this article’s Online Repos-
itory at www.jacionline.org), with reported values of up to 50%
reduction following N-Formylmethionyl-leucyl-phenylalanine
(fMLP) challenge.37,38 Shedding of CD62L following e-cigarette
vapor exposure is more pronounced, with a 90% reduction in
expression appearing more comparable with cigarette smoke
extract exposure than with traditional inflammatory stimuli.39

Together, these results may not represent differential hypoth-
eses, but a biphasic neutrophil response whereby, despite rapid
shedding of CD62L, acute exposure of neutrophils significantly
arrests function because of reduced deformability. Chronic
exposure as seen modeled with in vivo models may result in
increased adaptive changes to neutrophil function before egress
from the bone marrow. This could explain effects such as upregu-
lation of degranulation, NETosis, and activation markers seen
with in vivomodels. The difference between these studies in terms
of exposure time, nicotine level, energy input of device, and fla-
vorings (if any) included in the liquids used will all have an
impact on function and observed results and so must be taken
into consideration.

http://www.jacionline.org


FIG 6. Neutrophil glycolysis test after exposure to e-cigarette vapor (XF injections: A, 160 nM PMA; B,

16 mM Oligo; and C, 500 mM 2-DG were used to assess glycolysis). A, The combined PER trace from 8

distinct donors. B, Basal glycolysis was measured as the final PER value before PMA injection. C, PMA-

induced glycolysis was the maximum PER reached across the duration of the test. D, Size of glycolytic

response to PMA was calculated as the difference between the basal glycolysis and glycolytic capacity. Sta-

tistical difference was assessed using the Friedman test (n 5 8). CTL, Untreated control; 2-DG, 2-Deoxy-D-

glucose; Oligo, oligomycin; PER, proton efflux rate.
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Previous studies have investigated the effect of e-cigarette
exposure on neutrophil functions, but this is the first to use a
model of direct vapor exposure. This study’s strength is the
comparison of the impact of nicotine on function and phenotype.
Our holistic approach in assessing neutrophil function after e-
cigarette vapor challenge has captured the broad suppression,
which is nicotine-independent as opposed to previously reported
nicotine-dependent effects in alveolar macrophages40,41 and
epithelial cells.42 Nicotine-independent effects are driven by the
RCS element consisting of aldehydes, acrolein, and volatile
organic compounds, which have been extensively analyzed.12-15

We chose to standardize the components used by all users—by
testing the fundamental e-liquid components of PG, VG, and
nicotine, presenting a best possible model and avoiding the
need to create intermediate e-cigarette–derived reagents.
A limitation of this work is the focus on free-base nicotine
e-liquid. Nicotine salt-based e-liquids have gained significant
popularity in some regions; however, no differences in biological
activity have been demonstrated to date beyond uptake rate across
the epithelial barrier.
The direct translation of these findings to in vivo effects is
limited because each e-cigarette user has their own unique com-
bination of device, e-liquid, and usage pattern. We measured
the impact of the base components on neutrophil functions, but
the contribution of puff number, flavorings, and device types
cannot be confirmed by this work. We have presented here a
chamber that will mimic a human lung during vaping. We have
previously shown that vaping acts a proinflammatory insult to
cells within the lung, such as alveolar macrophages.41 This causes
the release of chemokines that will attract neutrophils from the
periphery into the lung where such a direct exposure would occur.
This work contrasts with much of the literature to date that
focused on the effects of high levels of nicotine exposure or longer
duration whole-body exposure in murine studies. We have used a
low-dose exposure to yield insight into the effects of physiolog-
ical exposure in the acute phase of vaping.

This study has used primary neutrophils isolated from healthy
nonsmokers to preclude the previous influence of cigarette
smoking as a confounding factor in observed results. Primary
neutrophils are short-lived after isolation. Therefore, assessing



FIG 7. E-cigarette vapor induces actin polymerization in neutrophils. Neutrophils were treated with e-

cigarette vapor and stained for polymerized F-actin using phalloidin-FITC with DAPI costaining. A, Repre-

sentative microscopy images, with green representing F-actin stained and blue representing the nucleus

stained with DAPI. B, The average fluorescence intensity of 5 fields of view was calculated. C, Paired Trans-

well migration to 100 nM IL-8 was performed, and the ability of neutrophils to migrate, plotted as the log of

total neutrophils migrated through the Transwell membrane, was plotted against the phalloidin fluores-

cence intensity. Statistical difference was calculated using a repeated-measures ANOVA and simple linear

regression (n 5 9 independent donors). CTL, Untreated control; DAPI, 4’-6-diamidino-2-phenylindole.

