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Tobacco smoking is strongly linked to vascular damage contributing to the development of hypertension,
atherosclerosis, as well as increasing the risk for neurodegeneration. Still, the involvement of the innate immune
system in the development of vascular damage upon chronic tobacco use before the onset of clinical symptoms is
not fully characterized. Our data provide evidence that a single acute exposure to tobacco elicits the secretion of

Monocytes . . . . i
Vascule}:r damage extracellular vesicles expressing CD105 and CD49e from endothelial cells, granting further recognition of early
Neurodegeneration preclinical biomarkers of vascular damage. Furthermore, we investigated the effects of smoking on the immune

system of healthy asymptomatic chronic smokers compared to never-smokers, focusing on the innate immune
system. Our data reveal a distinct immune landscape representative for early stages of vascular damage in
clinically asymptomatic chronic smokers, before tobacco smoking related diseases develop. These results indicate
a dysregulated immuno-vascular axis in chronic tobacco smokers that are otherwise considered as healthy in-
dividuals. The distinct alterations are characterized by increased CD36 expression by the blood monocyte sub-
sets, neutrophilia and increased plasma IL-18 and reduced levels of IL-33, IL-10 and IL-8. Additionally, reduced
levels of circulating BDNF and elevated sTREM2, which are associated with neurodegeneration, suggest a
considerable impact of tobacco smoking on CNS function in clinically healthy individuals. These findings provide
profound insight into the initial and ongoing effects of tobacco smoking and the potential vascular damage
contributing to neurodegenerative disorders, specifically cerebrovascular dysfunction and dementia.

1. Introduction

Tobacco smoking is a major modifiable risk factor for a plethora of
pathological conditions. Despite undisputed adverse health effects, the
number of smokers continues to rise globally (Gowing et al., 2015;
Eriksen M et al., 2012). Currently, 22.3% of the world’s population
smoke, with detrimental effects on both life expectancy and quality of
life (Cheng and Jin 2022). It has been predicted that half of the smokers’

population will succumb prematurely to tobacco-related complications
(World Health Organization 2021). Diverse chronic systemic disorders
are directly attributable to continuous exposure to tobacco smoke,
severely injuring the respiratory and cardiovascular systems, but also
affecting the central and peripheral nervous systems (Yanbaeva et al.,
2007). Tobacco smoking as a modifiable risk factor for dementia is of
particular importance in aging societies since smoking is a known
accelerator for vascular dementia and it has recently been linked to
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lower cognitive resilience to Alzheimer’s disease (O’Brien et al., 2015;
Livingston et al., 2020; Dumitrescu et al., 2020).

Alterations in both innate and adaptive immunity have previously
been described in the context of tobacco smoking (Miteva et al., 2018;
Piaggeschi et al., 2021; Delgado et al., 2021). T cell activation, differ-
entiation and response is altered in chronic smokers. In particular, the
number of CD4+T helper subsets is upregulated, which is accompanied
by an increased release of proinflammatory cytokines (Forsslund et al.,
2014; Zhang et al., 2014). Regarding innate immunity, previous studies
have described elevated levels of circulating blood leukocytes in chronic
smokers, including neutrophils and monocytes, as well as increased
peripheral inflammatory markers such as fibrinogen, C-reactive protein
(CRP) and proinflammatory cytokines IL-6 and IL-1f (Andersson et al.,
2019; Elisia et al., 2020; Pedersen et al., 2019). However, the explicit
role of innate immune cell activation in the early pathophysiology of
tobacco smoking related-disease has not been fully elucidated. CD36 is a
scavenger receptor expressed on the surface of monocytes, mediating
uptake of oxidized low-density lipoproteins (oxLDL) from the lumen,
thereby facilitating the conversion of healthy peripheral monocytes into
foam cells. Foam cells are known for initiating the development of
vascular plaques (Febbraio et al., 2001; Park 2014). CD36 has also been
described as a potential early biomarker of atherosclerosis due to its role
in plaque formation, angiogenesis, and endothelial inflammation (Tian
et al., 2020).

The chronic presence of tobacco smoke as a stressor unequivocally
leads to inflammation and endothelial dysfunction (Golbidi et al., 2020).
Cigarette smoke induces a series of inflammatory mechanisms, acti-
vating cell populations from both the innate and the adaptive immunity,
which in turn promote the secretion of multiple inflammation-related
molecules such as proinflammatory cytokines, chemokines, reactive
oxygen species (ROS) and extracellular vesicles (EVs) (Miteva et al.,
2018; Elisia et al., 2020; Kodidela et al., 2020). EVs are nanosized
membrane-enclosed particles derived from all types of cells in the or-
ganism, playing an essential role in intercellular signaling (Buzas et al.,
2014; Osteikoetxea et al., 2016; Toth et al., 2021).

The production of ROS strongly influences oxidative stress, which
has a detrimental role in promoting the dysfunction of different barriers,
including the blood-brain barrier (BBB) (Hossain et al., 2009; Sajja et al.,
2015; Hawkins et al., 2004). In chronic smokers, increased ROS pro-
duction accelerates endothelial dysfunction predisposing to morpho-
logical and functional damage of the BBB, thereby contributing to the
pathogenesis of cerebrovascular and neurodegenerative diseases (Cata-
Ido et al., 2010; Chrissobolis et al., 2011; Scicchitano et al., 2019; Zalba
etal., 2007). Changes due to chronic cigarette smoking, with consequent
alterations in the endothelium and the BBB can lead to neurovascular
damage (Cipollini et al., 2019; O’Brien et al., 2015).

Soluble triggering receptor expressed on myeloid cells 2 (sSTREM2) is
the secreted domain of TREM2, a receptor expressed on microglial cells,
and it has been described as a microglial activation marker and consti-
tutes a promising neurodegeneration biomarker in both CSF and pe-
ripheral blood of AD patients (Bekris et al., 2018; Ferri et al., 2020; Hu
et al., 2014; Park, 2014). Notably, recent evidence points to a
gene-environment interaction of smoking and a TREM2 genetic varia-
tion contributing to AD risk (Sun et al., 2022). Conversely, with respect
to neuronal integrity, plasticity, and survival, brain-derived neuro-
trophic factor (BDNF) constitutes an established biomarker. BDNF can
cross the BBB, and therefore, BDNF levels measured in the periphery
correlate with those found in the brain (Pan et al., 1998; Klein et al.,
2011; Zuccato and Cattaneo 2009). Results regarding peripheral BDNF
levels in smokers vary with some studies reporting reduced plasma
concentrations (Bhang et al., 2010), while others detected increased
plasma BDNF levels in smokers (Galle et al., 2021). By understanding
the initial steps of this process as a consequence of tobacco smoking, we
aimed to detect early alterations on the innate and adaptative immune
response along with initial neuroinflammatory changes, to decipher and
eventually prevent downstream pathologies.
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Here we demonstrate the early and ongoing effects of tobacco
smoking and related vascular damage in healthy individuals that might
contribute to the development of cerebrovascular dysfunction. Our
study indicates the rapid release of EVs into blood circulation after an
acute tobacco smoking session by the damaged endothelium. Neutro-
philia and an elevated number of blood monocytes were detected in
chronic smokers. Monocyte subsets increased the expression of CD36, a
scavenger receptor involved in atherosclerotic plaque formation.
Importantly, decreased levels of brain-derived neurotrophic factor
(BDNF) and an elevated sTREM2 in plasma levels in smokers indicate
that smoking may contribute to the pathophysiology of neurodegener-
ative processes in otherwise healthy individuals.

2. Methods
2.1. Participants

The present study prospectively enrolled 76 participants designated
as current smokers (n = 26) and nonsmokers (n = 50) (Table 1). Par-
ticipants were recruited from June to August 2020 via advertisement at
the Otto-von-Guericke University Campus in Magdeburg, Germany. All
enrolled patients were >18 years of age, able to give written informed
consent and had no cardiovascular, neurological or psychiatric diseases.
They reported negatively to current or recent history of infections, tu-
mors, immunizations, autoimmune disease and pregnancy. Participants
had no history of uncontrolled metabolic, respiratory or systemic dis-
orders, and current or recent history of either centrally acting medica-
tion (e.g., anticonvulsants, antidepressants, anxiolytics, neuroleptics,
opioids), anti-inflammatory pharmacotherapy (e.g., non-steroidal anti-
inflammatory drugs (NSAIDs), antibiotics, corticosteroids), or antico-
agulants. Smoking status was self-reported and defined as never or
current smokers. Never smokers are subjects who never smoked or have
smoked less than 100 cigarettes in their lifetime but never on a daily
basis. Current smokers are defined as otherwise healthy participants
who have smoked more than 100 tobacco cigarettes in their lifetime and
currently smoke daily. Subjects agreed to arrive in fasting conditions
and to refrain from smoking for at least 8 h before the start of the study.
Out of the nonsmokers, 20 participants took part in the acute inter-
vention study (Fig. 1A and Supplementary Fig. 2). The acute setting
consisted of blood withdrawal before and 60 min after smoking two
cigarettes (12 tar yield mg/cig, 1.0 nicotine yield). Our study was con-
ducted in accordance with the ethical principles for the Declaration of
Helsinki with approval from the ethics committee of the Medical Fac-
ulty, Otto-von-Guericke Magdeburg (No 07/17; addendum 12/2021).
Written informed consent was obtained from all participants enrolled in
this study.

2.2. Whole blood lysis and staining

Blood was sampled from the antecubital area via peripheral veni-
puncture into a sterile BD Ethylenediaminetetraacetic acid (EDTA)
Vacutainer blood collection tube with 1.8 mg EDTA per milliliter of
blood. All samples were processed within 30 min to 1 h 100 pL of whole
blood was lysed with 1X Red Blood Cell Lysis Buffer (Bio Legend, 10X)

Table 1
Demographic data.

n Age Female BMI, Daily Years
median, n (%) SD cigarettes smoking
range

Controls 50 57 35 (70) 23.4 + NA NA
(20-50) 2.7
Smokers 26 40 19 (73) 245 + 7.9+5.6 16 + 5.6
(21-47) 2.5
Comparison 0.1696 0.156 0.1053
(p-value)
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following the manufacturer’s instructions. After lysis, cells were
centrifuged at 400 g for 5 min at 18 °C. Supernatant was discarded and
cells in the pellet were resuspended in 4 mL PBS with the aforemen-
tioned settings. Cells were further resuspended in 300 puL FACS Buffer
(1X PBS, 2-5% FBS, 2 mM EDTA and 2 mM NaN3) and 100 pl were
added to a 96-well plate to continue with the staining protocol. To avoid
nonspecific binding of antibodies to Fc-receptors, samples were incu-
bated for 10 min in 5 pl of Human TruStain FcX (BioLegend). Each
sample was diluted, divided for 2 panels and stained with the following
conjugated antibodies: anti-human CD16 (FITC), anti-human HLA-DR
(Peridinin chlorophyll protein-Cyanine5.5), anti-human CD86 (Allo-
phycocyanin), anti-human CD3 (Alexa Fluor 700), anti-human CD66b
(Alexa Fluor 700), anti-human CD19 (Alexa Fluor 700), anti-human
CD56 (Alexa Fluor 700), anti-human CD36 (Allophycocyanin-Cyanine
7), anti-human CD163 (Brilliant Violet 421), anti-human CD15 (Brilliant
Violet 510), anti-human HLA-ABC (Brilliant Violet 605), anti-human
CCR2 (Phycoerythrin), anti-human CD62L (Phycoerythrin -Dazzle
594), anti-human CD15 (Phycoerythrin -Cyanine5), anti-human
CX3CR1 (Phycoerythrin-Cy7), anti-human CD14 (Alexa Fluor 700),
anti-human CD15 (APC), anti-human CD4 (Allophycocyanin-Cyanine
7), anti-human HLA-DR (Brilliant Violet 421), anti-human CD3 (Brilliant
Violet 510), anti-human CD19 (Brilliant Violet 605), anti-human CD16
(Brilliant Violet711), anti-human CD45 (FITC), anti-human CD56
(Phycoerythrin), CD8 (Phycoerythrin-Dazzle 594) and anti-human
CD20 (Peridinin chlorophyll protein-Cyanine5.5). After an incubation
period of 30 min at 4 °C, samples were washed twice, and were resus-
pended in 210 pL of FACS-Buffer for further processing. Fluorescence
minus one (FMO) controls were used to determine and assess back-
ground fluorescence in the respective detection channel. Data were ac-
quired on the Attune NxT Flow Cytometer (Thermo Fisher Scientific)
and analyzed with Flowjo Analysis Software (v10.5.3). The focus of our
analysis consisted of the single cell selection and characterization of
monocytes (HLA-DR' CD3™ CD19~ CD56~ CD66b"). Thereafter, cells
were further divided in subsets and identified as classical
(CD14""CD167), intermediate (CD1477CD16™), and nonclassical
(CD14*CD16™ ") monocytes (Fig. 1B) (Guilliams et al., 2018). Analysis
of the frequency of all subsets is shown in Fig. 1C. Moreover, neutrophils
were characterized as CD15" CD16" and additionally subdivided based
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CD56 and CD20™ cells. Monocytes were identified as
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Gated monocytes were further divided into sub-
populations based on their differential expression of
CD14 and CD16 (B). Bar chart showing cell fractions
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(pre) and 60 min after the short intervention (C).
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on their expression of CD62L into mature (CD16brightCD_62Lbright),
banded (CD16%™CD62L ") and hyper segmented (CD16™¢"CD62L-
dimy heutrophils (van Staveren et al., 2018) (Fig. 3B).

