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Abstract: Smoke derived from combustible cigarettes (CCs) contains numerous harmful chemicals

that can impair the viability, proliferation, and activation of immune cells, affecting the progression

of chronic inflammatory diseases. In order to avoid the detrimental effects of cigarette smoking,

many CC users have replaced CCs with heated tobacco products (HTPs). Due to different methods of

tobacco processing, CC-sourced smoke and HTP-derived aerosols contain different chemical con-

stituents. With the exception of nicotine, HTP-sourced aerosols contain significantly lower amounts

of harmful constituents than CC-derived smoke. Since HTP-dependent effects on immune-cell-driven

inflammation are still unknown, herein we used flow cytometry analysis, intracellular staining, and

an enzyme-linked immunosorbent assay to determine the impact of CCs and HTPs on systemic

inflammatory response in patients suffering from ulcerative colitis (UC), diabetes mellitus (DM),
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and chronic obstructive pulmonary disease (COPD). Both CCs and HTPs significantly modulated
cytokine production in circulating immune cells, affecting the systemic inflammatory response in
COPD, DM, and UC patients. Compared to CCs, HTPs had weaker capacity to induce the synthesis
of inflammatory cytokines (IFN-y, IL-1, IL-5, IL-6, IL-12, IL-23, IL-17, TNF-a), but more efficiently
induced the production of immunosuppressive IL-10 and IL-35. Additionally, HTPs significantly
enhanced the synthesis of pro-fibrotic TGF-f3. The continuous use of CCs and HIPs aggravated
immune-cell-driven systemic inflammation in COPD and DM patients, but not in UC patients, sug-
gesting that the immunomodulatory effects of CC-derived smoke and HTP-sourced aerosols are
disease-specific, and need to be determined for specific immune-cell-driven inflammatory diseases.

Keywords: combustible cigarettes; heated tobacco products; systemic inflammation; cytokines;
chronic inflammatory diseases

1. Introduction

The systemic inflammatory response has a profound impact on the progression and
exacerbation of chronic inflammatory diseases [1]. Prolonged systemic inflammation re-
sults in tissue damage and fibrosis in various organs [1,2]. The continuous activation of
immune cells and the massive release of inflammatory mediators results in the destruction
of parenchymal and endothelial cells (ECs) throughout the body, exacerbating the pathol-
ogy of chronic inflammatory conditions [3]. Sustained inflammatory signaling is usually
associated with impaired tissue repair and an excessive deposition of collagen in the vital
organs, resulting in their dysfunction [2,3]. Additionally, systemic inflammation can trigger
or exacerbate autoimmune response [4]. A detrimental systemic inflammatory response
can disrupt the balance between pro-inflammatory and anti-inflammatory immune cells in
injured tissues, leading to immune dysregulation and impaired immune tolerance [4]. A
dysregulated immune response leads to the massive release of self-antigens from injured
parenchymal cells, followed by the activation of autoreactive lymphocytes, resulting in the
development and progression of autoimmune diseases [1,4].

Accordingly, the identification of factors that induce systemic inflammatory response
and the mitigation of their detrimental effects could prevent exacerbations of inflammation-
related diseases [1]. Prolonged exposure to combustible cigarette (CC)-derived smoke is
considered an important risk factor for the induction of systemic inflammatory response and
for the development of organ-specific immune-cell-driven diseases [5-10]. Smoke from CCs
contains many harmful substances that can negatively impact the ability of immune cells
to survive, proliferate, produce inflammatory cytokines, and migrate in injured tissues [11].
Neutrophils exposed to CC-sourced smoke had altered migratory characteristics and were
not able to optimally produce reactive oxygen species (ROS) [12]. Similarly, CC-derived
smoke favored an alternative activation of macrophages and suppressed their phagocytic
ability against pathogenic bacteria [9]. A decrease in the number of M1 inflammatory
macrophages was observed in healthy CC users compared to healthy non-smokers. The
transition towards the M2-polarization phenotype was found to be more prominent in
CC users who suffer from chronic obstructive pulmonary disease (COPD) [13]. High,
but not low, levels of CC-derived smoke suppressed allergic airway inflammation in
mice [14]. This suppression was achieved by inhibiting the function of T cells, reducing
eosinophilia and decreasing the levels of IL-4 and IL-5 in the bronchoalveolar lavage [14].
Additionally, the smoke exposure led to a loss of ovalbumin antigen-specific proliferation
and cytokine production in T cells [14]. Chronic exposure to CC-derived smoke may
lead to a progression from M1 macrophage-dependent oxidative burst response to M2
macrophage-driven sensitization [14]. However, this M2 macrophage-driven immune
response may be suppressed due to the loss of T-cell function and the suppression of IL-4
and IL-5 production [14]. Long-term exposure to cigarette smoking altered the production
of perforins and granzymes in cytotoxic T lymphocytes (CTLs) and natural killer (NK)
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cells, affecting their anti-viral properties [10]. Additionally, increased expressions of E and
P selectins were observed on ECs that were exposed to CC-derived smoke, facilitating
the migration of circulating leukocytes in injured and inflamed tissues [7]. Accordingly,
cigarette smoking is considered the main driver of inflammatory and malignant diseases of
the lungs (COPD, pulmonary fibrosis, and lung cancer) and represents one of the main risk
factors for the aggravation of immune-cell-driven organ-specific and systemic diseases [15].
The frequent use of CCs increases the risk of developing heart disease, stroke, peripheral
arterial disease, atherosclerosis, diabetes, osteoporosis, and rheumatoid arthritis [15].