*P <_ .05
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chronic exposure was not possible. Despite these limitations, our
demonstration of significant dysfunction after acute, nontoxic
exposure may have long-term consequences. The impact of
vaping on lung health is likely to take decades to manifest in
histologic abnormalities and even longer for symptoms. To fully
characterize how different vaping behaviors affect cellular
functions, long-term longitudinal studies will be needed. Until
these cohort studies are undertaken, direct exposure systems such
as those identified here can be used to further investigate the
molecular drivers of cellular dysfunction to understand whether
harm can be prevented or reduced. Future work should focus on
the individual e-cigarette vapor components driving phenotypic
and functional changes in immune and structural cells of the
respiratory system.

We have demonstrated changes in neutrophil phenotype and
suppression of key neutrophil effector functions. These changes
are not nicotine-dependent and are driven by excessive F-actin
accumulation in the cytoplasm. The changes observed heremimic
some of the neutrophil dysfunctions seen in disease states such as
COPD and have the potential to drive persistent inflammation
and tissue damage in vivo. As such, there are implications for
long-term use of e-cigarettes and for derivative devices such as
wellness vapes. Although longitudinal research is needed to un-
derstand the full extent of the health effects of e-cigarettes, this
work adds to the evidence challenging the perception that e-cig-
arettes are safe and cautions against the emerging trend of long-
term e-cigarette usage.
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Key messages

d Neutrophils exhibit an altered phenotype and are unable
to function normally after direct exposure to e-cigarette
vapor, independent of nicotine content.

d These functional defects are driven by the accumulation
of filamentous actin in the cytoplasm.
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METHODS

Neutrophil isolation
Neutrophils were isolated as described previously.E1 Lithium-

heparin anticoagulated whole blood was transferred to centrifuge
tubes and gently mixed with sterile 2% dextran in 0.154 M NaCl
in a 6:1 ratio (whole blood:dextran). Blood was left to stand for
30 minutes to allow for erythrocyte sedimentation. Percoll was
diluted 9:1 (vol/vol) in 1.54 M NaCl to produce an isotonic stock
solution. Thiswas further diluted 14:11 in 0.154MNaCl to produce
a 56% Percoll solution or 4:1 in 0.154 M NaCl to produce an 80%
Percoll solution. Percoll solutionswere prepared fresh on the day of
neutrophil isolation and allowed to come to room temperature
before layering. Using a sterile fine-tipped pipette (Alpha Labs,
Eastleigh, UK), 80% Percoll was layered beneath 56% Percoll in
a centrifuge tube to form a discontinuous Percoll density gradient.
Immediately after preparation of the density gradient, the buffy coat
from the erythrocyte-sedimented whole blood was gently layered
on top of the Percoll gradient using a sterile fine-tipped pipette.Gra-
dientswere centrifugedat 470g for 20minutes at room temperature,
with no brake or acceleration. Following centrifugation, the plasma
and PBMC layers were removed and discarded, and the neutrophil
layerwas aspiratedusing a sterile fine-tippedpipette and transferred
into a fresh, sterile PBS–containing 15-mL centrifuge tube. Cells
were centrifuged at 250g for 10 minutes at room temperature
with full brake and acceleration to form a pellet. Supernatants
were discarded and pellets gently resuspended in RPMI 1640 con-
taining 2 mM L-glutamine and supplemented with penicillin-
streptomycin (1%wt/wt). A Fast Read 102 (Biosigma, Hampshire,
UK) slidewas used to assess neutrophil yield and cells were diluted
to the appropriate concentration for downstream experiments in the
same RPMI 1640, or assay-specific media as specified. Neutrophil
puritywas assessed byCytospin (ThermoShandon,Horsham,UK).
Only preparations with a neutrophil purity of more than 90% were
used for subsequent assays.