2.3. Extracellular vesicles isolation

Blood from the participants (n = 20) were collected on ACD tubes to
prevent in vitro vesiculation of platelets and blood cells (Gyorgy et al.,
2014). Medium-sized vesicles (microvesicles) were separated by differ-
ential centrifugation as described previously (Pospichalova et al., 2015).
Briefly, 2 mL of platelet-free plasma were first centrifuged at 200 g for 5
min to remove live cells. Thereafter, supernatants were transferred into
new sterile tubes and further centrifuged at 1500 g for 10 min for the
clearance of large EVs. To extract microvesicles, supernatants were
transferred once more for ultracentrifugation at 14,000 g for 70 min at
4 °C. The supernatant was discarded, and the pellet containing micro-
vesicles was resuspended in 0.22 pm (pore size filter) filtered PBS. This
last ultracentrifugation step was repeated to improve microvesicle
enrichment and purity. Remaining pellets containing microvesicles were
stored in 200 pl of filtered PBS at —80 °C until further processing. The
guidelines of the International Society for Extracellular Vesicles (Théry
et al., 2018) recommend referring to EVs by their physical or molecular
characteristics given that they vary in size, and as yet there are no
established markers to identify different EVs by their biogenetic routes.
Here, we use the term “mEVs” in reference to medium sizes
nanoparticles.

2.4. Extracellular vesicle protein concentration

To determine total protein content, aliquots of frozen mEVs were
thawed at 37 °C and Bio-Rad Protein Assay (Bradford 1976) was per-
formed following manufacturer’s instructions (500-0006 Bio-Rad.
Miinchen, Germany). Samples were diluted with filtered PBS 1:50 and
bovine serum albumin (BioRad Laboratories, USA) was used as standard
(1 mg/mL). 200 pL of the diluted sample and 50 pL dye (1x Bradford
reagent) were added to a 96-well plate and the absorbance was
measured at 595 nm using the SpectraMax® M5 Microplate Reader
(Molecular Devices LLC).



A.P. Garza et al.
2.5. Extracellular vesicle flow cytometry

For the analysis of fluorescently labeled microvesicles via flow
cytometry, aliquots of frozen mEVs were thawed up at 4 °C and
centrifuged for 10 min at 14,000 g to remove aggregates. Supernatant
was removed with caution and pellets were resuspended 200 pL filtered
PBS. 100 pL per sample were collected separately for technical replicates
and staining controls. mEVs were fluorescently labeled with protein- and
lipid-specific dyes (eBioscience™ CFSE and FM™ 4-64FX, respectively)
without the necessity of removing the unbound fluorescent dyes by ul-
tracentrifugation, which further facilitates the characterization of
microvesicles by flow cytometry (Pospichalova et al., 2015). Samples
were first incubated for 20 min in a final concentration of 100 pmol/L
Carboxyfluorescein succinimidyl ester (CFSE, Invitrogen by Thermo
Fisher Scientific, 65-0850-85) at 37 °C in the dark. Samples were
thereafter incubated for another 10 min at 37 °C in the dark in a final
concentration of 20 pg/mL FM™4-64FX (Invitrogen by ThermoFisher
Scientific, F34653). Antibody labeling was performed subsequent to
CFSE/FM4-64FX incubation, samples were stained with anti-human
CD3 (Peridinin chlorophyll protein-Cyanine5.5), anti-human CD15
(Allophycocyanin), anti-human CD4 (Alexa Fluor 700), anti-human
CD14 (Brilliant Violet 510), anti-human CD19 (Brilliant Violet 605),
anti-human CD16 (Brilliant Violet 711), anti-human CD56 (Phycoery-
thrin) and anti-human CD8 (Phycoerythrin-Dazzle 594). Following in-
cubation, samples were washed, resuspended in filtered PBS and
transferred to sterile tubes for data acquisition.

Sample data were acquired on the AttuneNxT Flow Cytometer
equipped with 405-, 488-, 561-, and 633-nm lasers and an auto sampler
allowing the procession of 96-well plates. To create a stable, slow ve-
locity stream for optimal acquisition recommended for the detection of
mEVs, sample collection speed was adjusted to the lowest flow rate (25
pL/min) with SSC-threshold set to 0.2 x 10°%. To exclude carryover of
fluorescent events between samples, 10% bleach and filtered PBS
washes were included after every sample. 100 pL of sample suspension
was loaded, and a stopping option was set to 50 pL. Red fluorescent 300
nm, 500 nm and 1000 nm diameter silica particles (Creative Di-
agnostics) were used for the correct size identification of medium sized
EVs. Size reference was determined through Forward and Side Scatter
light (FSC-H and SSC-H). Thereafter, CFSE- and FM 4-64FX-positive
events with the designated size were identified as microvesicles. Fluo-
rescence minus one (FMO) and unstained controls were used to aid in
the gating strategy (Supplementary Fig. 1). Results were exported and
analyzed in FlowJo version v10.5.3 (TreeStar). T-distributed stochastic
neighbor embedding (tSNE) plots were generated in FlowJo using the
DownSample plug-in to normalize the interrogation of events per sample
per group. Twenty-five thousand events for each study group were
exported and concatenated followed by tSNE algorithm on all
compensated parameters for 1000 iterations, perplexity of 30, and
learning rate of 4,050, approximate random projection forest - ANNOY
as KNN and FFT interpolation as gradient algorithm.

2.6. MACSPlex exosome kit

To study in more detail the surface markers expressed on our EV
population, we performed an in depth study of 37 extracellular vesicles
surface epitopes (130-108-813, MACSPlex Human Exosome Kit; Milte-
nyi, Bergisch Gladbach, Germany) as previously described (Koliha et al.,
2016). Briefly, this assay uses phycoerythrin and fluorescein
isothiocyanat-labeled polystyrene capture beads that permit the
discrimination of 39 bead subpopulations based on their different
fluorescence intensities. These beads are added to the plasma-separated
mEVs and incubated overnight. The next day, allophycocyanin labeled
detection antibodies are added, containing anti-CD9, anti-CD63 and
anti-CD81 antibodies that allow for the identification of extracellular
vesicles. This process creates a structure consisting of the capture beads,
EV and the detection antibodies allowing for the detection of the event
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and the identification of its surface epitopes. This assay was measured in
the Attune NxT flow cytometer collecting the median fluorescence in-
tensity (MFI) of each EV surface marker that was then normalized to the
mean MFI of the specific EV markers.

2.7. Western blot

Western Blot analysis was performed with isolated mEV suspensions
(30 pg total protein) and human placenta tissue lysate (30 pg total
protein) (GTX27695, GeneTex, Germany). Samples were thawed at 4 °C
and total proteins were loaded on a 4%-10% SDS-PAGE gel and trans-
ferred onto a nitrocellulose membrane. Blocking was performed by in-
cubation of the membrane with 5% non-fat milk for 1 h on an orbital
shaker. After washing with TBST for 5 min at RT, membranes were
incubated overnight with specific primary antibodies. The antibodies
used were GRP94 (1:1000, 100 kDa, Proteintech, 14700-1-AP, IL, USA),
CD105 (1:500, 75-90 kDa, Proteintech, 10862-1-AP, IL, USA), CD63
(1:500, 28-35 kDa, Proteintech, 25682-1-AP, IL, USA) and f-actin
(1:1000, 42 kDa, Cell Signalling Technology 4970, Cambridge, UK).
Membranes were washed the following day with blocking buffer to
remove unbound antibodies, followed by incubation with horseradish
peroxidase-conjugated host-specific secondary antibodies for 1 h. Pro-
teins were detected via enhanced chemiluminescence using the Chem-
iDoc XRS + System (Bio-Rad, CA, USA).

2.8. Bead-based cytokine assay

Plasma samples were thawed at 4 °C and centrifuged at 400 g for 10
min at 4 °C to remove debris. Plasma levels of cytokines IL-18, IL-1p, IL-
10, TNF-a, IL-8, IL-33, and of soluble triggering receptor expressed on
myeloid cells 2 (sTREM2) and brain-derived neurotrophic factor (BDNF)
were assessed using the Human LEGENDplex Multiplex Assay (Bio-
Legend®) was used following manufacturer’s instructions (Lehmann
et al., 2017). Briefly, the assay contains allophycocyanin-coated beads
conjugated with surface antibodies allowing for specific binding to the
cytokine of our interest. After incubation of the capture beads with the
plasma sample, these compounds were now stained with biotinylated
detection antibodies that bind specifically to its analyte on the capture
beads. Therefore, a capture bead-analyte-detection antibody sandwich is
created, and it’s further stained with streptavidin-phycoerythrin. This
last staining provides different intensity signals depending on the
amount of bound analyte. Samples were measured using the Attune NxT
Flow Cytometer. The concentration of each particular analyte is deter-
mined on a known standard curve using the LEGENDplex™ Data
Analysis Online Software Suit. Half of the limit of detection (LOD) was
used to perform statistical analyses when a sample value fell below the
LOD.