In order to avoid the detrimental effects of cigarette smoking, many CC users have
replaced CCs with heated tobacco products (HTPs), which heat tobacco instead of burning
it[16,17]. HTPs consist of a stick, capsule, or cartridge of tobacco that is inserted into a device
that heats the tobacco to release nicotine and flavor without producing smoke [16]. The
tobacco in HTPs is heated to a specific temperature, usually between 250 and 350 °C [16,17].
This temperature is enough to release nicotine and other chemicals without generating
harmful combustion byproducts [16,17]. Due to the different methods of tobacco processing,
CC-sourced smoke and HTP-derived aerosols contain different chemical constituents [18].
With the exception of nicotine, HTP-derived aerosols contain different concentrations of
harmful and potentially harmful constituents than CC-derived smoke [17,18]. CC-derived
tar, carbon monoxide (CO), benzene, 1, 3 butadiene, acrylonitrile, and ethylene oxide are
present in lower amounts in HTP-sourced aerosols, but concentrations of several bioactive
substances are higher in HIP-derived emissions compared to CC-sourced smoke, indicat-
ing that cessation from CCs and HTPs is the most effective strategy in the prevention of
inflammatory and malignant diseases [18]. Compared to CC-derived smoke, HTP-sourced
aerosols had different impacts on the phenotypes and functions of immune cells that in-
filtrated the lungs of COPD mice and COPD patients [5,19]. HTP-exposed lung dendritic
cells (DCs) had impaired capacity for the optimal activation of inflammatory Th1, Th2, and
Th17 lymphocytes compared to DCs that were continuously exposed to CCs [5]. Similarly, a
reduced activation of the NLRP3 inflammasome was observed in the neutrophils and mono-
cytes of HTP-exposed COPD mice and COPD patients [5,19]. Despite the fact that DC:T
cell crosstalk and the NLRP3-dependent activation of circulating leukocytes are crucially
responsible for the development of systemic immune response in patients suffering from
COPD, ulcerative colitis (UC), and diabetes mellitus (DM), the long-term effects of HTPs
on immune-cell-driven systemic inflammation are still unknown [16]. Accordingly, in this
study, we analyzed the effects of CCs and HTPs on cytokine production in the circulating
immune cells of patients suffering from these chronic inflammatory diseases, and we com-
pared concentrations of inflammatory and immunosuppressive cytokines in their serum
samples, paving the way to a better understanding of CC- and HTP-dependent effects on
the immune-cell-driven systemic inflammatory response.

2. Material and Methods
2.1. Study Population

In total, 74 patients with ulcerative colitis (UC), 78 patients with chronic obstructive
pulmonary disease (COPD), and 33 patients with diabetes mellitus (DM) were recruited in
this study. The diagnosis of UC was confirmed by endoscopic, histological, and clinical
scores. Endoscopic disease activity was evaluated with the Mayo endoscopic subscore.
The clinical score was determined using the Truelove and Witts clinical activity index. The
histological score was determined using Geboes grade. The inclusion criterion for COPD
patients was the diagnosis of airflow limitation that was not fully reversible. The diagnosis
was confirmed by spirometry. The presence of a post-bronchodilator forced expiratory
volume in 1 s (FEV;) < 80% of the predicted value, in combination with an FEV /forced
vital capacity (FVC) ratio < 70% confirmed the presence of airflow limitation that was not
fully reversible. The inclusion criterion for DM was fasting glycaemia equal or greater than
126 mg/dL.



Diseases 2024, 12, 144

4of 16

The patients were recruited from the Centers of Gastroenterology, Endocrinology
and Pulmonology, University Clinical Center of Kragujevac, Centers of Gastroenterology
and Endocrinology, University Clinical Center “Bezanijska Kosa” Belgrade, and from the
Institute for Pulmonary Diseases of Vojvodina, Sremska Kamenica. UC, COPD, and DM
patients who used CCs and HTPs were recruited to experimental groups (UCCC, COPDCC,
DMCC, UCHT?  cOPDHTP, and DMHTP), while UC, COPD and DM non-smokers were
recruited to the UCAIR, COPDAR, DMAIR groups. Healthy volunteers who used CCs
or HTPs or were non-smokers were stratified in three control groups (CCs, HTPs, and
AIR). Participants from the experimental and control groups used 10-15 cigarettes or HTP
heatsticks per day for at least one year. CC and HTP dual users were not included in the
study. Information about the duration and frequency of CC/HTP usage was based on a
self-reported questionnaire signed by each study participant. All participants from the
experimental and control groups were matched according to age, gender, duration, and fre-
quency of CC and HTP usage. An exclusion criterion for all groups was if participants had
previously been diagnosed with any other disease instead of the one that was being investi-
gated. Precisely, this included pregnancy, organ-specific autoimmune diseases (Addison’s
disease, autoimmune hepatitis, coeliac disease, Grave’s disease, Guillain-Barre syndrome,
Hashimoto’s thyroiditis, Crohn’s disease, multiple sclerosis, myasthenia gravis, pernicious
anemia, primary biliary cholangitis, sclerosing cholangitis, etc.), systemic autoimmune dis-
eases (systemic lupus erythematosus, polymyositis, dermatomyositis, rheumatoid arthritis,
systemic sclerosis, Sjogren’s syndrome, etc.), psoriasis, fatty liver disease, liver cirrhosis,
hepatitis A-E, and malignant and other life-treating diseases (heart failure, arrythmias,
renal insufficiency, respiratory insufficiency, fulminant liver injury, etc.).

