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Abstract

It is unclear how oxidative stress triggered by smoking and vaping may alter specific immune

cell subsets. In this study, we showed that tobacco cigarette smoking, but not electronic-cigarette
vaping, is associated with increased expression of major proteins in the toll-like receptor 4
(TLR4) inflammasome-interleukin (IL)-6 signalling axis in monocyte subtypes and T cells. TLR4
senses oxidative stress in immune cells caspase-1 is a key protein of inflammasome activation,
and IL-6R-a is the receptor for IL-6 that drives proatherogenic IL-6 signalling. These findings
implicate the non-nicotine, pro-oxidant toxicants in tobacco cigarette smoke as instigators of
increased expression of key proteins in the TLR4-inflammasome-IL-6 axis that contribute to
atherogenesis.

RESUME

On ignore comment le stress oxydatif, déclenché par le tabagisme et le vapotage, peut modifier
des sous-ensembles particuliers de cellules immunitaires. Dans cette étude, nous avons montré
que le tabagisme, mais pas le vapotage a I’aide de cigarettes électroniques, est associé a une
augmentation de I’expression des principales protéines de I’axe de signalisation inflammasome-
interleukine (IL)-6 du récepteur de type Toll 4 (TLR4) dans les sous-types de monocytes

et les lymphocytes T. Le TLR4 détecte le stress oxydatif dans les cellules immunitaires; la
caspase-1 est une protéine clé de I’activation de I’inflammasome, et I’IL-6R-a est le récepteur
de I’IL-6 qui active la voie de signalisation proathérogéne de I’IL-6. Ces résultats laissent
entendre que les substances toxiques pro-oxydantes non nicotiniques de la fumée de cigarette
provoqueraient I’augmentation de I’expression des protéines clés de I’axe TLR4-infilammasome-
IL-6 qui contribuent a I’athérogéneése.
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Atherosclerosis is a chronic inflammatory disease and immune cells such as monocytes,
lymphocytes and natural killer (NK) cells perpetuate atherogenesis.? The cross-talk between
oxidative stress and immune cells as instigators of atherosclerosis has been widely studied.?
However, it is unclear how systemic oxidative stress triggered by environmental exposures,
including smoking, may alter specific immune cell subsets such as monocyte subtypes, T
cells, and NK cells that have a major role in initiation and perpetuation of atherosclerosis.3#

The toll-like receptor (TLR) 4 (TLR4)-inflammasome-interleukin (IL)-6 signalling axis

is critical for atherogenesis.2® Immune cells, specifically monocytes, T cells and NK

cells may generate reactive oxygen species (ROS) that then contribute to pathogenesis of
atherosclerosis. Oxidative stress is one of the “danger signals” sensed by TLR in immune
cells, triggering expression of inflammasome proteins that activate the protease caspase-1.1
Caspase-1, in turn, cleaves pro-IL-14to its active form, IL-1/, the proinflammatory cytokine
that drives proatherosclerotic IL-6 signalling.1® Clinically, canakinumab, a monoclonal
antibody against the caspase-1 substrate, IL-18, has been shown to reduce recurrent
cardiovascular events in survivors of myocardial infarction.® IL-6R-a is the receptor for
IL-6, and increased IL-6R-a expression would be expected to render immune cells more
susceptible to activation by 1L-6.1:°

We recently reported that monocytes from people who smoke tobacco cigarettes (TCIGS)
have increased oxidative stress® and increased expression of TLR4, caspase-1, and IL-6R-
a compared with people who do not smoke or vape (nonsmokers). ” However, it

remains unknown within which of the various monocyte subtypes, including the classical
(CD14**CD16"), nonclassical (CD14dimCD16™), and/or intermediate (CD14**CD16%)
monocytes, increased expression of this axis is localized; further, it is unknown if smoking
also triggers this axis in T cells and NK cells.

Although the rate of TCIG smoking is decreasing, the rate of electronic cigarette (ECIG)
vaping is markedly increasing by smokers who are addicted to nicotine and by never-
smoking adolescents and young adults.8 Emissions from TCIGs and ECIGs contain similar
levels of addictive nicotine, but otherwise differ from each other in important ways.? Smoke
from TCIGs is generated by burning organic materials, and contains over 7000 toxicants,
including almost 100 known carcinogens.1? In contrast, the aerosol from ECIGs is generated
by heating, without combustion, a liquid containing solvents, flavorings and nicotine, and
levels of toxicants including carcinogens are orders of magnitude lower.10 It is unclear
whether vaping carries the same risk for atherosclerosis as smoking, a determination with
significant public health implications.