2.9. Statistical analysis

All statistical analyses were performed using GraphPad Prism 9. We
evaluated two groups in the chronic setting (smokers and controls) and
two groups on the acute intervention (pre and post intervention). All
data were non-normally distributed as shown by D’Agostino & Pearson
and Shapiro-Wilk tests, therefore, non-parametric U-tests for indepen-
dent samples was performed when comparing smokers and controls. For
comparison between pre and post intervention groups, Wilconxon
matched-pairs rank test was performed. Graphical representations of
data were performed in Graphpad Prism 9 and BioRender. Our analyses
took into account potential confounds that could be associated with
blood parameters, such as age, sex and BMI. No significant differences
were found in relation to these variables within groups nor during group
comparisons. Representative gating strategy of Flow Cytometric data
was analyzed and performed using FlowJo software. An alpha value of p
< 0.05 was used for all statistical tests. Thus, p values < 0.05 were
considered statistically significant and marked with asterisks as follows:
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* for p < 0.05; ** for p < 0.001; *** for p < 0.0001. Data are presented as 3. Results

the arithmetic mean with the corresponding standard error of the mean

(SEM). Immune cell populations shift after an acute cigarette smoking
intervention in never-smokers. In order to investigate the acute effect
of cigarette smoking in healthy nonsmokers, 20 never-smokers (47.24 +
7.9 years old, 12 females, 23.5 + 0.7 BMI) smoked two cigarettes (12 tar
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Fig. 2. Plasma extracellular vesicles increase after one tobacco smoking session expressed by immune and endothelial cells. Identification of red fluorescent silica
beads via flow cytometry. A size range from 300 to 1000 nm was applied for size calibration (A). EV pellets were labeled by protein-specific fluorescent dye (CFSE),
and by lipid-specific (FM 4-64FX) dye prior to measurements. Events within the double positive gate were identified as microvesicles (B). t-distributed stochastic
neighbor embedding (t-SNE) plots of the mean fluorescence intensity of CD3, CD4, CD8, CD19, CD15, CD14, CD16 and CD56 surface antigens in a total of 50,000
double positive events (C). Floating bar charts showing the concentration of protein before and after the tobacco smoking intervention, measured via Bradford assay
(D). Representative gating strategy of the MACSPlex exosome assay, showing the bead size selection (right) and the 37 different dye-labeled capture beads against 37
different EV surface antigens based on FITC and PE fluorescence (left) (E). Heatmap of CD9~CD63~CD81 normalized MFI in all individual samples, showing 19
differentially expressed surface markers in our cohort both before and after the intervention (F). Violin plots showing the mean MFI of the three main EV markers
CD9, CD63 and CD81 in each cohort (far left) and the signal intensity of CD105, CD49e and CD31 surface antigens after detection of CD9, CD63 and CD81 (G).
Detection of EV (CD63), endothelial (CD105), cell lysate (GRP94) and loading control (B-actin) markers verified by western blotting before (pre), and 60 min after
smoking (post) (H). Statistical evaluations were performed using Wilconxon matched-pairs rank test. P values: * for p < 0.05; ** for p < 0.001; *** for p < 0.0001.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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yield mg/cig, 1.0 nicotine yield), and we evaluated their innate and
adaptive immune cell subset composition before and 1 h after the
intervention (Fig. 1A) via multicolor flow cytometry using the gating
strategy shown in Fig. 1B. We found no significant changes in the ab-
solute cell number neither of said subsets nor in the cell fractions
(Supplementary Table 1). However, a slight increase in the neutrophil
(CD15" CD16™) and classical monocytes (CD14**CD167) fraction was
observed after the intervention. Interestingly, a moderate decrease in
the CD3" CD4" and CD3" CD8™ T, B (CD3~ CD56~ CD14~ CD20"), NK
(CD3~ CD56™) and NKT (CD3" CD56™) cell fractions was found after the

A Study Design
Smokers
Inclusion Criteria
1.18-70 years old

2. Currently smoking
and >100 cigarettes

Controls

Inclusion Criteria
1. Age matched
2. Sex matched
3. Never smoked
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smoking intervention (Fig. 1C). These results point towards a plausible
acute immunosuppression after the one cigarette smoking session.
Extracellular vesicle concentration increases in circulation 1 h
after smoking in never-smokers. After the assessment of the immune
cell populations, we set to investigate the role of acute smoking in the
release of extracellular vesicles. Plasma-derived mEVs were measured
before and 1 h after smoking. An overall increased concentration of
plasma-derived mEVs was found after the acute smoking intervention
(Fig. 2D) (pre, 1383 + 323.1 ng/mL; post, 2679 + 258.1 ng/mL, p =
0.0305). This result was confirmed by immunostaining of three
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Fig. 3. Circulating monocyte and neutrophil subsets are altered in smokers compared to nonsmoking healthy controls. Clinical and experimental study design and
analytical processes showing inclusion and exclusion criteria for healthy controls and smokers groups. Peripheral blood was withdrawn and further studied via Flow
Cytometry to analyze innate immune system cell subsets and circulating cytokines (A). Representative gating strategy of flow cytometry data. Single cells were
selected first (not shown), afterwards granulocytes and mononuclear cells were gated based on their size and granularity. Neutrophils were gated based on their
expression of CD16 and CD15, subpopulations were gated using CD62L. Mononuclear cells positive for HLA-DR (MHC-II), and negative for lineage markers (CD3,
CD19, CD56 and CD66b) were then studied and further subdivision in classical, intermediate and nonclassical monocytes based on their expression of CD14 and
CD16 (B). Mekko chart representing the cell fraction contribution of all studied innate immune cell populations in controls versus smokers (C). Floating bar charts
showing the absolute cell numbers of monocytes and neutrophils subsets in controls and smokers (D). Statistical evaluations were performed using non-parametric

unpaired t-test. P values: * for p < 0.05; ** for p < 0.001; *** for p < 0.0001.
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canonical tetraspanins found in association with EVs: CD9, CD63 and
CD81 (Fig. 2G) (pre, 24.29 + 3.43; post, 42.15 + 4.4, p = 0.0121). Our
findings are supported by previous research where an increased release
of EVs was reported from platelets, leukocytes and endothelial cells after
tobacco smoking (Mobarrez et al., 2014).

To assess whether these mEVs were from immune cell origin, we
performed a comprehensive study to characterize the EV origin based on
their expressed surface markers. We utilized multicolor flow cytometry
to classify identify microvesicles and by utilizing fluorescent silica
beads, its size was determined. Our gating strategy was defined for
nanoparticles sized between 300 nm up to 1000 nm (Fig. 2A). Flow
cytometry showed predominantly double positive mEVs (Fig. 2B) with
signal distribution which indicated >95% mEVs based on the membrane
markers CFSE and FM4-64X (Pospichalova et al., 2015). We further
investigated the source of double positive events by using surface
markers of the main immune cell populations, namely CD3, CD8 and
CD4 for T cells, Cytotoxic T cells and T helper cells respectively; CD19
for B cells, CD15 for neutrophils, CD14 and CD16 for monocytes and
CD56 for natural killer cells. Our results showed that the main immune
origin of the mEVs after a short cigarette smoking session were mono-
cytes, NK, T, and B cells (Fig. 2C). Afterwards, to assess the non-immune
cell-derived mEVs, we studied 37 exosomal surface epitopes using a
bead-based assay (Fig. 2E). Nineteen differently expressed markers be-
tween pre and post tobacco smoking intervention were selected
(Fig. 2F). Out of all the investigated EV surface epitopes in the
plasma-isolated mEVs, the endothelial transmembrane glycoprotein
Endoglin (CD105) (pre, 0.0040 + 0.0004 median signal intensity; post,
0.1447 + 0.0842 median signal intensity, p = 0.0329) in addition to the
endothelial activation marker CD49e (integrin «-5) (pre, 0.1227 +
0.0482 median signal intensity; post, 0.3681 + 0.0260 median signal
intensity, p = 0.0080) were significantly increased upon acute tobacco
intervention (Fig. 2G) (Stomka et al., 2018). In addition, following the
MISEV2018 criteria (Théry et al., 2018), EV identity was confirmed via
Western Blot by the presence of CD63, along with the absence of Golgi
membrane stacking protein GRP94, only found in cell lysates (Fig. 2H).
Importantly, the presence of CD105 in plasma-derived mEVs was evi-
denced after a short tobacco smoking session. Taken together, these
results point towards an activation of endothelial cells followed by the
release of mEVs even after a short tobacco smoking session in healthy
nonsmoker individuals.

Clinically asymptomatic current smokers show a decrease in
classical and intermediate monocytes accompanied by an
increased number of mature neutrophils. To further understand the
role of chronic smoking, we now assessed otherwise healthy chronic
smokers (Fig. 3). Peripheral monocyte dynamic subsets play an impor-
tant role in modulating innate immune responses and initiating adaptive
immunity (Patel et al., 2017). Here, to expand the understanding on the
profile of the peripheral innate immune system of healthy smokers, we
studied whole blood from healthy smokers and nonsmokers. No signif-
icant differences were observed in the overall monocyte population
(controls, 15.35 + 1.984 cells/pL; smokers, 10.43 + 1.415 cells/pL, p =
0.1921) however, we found the classical and intermediate monocyte
subsets to be significantly decreased in chronic smokers (controls, 5.924
+ 0.8840 cells/pl; smokers, 1.852 + 0.2730 cells/pL, p = 0.0042 and
controls, 4.21 + 0.5459 cells/ul; smokers, 1.926 + 0.3186, p = 0.0284,
respectively). No differences were found within the nonclassical
monocytes after comparing never smokers versus chronic smokers
(controls, 5.618 + 0.6217 cells/pL; smokers, 4.984 + 0.6280 cells/pL, p
= 0.8469) (Fig. 3D). We found non-significant lower levels of the
cD62Ldm (controls, 45.75 + 11.95 cells/pL; smokers 39.66 + 8.630
cells/pL, p = 0.5134) and banded (controls, 3.835 + 0.8854 cells/pL;
smokers 1.192 + 0.3863, p = 0.1162) subsets and interestingly, a
prominent higher fraction of the mature neutrophils was evidenced in
the chronic smokers when compared to nonsmoker controls (controls,
181.4 + 40.59 cells/pL; smokers 1227 + 212.1 cells/pL, p = <0.0001)
(Fig. 3D). These results indicate that a significantly different innate
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immune population composition in current smokers is already present.

Increased CD36 expression by monocytes in asymptomatic
chronic smokers. CD36 is a class B scavenger receptor present on an
extensive range of cells including monocytes, macrophages, microvas-
cular endothelial cells and adipocytes (Park 2014). However, due to our
interest on the peripheral innate immunity and the practicality of a
liquid biopsy, we focused our study on the early role of monocyte subsets
by analyzing the expression of surface marker CD36 per subset (Fig. 4A).
Interestingly, higher levels of CD36 were a general feature detected on
classical (controls, 43896 + 4020 MFI; smokers, 58496 + 4855 MFI, p
= 0.0453), intermediate (controls, 42187 + 4500 MFI; smokers 83370
+ 9488 MFI, p = <0.0001) and nonclassical (controls, 17308 + 2268
MFI; smokers 50839 + 15929 MFI, p = 0.0469) subsets in chronic
smokers. CD36 mediates foam cell formation and promotes atheroscle-
rosis (Tian et al., 2020). In line with previous literature, we found an
overall higher expression of CCR2 in classical (CD14"7CD16") and in-
termediate (CD147tCD16™) monocytes, which was then decreased in
nonclassical monocytes (Ch14*cD16™ ). Similarly, CX3CR1 was found
highly expressed in nonclassical monocytes (CD14"CD16"") and less-
ened in (CD14""CD167) and intermediate (CD14""CD16™) monocytes
(Kapellos et al., 2019; Hristov and Heine 2015). No significant differ-
ences were found in levels of CD62L, CD86, CD163, or HLA-ABC when
comparing asymptomatic chronic smokers with never-smokers (Fig. 4B).
These results show that the expression of CD36 on circulating monocytes
is increased in chronic smokers, suggesting an early shift towards a
pro-atherosclerotic environment in otherwise healthy individuals with
history of smoking in the absence of clinical symptoms.

Chronic tobacco smoking in healthy individuals influences pe-
ripheral cytokine levels. IL-18 has been associated with higher risk for
coronary heart disease and tobacco smoking (Jefferis et al., 2011). Our
results revealed a significant increase of circulating IL-18 in asymp-
tomatic chronic smokers (controls, 1.559 + 0.0664 pg/mL; smokers,
1.818 + 0.2155 pg/mL, p = 0.0396) that was accompanied by a
decrease in anti-inflammatory cytokine IL-10 (controls, 0.6433 =+
0.1048 pg/mL; smokers, 0.1313 + 0.0140 pg/mL, p = 0.0007) (Fig. 5).
Among with these changes, another member of the IL-1 family of cy-
tokines, the alarmin IL33, was found decreased (controls, 1.249 +
0.1822 pg/mL; smokers, 0.5408 + 0.0309 pg/mL, p = 0.0203) in the
chronic smokers groups compared to never smokers (Liew et al., 2016).
IL-8 is a pro-inflammatory cytokine that has been described to partici-
pate in atherosclerotic plaque destabilization and as a mortality pre-
dictor in patients with acute coronary syndrome (Boekholdt et al., 2004;
Cavusoglu et al., 2015). In the current smokers’ cohort however, the
plasma levels of this cytokine were also found to be decreased (controls,
1.938 + 0.3580 pg/mL; smokers 0.6459 + 0.1769 pg/mL, p = 0.0430).