All experiments were approved by the local Ethics Committees of University Clini-
cal Center of Kragujevac (No. 01/22-341), University Clinical Center “Bezanijska Kosa”
(No. 1711/1), and the Institute for Pulmonary Diseases of Vojvodina, Sremska Kamenica
(No. 21-1IV/3). The Declaration of Helsinki and Principles of Good Clinical Practice were
always followed. Each patient provided informed consent before having their blood ana-
lyzed.

2.2. Isolation of Immune Cells

For the isolation of immune cells from the study participants, blood samples were
obtained in heparinized collection tubes. Leukocytes were separated from erythrocytes
and dead cells by Ficoll Paque (Amersham Biosciences, Otelfingen, Switzerland) gradient
centrifugation, as previously described [20].

2.3. Intracellular Staining and Flow Cytometry Analysis of Immune Cells

Isolated immune cells (1 x 10° cells per sample) were stained for the intracellular
content of TNF-«, IFN-y, TGF-, IL-13, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-17, IL-22,
IL-23 and IL-35 by using the fixation/permeabilization kit and appropriate anti-human
monoclonal antibodies conjugated with fluorescein isothiocyanate (FITC), phycoerythrin
(PE), peridinin chlorophyll protein (PerCP), or allophycocyanin (APC) (BD Biosciences,
San Jose, CA, USA) [21]. Flow cytometric analysis was conducted on a BD Biosciences
FACSCalibur. The acquired data were analyzed using the Flowing software analysis
program (version 2.5.1; Turku Bioscience Centre, Turku, Finland).

2.4. Measurement of Cytokines in Serum Samples

The concentrations of inflammatory and immunosuppressive cytokines (TNF-«, IFN-
v, TGE-B, IL-1p, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-17, IL-22, IL-23, and IL-35) were
determined in the serum samples previously obtained from the study participants. For this
purpose, the blood samples were centrifuged for 15 min, and then the serum was removed and
kept at —80 °C. Commercial enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems,
Minneapolis, MN, USA) were used in accordance with the manufacturer’s instructions.
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2.5. Statistics

Statistical analyses were performed using SPSS 21.0 for Windows software (SPSS,
Inc., Chicago, IL, USA). The distribution of the data was checked by the Shapiro-Wilk
or Kolmogorov-Smirnov test. Differences between mean values within groups were deter-
mined using one-way ANOVA. In cases when ANOVA identified a significant difference,
individual differences were examined using two tailed Student’s f tests with a Tukey cor-
rection for multiple comparisons. The normality of the data distribution was investigated
by Kolmogorov—Smirnov or Shapiro-Wilk tests according to the number of patients. After
testing for normality, correlations were tested with the appropriate correlation coefficient:
Pearson or Spearman’s. A multivariate linear regression model was used to discover deeper
relations between clinical factors and measured levels of cytokines in the serum of the patients.
The level of significance was p < 0.05. Data are expressed as the mean + SEM for each group.
All reported p values were 2-sided, and p < 0.05 was considered statistically significant.

3. Results
3.1. Continuous Use of Either CCs or HTPs Modulates Cytokine Production in Immune Cells of
COPD Patients

Lung-infiltrated immune cells, through the production of TNF-«, IL-1f3, IL-6, IL-13,
IL-17, IL-22, and IL-23, induce chronic lung inflammation, mucous hypersecretion, and
ciliary dysfunction, which lead to airflow obstruction and hyperinflation that are clinically
diagnosed by decreased FEV1 (COPDAR (74.57 + 5.34) vs. COPD“®® (61.97 + 7.12) and
COPDHTPs (66.75 4 4.94)) [22]. In line with these findings, we observed significantly higher
numbers of inflammatory cells, as well as TNF-«-, IL-13-, IL-13-, IL-17-, IL-22-, and IL-
23-producing immune cells (Figure 1), and elevated levels of TNF-«, IL-1(3, IL-13, IL-17,
IL-22, and IL-23 in the serum samples of COPD patients compared to healthy individuals
(Figure 2). Also, there was a positive correlation between the serum concentrations of
these inflammatory cytokines and FEV1 (correlation coefficients were in the range of
0.133-0.403; p < 0.05), and a negative correlation between FEV1 and the serum levels of
immunosuppressive IL-35 (correlation coefficients were in the range of values 0.064-0.642
with p < 0.05). Additionally, multivariate linear regression (adjusted R square = 28.2%,
F =7.887; p < 0.001) showed that the continuous use of CCs had a significant effect on FEV1
values (FEV1 values were higher than 0.728 in CC group, compared to AIR group).