Neutrophil viability
Neutrophils were resuspended at 1 3 106/mL in Annexin V

binding buffer (produced by diluting a 103 concentrated buffer
solution consisting of 0.2 mM sterile filtered 0.1 M HEPES (pH
7.4), 1.4 M NaCl, and 25 mM CaCl2 with distilled water 1:10)
and transferred to ice. Annexin V–FITC stain (BD Biosciences,
Berkshire, UK) was added (1:100 dilution) and the cells were
left on ice, protected from light, for 20 minutes. Neutrophils
were centrifuged at 250g for 5 minutes at 48C with full brake
and acceleration, and supernatants were discarded and resus-
pended in Annexin V binding buffer. Neutrophils were washed
twice more before resuspension in 200 mL of Annexin V binding
buffer. Immediately before running, propidium iodide was added
to the sample 1:100 (vol/vol). Samples were read on a BD FACS-
via flow cytometer (BD Biosciences, Berkshire, UK). Proportions
of live (viable) (Annexin Vlow and PIlow), early apoptotic (An-
nexin Vhigh and PIlow), late apoptotic (Annexin Vhigh and PIhigh),
and necrotic (Annexin Vlow and PIhigh) neutrophils were
determined.

Neutrophil migration assays
Insall chamber—Chemotaxis. The neutrophil chemotaxis

assay was performed using a modified Dunn chamber, the Insall

chamber.E2 Neutrophils were resuspended at 23 106/mL in RPMI
1640. Glass coverslips (Leica Biosystems, Wetzlar, Germany)
were handled using inverted forceps and sterilized by submersion
in 0.4MH2SO4 followed by twice in distilledwater. Sterilized cov-
erslips were coated in 7.5% BSA before 8 3 105 neutrophils (in
400 mL volume) were added to the coverslip. Control neutrophils
were left on the benchtop covered by a petri dish for 20 minutes
to adhere to the coverslip, whereas e-cigarette vapor–exposed neu-
trophils were transferred to the vaping chamber on a petri dish lid
and exposed to 40 puffs of e-cigarette vapor during the adherence
phase. After a 20-minute incubation, coverslips were inverted and
placed on the Insall chamber slide. Chemoattractant wells were
filled with 100 nMRecombinant Human (rh)-CXCL8 (Bio-techne,
Abingdon, UK). The Insall chamber with coverslip was placed
onto a Leica DMI 6000B microscope with fitted DFL350 FX cam-
era (Leica, London, UK). The field of vision was filmed for 12 mi-
nutes, with an image captured every 20 seconds. Films were
analyzed using the manual tracking plugin on FIJI ImageJ before
using a preformulated Excel template to generate values for speed,
velocity, persistence, and chemotactic index.

Transwell migration. Neutrophils were resuspended at
1 3 106/mL in RPMI 1640 before e-cigarette exposure to allow
for consistency in vaping steps. Following vaping, neutrophils
were centrifuged at 250g for 10 minutes at room temperature
with maximum brake and acceleration and resuspended at
1 3 107/mL. Meanwhile, 600 mL RPMI (phenol red–free 1
Glutamine-Penicillin-Streptomycin 1 10% FCS) was added to
required wells of a 24-well plate, which was transferred to an
incubator (378C, 5% CO2). rh-CXCL8 (100 nM) was added to
relevant wells before Nunc Transwell inserts with 3-mm pores
(Fisher Scientific, Loughborough, UK; product no. 40627) were
placed in the wells. Neutrophils (1 3 106) were transferred to
the inserts, and the plate incubated (378C, 5% CO2) for 90 mi-
nutes. Following the incubation step, inserts were removed and
the number of cells in the supernatant measured on a BD FACSvia
machine (BD Biosciences, Wokingham, UK).

Neutrophil phagocytosis of E coli and S aureus
Neutrophils were resuspended at 1 3 106/mL in RPMI 1640.