All previous results from chronic smokers have pointed towards
peripheral ‘silenced’ inflammation. It has been described that peripheral
inflammation, evidenced by activation of the innate immune system and
release of proinflammatory cytokines can affect the brain (Huang et al.,
2021). For this reason, we assessed BDNF and sTREM2 levels in plasma
to investigate whether the long exposure to tobacco smoking altered
soluble levels of these markers. Our results show significantly lower
levels of BDNF in current smokers (controls, 2.324 + 0.4724 pg/mL;
smokers, 0.7674 + 0.1085 pg/mL, p = 0.0407) similarly to previous
literature (Bhang et al., 2010), accompanied by a trend of higher soluble
TREM2 in plasma of asymptomatic chronic smokers (controls, 4.224 +
0.4013 pg/mL; smokers, 5.579 + 0.5345 pg/mL, p = 0.0562).

4. Discussion

Tobacco smoking has an evident negative impact on vascular, car-
diac, pulmonary and neurological health, including high toxicity that
can lead to different types of cancer, chronic obstructive pulmonary
disease, and cerebrovascular disease including vascular dementia,
among other disorders (Jha et al., 2013; Le Foll et al., 2022; U.S.
Department of Health and Human Services). Previous studies have
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detected elevated numbers of circulating leukocytes in the blood of
chronic smokers. However, the focus of those studies has been pre-
dominantly on patients with diagnosed arterial hypertension, COPD or
lung cancer (Andersson et al., 2019; Elisia et al., 2020; Gordon et al.,
2011).

Long-term tobacco smoking has been strongly linked to the devel-
opment of various cardiovascular and neurological disorders, with
vascular endothelial damage constituting an important pathomechan-
ism in the development of hypertension and atherosclerosis (Messner
and Bernhard 2014). Following the onset of cardiovascular disorders,

chronic smokers endure a higher risk of developing vascular dementia
due to the damage on the endothelium (O’Brien et al., 2015). These
changes take place after the persistent and chronic stressor that smoking
represents. However, the acute effects of smoking on the vasculature and
the long-term effects in asymptomatic chronic smokers remained largely
unmapped.

In the present study, we focused on a) the acute and transient im-
mune vascular profile of a healthy individual that has not been exposed
consistently to tobacco smoking and b) the early and ongoing effects that
chronic tobacco smoking elicits on the immune system before any



A.P. Garza et al.

clinical manifestation of smoking-related cardiovascular diseases. Our
results demonstrate that even a short acute tobacco smoking challenge
influences the composition of innate and adaptive immune cells circu-
lating in the blood. Activated cells can signal through EVs, that are
released by every cell in the organism and can be detected in body fluids
(Alberro et al., 2021; Buzas et al., 2014; Panteleev et al., 2017). Studies
on EVs in the context of smoking have thus far remained scarce. In vitro
studies have shown, however, that EVs are released from alveolar
macrophages in response to tobacco smoke and that cultivated bronchial
epithelial cells increase the production of EV-miRNAs that contribute to
lung carcinogenesis (Li et al., 2010; Liu et al., 2016). In our experiment,
immune and non-immune cells did release an increased amount of EVs,
after the acute tobacco smoking intervention. These data are in line with
previous literature in which the amount of EVs (microparticles, an old
designation for mEVs) was increased after cigarette smoking (Mobarrez
et al., 2014; Heiss et al., 2008).

Investigating the source of mEVs after smoking, we detected that
they derived largely from the endothelium. An elevated number of mEVs
after acute smoking was previously described in vitro in airway basal
cells after cigarette smoke extract (CSE) exposure (Saxena et al., 2021).
The vascular endothelium is comprised of a monolayer of endothelial
cells acting as first barrier in the vessel wall, structurally supporting the
circulatory system, and as a versatile endocrine organ producing an
array of different molecules (Baumgartner-Parzer and Waldhausl 2001;
Osteikoetxea et al., 2016). In response to smoke exposure, endothelial
cells can release inflammatory and proatherogenic cytokines together
with reactive oxygen species (ROS), leading to endothelial dysfunction.
This has been described in chronic smokers, although the acute in vivo
effect of smoking in healthy individuals has not been fully elucidated. In
2004, Papamichael et al. reported that healthy individuals who smoked
one cigarette had a decrease in flow mediated dilatation (FMD), sug-
gesting a transient vessel wall dysfunction shortly after the intervention
(Papamichael et al., 2004). Our results reveal that the endothelium
secreted a sizable number of mEVs, characterized by the expression of
CD105 and CD49e. CD105 is a transmembrane protein and co-receptor
for transforming growth factor p (TGF-p) expressed on endothelial cells,
it has been recognized as a marker of angiogenesis, extravasation of
leukocytes and associated with tissue injury (Cheifetz et al., 1992; Duff
et al., 2003; Rossi et al., 2019). On the other hand, CD49e is the integrin
subunit alpha 5 expressed on endothelial cells. The absence of integrin
a5 results in leakage of the blood-retinal barrier in mice, highlighting its
critical role in barrier integrity (Ayloo et al., 2022).

In order to characterize the innate immune system upon chronic
tobacco smoking, we investigated the whole blood of nonsmokers and
otherwise healthy current smokers. Our results revealed elevated
neutrophil numbers, which can be mechanistically explained by the
immediate innate immune response towards the insult (Hidalgo et al.,
2019). Even though high numbers of neutrophils have been detected in
chronic smokers, their function may be compromised predisposing the
host to the development of chronic diseases impairing their immune
response against infections (Zhang et al., 2018; Valiathan et al., 2014;
Aghapour et al., 2022). Next, we focused on the monocyte subsets, given
their critical role in the development of atherosclerosis, driving disease
progression via their recruitment into atherosclerotic plaques. We
observed significantly lower frequencies of both classical
(CD147"CD167) and intermediate (CD147"CD16™") circulating mono-
cytes in chronic smokers. These results suggest a transient adaptation of
monocytes due to the chronicity of the stressor and a transitory mono-
cyte suppression in early stages of chronic tobacco smoking.

Given the contribution of CD36 to the dysfunctional development of
the endothelium and atherosclerotic plaque formation, we focused our
analysis characterizing its expression on the monocyte subsets. CD36
mediates oxidized LDL (oxLDL) uptake and its expression contributes to
macrophage foam cell formation (Febbraio et al., 2001) and involve-
ment in angiogenesis (Tian et al., 2020). In vitro studies have shown that
CD36 depletion from monocytes and macrophages profoundly affected
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the ability to uptake oxLDL and prevented foam cell formation, crucial
for the development and progression of atherosclerosis (Febbraio et al.,
2001; Park 2014). In our study, the expression of CD36 was upregulated
by all monocyte subsets, suggesting tissue damage even before the onset
of any clinical symptomatology, and yields a myeloid immune specific
profile that is observed before tobacco-related disease onset.

Previous studies indicate that pro-inflammatory cytokines such as IL-
6 and IL-1p are elevated in chronic smokers (Elisia et al., 2020; Barbieri
et al., 2011). Therefore, our focus was directed towards IL-18, due to its
close link with IL-1p as a byproduct of the NLPR3 inflammasome acti-
vation. The NLPR3 inflammasome is highly active in aortic endothelial
cells after nicotine treatment in vitro, leading consecutively to increased
production of IL-18 (Wu et al., 2018; Mehta and Dhawan 2020). We
found high levels of IL-18 in the plasma of chronic smokers, which
confirmed the significant effect cigarette smoking elicits on the
inflammasome-caspase axis (Kang et al., 2007; Eltom et al., 2014). We
detected decreased levels of IL-10, a broadly expressed
anti-inflammatory cytokine (Saraiva et al., 2010), responding to a
pro-inflammatory environment. This finding has been described in the
sputum of patients with COPD (Maneechotesuwan et al., 2013), along
with observations both in vitro and in vivo of mice exposed to cigarette
smoke or CSE (Higaki et al., 2015). IL-33, is an alarmin regularly
released by damaged barrier cells such as endothelial cells (Liew et al.,
2016). One of the particularities of IL-33 is that it acts as a traditional
cytokine through a receptor complex but also plays an important role as
intracellular nuclear factor which regulates the transcription of the p65
subunit of the NF-xf complex, involved in endothelial cell activation
(Choi et al., 2012; Ali et al., 2011). This cytokine was increased in
plasma of patients with COPD (Xia et al., 2015) and decreased in
mini-bronchoalveolar lavage (mini-BAL) from chronic smokers. Another
study detected increased intracellular mRNA levels of IL-33 in bronchial
epithelial cells after induction with CSE in vitro (Pace et al., 2014). IL-33
is known for its proinflammatory effect, however, in ApoE —/— mice,
IL-33 helped reduce the presence of atherosclerotic plaques (Miller
et al., 2008). In our study, decreased levels of IL-33 were detected in the
plasma of chronic asymptomatic smokers, suggesting an IL-33 intracel-
lular arrest due to its role as a transcription factor. These low levels of
IL-33 can potentially be prognostic, given that its absence supports the
formation of atherosclerotic plaques in healthy humans with history of
smoking. Taken together, low levels of IL-33 and increased CD36
expression in monocyte subsets create a favorable environment for the
formation of atherosclerotic plaques.

Smoking increases the risk for vascular dementia, the second most
common cause of dementia after Alzheimer’s disease (Cipollini et al.,
2019). The effects of smoking correlated to dementia vary from toxic to
vascular damage (Livingston et al., 2020). It has been widely described
that chronic endothelial injury leads to blood-brain barrier dysfunction
affecting directly the brain parenchyma (Wardlaw et al., 2017; Rajeev
etal., 2022). Recently, tobacco smoking has been linked to a decrease on
the resistance and resilience towards Alzheimer’s disease (Dumitrescu
et al., 2020). Therefore, we aimed to determine plasma levels of soluble
triggering receptor expressed on myeloid cells 2 (sTREM2) and
brain-derived neurotrophic factor (BDNF) as CNS biomarker candidates
in asymptomatic chronic smokers. sSTREM2 is a receptor expressed by
activated microglial cells, and it has been described as a reliable neu-
rodegeneration biomarker both in CSF and blood of AD patients and in
pre-symptomatic individuals with AD-related Tau pathology (Brosseron
et al., 2022). Our results revealed elevated STREM2 in chronic smokers,
suggesting neuroinflammatory changes, reflecting microglia enhanced
activation during the course of chronic smoking. BDNF is the most
prevalent growth factor in the brain regulating neuronal plasticity and
survival (Pan et al., 1998; Klein et al., 2011; Zuccato and Cattaneo
2009). It is of relevance to recognize that, unlike serum BDNF, plasma
BDNF is not affected by platelet-stored BDNF due to the absence of a
clotting process, and this measurement allows for the prediction of
BDNF levels in the CNS without an invasive procedure (Gejl et al., 2019;
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Fujimura et al., 2002). In line with previous literature (Bhang et al.,
2010), we detected lower levels of peripheral BDNF in plasma of chronic
tobacco smokers. Reduced BDNF availability upon exposure to chronic
stressors increases the risk for accelerated aging and development of
neurodegenerative and cardiovascular diseases (Miranda et al., 2019;
Kaess et al., 2015). Together with the observation that stress-dependent
BDNF suppression may be dependent on neuroinflammatory signaling
(Schott et al., 2021), the reduction of BDNF levels accompanied by an
increased sTREM2 levels in our study, suggests the presence of a
pre-clinical impact of tobacco smoking on CNS function in clinically
healthy individuals.