By affecting cytokine production in immune cells, both HTPs and CCs altered the
systemic inflammatory response in COPD patients. An increased number of immunosup-
pressive, IL-10-, TGF-$3-, and IL-35-producing immune cells (Figure 1) and an elevated
serum level of TGF-p were observed in COPDH" compared to COPDAR patients. The
continuous use of HTPs also increased the production of Th17 cell-derived inflammatory
cytokines (IL-17, IL-22) in COPD patients (Figure 1). Similarly, the long-term use of CCs
increased the production of inflammatory cytokines, which importantly contributed to the
development of airflow obstruction in COPDC* patients, affecting COPD development and
progression. A significantly higher number of IL-17- and IFN-y-producing immune cells
(Figure 1) and increased serum levels of TNF-«, IL-1§3, IL-17, IL-23, and IL-13 (Figure 2)
were observed in COPD*® compared to COPDAR patients.
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Figure 1. Continuous use of either CCs or HTPs modulates cytokine production in immune cells of
COPD patients. Total numbers of TNF-«- (A), IL-13- (B), IL-13- (C), IL-17- (D), IL-22- (E), IL-23- (F),
IL-10- (G), IL-35- (H), TGF-$3- (I), IL-6- (J), and IFN-y-producing immune cells (K) in the blood of
healthy volunteers and COPDCC, COPDHTY | and COPDAR patients, including representative dot
plots (L), demonstrating altered capacity for cytokine production in leukocytes of COPD patients
who used CCs or HTPs. Values are presented as mean & SEM; * p < 0.05, ** p < 0.01, *** p < 0.001.

Importantly, CCs and HTPs differed in their immunomodulatory properties. Higher
numbers of TNF-«-, IL-13-, IL-6-, IL-17-, and IFN-y- producing leukocytes (Figure 1) and
increased serum concentrations of TNF-«, IL-13, IL-6, IFN-y, IL-17, and 1L-22 (Figure 2)
were observed in COPD®C compared to COPDHTP patients. CCs had weaker capacity
than HTPs to induce the synthesis of immunosuppressive cytokines (IL-10, IL-35) and
pro-fibrotic TGF-f in COPD patients. Higher numbers of IL-10- and TGF-3-producing
immune cells and remarkably higher serum levels of IL-10, IL-35, and TGF-3 were observed

in COPDH™P compared to COPDC® patients.
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Figure 2. CC- and HTP-dependent effects on serum levels of inflammatory, pro-fibrotic, and im-
munosuppressive cytokines in healthy volunteers and COPD patients. Concentrations of TNF-o (A),
IL-1p (B), IL-13 (C), IL-17 (D), IL-22 (E), IL-23 (F), IL-6 (G), IFNvy- (H), IL-10 (I), IL-35 (J), and TGF-f3
(K) in serum samples of healthy volunteers and COPDSC, COPDHTP and COPDAIR patients show
that both CCs and HTPs altered production of inflammatory, immunosuppressive, and pro-fibrotic
cytokines in COPD patients. Values are presented as mean + SEM; * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Compared to CCs, HTPs Had Weaker Capacity to Induce Production of Th1- and Th17-Related
Cytokines in Immune Cells of DM Patients

TNF-oc and IL-13 are inflammatory cytokines that attract circulating leukocytes in
injured pancreatic islets, importantly contributing to the aggravation of DM [23]. We
observed a positive correlation between the serum concentrations of TNF-oc and IL-1 and
parameters of DM progression (glycemia and glycohemoglobin (HbAlc)) in DM patients
who used CCs or HTPs (correlation coefficients were in the range of 0.066-0.849; p < 0.05).
Additionally, serum levels of immunosuppressive IL-35, which attenuate the systemic
inflammatory response, negatively correlated with HbAlc in DM“C and DMHTP patients
(correlation coefficients were in the range of 0.383-0.775 with p < 0.05). Furthermore,
multivariate linear regression (adjusted R square = 62.5%, F = 42.594; p < 0.001) showed
that the continuous use of CCs had a significant effect on glycemia (values higher than
0.153 in CC group compared to AIR group) and HbAlc (values higher than 0.09 in CC
group compared to AIR group).