Neutrophils (1 3 105) were then added to each of the required
wells of a 96-well flexi-plate that had been precoated with PBS
containing 1% BSA. Cytochalasin D (final concentration,
20mM)was added to negative control neutrophils for 20 minutes;
meanwhile, experimental neutrophils were exposed to 40 e-ciga-
rette vapor puffs via the vaping chamber. S aureus and E coli
pHrodo green bioparticles (Thermo Fisher Scientific, Loughbor-
ough, UK) were resuspended in pHrodo buffer (Hanks’ balanced
salt solution, with additional 20mMHEPES [476.6mgHEPES in
100 mL Hanks’ balanced salt solution] pH adjusted to 7.4 with
NaOH to minimize background signal from uningested
particles) (made up to 1 mg/mL) and sonicated for 10 minutes
to ensure an even suspension. pHrodo bioparticles (50 mL)
were added to required neutrophil wells for 30 and 60 minutes
and left to incubate at 378C in 5% CO2. Negative control neutro-
phils were incubated with pHrodo bioparticles for 60minutes. Af-
ter incubation was complete, plates were transferred to ice to
quench phagocytosis before wells were topped up with ice-cold
PBS containing 1% BSA. Plates were centrifuged (250g for 5 mi-
nutes at 48C with maximum brake and acceleration) and washed
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in ice-cold PBS containing 1% BSA twice before being resus-
pended in PBS containing 1%BSA and transferred to FACS tubes
ready for analysis. The BD FACSvia flow cytometer (BD Biosci-
ences) was used for flow-cytometry analysis.

Neutrophil NETosis assays
Immunofluorescence staining for NETs. Neutrophils

(2 3 105) were seeded onto glass coverslips (Leica Biosystems,
Wetzlar, Germany) in a 6-well plate and incubated at 378C in
5% CO2 for 30 minutes. Coverslips were then flooded with
RPMI 1640 and 25 nM PMA was added. Plates were returned
to the incubator (378C, 5% CO2) for 3 hours. Postincubation,
4% paraformaldehyde was added to fix the cells and the plate
was incubated (378C, 5% CO2) for a further 30 minutes. Cover-
slips were washed with PBS and then with 0.1% Triton X-100
made up in PBS. Coverslips were washed again 3 times with
PBS before staining with 1 mM SYTOX Green (Thermo Fisher
Scientific, Loughborough, UK) made up in PBS. Coverslips
were washed for a final time with PBS for 5 minutes before being
mounted onto microscope slides (Thermo Fisher Scientific) using
fluoromount medium (Thermo Fisher Scientific and visualized
using the Leica DMI 6000B microscope.

Quantification of NET release. Neutrophils (2 3 105)
were added to each well of a 96-well flat-bottom clear plate. Cells
were stimulated with 25 nM PMA (or vehicle control) for 3 hours
in an incubator (378C, 5% CO2). Poststimulation, supernatants
were transferred to eppendorfs and centrifuged at 2200g for 10mi-
nutes at 48C. Supernatant of 100 mL was transferred to a flat-
bottom 96-well black plate and stained with 1 mMSYTOXGreen
made up in PBS for 10 minutes at room temperature in the dark.
Fluorescence was measured using the BioTek Synergy 2 fluoro-
metric plate reader (Agilent, Milton Keynes, UK) with excitation
and emission set at 485/20 nm and 528/20 nm, respectively.

Neutrophil metabolic assay
Agilent Seahorse XF96 analyzers were used to perform meta-

bolic tests. On the day preceding an assay, Seahorse XF96 Cell
Culture Microplates (Agilent Technologies, Milton Keynes, UK)
were coatedwithCorningCellTak (Thermo Fisher Scientific) (22.4
mg/mL diluted in 0.1 M NaHCO3 [pH 8.0]) by applying 25 mL to
each well and left for 20 minutes at room temperature before
washing each well twice with double distilled (dd)H2O. Plates
were stored at 48C overnight and warmed to 378C in a non-CO2

incubator on themorning of the assay. In addition, on the day before
the assay, Seahorse XFe96 sensor cartridges (Agilent Technolo-
gies) were hydrated by adding ddH2O to the utility plate and
lowering the sensory cartridge into thewells. The assembled sensor
cartridge was placed at 378C in a non-CO2 incubator overnight.