Collectively, we demonstrate the effects of a single tobacco smoking
session on the endothelial signaling in healthy never-smokers. Even
though the characterization of innate immune cell subsets has been
attempted previously in smokers, to our knowledge, this is the first study
that provides an in-depth characterization of monocyte subsets and their
activation profile comparing disease-free and clinically asymptomatic
chronic smokers. Furthermore, we provide evidence of altered cytokine
and protein levels related to CNS pathology in clinically asymptomatic
chronic smokers. These findings provide further insight into the pro-
found effects of tobacco smoking on the immune system and the po-
tential vascular damage, contributing to neurodegenerative disorders,
specifically cerebrovascular dysfunction lowering the threshold for de-
mentia. These results provide a reference to further classify smokers into
risk groups, eventually fueling their ambition to quit tobacco con-
sumption, and elucidating potential biomarkers to diagnose vascular
disorders before the onset of symptoms (O’Brien et al., 2015; Sachdev
et al., 2014). In conclusion, we propose an immuno-vascular dysregu-
lated profile in chronic tobacco smokers who are considered otherwise
healthy individuals, contributing to the pathogenesis of early preclinical
stages of vascular dementia.

5. Strengths and limitations

The strengths of our study include the comparison between two
different disease-free asymptomatic groups, and the in-depth charac-
terization of monocyte subsets and their activation, accompanied by
peripheral cytokine levels and extracellular vesicles with one liquid bi-
opsy. Our study also included older adults, who are often excluded from
this type of research. Healthy nonsmokers were also included in our
research, whereas in previous literature, chronic smokers with symp-
toms and/or diagnoses of tobacco-related and non-tobacco-related dis-
eases such as COPD, cancer, ischemic heart disease, arterial
hypertension and diabetes mellitus were present in a relevant fraction of
the participants included (Pedersen et al., 2019; Elisia et al., 2020;
Gordon et al., 2011). A limitation was that the majority of our partici-
pants were of European ancestry, and therefore, it is impossible to
extrapolate our results to other ethnicities. In addition, the smoking
status of the participants was self-reported and we did not conduct any
cotinine or nicotine blood assessment.

Author contribution

IRD conceived the presented idea, designed the study, supervised
analyses and edited the manuscript. IRD, SS and BHS were responsible
for supervision and project administration. EIB and EP supervised the
isolation and processing of plasma-derived mEVs and edited this
manuscript. APG planned and carried out the experiments, data ana-
lyses, data visualization and wrote the manuscript. LM contributed to
sample preparation, measurements, analyses and wrote the manuscript.
BHS contributed to statistical analysis and edited the manuscript. APG,
IRD, SS, BHS and LM contributed to the interpretation of the data. All
authors approved the submitted version.

10

Brain, Behavior, & Immunity - Health 28 (2023) 100597
Declaration of competing interest

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Data availability
Data will be made available on request.
Acknowledgments

This research was supported by DGM Sc 26/1, RTG2413 Synage. A.P.
G., B.H.S., and L.R.D. further received support from the European Fund
for Regional Development and the State of Saxony-Anhalt (Research
Alliance “Autonomy in Old Age”). The project has also received funding
from the EU’s Horizon 2020 research and innovation program under
grant agreement No. 739593 and by the Hungarian Thematic Excellence
Program No. TKP2020-NKA-26 and the National Cardiovascular Labo-
ratory program.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbih.2023.100597.

References

Aghapour, Mahyar, Tulen, Christy B.M., Abdi Sarabi, Mohsen, Weinert, Sonke,
Miisken, Mathias, Relja, Borna, et al., 2022. Cigarette smoke extract disturbs
mitochondria-regulated airway epithelial cell responses to pneumococci. Cells 11
(11), 1771. https://doi.org/10.3390/cells11111771.

Alberro, A., Iparraguirre, L., Fernandes, A., Otaegui, D., 2021. Extracellular vesicles in
blood: sources, effects, and applications. Int. J. Mol. Sci. 22 (15), 8163. https://doi.
org/10.3390/ijms22158163.

Ali, Shafaqat, Mohs, Antje, Thomas, Meike, Klare, Jan, Ross, Ralf, Schmitz, Michael
Lienhard, Martin, Michael Uwe, 2011. The dual function cytokine IL-33 interacts
with the transcription factor NF-kB to dampen NF-kB-stimulated gene transcription.
J. Immunol. 187 (4), 1609-1616. https://doi.org/10.4049/jimmunol.1003080.
Baltimore, Md. : 1950.

Andersson, Bengt-/gske, Sayardoust, Shariel, Lofgren, Sture, Rutqvist, Lars Erik,
Laytragoon-Lewin, Nongnit, 2019. Cigarette smoking affects microRNAs and
inflammatory biomarkers in healthy individuals and an association to single
nucleotide polymorphisms is indicated. Biomarkers : biochemical indicators of
exposure, response 24 (2), 180-185. https://doi.org/10.1080/
1354750X.2018.1539764. and susceptibility to chemicals.

Ayloo, Swathi, Lazo, Christopher Gallego, Sun, Shenghuan, Zhang, Wei, Cui, Bianxiao,
Gu, Chenghua, 2022. Pericyte-to-endothelial cell signaling via vitronectin-integrin
regulates blood-CNS barrier. Neuron 110 (10), 1641-1655.e6. https://doi.org/
10.1016/j.neuron.2022.02.017.

Barbieri, Silvia S., Zacchi, Elena, Amadio, Patrizia, Gianellini, Sara, Mussoni, Luciana,
Weksler, Babette B., Tremoli, Elena, 2011. Cytokines present in smokers’ serum
interact with smoke components to enhance endothelial dysfunction. Cardiovasc.
Res. 90 (3), 475-483. https://doi.org/10.1093/cvr/cvr032.

Baumgartner-Parzer, S.M., Waldhéausl, W.K., 2001. The endothelium as a metabolic and
endocrine organ: its relation with insulin resistance. In: Experimental and Clinical
Endocrinology & Diabetes : Official Journal. German Society of Endocrinology,
pp. S166-S179. https://doi.org/10.1055/5-2001-18579 [and] German Diabetes
Association 109 Suppl 2.

Bekris, L.M., Khrestian, M., Dyne, E., Shao, Y., Pillai, J.A., Rao, S.M., et al., 2018. Soluble
TREM2 and biomarkers of central and peripheral inflammation in
neurodegenerative disease. J. Neuroimmunol. 319, 19-27. https://doi.org/10.1016/
j-jneuroim.2018.03.003.

Bhang, Soo-Young, Choi, Sam-Wook, Ahn, Joon-Ho, 2010. Changes in plasma brain-
derived neurotrophic factor levels in smokers after smoking cessation. Neurosci. Lett.
468 (1), 7-11. https://doi.org/10.1016/j.neulet.2009.10.046.

Boekholdt, S.M., Peters, R.J.G., Hack, C.E., Day, N.E., Luben, R., Bingham, S.A., et al.,
2004. IL-8 plasma concentrations and the risk of future coronary artery disease in
apparently healthy men and women: the EPIC-Norfolk prospective population study.
Arterioscler. Thromb. Vasc. Biol. 24 (8), 1503-1508. https://doi.org/10.1161/01.
ATV.0000134294.54422.2e.

Bradford, Marion M., 1976. A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein-dye binding. Anal.
Biochem. 72, 248-254.

Brosseron, Frederic, Maass, Anne, Kleineidam, Luca, Ravichandran, Kishore Aravind,
Gonzalez, Pablo Garcia, McManus, Réisin M., et al., 2022. Soluble TAM receptors


https://doi.org/10.1016/j.bbih.2023.100597
https://doi.org/10.1016/j.bbih.2023.100597
https://doi.org/10.3390/cells11111771
https://doi.org/10.3390/ijms22158163
https://doi.org/10.3390/ijms22158163
https://doi.org/10.4049/jimmunol.1003080
https://doi.org/10.1080/1354750X.2018.1539764
https://doi.org/10.1080/1354750X.2018.1539764
https://doi.org/10.1016/j.neuron.2022.02.017
https://doi.org/10.1016/j.neuron.2022.02.017
https://doi.org/10.1093/cvr/cvr032
https://doi.org/10.1055/s-2001-18579
https://doi.org/10.1016/j.jneuroim.2018.03.003
https://doi.org/10.1016/j.jneuroim.2018.03.003
https://doi.org/10.1016/j.neulet.2009.10.046
https://doi.org/10.1161/01.ATV.0000134294.54422.2e
https://doi.org/10.1161/01.ATV.0000134294.54422.2e
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref9
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref9
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref9

A.P. Garza et al.

sAXL and sTyro3 predict structural and functional protection in Alzheimer’s disease.
Neuron 110 (6), 1009-1022.e4. https://doi.org/10.1016/j.neuron.2021.12.016.

Buzas, Edit 1., Gyorgy, Bence, Nagy, Gyorgy, Falus, Andrés, Gay, Steffen, 2014. Emerging
role of extracellular vesicles in inflammatory diseases. Nat. Rev. Rheumatol. 10 (6),
356-364. https://doi.org/10.1038/nrrheum.2014.19.

Cataldo, Janine, K., Prochaska, Judith, J., Glantz, Stanton A., 2010. Cigarette smoking is
a risk factor for Alzheimer’s Disease: an analysis controlling for tobacco industry
affiliation. J. Alzheimers Dis. 19 (2), 465-480. https://doi.org/10.3233/JAD-2010-
1240.

Cavusoglu, Erdal, Marmur, Jonathan D., Yanamadala, Sunitha, Chopra, Vineet,

Hegde, Sudhanva, Nazli, Anila, et al., 2015. Elevated baseline plasma IL-8 levels are
an independent predictor of long-term all-cause mortality in patients with acute
coronary syndrome. Atherosclerosis 242 (2), 589-594. https://doi.org/10.1016/j.
atherosclerosis.2015.08.022.

Cheifetz, S., Bell6n, T., Calés, C., Vera, S., Bernabeu, C., Massagué, J., Letarte, M., 1992.
Endoglin is a component of the transforming growth factor-beta receptor system in
human endothelial cells. J. Biol. Chem. 267 (27), 19027-19030. https://doi.org/
10.1016/S0021-9258(18)41732-2.

Cheng, Xi, Jin, Chenggang, 2022. The association between smoking and health-related
quality of life among Chinese individuals aged 40 Years and older: a cross-sectional
study. Front. Public Health 10, 779789. https://doi.org/10.3389/
fpubh.2022.779789.

Choi, Yeon-Sook, Park, Jeong Ae, Kim, Jihye, Rho, Seung-Sik, Park, Hyojin, Kim, Young-
Myeong, Kwon, Young-Guen, 2012. Nuclear IL-33 is a transcriptional regulator of
NF-kB p65 and induces endothelial cell activation. Biochem. Biophys. Res. Commun.
421 (2), 305-311. https://doi.org/10.1016/j.bbrc.2012.04.005.

Chrissobolis, S., Miller, A.A., Drummond, G.R., Kemp-Harper, B.K., Sobey, C.G., 2011.
Oxidative stress and endothelial dysfunction in cerebrovascular disease. FBL 16 (5),
1733-1745. https://doi.org/10.2741/3816.

Cipollini, Virginia, Troili, Fernanda, Giubilei, Franco, 2019. Emerging biomarkers in
vascular cognitive impairment and dementia: from pathophysiological pathways to
clinical application. Int. J. Mol. Sci. 20 (11) https://doi.org/10.3390/ijms20112812.