To further elucidate the significance of the TLR4-inflammasome-IL-6 signalling axis in all
of the major immune cell subsets (monocyte subtypes, T cells, and NK cells) that contribute
to the relative risk of smoking and vaping for inflammatory atherosclerosis, we determined
protein expression of caspase-1, IL-6R-a, and TLR4 in immune cell subtypes in otherwise
healthy young people without other cardiac risk factors, who either smoke TCIGs or who
vape ECIGs compared with healthy people who do not smoke nor vape (nonsmokers).
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Study design

Healthy male and female volunteers between the ages of 21 and 45 years were eligible

for enrollment if they were chronic (>1 year): (1) TCIG-smokers, or (2) ECIG vapers (no
dual users), or (3) nonsmokers. Former TCIG-smokers were eligible if greater than 1 year
had elapsed since quitting. End-tidal CO, elevated above 10 ppm in smokers, was measured
in ECIG vapers and nonsmokers to confirm none were surreptitiously smoking TCIGs.

All participants were required to meet the following criteria as previously described®: (1)
non-obese (< 30 body mass index); (2) no known health problems; (3) alcoholic intake <

2 drinks per day and no regular illicit drug use, including marijuana, determined through
screening questionnaire and urine toxicology testing; (4) no prescription medications

(oral contraceptives allowed); and (5) not exposed to second hand smoke, or using other
tobacco products or licensed nicotine replacement therapies. Blood was drawn from fasting
participants after abstaining from caffeine, tobacco product use and exercise for at least

12 hours, at the same time of day, approximately 8 AM. The experimental protocol was
approved by the Institutional Review Board at the University of California, Los Angeles and
written, informed consent was obtained from each participant.

Flow cytometry

We used a previously described® flow cytometry method and thawed cryopreserved
peripheral blood mononuclear cells (PBMCs) to determine expression (% of positive cells
and median fluorescence intensity [MFI]) of key TLR4-inflammasome-IL-6 signalling axis
proteins (TLR4, caspase-1, IL-6R-a). Gating strategies for viability dye and antibody
staining for PBMCs have previously been described®? and are also shown in Figure 1A.

Statistical analysis

Results

Kruskal—Wallis analysis of variance (ANOVA) was used to compare the 3 groups and, if
the results were statistically significant (£ < 0.05), then the Mann—Whitney test was used
to compare individual 2 groups. This study, largely exploratory, was not powered to detect
effect sizes with adjustments for multiple comparisons.1!

Immune cells were collected from 33 (19 male) otherwise healthy young (mean age 24
years) people without lung disease, including 9 chronic (>1 year) TCIG-smokers, 12 chronic
ECIG vapers, and 12 nonsmokers.8 Baseline characteristics of the 3 groups including age,
sex, race, body mass index, and education have been published and did not differ among the
groups.8 Importantly, smoking burden, as estimated by plasma cotinine levels, did not differ
between smokers and vapers.5

TLR4 (Fig. 1B), caspase-1 (Fig. 2A), and IL-6R-a (Fig. 2C) protein levels (percent of cells
positive for each protein) were increased in classical (CD14**CD16~) and CD4* T cells of
TCIG smokers but not in ECIG vapers compared with nonsmokers. The percent of cells
positive for TLR4 and IL-6R-a were also increased in NK cells in TCIG smokers compared
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with nonsmokers (Fig. 1B, 2 C). The protein levels of IL-6R-a were also increased in
CD8™ T cells in TCIG smokers but not in ECIG vapers compared with nonsmokers (Fig.
2C). Surprisingly, the percent of cells positive for caspase-1 was significantly and strikingly
decreased in classical (CD147+*CD16~) monocytes, and CD8* and CD4* T cells in ECIG
vapers compared with nonsmokers (Fig. 2A). There were no other differences in protein
levels (percent of cells positive for each protein) of TLR4, caspase-1 and IL-6R-a among
other immune cell subtypes of TCIG smokers and ECIG vapers compared with nonsmokers
(Figs. 1 and 2).