On the day of the assay, neutrophils were isolated as described
and resuspended at 4 x 106/mL in prewarmed phenol red–free
RPMI dissolved in 1 L distilled water, supplemented with L-gluta-
mine (2 mM), sodium pyruvate (1 mM), glucose (10 mM), and
HEPES (5 mM, pH 7.4, filter sterilized), which will be referred
to as Seahorse media. Water was discarded from the utility plate
and replaced with 200mL prewarmed Seahorse XF Calibrant solu-
tion (Agilent Technologies). The sensor cartridge was re-placed
into the calibrant and incubated in a non-CO2 (378C) incubator
for 45 to 60 minutes. Meanwhile, 50 mL neutrophil solution was
loaded into experimental wells of the CellTak-coated plate and

50 mL Seahorse media into background/control wells. The plate
was centrifuged at 200g for 1 minute with maximum acceleration
but no brake at room temperature before incubation in a non-CO2

(378C) incubator for 25 to 30 minutes. Warm Seahorse media
(130 mL) was gently added down the side of each well, taking
care to avoid disturbing the cells. The base of the plate was
observed under a light microscope to ensure cells were still
adherent, and the plate was transferred back to the non-CO2

(378C) incubator for a further 15 to 25 minutes. Meanwhile,
25mL of each inhibitor/stimulant was added to the injection ports
A to C of the sensor cartridge, following the loading strategy for
glycolysis test (A, 1.6 mM PMA; B, 16 mM oligomycin; C,
500 mM 2-Deoxy-D-glucose [2-DG]) and oxidative burst (A,
Seahorse media; B, 20 mM rotenone/antimycin A; C, 1.6 mM
PMA). The procedure steps were preset on the protocol template
made using the SeahorseWave Desktop software version 2.6, and
analysis was performed using preformatted analysis templates.
Extracellular acidification rate was converted to proton efflux
rate to account for the buffering capacity of the media.

Neutrophil ROS production
Neutrophils (1 3 105) were added to FACS tubes. CellROX

dyes (Invitrogen, Oxford, UK) were used to detect cytoplasmic
(red) and mitochondrial/nuclear (green) ROS. CellROX dyes
were added at a concentration of 5 mM to relevant tubes and incu-
bated at 378C in 5% CO2 for 30 minutes in the dark. Cells were
washed twice with PBS (300g for 5 minutes at room temperature
with full brake and acceleration) before being resuspended in 200
mL PBS. Cells were acquired using a MACSQuant analyzer 10
flow cytometer (Miltenyi Biotec, Bisley, UK). CellROX green
was detected on FITC channel, whereas CellROX red was de-
tected on allophycocyanin. Data were analyzed using FlowJo
software version 10 (Tree Star, Inc, Ashland, Ore), and the MFI
was compared between the groups.

Neutrophil phenotyping
Neutrophils (1 3 105) were added to FACS tubes. Cells were

washed with FACS buffer (PBS containing 1% BSA) (300g for
5 minutes at room temperature with full brake and acceleration)
before Fc blockwas added using human Trustain FcX (BioLegend,
London, UK) diluted 1:100 in FACS buffer for 5 to 10 minutes at
room temperature. Neutrophils werewashed (300g for 5minutes at
room temperature with full brake and acceleration) with 400 mL
FACS buffer and resuspended in 100 mL antibody cocktail (see
Table E3) for both neutrophil panels and isotype controls. Un-
stained neutrophils were incubated without antibodies or isotype
controls. Neutrophils were incubated on ice for 30 minutes, pro-
tected from light. Following incubation, neutrophils were washed
with 400 mL FACS buffer (300g for 5 minutes at 48C with full
brake and acceleration) and resuspended in 200 mL FACS buffer
for acquisition. Acquisition was performed using a BD LSR For-
tessa flow cytometer (BDBiosciences) and samples analyzed using
FlowJo software (Tree Star, Inc).

F-actin polymerization assessment
After e-cigarette vapor exposure, 1.5 3 105 neutrophils were