Delgado, Graciela E., Kramer, Bernhard K., Mérz, Winfried, Hellstern, Peter,

Kleber, Marcus E., Leipe, Jan, 2021. Immune status and mortality in smokers, ex-
smokers, and never-smokers: the ludwigshafen risk and cardiovascular health study.
Nicotine Tob. Res. : official journal of the Society for Research on Nicotine and
Tobacco 23 (7), 1191-1198. https://doi.org/10.1093/ntr/ntab011.

Duff, Sarah E., Li, Chenggang, Garland, John M., Kumar, Shant, 2003. CD105 is
important for angiogenesis: evidence and potential applications. Faseb. J. : official
publication of the Federation of American Societies for Experimental Biology 17 (9),
984-992. https://doi.org/10.1096/fj.02-0634rev.

Dumitrescu, Logan, Mahoney, Emily R., Mukherjee, Shubhabrata, Lee, Michael L.,
Bush, William S., Engelman, Corinne D., et al., 2020. Genetic variants and functional
pathways associated with resilience to Alzheimer’s disease. Brain : J. Neurol. 143
(8), 2561-2575. https://doi.org/10.1093/brain/awaa209.

Elisia, Ingrid, Lam, Vivian, Cho, Brandon, Hay, Mariah, Li, Michael Yu, Yeung, Michelle,
et al., 2020. The effect of smoking on chronic inflammation, immune function and
blood cell composition. Sci. Rep. 10 (1), 19480 https://doi.org/10.1038/s41598-
020-76556-7.

Eltom, Suffwan, Belvisi, Maria G., Stevenson, Christopher S., Maher, Sarah A.,

Dubuis, Eric, Fitzgerald, Kate A., Birrell, Mark A., 2014. Role of the inflammasome-
caspasel/11-IL-1/18 Axis in cigarette smoke driven airway inflammation: an insight
into the pathogenesis of COPD. PLoS One 9 (11), e112829. https://doi.org/10.1371/
journal.pone.0112829.

Eriksen, M., Mackay, J., Ross, H., 2012. The Tobacco Atlas, fourth ed. American Cancer
Society, Atlanta.

Febbraio, M., Hajjar, D.P., Silverstein, R.L., 2001. CD36: a class B scavenger receptor
involved in angiogenesis, atherosclerosis, inflammation, and lipid metabolism.

J. Clin. Invest. 108 (6), 785-791. https://doi.org/10.1172/JCI14006.

Ferri, E., Rossi, P.D., Geraci, A., Ciccone, S., Cesari, M., Arosio, B., 2020. The sSTREM2
concentrations in the blood: a marker of neurodegeneration? Front. Mol. Biosci. 7,
627931. https://doi.org/10.3389/fmolb.2020.627931.

Forsslund, Helena, Mikko, Mikael, Karimi, Reza, Grunewald, Johan, Wheelock, Asa M.,
Wabhlstrom, Jan, Skold, C. Magnus, 2014. Distribution of T-cell subsets in BAL fluid
of patients with mild to moderate COPD depends on current smoking status and not
airway obstruction. Chest 145 (4), 711-722. https://doi.org/10.1378/chest.13-
0873.

Fujimura, Hironobu, Altar, C. Anthony, Chen, Ruoyan, Nakamura, Takashi,

Nakahashi, Takeshi, Kambayashi, Jun-ichi, et al., 2002. Brain-derived neurotrophic
factor is stored in human platelets and released by agonist stimulation. Thromb.
Haemostasis 87 (4), 728-734.

Galle, Sara, Licher, Silvan, Milders, Maarten, Deijen, Jan Berend, Scherder, Erik,
Drent, Madeleine, et al., 2021. Plasma brain-derived neurotropic factor levels are
associated with aging and smoking but not with future dementia in the rotterdam
study. J Alzheimers Dis 80 (3), 1139-1149. https://doi.org/10.3233/JAD-200371.

Gejl, Anne Ker, Enevold, Christian, Bugge, Anna, Andersen, Marianne Skovsager,
Nielsen, Claus Henrik, Andersen, Lars Bo, 2019. Associations between serum and
plasma brain-derived neurotrophic factor and influence of storage time and
centrifugation strategy. Sci. Rep. 9 (1), 9655. https://doi.org/10.1038/541598-019-
45976-5.

Golbidi, Saeid, Edvinsson, Lars, Laher, Ismail, 2020. Smoking and endothelial
dysfunction. Curr. Vasc. Pharmacol. 18 (1), 1-11. https://doi.org/10.2174/
1573403X14666180913120015.

Gordon, Cynthia, Gudi, Kirana, Krause, Anja, Sackrowitz, Rachel, Harvey, Ben-Gary,
Strulovici-Barel, Yael, et al., 2011. Circulating endothelial microparticles as a

11

Brain, Behavior, & Immunity - Health 28 (2023) 100597

measure of early lung destruction in cigarette smokers. Am. J. Respir. Crit. Care Med.
184 (2), 224-232. https://doi.org/10.1164/rccm.201012-20610C.

Gowing, Linda R., Ali, Robert L., Allsop, Steve, Marsden, John, Turf, Elizabeth E.,
West, Robert, Witton, John, 2015. Global statistics on addictive behaviours: 2014
status report. Addiction 110 (6), 904-919. https://doi.org/10.1111/add.12899.

Guilliams, Martin, Mildner, Alexander, Yona, Simon, 2018. Developmental and
functional heterogeneity of monocytes. Immunity 49 (4), 595-613. https://doi.org/
10.1016/j.immuni.2018.10.005.

Gyorgy, Bence, Paldczi, Krisztina, Kovacs, Alexandra, Barabds, Eszter, Bekd, Gabriella,
Varnai, Katalin, et al., 2014. Improved circulating microparticle analysis in acid-
citrate dextrose (ACD) anticoagulant tube. Thromb. Res. 133 (2), 285-292. https://
doi.org/10.1016/j.thromres.2013.11.010.

Hawkins, Brian T., Abbruscato, Thomas J., Egleton, Richard D., Brown, Rachel C.,
Huber, Jason D., Campos, Christopher R., Davis, Thomas P., 2004. Nicotine increases
in vivo blood-brain barrier permeability and alters cerebral microvascular tight
junction protein distribution. Brain Res. 1027 (1), 48-58. https://doi.org/10.1016/j.
brainres.2004.08.043.

Heiss, Christian, Amabile, Nicolas, Lee, Andrew C., Real, Wendy May, Schick, Suzaynn
F., Lao, David, et al., 2008. Brief secondhand smoke exposure depresses endothelial
progenitor cells activity and endothelial function: sustained vascular injury and
blunted nitric oxide production. J. Am. Coll. Cardiol. 51 (18), 1760-1771. https://
doi.org/10.1016/j.jacc.2008.01.040.

Hidalgo, Andrés, Chilvers, Edwin R., Summers, Charlotte, Koenderman, Leo, 2019. The
neutrophil life cycle. Trends Immunol. 40 (7), 584-597. https://doi.org/10.1016/j.
it.2019.04.013.

Higaki, Manabu, Wada, Hiroo, Mikura, Shinichiro, Yasutake, Tetsuo, Nakamura, Masuo,
Niikura, Mamoru, et al., 2015. Interleukin-10 modulates pulmonary neutrophilic
inflammation induced by cigarette smoke exposure. Exp. Lung Res. 41 (10),
525-534. https://doi.org/10.3109/01902148.2015.1096315.

Hossain, M., Sathe, T., Fazio, V., Mazzone, P., Weksler, Babette, Janigro, D., et al., 2009.
Tobacco smoke: a critical etiological factor for vascular impairment at the
blood-brain barrier. Brain Res. 1287, 192-205. https://doi.org/10.1016/].
brainres.2009.06.033.

Hristov, M., Heine, G.H., 2015. Monocyte subsets in atherosclerosis. Himostaseologie 35
(2), 105-112. https://doi.org/10.5482/HAMO-14-08-0030.

Hu, N., Tan, M.-S., Yu, J.-T., Sun, L., Tan, L., Wang, Y.-L., et al., 2014. Increased
expression of TREM2 in peripheral blood of Alzheimer’s disease patients.

J. Alzheimer’s Dis. 38, 497-501. https://doi.org/10.3233/JAD-130854.

Huang, Xiaowen, Hussain, Basharat, Chang, Junlei, 2021. Peripheral inflammation and
blood-brain barrier disruption: effects and mechanisms. CNS Neurosci. Ther. 27 (1),
36-47. https://doi.org/10.1111/cns.13569.

Jefferis, Barbara J.M. H., Papacosta, Olia, Owen, Christopher G., Wannamethee, S. Goya,
Humphries, Steve E., Woodward, Mark, et al., 2011. Interleukin 18 and coronary
heart disease: prospective study and systematic review. Atherosclerosis 217 (1),
227-233. https://doi.org/10.1016/j.atherosclerosis.2011.03.015.

Jha, Prabhat, Ramasundarahettige, Chinthanie, Landsman, Victoria, Rostron, Brian,
Thun, Michael, Anderson, Robert N., et al., 2013. 21st-century hazards of smoking
and benefits of cessation in the United States. N. Engl. J. Med. 368 (4), 341-350.
https://doi.org/10.1056/NEJMsal211128.

Kaess, Bernhard M., Preis, Sarah R., Lieb, Wolfgang, Beiser, Alexa S., Yang, Qiong,
Chen, Tai C., et al., 2015. Circulating brain-derived neurotrophic factor
concentrations and the risk of cardiovascular disease in the community. J. Am. Heart
Assoc. 4 (3), e001544 https://doi.org/10.1161/JAHA.114.001544.

Kang, Min-Jong, Homer, Robert J., Gallo, Amy, Lee, Chun Geun, Crothers, Kristina A.,
Cho, Soo Jung, et al., 2007. IL-18 is induced and IL-18 receptor alpha plays a critical
role in the pathogenesis of cigarette smoke-induced pulmonary emphysema and
inflammation. J. Immunol. 178 (3), 1948-1959. https://doi.org/10.4049/
jimmunol.178.3.1948. Baltimore, Md. : 1950.

Kapellos, Theodore S., Bonaguro, Lorenzo, Gemiind, Ioanna, Reusch, Nico,

Saglam, Adem, Hinkley, Emily R., Schultze, Joachim L., 2019. Human monocyte
subsets and phenotypes in major chronic inflammatory diseases. Front. Immunol. 10,
2035. https://doi.org/10.3389/fimmu.2019.02035.

Klein, Anders B., Williamson, Rebecca, Santini, Martin A., Clemmensen, Christoffer,
Ettrup, Anders, Rios, Maribel, et al., 2011. Blood BDNF concentrations reflect brain-
tissue BDNF levels across species. Int. J. Neuropsychopharmacol. 14 (3), 347-353.
https://doi.org/10.1017/51461145710000738.

Kodidela, Sunitha, Wang, Yujie, Patters, Benjamin J., Gong, Yuqing, Sinha, Namita,
Ranjit, Sabina, et al., 2020. Proteomic profiling of exosomes derived from plasma of
HIV-infected alcohol drinkers and cigarette smokers. J. Neuroimmune Pharmacol. :
the official journal of the Society on NeuroImmune Pharmacology 15 (3), 501-519.
https://doi.org/10.1007/s11481-019-09853-2.

Koliha, Nina, Wiencek, Yvonne, Heider, Ute, Jiingst, Christian, Kladt, Nikolay,
Krauthauser, Susanne, et al., 2016. A novel multiplex bead-based platform highlights
the diversity of extracellular vesicles. J. Extracell. Vesicles 5, 29975. https://doi.org/
10.3402/jev.v5.29975.

Le Foll, Bernard, Piper, Megan E., Fowler, Christie D., Tonstad, Serena, Bierut, Laura,
Ly, Lin, et al., 2022. Tobacco and nicotine use. Nat. Rev. Dis. Prim. 8 (1), 19. https://
doi.org/10.1038/541572-022-00346-w.