The AMFI of TLR4 (Fig. 1C), caspase-1 (Fig. 2B) and IL-6R-a (Fig. 2D) were increased

in CD14**CD16~ and non-classical (CD14dimCD16%) monocytes in TCIG smokers but

not in ECIG vapers compared with nonsmokers. The AMFI of caspase-1 and IL-6R-a

were increased in CD4" T cells of TCIG smokers but not in ECIG vapers compared with
nonsmokers (Fig. 2B and D). The AMFI of IL-6R-a was increased in CD8" T cells of
TCIG-smokers but not in ECIG vapers compared with nonsmokers (Fig. 2 D). Surprisingly,
once again the AMFI of caspase-1 was markedly decreased in CD14**CD16~ monocytes,
CD4* T cells and CD8* T cells in ECIG vapers compared with nonsmokers (Fig. 2B). There
were no other differences in AMFI of TLR4, caspase-1 and IL-6R-a among other immune
cell subtypes of TCIG smokers and ECIG vapers compared with nonsmokers (Figs. 1 and 2).

The most consistent and pronounced changes in both measures (% of positive cells and
AMFI) of all 3 proteins (TLR4, caspase-1 and IL-6R-a) among smoker groups were seen in
CD14**CD16~ monocytes (representative data are shown in Fig. 3). Protein levels of TLR4,
caspase-1 and IL-6R-a were also consistently (except for the AMFI of TLR4) increased in
CD4* T cells in TCIG smokers compared with ECIG vapers and nonsmokers.

Discussion

Each of the 3 monocyte subtypes has unique features; specifically, nonclassical
(CD14dimCD16%) monocytes are known to exhibit the highest proinflammatory, senescent,
and pro-oxidant (highest cellular content of ROS) phenotype followed by the intermediate
(CD147*CD16%) monocytes, and then the classical (CD14**CD16~) monocyte subtypes.12
The CD14dimCD16* monocytes secrete the highest levels of IL-6 and IL-1/3 cytokines and
are the most proinflammatory in response to TLR stimulation Jn vitro.12 CD14**CD16~
monocytes are the most abundant circulating monocytes that contribute to atherogenesis.1?
To our knowledge, this is the first study in humans to show increases in key proteins of

the TLR4-inflammasome-1L-6 signalling axis, including caspase-1 and TLR4, in relevant
monocyte subtypes, T cells and NK cells in TCIG smokers but not in ECIG vapers compared
with nonsmokers.

TLR4, caspase-1 and IL-6R-a were consistently increased in CD14**CD16~ and
CD14dimCD16* monocytes and CD4™ T cells in TCIG smokers but not in ECIG vapers
compared with nonsmokers. TLR4 and IL-6R-a were also increased in NK cells of
TCIG smokers but not in ECIG vapers compared with nonsmokers. Our data suggest
that not only monocytes but also CD4* T cells and NK cells may respond through the
TLR4-inflammasome-IL-6 axis to danger signals such as oxidative stress to contribute
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to inflammation and atherogenesis in TCIG smokers but not ECIG vapers.® This novel
finding is consistent with our previous report’ that ECIGs may be less likely to promote
inflammation, including inflammatory atherosclerosis, compared with TCIGs. Importantly,
levels of plasma cotinine, a metabolite of nicotine, were not different between ECIG vapers
and TCIG smokers, consistent with similar nicotine exposure. This finding implicates the
non-nicotine, pro-oxidant toxicants in TCIG smoke as instigators of increased expression of
key proteins in the TLR4-inflammasome-1L-6 axis.

Notably, expression of TLR4, caspase-1, and IL-6R-a were also consistently increased in
CD4* T cells of TCIG-smokers compared with nonsmokers. Aberrant signalling of ROS,
caspase-1, and IL-6 in CD4* T cells drives pathogenesis of several diseases including
autoimmune diseases, HIV, and cancer,13 but to our knowledge, the TLR4-inflammasome-
IL-6 axis has not previously been studied in CD4" T cells of TCIG-smokers. Because
TLRs and T cell receptors share signalling pathways, it has been suggested that TLR
signalling in effector CD4* T cells in response to exogenous environmental stimuli regulate
their subsequent T cell receptor activation.14 T helper (Th) cells regulate formation of
atherosclerotic plague but their role in atherogenesis is complex.2 The established close
interaction of CD4" T cells with monocytes in the arterial wall and the consistency of the
increased protein levels of the TLR4-inflammasome-1L-6 axis in monocytes and CD4* T
cells of TCIG smokers in our study, suggests that this axis may have an important role in the
proatherogenic cross-talk of these cells in TCIG smokers.

