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Abstract

Cigarette smoke (CS) affects immune functions, leading to severe outcomes in smokers. Robust
evidence addresses the immunotoxic effects of combustible tobacco products. As heat-not-burn
tobacco products (HNBT) vaporize lower levels of combustible products, we here compared the effects
of cigarette smoke (CS) and HNBT vapor on Jurkat T cells. Cells were exposed to air, conventional
cigarettes or heatsticks of HNBT for 30 minutes and were stimulated or not with phorbol myristate
acetate (PMA). Cell viability, proliferation, reactive oxygen species (ROS) production, 8-OHdG,
MAP-kinases and nuclear facteB (NFxB) activation and metallothionein expression (MTs) were
assessed by flow cytometry; nitric oxide (NO) and cytokine levels were measured by Griess reaction
and ELISA, respectively. Levels of metals in the exposure chambers were quantified by inductively
coupled plasma mass spectrometry. MT expressions were quantified by immunohistochemistry in the
lungs and liver of C57BI/6 mice exposed to CS, HNBT or air (1 hour, twice a day for five days: via
inhalation). While both CS and HBNT exposures increased cell death, CS led to a higher number of
necrotic cells, increased the production of ROS, NO, inflammatory cytokines and MTs when compared
to HNBT-exposed cells, and led to a higher expression of MTs in mice. CS released higher amounts of
metals. CS and HNBT exposures decreased PMA-induced interleukin-2 (IL-2) secretion and impaired
Jurkat proliferation, effects also seen in cells exposed to nicotine. Although HNBT vapor does not
activate T cells as CS does, exposure to both HNBT and CS suppressed proliferation and IL-2 release,
a pivotal cytokine involved with T cell proliferation and tolerance, and this effect may be related to

nicotine content in both products.

Key words: T cell proliferation; metallothionein; Jurkat cells; Interleukin-2; nicotine; metals



75  Main findings:

76 CS exposure displayed more severe toxic effects in Jurkat T cells than HNBT vapor; nevertheless, such
77 CS and HNBT impaired IL-2 secretion and cell proliferation, which may be due to nicotine actions.
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INTRODUCTION

Smoking is a global public health challenge and considered the leading cause of preventable
death in the world. Tobacco, during combustion, releases almost 8,700 chemical compounds, including
69 known carcinogens (IARC 2014; Stabbert et al. 2017). Exposures to first or secondhand cigarette
smoke are related to development and aggravation of respiratory (Warren and Cummings 2013) and
cardiovascular diseases (Mainali et al. 2014), carcinogenesis (Hecht 2012), type Il diabetes (Sliwinska-
Mossori, 2017) and auto-immune diseases (Qiu et al. 2016).

Smoking is known to affect both innate and adaptive immunity (Gongalves et al. 2011).
Tobacco exposure leads to exacerbation or impairment of activation of immune pathways and is
considered an environmental risk factor for the development and worsening of severe diseases, such as
chronic obstructive pulmonary disease (Koch et al. 2006), rheumatoid arthritis (Nguyen et al. 2013),
Chron's disease (Rubin and Hanauer 2000), diabetes (Sliwinska-Mossori, 2017) and encephalomyelitis
(Alrouji et al. 2019). The activation of the aryl hydrocarbon receptor (AhR) in T cells by combustible
products of tobacco is described as a major factor in the activation of the immune system and is
responsible for the development of autoimmune diseases, especially rheumatoid arthritis (Nguyen et al;
2013; Heluany et al. 2018). Binding of these compounds to AhR favors polarization of pathogenic
Thl7 cells, with consequent decline of T regulatory cell (Treg) populations (Nguyen et al; 2013;
Talbolt et al. 2018). Moreover, the generation of reactive oxygen species (ROS) is a hallmark of
cytotoxicity generated by several compounds, such as benzene and its metabolites and metals from
cigarette smoke combustion (Valavanidis et al. 2009). ROS act as secondary messengers, regulating
cell function through redox-activatable signaling systems (Weyand and Goronzy 2018). In T cells,
ROS signaling induces Thl and Th17 subset proliferation and cytokine production, being a potential
effector in autoimmune diseases (Abimannan et al. 2016).