Th1 and Th17 cells have an important pathogenic role in the destruction of insulin-
producing pancreatic beta cells [24]. Accordingly, increased serum levels of Thl- and
Th17-related inflammatory cytokines crucially contribute to the generation of systemic
inflammatory response in DM patients and the development of DM-associated complica-
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tions [24]. We noticed an increased number of immune cells that produced Th1- (IL-12,
TNF-«, IEN-y) and Th17-related cytokines (IL-1f3, IL-6, IL-17, IL-23) (Figure 3) in the blood
of DM€ and DMHTP compared to DMAIR patients, and we observed increased concentra-
tions of these inflammatory cytokines in the serum samples of DM® and DM P patients
(Figure 4). Compared to CCs, HTPs had a weaker capacity to induce the production of
inflammatory, Th1l-, and Th17-related cytokines in DM patients. Lower numbers of TNF-o-,
IL-12-, IEN-y-, IL-1$3-, IL-6-, and IL-17-producing immune cells (Figure 3) and lower serum
levels of TNF-«, IL-12, IFN-y, IL-1B, IL-6, IL-17 (Figure 4) were observed in DMHTF than in

DMCC patients.
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Figure 3. CC- and HTP-based modulation of cytokine production in circulating immune cells of DM

patients. Total numbers of immune cells producing inflammatory, Thl-related (IL-12 (A), TNF-x (B),
IFN-y (C)) and Th17-related cytokines (IL-1p (D), IL-6 (E), IL-17 (F), IL-23 (H)) were lower and total
numbers of immunosuppressive, IL-10- (I), TGE-$- (J), and IL-35-producing (K) immune cells were
higher in the blood of DMHTP than in the blood of DM€ patients, indicating that, compared to CCs,
HTPs had weaker capacity to induce the production of Th1- and Th17-related cytokines in the blood
of DM patients. There was no statistical difference in the amount of IL-22 (L), IL-4 (M), IL-5 (N),
or IL-13 (O) between DMHTP and DM€ patients. Representative dot plots show IL-17-producing
cells (G). Values are presented as mean + SEM; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Effects of CCs and HTPs on serum levels of inflammatory and immunosuppressive
cytokines in healthy individuals and DM patients. Concentrations of Thl-related cytokines (IL-12 (A),
TNF- (B), IFN-y (C)) and Th17-related cytokines (IL-13 (D), IL-6 (E), IL-17 (F), IL-23 (G)) in serum
samples of healthy volunteers and DMCC, DMHTP and DMAIR patients show that, in DM patients,
CCs more efficiently enhanced the production of inflammatory, Th1-, and Th17-related cytokines
compared to HTPs. CCs had weaker capacity than HTPs to induce the production of pro-fibrotic
TGEF-f (I) and immunosuppressive IL-10 (H) and IL-35 (J). There was no statistical difference in the
concentrations of IL-22 (K) and Th2-related cytokines (IL-4 (L), IL-5 (M), IL-13 (N)) between serum
samples of DMHTP and DMCC patients. Values are presented as mean + SEM; * p < 0.05, ** p < 0.01,
***p < 0.001.

Compared to CCs, HIPs more efficiently induced the expansion of immunosup-
pressive, IL-10- and TGF-f-producing leukocytes, which was manifested with increased
concentrations of IL-10 and TGF-f in the serum samples of DMHT’ compared to DM*C
and DMAIR patients. Also, HTPs increased the serum concentration of immunosuppressive
IL-35, which was higher in DMHF than in DM“C patients. Both CCs and HTPs increased
the synthesis of IL-22 and did not significantly alter the production of Th2-related cytokines
(IL-4, IL-5, IL-13) in DM patients.

3.3. Compared to CCs, HTPs More Efficiently Induce Production of Immunosuppressive Cytokines
in Immune Cells of UC Patients

Through the production of inflammatory and immunosuppressive cytokines, im-
mune cells orchestrate systemic immune response, affecting UC development and progres-
sion [21,25]. Significantly increased numbers of inflammatory immune cells (Figure 5) and
remarkably elevated concentrations of inflammatory cytokines (Figure 6) were observed
in UC patients compared to the healthy controls. The analysis of UC patients’ blood and
serum samples showed that the continuous use of either CCs or HTPs modulated the secre-
tory properties of UC patients’ leukocytes, affecting UC progression. Significantly lower
numbers of immune cells, which produce inflammatory cytokines that induce the systemic
inflammatory response (IFN-y, IL-1§3, IL-5, IL-6, IL-12, IL-23, IL-17), and significantly lower
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concentrations of these cytokines were observed in the serum samples of UCC® and UCHT?
compared to UCAR patients.

';r’j . r:\ —" 0 f%f.ﬁ E an.’_“
Yy 1: - 1: - } . ? - 0 7
u ~ % s %z = %
i i % 7 % 7 i . %
v % R % % % 7
d L iz B il - ‘Bz N
| % : IIZ 2l % % ’ 27 WY

HEALTHY HEALTHY uc ’ HEALTHY uc

1FNy -1 12

F - G e . H ”‘ l . e ’_'1

- — " v 5 - . %

“ 1 16 s 2 ? %

2 " § ¥ ) 0 . /
z® ? s 2 ? -3 : Z -3 s - Z
e / =10 / Ip F » . 4 . /
g u Z ‘* s = al W

: 7 . z % = ' N

% 2 % % 4 - B.%

0 L ME7Z Z - - 0 °

HEALTHY uc HEALTHY uc HEALTHY u
23 17 IL-35
§ 8.06% 1] 14.90% 8 16.63%
L I X ]
; ; ;
K axx

HEALTHYA® HEALTHY HEALTHY™™

AMMMNINNNLS.