spun (300g for 5minutes) ontomicroscopy slides. Slideswere fixed
by submersion in 4% paraformaldehyde for 10 minutes at room
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temperature. Slides were washed 3 times (5 minutes each) in PBS
before treatment with 0.2% Triton X-100 for 3 minutes at room
temperature. Slides were once again washed 3 times in PBS before
submersion for 30minutes in PBS containing 1%BSA. Slideswere
washed in PBS and then stained using FITC-conjugated phalloidin
(Thermo Fisher Scientific) diluted 1:400 in PBS containing 1%
BSA for 1 hour at room temperature, protected from light. Slides
were washed 3 times in PBS and then stained with 4’-6-
diamidino-2-phenylindole nucleic acid stain diluted 1:10,000 in
PBS containing 1%BSA for 2minutes at room temperature. Slides
were washed with PBS for a final time before coverslips (223 22
mm) were mounted onto the slides using fluoromount medium.
Cells were imaged using a Leica DMI 6000B microscope at 403
magnification. Five fields of view were captured per slide, and
the fluorescence was quantified using FIJI ImageJ.
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FIG E1. Neutrophil viability after exposure to e-cigarette vapor with and without nicotine A, Neutrophils

were exposed to e-cigarette vapor for 20 minutes and then assayed (n 5 6). B, Neutrophils were exposed

to e-cigarette vapor for 20 minutes and then cultured for 24 hours (n5 5) before being stained with Annexin

V–FITC and PI to assess viability. Viability was assessed using a flow cytometer. Annexin V2PI2 cells were

considered live, Annexin V1PI2 cells were considered early apoptotic, Annexin V1PI1 cells were considered

late apoptotic, and Annexin V2PI1 cells were considered necrotic. Apoptotic cells are expressed as the sum

of early and late apoptotic cells. The Kruskal-Wallis test was performed to assess statistical differences be-

tween the groups; there were no statistical differences. CTL, Untreated control; PI, propidium iodide;

UTC, untreated control.
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FIG E2. Neutrophil surface marker phenotyping after e-cigarette vapor exposure. Neutrophils were treated

with e-cigarette vapor as described, and the expression of 11 surface markers was measured using a

multicolor panel and analyzed using a flow cytometer. The expression of each marker is expressed as the

MFI. Statistical significance was assessed using the Friedman test. A significant difference between

treatment groups is indicated by asterisks above a capped line between the 2 statistically different groups.

CTL, Untreated control. *P <_ .05 (n 5 6).
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TABLE E1. Neutrophil phenotypic marker and functional measurements contributing to this study

Measure

CTL E-cigarette 1 nicotine E-cigarette 2 nicotine P value between

treatmentsMedian IQR Median IQR P value Median IQR P value

Live cells (% of total) 93.3 9.83 89.51 5.47 >.9999 86.51 18.05 .6101 >.9999

CD62L (MFI) 11,651 2,483 3,309 3,503 .0045* 3308 3503 .1299 .7446

CXCR2 (MFI) 3,394 1,096 1,786 1,479.5 .0045* 2698 756 .1299 .7446

CD184 (MFI) 410.5 85.8 296 132.2 .0628 251.5 57.5 .0117* >.9999

CD11c (MFI) 673.5 345 631 464 .0628 560.5 440.5 .0117* >.9999

CD16 (MFI) 12,618 4,798 7,263 5,659 .0628 7,476 1,867 .0117* >.9999

PD-L1 (MFI) 97.05 63.25 147 163.82 .4467 46.2 47.25 .1818 .0027*

CD10 (MFI) 1,079 644 942 776.2 .2498 850 578.2 .2498 >.9999

CD54 (MFI) 99.40 63.2 99.85 91.45 >.9999 103.6 68.25 .2498 >.9999

CD66b (MFI) 855.9 281.6 817.8 433.5 .4467 750.8 269.2 .1299 >.9999

Transwell (no. of

neutrophils migrated)

293,442 248,887 666 220,104 .0032* 1,071 262,622 .0203* >.9999

Chemokinesis (mm/min) 2.864 1.11 1.00 1.27 .0058* 0.87 1.27 .0152* >.9999

Chemotaxis (mm/min) 0.53 0.81 20.03 0.25 .0433* 20.006 0.54 .0853 >.9999

30-min phagocytosis of E

coli pHrodo

bioparticles (%

positive)

65.74 34.90 3.71 30.90 .0060* 1.42 30.30 .0026* >.9999

60-min phagocytosis of E

coli pHrodo

bioparticles (%

positive)

90.31 11.67 3.44 73.48 .0157* 1.72 34.87 .0034* >.9999

30-min phagocytosis of S

aureus pHrodo

bioparticles (%

positive)

71.46 28.16 4.77 12.99 .0044* 5.57 10.23 .0021* >.9999

60-min phagocytosis of S

aureus pHrodo

bioparticles (%

positive)