Similar to other immune cells, NK cells are also susceptible to ROS.1® Our findings that
TLR4 and IL-6R-a, but not caspase-1, were increased in NK cells in TCIG smokers,
suggests that TCIG-induced oxidative stress may impact TLR4 and IL-6 signalling but
not inflammasome activation in NK cells. These data are consistent with prior studies

that have shown that exogenous products of inflammasome activation, rather than intrinsic
inflammasome signalling, may affect NK cell activation.18 Because NK cells are not the
main source of proatherogenic 1L-6 signalling,! the effect of the upregulation of TLR4
and IL-6R-a protein levels in NK cells of TCIG smokers on long-term cardiovascular risk
remains to be established.

Consistent with our previous findings, caspase-1 levels were significantly lower in classical
(CD14**CD16™) monocytes and T cells (especially CD8") in ECIG vapers compared with
nonsmokers. This seemingly paradoxical finding is consistent with the notion that nicotine
has an anti-inflammatory effect,17-18 including the suppression of activation of caspase-1

in response to danger signals such as oxidative stress in immune cells.! Our results are

also consistent with previous findings that nicotine has /n vitro anti-inflammatory effects

on antigen-presenting cells that closely interact with T cells.1 Differences in the content of
nicotine receptors between T cells29 may explain the lower caspase-1 protein levels in CD8*
compared with CD4* T cells in ECIG vapers.

Our study has limitations. Unknown confounders between the compared groups in our small
study may explain our findings. Given the small size of our study, we did not adjust for
multiple comparisons but the consistency of data between compared groups distinguished
true findings.1! Further larger studies should validate our results.
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In conclusion, our study is the first, to our knowledge, to report that TCIGs, but not ECIGs,
are associated with increased expression of major proteins in the TLR4- inflammasome-
IL-6 signalling axis in monocyte subtypes and T cells. These data support additional
investigations into the role of ECIGs as part of a harm reduction strategy for adults addicted
to TCIGs who are unwilling or unable to quit.
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Figurel.

Protein levels of toll-like receptor 4 (TLR4) in monocyte subsets, natural killer (NK) cells,
and T cells among smoker groups. (A-C) Flow cytometry was used to determine membrane
protein levels of TLR4 among immune cell subtypes. (A) Gating strategy for immune cell
subtypes. (B, C) Fluorescence intensity of a positive cell population was compared with a
negative cell population (fluorescence minus 1 negative control for staining; AMFI). The
compared groups were nonsmoker (NS), electronic cigarette (ECIG) vaper (light gray),
and tobacco cigarette (TCIG) smokers (dark gray). The mean value of each measurement
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(percent of positive cells and AMFI of protein) was normalized by the mean value of each
measurement in the NS group and expressed as fold to the mean of the NS group. Summary
data are shown for the percent of positive cells for TLR4 (B) and AMFI of TLR4 (C) in
immune cell subtypes. The Mann—Whitney test was used to compare individual 2 groups
(compared with the NS group; * £<0.05, ** < 0.01, *** P< 0.001). MFI, median
fluorescence intensity; SSC, side scatter; SSC-H, side scatter height.
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Figure2.
Protein levels of toll-like receptor 4 (TLR4) in monocyte subsets, natural killer (NK)

cells, and T cells among smoker groups. (A-D) Flow cytometry was used to determine
membrane protein levels of caspase-1 and interleukin (IL)-6R-a among immune cell
subtypes. Fluorescence intensity of a positive cell population was compared with a negative
cell population (fluorescence minus 1 negative control for staining; AMFI). The compared
groups were nonsmokers (NS), electronic cigarette (ECIG) vapers (light gray), and tobacco
cigarette (TCIG) smokers (dark gray). The mean value of each measurement (percent of
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positive cells and AMFI of protein) was normalized by the mean value of each measurement
in the NS group and expressed as fold to the mean of the NS group. Summary data are
shown for the percent of positive cells for caspase-1 (A), AMFI of caspase-1 (B), the percent
of positive cells for interleukin (IL)-6R-a (C), and AMFI of IL-6R-a (D) in immune cell
subtypes. The Mann—Whitney test was used to compare individual 2 groups (compared
with the NS group; * P< 0.05, ** £<0.01, *** £<0.001). MFI, median fluorescence
intensity.
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Figure 3.
Representative data of percentage of CD14**CD16~ monocytes that had positive staining for

each protein (A) and for AMFI (B) of each protein in the compared groups are shown. ECIG,
electronic cigarette; IL, interleukin; MFI, median fluorescence intensity; SSC, side scatter;
TCIG, tobacco cigarette; TLR4, toll-like receptor 4.
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