;
7N\
¥
i

9.31% 8 20.79% .| 22.87%

]
MEALTHY uc . x
TGFB H g #
“ - “
i~ T
Yo pE - TG Pe - Tor e £
TGFB TGFB TGFp
M N ucAn uce ucHe

o

: : . %
7 2 é B ar
5 % % ‘ %
o % ‘ % », %
H % % - /
i Z" ' é i é Ccc
% % ; % ,
Dl =
HEALTHY uc
-4 13 II.ZZ

Figure 5. Compared to CCs, HTPs more efficiently induce the production of immunosuppressive
cytokines in the immune cells of UC patients. Total numbers of IFN-y- (A), IL-13- (B), IL-5- (C),
IL-6- (D), IL-12- (E), IL-23- (F), IL-17- (G), TNF-«- (H), IL-10- (I), IL-35- (J), TGF-p- (K), IL-4- (M), IL-
13- (N), and IL-22-producing immune cells (O) in the blood of healthy volunteers and UCCC, ucHTP,
and UCAR patients, including representative dot plots (L), demonstrate the increased presence of
leukocytes producing immunosuppressive cytokines in the blood of UCHTP compared to UCC®
patients. Values are presented as mean + SEM; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 6. CC- and HTP-dependent effects on serum levels of inflammatory, pro-fibrotic, and im-
munosuppressive cytokines in healthy volunteers and UC patients. Concentrations of IFN-y (A),
IL-1pB (B), IL-5 (C), IL-6 (D), IL-12 (E), IL-23 (F), IL-17 (G), TNF-« (H), IL-10 (I), IL-35 (J), TGF-p (K),
IL-4 (L), IL-13 (M), and IL-22 (N) in serum samples of healthy volunteers and UCCC, UCHT? gnd
UCAR patients show that CCs more efficiently promoted the production of inflammatory cytokines
and HTPs more efficiently induced the production of immunosuppressive and pro-fibrotic cytokines
in UC patients. Values are presented as mean + SEM; * p < 0.05, ** p < 0.01, *** p < 0.001.

Interestingly, CCs and HTPs exhibited variances in their capacity to stimulate the
production of inflammatory and immunosuppressive cytokines in UC patients. Lower
numbers of IFN-y-, IL-13-, IL-5-, IL-6-, IL-12-, IL-23-, IL-17-, and TNF-a-producing immune
cells and higher numbers of IL-10-, TGF-3- and IL-35-producing immune cells were noticed
in the blood of UCHTP compared to UC®C patients (Figure 5). Accordingly, lower levels of
IFN-v, IL-1B, IL-5, IL-6, IL-12, IL-23, IL-17, and TNF-« and higher levels of IL-10, IL-35,
and TGF-B were observed in the serum samples of UCHT’ compared to UC*C patients
(Figure 6). There were no significant differences in the concentrations of IL-4, IL-13, or IL-22
between the blood and serums samples of UCAIR, UCCC, and UCHTPs patients.

4. Discussion

Although COPD, UC, and DM develop due to the immune-cell-driven injury of
parenchymal cells in the lungs, gut, or pancreatic tissue, the systemic inflammatory re-
sponse is considered crucially responsible for the aggravation and progression of these
diseases [1,22-26]. Systemic inflammation can lead to increased airway inflammation
and narrowing, importantly contributing to the development of acute exacerbations that
can be life-threatening for patients with severe COPD [26]. In UC patients, the systemic
inflammatory response can compromise the integrity of the intestinal barrier, allowing
harmful substances to enter the bloodstream. This can trigger a detrimental immune
response, which aggravates the inflammatory process in the colon, increasing the risk of
bowel perforation [25]. In DM patients, systemic inflammation impairs insulin sensitivity,
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leading to poorly controlled blood sugar levels, significantly increasing the risk of stroke,
diabetic nephropathy, and retinopathy [23]. In line with these findings, identifying and
addressing factors that induce systemic inflammatory response in COPD, DM, and UC
patients is crucially important for disease management and for improving outcomes for
individuals living with these chronic conditions [1].

Herein, we have demonstrated that the continuous use of either CCs or HTPs mod-
ulates cytokine production in circulating leukocytes, affecting systemic inflammatory
response in COPD, DM, and UC patients. Long-term exposure to CC-derived smoke and
HTP-sourced aerosols altered immune-cell-driven inflammation, importantly contributing
to the progression of these chronic inflammatory diseases.