92.50 7.08 5.20 65.72 .0044* 8.25 36.54 .0021* >.9999

Unstimulated NETosis

(RFU)

2,535 1,289 2,283 1,998 >.9999 2,058 1,749 .6339 .9519

NET response to PMA

(DRFU)

1,153 1,142.3 161.5 1,234 .0226* 116 455 .0099* >.9999

Oxidative burst response

(pmol O2)

10,643 8,422 2,492 4,600.2 .0056* 3,222 5,790 .0189* >.9999

Cytoplasmic ROS (MFI) 114.5 58.12 12.49 20.19 .0628 5.91 16.35 .0117* >.9999

Nuclear/mitochondrial

ROS (MFI)

29.85 15.15 5.57 2.33 .0911 4.71 0.88 .0073* >.9999

Basal glycolysis (PER) 43.26 70.86 73.94 52.54 >.9999 36.26 36.61 >.9999 .6478

Stimulated glycolysis

(PER)

259.3 109.6 120.4 210.87 .2141 111.3 243.09 .1687 >.9999

F-actin polymerization

(MFI)

21.37 11.8 30.51 13.41 .0237* 30.66 30.68 .0360* .9636

Neutrophil surface marker expression and a range of effector functions were measured as part of this study. The median and IQR values for treated (e-cigarette 1 nicotine and

e-cigarette 2 nicotine) and untreated (CTL) are displayed, along with the corresponding P value, which represents the significance level between untreated and corresponding

treatment groups. Statistical significance was calculated using repeated-measures ANOVA, the Friedman test, and the Kruskal-Wallis test of statistical difference.

CD, Cluster of differentiation; CTL, untreated control; CXCR, C-X-C chemokine receptor; IQR, interquartile range; PD-L1, programmed death ligand 1; PER, proton efflux rate;

RFU, relative fluorescence unit.

*P < .05 was considered statistically significant.
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TABLE E2. Summary table of reported changes in CD62L after stimulation

Donor Stimuli Fold reduction in CD62L MFI Reference

Healthy volunteers E-cigarette vapor 1 nicotine

20 min

90.6% This study

Healthy volunteers E-cigarette vapor without nicotine

20 min

71.6% This study

Healthy volunteers 100 nM fMLP

10 and 30 min

50% at 10 min

60% at 30 min

E3

Healthy volunteers 10 nM PAF

10 and 30 min

20% at 10 min

40% at 30 min

E3

Healthy volunteers 10 ng/mL CXCL8

10 and 30 min

Zero at 10 min

20% at 30 min

E3

Healthy volunteers 5 ng/mL TNF-a

10 and 30 min

Zero at 10 min

20% at 30 min

E3

Healthy volunteers 10 and 100 nM fMLP 30% at 10 nM

40% at 100 nM

E4

Patients with COPD 10 and 100 nM fMLP 35% at 10 nM

35% at 100 nM

E4

Healthy volunteers (smokers) Cigarette smoke–bubbled PBS at 0.12 puffs/mL

30 min

80% reduction in smokers E5

Healthy volunteers (nonsmokers) Cigarette smoke–bubbled PBS at 0.12 puffs/mL

30 min

60% reduction in nonsmokers E5

Table comparing data from this study with the published literature, reporting change in surface expression of the neutrophil lection CD62L, following challenge with e-cigarette

vapor, cigarette smoke extract, fMLP, PAF, TNF-⍺, and CXCL8.

fMLP, N-Formylmethionine-leucyl-phenylalanine; PAF, platelet-activating factor.
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TABLE E3. Antibodies* used for neutrophil phenotyping

Panel Receptor Catalyst no. Fluorophore Dilution

Panel 1 CD184 306518 BV421 1:20

CD10 312220 BV510 1:20

CD62L 304834 BV605 1:100

CD11b 301346 BV786 1:40

CXCR2 320704 FITC 1:40

CD54 322712 APC 1:100

CD16 302026 AF700 1:40

Panel 2 PD-L1 329724 BV605 1:100

CD11c 371516 FITC 1:40

CD66b 305118 APC 1:100

APC, Allophycocyanin.

*All were purchased from BioLegend.
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