Lehmann, Jason S., Zhao, Amy, Sun, Binggang, Jiang, Weiping, Ji, Shaoquan, 2017.
Multiplex cytokine profiling of stimulated mouse splenocytes using a cytometric
bead-based immunoassay platform. JOVE : JoVE 129. https://doi.org/10.3791/
56440.

Li, Mingzhen, Yu, Demin, Williams, Kevin Jon, Liu, Ming-Lin, 2010. Tobacco smoke
induces the generation of procoagulant microvesicles from human monocytes/
macrophages. Arterioscler. Thromb. Vasc. Biol. 30 (9), 1818-1824. https://doi.org/
10.1161/ATVBAHA.110.209577.


https://doi.org/10.1016/j.neuron.2021.12.016
https://doi.org/10.1038/nrrheum.2014.19
https://doi.org/10.3233/JAD-2010-1240
https://doi.org/10.3233/JAD-2010-1240
https://doi.org/10.1016/j.atherosclerosis.2015.08.022
https://doi.org/10.1016/j.atherosclerosis.2015.08.022
https://doi.org/10.1016/S0021-9258(18)41732-2
https://doi.org/10.1016/S0021-9258(18)41732-2
https://doi.org/10.3389/fpubh.2022.779789
https://doi.org/10.3389/fpubh.2022.779789
https://doi.org/10.1016/j.bbrc.2012.04.005
https://doi.org/10.2741/3816
https://doi.org/10.3390/ijms20112812
https://doi.org/10.1093/ntr/ntab011
https://doi.org/10.1096/fj.02-0634rev
https://doi.org/10.1093/brain/awaa209
https://doi.org/10.1038/s41598-020-76556-7
https://doi.org/10.1038/s41598-020-76556-7
https://doi.org/10.1371/journal.pone.0112829
https://doi.org/10.1371/journal.pone.0112829
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref22
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref22
https://doi.org/10.1172/JCI14006
https://doi.org/10.3389/fmolb.2020.627931
https://doi.org/10.1378/chest.13-0873
https://doi.org/10.1378/chest.13-0873
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref25
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref25
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref25
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref25
https://doi.org/10.3233/JAD-200371
https://doi.org/10.1038/s41598-019-45976-5
https://doi.org/10.1038/s41598-019-45976-5
https://doi.org/10.2174/1573403X14666180913120015
https://doi.org/10.2174/1573403X14666180913120015
https://doi.org/10.1164/rccm.201012-2061OC
https://doi.org/10.1111/add.12899
https://doi.org/10.1016/j.immuni.2018.10.005
https://doi.org/10.1016/j.immuni.2018.10.005
https://doi.org/10.1016/j.thromres.2013.11.010
https://doi.org/10.1016/j.thromres.2013.11.010
https://doi.org/10.1016/j.brainres.2004.08.043
https://doi.org/10.1016/j.brainres.2004.08.043
https://doi.org/10.1016/j.jacc.2008.01.040
https://doi.org/10.1016/j.jacc.2008.01.040
https://doi.org/10.1016/j.it.2019.04.013
https://doi.org/10.1016/j.it.2019.04.013
https://doi.org/10.3109/01902148.2015.1096315
https://doi.org/10.1016/j.brainres.2009.06.033
https://doi.org/10.1016/j.brainres.2009.06.033
https://doi.org/10.5482/HAMO-14-08-0030
https://doi.org/10.3233/JAD-130854
https://doi.org/10.1111/cns.13569
https://doi.org/10.1016/j.atherosclerosis.2011.03.015
https://doi.org/10.1056/NEJMsa1211128
https://doi.org/10.1161/JAHA.114.001544
https://doi.org/10.4049/jimmunol.178.3.1948
https://doi.org/10.4049/jimmunol.178.3.1948
https://doi.org/10.3389/fimmu.2019.02035
https://doi.org/10.1017/S1461145710000738
https://doi.org/10.1007/s11481-019-09853-2
https://doi.org/10.3402/jev.v5.29975
https://doi.org/10.3402/jev.v5.29975
https://doi.org/10.1038/s41572-022-00346-w
https://doi.org/10.1038/s41572-022-00346-w
https://doi.org/10.3791/56440
https://doi.org/10.3791/56440
https://doi.org/10.1161/ATVBAHA.110.209577
https://doi.org/10.1161/ATVBAHA.110.209577

A.P. Garza et al.

Liew, Foo Yew, Girard, Jean-Philippe, Turnquist, Heth Roderick, 2016. Interleukin-33 in
health and disease. Nat. Rev. Immunol. 16 (11), 676-689. https://doi.org/10.1038/
nri.2016.95.

Liu, Yi, Luo, Fei, Wang, Bairu, Li, Huiqiao, Xu, Yuan, Liu, Xinlu, et al., 2016. STAT3-
regulated exosomal miR-21 promotes angiogenesis and is involved in neoplastic
processes of transformed human bronchial epithelial cells. Cancer Lett. 370 (1),
125-135. https://doi.org/10.1016/j.canlet.2015.10.011.

Livingston, Gill, Huntley, Jonathan, Sommerlad, Andrew, Ames, David, Ballard, Clive,
Banerjee, Sube, et al., 2020. Dementia prevention, intervention, and care: 2020
report of the Lancet Commission. Lancet 396 (10248), 413-446. https://doi.org/
10.1016/50140-6736(20)30367-6.

Maneechotesuwan, Kittipong, Kasetsinsombat, Kanda, Wongkajornsilp, Adisak,

Barnes, Peter J., 2013. Decreased indoleamine 2,3-dioxygenase activity and IL-10/
IL-17A ratio in patients with COPD. Thorax 68 (4), 330-337. https://doi.org/
10.1136/thoraxjnl-2012-202127.

Mehta, Sakshi, Dhawan, Veena, 2020. Exposure of cigarette smoke condensate activates
NLRP3 inflammasome in THP-1 cells in a stage-specific manner: an underlying role
of innate immunity in atherosclerosis. Cell. Signal. 72, 109645 https://doi.org/
10.1016/j.cellsig.2020.109645.

Messner, Barbara, Bernhard, David, 2014. Smoking and cardiovascular disease:
mechanisms of endothelial dysfunction and early atherogenesis. Arterioscler.
Thromb. Vasc. Biol. 34 (3), 509-515. https://doi.org/10.1161/
ATVBAHA.113.300156.

Miller, Ashley M., Xu, Damo, Asquith, Darren L., Denby, Laura, Li, Yubin, Sattar, Naveed,
et al., 2008. IL-33 reduces the development of atherosclerosis. J. Exp. Med. 205 (2),
339-346. https://doi.org/10.1084/jem.20071868.

Miranda, Magdalena, Morici, Juan Facundo, Zanoni, Maria Belén, Bekinschtein, Pedro,
2019. Brain-derived neurotrophic factor: a key molecule for memory in the healthy
and the pathological brain. Front. Cell. Neurosci. 13, 363. https://doi.org/10.3389/
fncel.2019.00363.

Miteva, Kapka, Madonna, Rosalinda, Caterina, Raffaele de, van Linthout, Sophie, 2018.
Innate and adaptive immunity in atherosclerosis. In: Vascular Pharmacology.
https://doi.org/10.1016/j.vph.2018.04.006.

Mobarrez, Fariborz, Antoniewicz, Lukasz, Bosson, Jenny A., Kuhl, Jeanette,

Pisetsky, David S., Lundback, Magnus, 2014. The effects of smoking on levels of
endothelial progenitor cells and microparticles in the blood of healthy volunteers.
PLoS One 9 (2), €90314. https://doi.org/10.1371/journal.pone.0090314.

O’Brien, John, T., Thomas, Alan, 2015. Vascular dementia. Lancet 386 (10004),
1698-1706. https://doi.org/10.1016/50140-6736(15)00463-8.

Osteikoetxea, Xabier, Németh, Andrea, S6dar, Barbara W., Vukman, Krisztina V.,
Buzas, Edit Irén, 2016. Extracellular vesicles in cardiovascular disease: are they Jedi
or Sith? J. Physiol. 594 (11), 2881-2894. https://doi.org/10.1113/JP271336.

Pace, Elisabetta, Di Sano, Caterina, Sciarrino, Serafina, Scafidi, Valeria, Ferraro, Maria,
Chiappara, Giuseppina, et al., 2014. Cigarette smoke alters IL-33 expression and
release in airway epithelial cells. Biochim. Biophys. Acta 1842 (9), 1630-1637.
https://doi.org/10.1016/j.bbadis.2014.06.009.

Pan, Weihong, Banks, William A., Fasold, Melita B., Bluth, Jonathan, Kastin, Abba J.,
1998. Transport of brain-derived neurotrophic factor across the blood-brain barrier.
Neuropharmacology 37 (12), 1553-1561. https://doi.org/10.1016,/50028-3908(98)
00141-5.

Panteleev, M.A., Abaeva, A.A., Balandina, A.N., Belyaev, A.V., Nechipurenko, D.Y.,
Obydennyi, S.I., et al., 2017. Extracellular vesicles of blood plasma: content, origin,
and properties. Biochem. Moscow Suppl. Ser. A 11 (3), 187-192. https://doi.org/
10.1134/51990747817030060.

Papamichael, Christos, Karatzis, Emmanouil, Karatzi, Kalliopi,

Aznaouridis, Konstantinos, Papaioannou, Theodoros, Protogerou, Athanassios, et al.,
2004. Red wine’s antioxidants counteract acute endothelial dysfunction caused by
cigarette smoking in healthy nonsmokers. Am. Heart J. 147 (2), 274. https://doi.
org/10.1016/5S0002-8703(03)00468-X.

Park, Young Mi, 2014. CD36, a scavenger receptor implicated in atherosclerosis. Exp.
Mol. Med. 46, €99. https://doi.org/10.1038/emm.2014.38.

Patel, Amit A., Zhang, Yan, Fullerton, James N., Boelen, Lies, Rongvaux, Anthony,
Maini, Alexander A., et al., 2017. The fate and lifespan of human monocyte subsets
in steady state and systemic inflammation. J. Exp. Med. 214 (7), 1913-1923. https://
doi.org/10.1084/jem.20170355.

Pedersen, Kasper Mgnsted, Colak, Yunus, Ellervik, Christina, Hasselbalch, Hans Carl,
Bojesen, Stig Egil, Nordestgaard, Bgrge Grgnne, 2019. Smoking and increased white
and red blood cells. Arterioscler. Thromb. Vasc. Biol. 39 (5), 965-977. https://doi.
org/10.1161/ATVBAHA.118.312338.

Piaggeschi, Giulia, Rolla, Simona, Rossi, Niccolo, Brusa, Davide, Naccarati, Alessio,
Couvreur, Simon, et al., 2021. Immune trait shifts in association with tobacco
smoking: a study in healthy women. Front. Immunol. 12, 637974 https://doi.org/
10.3389/fimmu.2021.637974.

Pospichalova, Vendula, Svoboda, Jan, Dave, Zankruti, Kotrbova, Anna, Kaiser, Karol,
Klemova, Dobromila, et al., 2015. Simplified protocol for flow cytometry analysis of
fluorescently labeled exosomes and microvesicles using dedicated flow cytometer.
J. Extracell. Vesicles 4, 25530. https://doi.org/10.3402/jev.v4.25530.

Rajeev, Vismitha, Fann, David Y., Dinh, Quynh Nhu, Kim, Hyun Ah, Silva, T. Michael de,
Lai, Mitchell K.P., et al., 2022. Pathophysiology of blood brain barrier dysfunction
during chronic cerebral hypoperfusion in vascular cognitive impairment.
Theranostics 12 (4), 1639-1658. https://doi.org/10.7150/thno.68304.