It is well known that CC-derived smoke contains thousands of toxic chemicals that
generate ROS and cause oxidative stress in alveolar epithelial cells, inducing the enhanced
release of damage-associated molecular patterns (DAMPs) and alarmins into the extracellular
environment [27]. These inflammatory mediators are captured by dendritic cells (DCs), initi-
ating detrimental immune response in the lungs [28,29]. Upon binding to Toll-like receptors
(TLRs) on lung DCs, DAMPs and alarmins initiate the MyD88-driven intracellular signaling
pathway and induce an enhanced activation of the transcription factors NF-«f3, IRFs, and
AP1, which regulate the expression of genes that elicit the production of inflammatory cy-
tokines (TNF-«, IL-1§3, IL-6, IL-17, and IFN-y) [23,24]. Accordingly, we observed significantly
higher numbers of TNF-o-, IL-1f3-, IL-6-, IL-17- and IFN-y-producing immune cells and ele-
vated levels of these inflammatory cytokines in the blood of COPDC compared to COPDAR
patients (Figures 1 and 2). Since TNF-«, IL-1§3, and IL-6 are key mediators of systemic inflam-
mation [1], we assume that the CC-dependent increased production of these cytokines was
mainly responsible for the generation of detrimental immune response in COPD®* patients.
TNF-«, IL-1§3, and IL-6 increased the expression of adhesion molecules on the lung ECs of CC
users, facilitating the recruitment of immune cells into the inflamed lungs [30]. Additionally,
TNF-« and IL-1p trigger an NF-kB-driven intracellular signaling cascade in lung-infiltrated
Th17 lymphocytes, enhancing the production of IL-17, which promotes the production of
ROS, elastases, and matrix metalloproteinases (MMPs) in neutrophils, exacerbating tissue
destruction and remodeling in the lungs of COPD patients [31]. In addition to increased
serum levels of TNF-«, IL-1f3, and IL-6, prolonged exposure to CC-derived smoke also
increased the production of IL-13, which stimulated the goblet cells to produce and secrete
mucus [32]. Excessive mucus production can aggravate airway obstruction, impair mucocil-
iary clearance, and increase susceptibility to respiratory infections in COPD®C patients [33].
Additionally, the increased concentration of IL-13 could enhance collagen deposition, smooth
muscle hypertrophy, and fibrosis, aggravating airway hyper-responsiveness in COPD¢
patients [32,33]. In line with these findings, it can be concluded that the long-term use of CCs
significantly increases the risk of exacerbating and aggravating COPD.

Compared to CCs, HTPs had an impaired capacity to induce the secretion of inflam-
matory, pro-Thl, and pro-Th17 cytokines, but managed to more efficiently enhance the
production of immunosuppressive cytokines in COPD patients (Figures 1 and 2). Although
these findings may indicate that the long-term use of HTPs could be less harmful to COPD
patients than CCs, it has to be highlighted that continuous exposure to HTP-derived aerosols
also significantly increased the presence of TGF-f-secreting immune cells in the blood of
COPDHP patients (Figures 1 and 2). TGF-p plays a central role in the development of pul-
monary fibrosis in response to lung injury and inflammation [34,35]. It induces epithelial-to-
mesenchymal transition and stimulates the differentiation of fibroblasts into myofibroblasts,
enabling the massive production and deposition of collagen in inflamed lungs [34,35]. Addi-
tionally, the excessive secretion of TGF-f3 may result in the formation of disorganized blood
vessels in inflamed lungs, further contributing to the aggravation of lung inflammation and
fibrosis [34]. Since continuous exposure to HTP-derived aerosols increased the production
of pro-fibrotic TGF-p in COPDHT? patients (Figures 1 and 2), up-coming experimental and
clinical studies should focus on investigating the effects of HTP-derived aerosols on the
TGEF-B-dependent development and progression of lung fibrosis.



Diseases 2024, 12, 144

13 of 16

In a similar manner as was observed in COPD patients, CCs and HTPs differed in
their capacity to regulate the secretion of inflammatory and immunosuppressive cytokines
in the immune cells of DM patients (Figures 3 and 4). Higher numbers of leukocytes
producing pro-Thl (TNF-«, IL-12, IFN-y) and pro-Th17 cytokines (IL-17, IL-1f3, IL-6, IL-
22, IL-23) were observed in the blood of DM¢ compared to DMHTP patients (Figure 3).
The NF-kB-dependent signaling pathway is activated in immune cells that are continu-
ously exposed to CC-derived smoke [36]. By triggering an NF-kB-driven intracellular
cascade in neutrophils, DCs, macrophages, and T lymphocytes, CCs enhance the secretion
of inflammatory cytokines, crucially contributing to the development of systemic, Thl-,
and Th17-cell-driven immune response, which aggravates on-going inflammation in the
pancreatic islets [23,24,36]. In line with these findings, we noticed a positive correlation
between parameters of DM progression (glycemia, HbAlc) and concentrations of Th1- and
Th17-related cytokines in the serum samples of DM patients who continuously used CCs.

The total numbers of inflammatory immune cells and the serum levels of inflammatory
cytokines were also higher in DMHTPS compared to DMAR patients (Figures 3 and 4),
suggesting that continuous exposure to HTP-derived aerosols also generated a detrimental
systemic inflammatory response in DM patients. Importantly, compared to CCs, HTPs more
efficiently promoted the production of immunosuppressive cytokines (IL-10 and IL-35)
in the leukocytes of DM patients, and therefore, HTP-dependent systemic inflammation
was weaker than the systemic immune response elicited by CC-derived smoke. In a
similar manner as was observed in COPDHP patients, long-term exposure to HTP-derived
aerosols enhanced the synthesis of pro-fibrotic TGF-B in the immune cells of DMHTY
patients, increasing the risk of the development of excessive fibrosis [34]. Additionally, the
increased production of TGF-{3 has been linked with an increased activity of osteoclasts and
with the aggravation of osteoporosis in DM patients [37]. Since DM patients have lower
bone mineral density and are at a higher risk of developing osteoporosis [38], the long-term
consequences of the HTP-dependent activation of the TGF-f3 pathway in immune cells on
the development and progression of osteoporosis in DM patients should be explored in
detail in future experimental and clinical studies.