Rossi, Elisa, Bernabeu, Carmelo, Smadja, David M., 2019. Endoglin as an adhesion
molecule in mature and progenitor endothelial cells: a function beyond TGF-p. Front.
Med. 6, 10. https://doi.org/10.3389/fmed.2019.00010.

12

Brain, Behavior, & Immunity - Health 28 (2023) 100597

Sachdev, Perminder, Kalaria, Raj, O’Brien, John, Skoog, Ingmar, Alladi, Suvarna,
Black, Sandra E., et al., 2014. Diagnostic criteria for vascular cognitive disorders: a
VASCOG statement. Alzheimer Dis. Assoc. Disord. 28 (3), 206-218. https://doi.org/
10.1097/WAD.0000000000000034.

Sajja, Ravi K., Naik, Pooja, Cucullo, Luca, 2015. Differential cerebrovascular toxicity of
various tobacco products: a regulatory perspective. J Pharmacovigil 3 (1),
1000e130. https://doi.org/10.4172/2329-6887.1000e130.

Saraiva, Margarida, O’Garra, Anne, 2010. The regulation of IL-10 production by immune
cells. Nat. Rev. Immunol. 10 (3), 170-181. https://doi.org/10.1038/nri2711.
Saxena, Ashish, Walters, Matthew S., Shieh, Jae-Hung, Shen, Ling-Bo, Gomi, Kazunori,
Downey, Robert J., et al., 2021. Extracellular vesicles from human airway basal cells
respond to cigarette smoke extract and affect vascular endothelial cells. Sci. Rep. 11

(1), 6104. https://doi.org/10.1038/541598-021-85534-6.

Schott, Bjorn H., Kronenberg, Golo, Schmidt, Ulrike, Diisedau, Henning P.,

Ehrentraut, Stefanie, Geisel, Olga, et al., 2021. Robustly high hippocampal BDNF
levels under acute stress in mice lacking the full-length p75 neurotrophin receptor.
Pharmacopsychiatry 54, 205-213, 05.

Scicchitano, P., Cortese, F., Gesualdo, M., De Palo, M., Massari, F., Giordano, P.,
Ciccone, M.M., 2019. The role of endothelial dysfunction and oxidative stress in
cerebrovascular diseases. Free Radic. Res. 53 (6), 579-595. https://doi.org/
10.1080/10715762.2019.1620939.

Stomka, Artur, Urban, Sabine Katharina, Lukacs-Kornek, Veronika, Zekanowska, Ewa,
Kornek, Miroslaw, 2018. Large extracellular vesicles: have we found the holy grail of
inflammation? Front. Immunol. 9, 2723. https://doi.org/10.3389/
fimmu.2018.02723.

Sun, Yan, Zhang, Yun-Ke, Chen, Hai, Chen, Ren-Shou, 2022. The association between
TREM2 gene and late-onset alzheimer’s disease in Chinese han population.
Gerontology 68 (3), 302-308. https://doi.org/10.1159/000517284.

Théry, Clotilde, Witwer, Kenneth W., Aikawa, Elena, Alcaraz, Maria Jose,

Anderson, Johnathon D., Andriantsitohaina, Ramaroson, et al., 2018. Minimal
information for studies of extracellular vesicles 2018 (MISEV2018): a position
statement of the International Society for Extracellular Vesicles and update of the
MISEV2014 guidelines. J. Extracell. Vesicles 7 (1), 1535750. https://doi.org/
10.1080/20013078.2018.1535750.

Tian, Kunming, Xu, Yan, Sahebkar, Amirhossein, Xu, Suowen, 2020. CD36 in
atherosclerosis: pathophysiological mechanisms and therapeutic implications. Curr.
Atherosclerosis Rep. 22 (10), 59. https://doi.org/10.1007/s11883-020-00870-8.

Téth, Eszter A., Turidk, Lilla, Visnovitz, Tamas, Cserép, Csaba, Mazlo, Anett,

Sédar, Barbara W., et al., 2021. Formation of a protein corona on the surface of
extracellular vesicles in blood plasma. J. Extracell. Vesicles 10 (11), e12140. https://
doi.org/10.1002/jev2.12140.

U.S. Department of Health and Human Services: The Health Consequences of Smoking -
50 Years of Progress: A Report of the Surgeon General.

Valiathan, Ranjini, Miguez, Maria J., Patel, Bijal, Arheart, Kristopher L.,

Asthana, Deshratn, 2014. Tobacco smoking increases immune activation and impairs
T-cell function in HIV infected patients on antiretrovirals: a cross-sectional pilot
study. PLoS One 9 (5), €97698. https://doi.org/10.1371/journal.pone.0097698.
van Staveren, Selma, Haaf, Twan ten, Klopping, Margot, Hilvering, Bart,
Tinnevelt, Gerjen H., Ruiter, Karin de, et al., 2018. Multi-dimensional flow
cytometry analysis reveals increasing changes in the systemic neutrophil
compartment during seven consecutive days of endurance exercise. PLoS One 13
(10), e0206175. https://doi.org/10.1371/journal.pone.0206175.

Wardlaw, Joanna M., Makin, Stephen J., Hernandez, Valdés, Maria, C., Armitage, Paul
A., Heye, Anna K., Chappell, Francesca M., et al., 2017. Blood-brain barrier failure as
a core mechanism in cerebral small vessel disease and dementia: evidence from a
cohort study. Alzheimer’s Dementia 13 (6), 634-643. https://doi.org/10.1016/j.
jalz.2016.09.006.

World Health Organization, 2021. WHO Report on the Global Tobacco Epidemic, 2021:
Addressing New and Emerging Products. World Health Organization.

Wu, Xianxian, Zhang, Haiying, Qi, Wei, Zhang, Ying, Li, Jiamin, Li, Zhange, et al., 2018.
Nicotine promotes atherosclerosis via ROS-NLRP3-mediated endothelial cell
pyroptosis. Cell Death Dis. 9 (2), 171. https://doi.org/10.1038/541419-017-0257-3.

Xia, Jie, Zhao, Junling, Shang, Jin, Li, Miao, Zeng, Zhilin, Zhao, Jianping, et al., 2015.
Increased IL-33 expression in chronic obstructive pulmonary disease. Am. J. Physiol.
Lung Cell Mol. Physiol. 308 (7), L619-L627. https://doi.org/10.1152/
ajplung.00305.2014.

Yanbaeva, Dilyara G., Dentener, Mieke A., Creutzberg, Eva C., Wesseling, Geertjan,
Wouters, Emiel F.M., 2007. Systemic effects of smoking. Chest 131 (5), 1557-1566.
https://doi.org/10.1378/chest.06-2179.

Zhang, Ming-Qiang, Wan, Yong, Jin, Yang, Xin, Jian-Bao, Zhang, Jian-Chu, Xiong, Xian-
Zhi, et al., 2014. Cigarette smoking promotes inflammation in patients with COPD by
affecting the polarization and survival of Th/Tregs through up-regulation of
muscarinic receptor 3 and 5 expression. PLoS One 9 (11), e112350. https://doi.org/
10.1371/journal.pone.0112350.

Zalba, G., Fortuno, A., San José, G., Moreno, M.U., Beloqui, O., Diez, J., 2007. Oxidative
stress, endothelial dysfunction and cerebrovascular disease. Cerebrovasc. Dis. (Basel,
Switzerland) 24-29. https://doi.org/10.1159/000107376, 24 Suppl 1.

Zhang, Yao, Geng, Shuo, Prasad, G.L., Li, Liwu, 2018. Suppression of neutrophil
antimicrobial functions by total particulate matter from cigarette smoke. Front.
Immunol. 9, 2274, https://doi.org/10.3389/fimmu.2018.02274.

Zuccato, Chiara, Cattaneo, Elena, 2009. Brain-derived neurotrophic factor in
neurodegenerative diseases. Nat. Rev. Neurol. 5 (6), 311-322. https://doi.org/
10.1038/nrneurol.2009.54.


https://doi.org/10.1038/nri.2016.95
https://doi.org/10.1038/nri.2016.95
https://doi.org/10.1016/j.canlet.2015.10.011
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1136/thoraxjnl-2012-202127
https://doi.org/10.1136/thoraxjnl-2012-202127
https://doi.org/10.1016/j.cellsig.2020.109645
https://doi.org/10.1016/j.cellsig.2020.109645
https://doi.org/10.1161/ATVBAHA.113.300156
https://doi.org/10.1161/ATVBAHA.113.300156
https://doi.org/10.1084/jem.20071868
https://doi.org/10.3389/fncel.2019.00363
https://doi.org/10.3389/fncel.2019.00363
https://doi.org/10.1016/j.vph.2018.04.006
https://doi.org/10.1371/journal.pone.0090314
https://doi.org/10.1016/S0140-6736(15)00463-8
https://doi.org/10.1113/JP271336
https://doi.org/10.1016/j.bbadis.2014.06.009
https://doi.org/10.1016/S0028-3908(98)00141-5
https://doi.org/10.1016/S0028-3908(98)00141-5
https://doi.org/10.1134/S1990747817030060
https://doi.org/10.1134/S1990747817030060
https://doi.org/10.1016/S0002-8703(03)00468-X
https://doi.org/10.1016/S0002-8703(03)00468-X
https://doi.org/10.1038/emm.2014.38
https://doi.org/10.1084/jem.20170355
https://doi.org/10.1084/jem.20170355
https://doi.org/10.1161/ATVBAHA.118.312338
https://doi.org/10.1161/ATVBAHA.118.312338
https://doi.org/10.3389/fimmu.2021.637974
https://doi.org/10.3389/fimmu.2021.637974
https://doi.org/10.3402/jev.v4.25530
https://doi.org/10.7150/thno.68304
https://doi.org/10.3389/fmed.2019.00010
https://doi.org/10.1097/WAD.0000000000000034
https://doi.org/10.1097/WAD.0000000000000034
https://doi.org/10.4172/2329-6887.1000e130
https://doi.org/10.1038/nri2711
https://doi.org/10.1038/s41598-021-85534-6
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref77
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref77
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref77
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref77
https://doi.org/10.1080/10715762.2019.1620939
https://doi.org/10.1080/10715762.2019.1620939
https://doi.org/10.3389/fimmu.2018.02723
https://doi.org/10.3389/fimmu.2018.02723
https://doi.org/10.1159/000517284
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1007/s11883-020-00870-8
https://doi.org/10.1002/jev2.12140
https://doi.org/10.1002/jev2.12140
https://doi.org/10.1371/journal.pone.0097698
https://doi.org/10.1371/journal.pone.0206175
https://doi.org/10.1016/j.jalz.2016.09.006
https://doi.org/10.1016/j.jalz.2016.09.006
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref87
http://refhub.elsevier.com/S2666-3546(23)00011-X/sref87
https://doi.org/10.1038/s41419-017-0257-3
https://doi.org/10.1152/ajplung.00305.2014
https://doi.org/10.1152/ajplung.00305.2014
https://doi.org/10.1378/chest.06-2179
https://doi.org/10.1371/journal.pone.0112350
https://doi.org/10.1371/journal.pone.0112350
https://doi.org/10.1159/000107376
https://doi.org/10.3389/fimmu.2018.02274
https://doi.org/10.1038/nrneurol.2009.54
https://doi.org/10.1038/nrneurol.2009.54

	Initial and ongoing tobacco smoking elicits vascular damage and distinct inflammatory response linked to neurodegeneration
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Whole blood lysis and staining
	2.3 Extracellular vesicles isolation
	2.4 Extracellular vesicle protein concentration
	2.5 Extracellular vesicle flow cytometry
	2.6 MACSPlex exosome kit
	2.7 Western blot
	2.8 Bead-based cytokine assay
	2.9 Statistical analysis

	3 Results
	4 Discussion
	5 Strengths and limitations
	Author contribution
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