In contrast to the findings observed in COPD and DM patients, the use of CCs and
HTPs did not significantly aggravate the systemic inflammatory response in UC patients
(Figures 5 and 6). Continuous exposure to CC-derived smoke and HTP-derived aerosols
did not increase the production of inflammatory cytokines that play a pathogenic role in
the development and progression of colon injury (Figure 6). Importantly, HTPs managed
to induce the expansion of IL-10- and IL-35-producing immunosuppressive immune cells
in the blood of UC patients (Figure 5). Since nicotine may regulate the phenotype and
function of immune cells in the gut [39], we assume that nicotine was mainly responsible
for the expansion of immunosuppressive cells. By interacting with o7 nAChR on DCs
and macrophages, nicotine enhances the production of anti-inflammatory IL-10, leading
to the generation of immunosuppressive Tregs [40]. Furthermore, nicotine activates the
o7 nAChR/PI3K/Akt/Erkl/Erk2 signaling pathway, promoting the self-renewal and
proliferation of Tregs and enhancing their ability to produce immunosuppressive IL-35 [40].

Considering that nicotine concentration is approximately the same in HTP-derived
aerosols and in CC-sourced smoke [18], we hypothesize that lower numbers of immunosup-
pressive immune cells in UC®C compared to UCHT patients developed as a consequence
of different CC- and HTP-dependent tobacco processing. The HTP-specific heating process
occurs at lower temperatures than CC-associated combustion, resulting in the production
of aerosols which have different compounds than CC-derived smoke [18]. CC-derived
smoke contains carbon monoxide (CO) and tar [41]. CO- and tar-containing oxidants
generate ROS, which induce oxidative stress, DNA damage, and apoptosis in rapidly
proliferating immunosuppressive immune cells [42]. HIPs do not generate tar, and the
level of CO in HTP-derived aerosols was found to be 1% of that contained in CC-sourced
smoke [18]. Additionally, CC-derived smoke contains benzene, 1, 3 butadiene, acrylonitrile,
and ethylene oxide, which negatively affect the proliferation of activated Tregs in the colons
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of UC patients [43,44]. Consequently, it is highly probable that the reduced number of
immunosuppressive leukocytes in the blood of UCC® compared to UCHTP patients was
primarily due to the toxic effects CC-derived smoke on their viability and proliferation.

In summary, due to different methods of tobacco processing, CC-sourced smoke and
HTP-derived aerosols contain different chemical constituents and, therefore, possess differ-
ent immunomodulatory characteristics. The toxic chemicals contained in CC-derived smoke
(CO, benzene, 1, 3 butadiene, acrylonitrile, ethylene oxide, etc.) induce oxidative stress
in immune cells, elicit an MAPK-signaling cascade, and activate transcriptional factors
NF-kB and AP-1, which results in the enhanced production of inflammatory cytokines and
in the generation of a potent systemic inflammatory response [11,12,41]. HTP-dependent
tobacco processing does not involve combustion, and therefore the concentrations of all
these combustion-associated toxic compounds are present at a value of less than 1% in
HTP-derived aerosols [16,17]. Compared to CCs, HTPs have weaker capacity to induce
the production of inflammatory cytokines, but they are able to more efficiently induce the
activation of the PI3K/Erk-driven signaling pathway in circulating immune cells, resulting
in the increased synthesis of immunosuppressive cytokines and pro-fibrotic TGF-f3 [16,17].

Accordingly, the long-term use of either CCs or HTPs significantly modulated cytokine
production in circulating leukocytes, affecting the systemic inflammatory response in
patients suffering from chronic inflammatory diseases. The continuous use of CCs and
HTPs aggravated immune-cell-driven systemic inflammation in COPD and DM patients,
but not in UC patients, suggesting that the immunomodulatory effects of CC-derived
smoke and HTP-sourced aerosols are disease-specific. Therefore, the immunomodulatory
effects of CCs and HTPs cannot be generalized, and have to be determined for particular
immune-cell-driven inflammatory diseases. In this study, all members of the experimental
and control groups were matched according to the frequency and duration of CC/HTP
usage, as well as demographic and clinical parameters, which resulted in a relatively small
number of participants in some groups, potentially affecting the statistical power of the
study. Therefore, the results presented in this study should be considered as a starting point
for the design and implementation of up-coming experimental and larger clinical studies,
which should analyze CC- and HTP-dependent alterations in cytokine-related intracellular
signaling pathways in immune cells that infiltrate particular inflamed organs in detail.

It should be also noted that, in this study, short- and mid-term effects of CCs and HTPs
on immune-cell-driven systemic inflammation were determined and that samples were
obtained only from Serbian patients, suggesting limited generalizability of the findings to
other populations or regions. Therefore, future clinical trials should include patients from
different parts of the world and should determine the long-term consequences of CC- and
HTP-dependent immunomodulation on the progression of chronic inflammatory disease.
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