Recognizing the damaging effects of conventional cigarettes and tobacco combustion, the
industry of tobacco has developed new forms of nicotine delivery. Non-combustible cigarette devices
have emerged as promising tools for harm reduction compared to conventional cigarettes, such as
electronic cigarettes and heat-not-burn tobacco products (HNBT) (St.Helen et al. 2018). HNBT devices
heat tobacco but do not burn it, thus reducing the release of products from its combustion and releasing
mainly nicotine, propylene glycol and glycerin (Forster 2018). HNBT producers claim the emission of
toxic products is reduced by about 95% (Bentley et al. 2020), which could be the reason for the
reduced toxicity. Nevertheless, independent data on the characterization of compounds released by
HNBT vapors and their toxic effects are still scarce, considering that nicotine, besides being
responsible for addiction in smokers, induces toxic effects.

Nicotine is a sympathomimetic agent which induces the release of cathecolamines from
neurons and adrenal glands. Nicotine toxic effects on the cardiovascular/renal system have been fully
shown, as it hampers heart functions and increases blood pressure, promoting atherosclerosis
(Benowitz et al.,, 1997; 2010; Suzuki et al., 2020; Neunteufl et al., 2002). Nicotine also induces
premature senescence of pancreatic beta cell, a hallmark adverse effect of insulin resistance and
diabetes genesis (Sun et al., 2020). In the immune system, nicotine impairs the innate response to
infectious agents by affecting the response of lung epithelial cells and innate immune cells (Nguyen et
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al. 2020). Conversely, by binding to the receptor, nicotine acts as an anti-inflammatory agent, favoring
the polarization and proliferation of Treg cells (Wang et al. 2010). Therefore, the role of nicotine on the
genesis of diseases evoked by modifications of the immune system caused by CS exposure needs
further evaluation.

Considering the above described and that most cytotoxic effects observed in independent
studies on HNBT focus mainly on direct effects of vapors on different respiratory cell lines (Leigh et
al. 2018; Sohal et al. 2019), we here compared the effects caused by exposure to HNBT vapor to those
caused by CS on oxidative balance and inflammatory parameters of T lymphocytes using Jurkat T

cells.
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MATERIALSAND METHODS

Cell culture andn vitro exposures

Jurkat T cell line (clone E6.1) was obtained from Banco de Células do Rio de Janeiro (Rio de Janeiro,
RJ, Brazil) and cultured in Roswell Park Memorial Institute (RPMI) 1640 culture medium containing
10 % fetal bovine serum (FBS; GIBCO Invitrogen, Carlsbad, CA) and 1% antibiotics (100 units/mL
penicillin, 100 pg/mL streptomycin; GIBCO Invitrogen, Carlsbad, CA) under standard culture
conditions in a humidified incubator at 37 °C with 5 %,CRxior to exposure, cells were placed on 12

mm transwell inserts (0.4m porosity; Corning, New York, NY, USA) at a density of 1%t@lls/per

well and exposed to airflow, 4 conventional cigarettes (Marlboro Red, Philip Morris) or to 5/6
heatsticks of the HNBT device named IQOS (I quit ordinary smoking; Philip Morris International) in
an acrylic exposure chamber. Cells suspended in a small volume of culture medium in this manner
were exposed to air, HNBT vapor or CS, which occurred through direct contact with the cell
suspensions. The exposure system developed (Bonther, Ribeirao Preto, SP, Brazil) consists of two
peristaltic pumps, one responsible for pumping airflow, smoke or vapor to the exposure chamber, and
another to maintain the continuous flow of culture medium. The exposure protocol consisted of a 2-
second cycle of exposure to CS or HNBT vapor (at 45 rpm) followed by 58 seconds of airflow (at 25
rpm), for 30 minutesSuppl. figure. L Continuous flow of serum-free culture medium was maintained

at 20 rpm. After the end of exposures, cells were stimulated with 5 nM of phorbol 12-myristate 13-
acetate (PMA) to assess the effects of CS or HNBT exposure in an inflammatory context. To analyze
the effect of nicotine on cell proliferation and IL-2 secretion, cells were treated with an equivalent
concentration of nicotine for 30 minutes (4.25mg/mL; Sigma Aldrich, USA). This concentration is
equivalent to the amount of nicotine delivered by CS and by HNBT vapor, which is similar for both
(Mallock et al. 2018).

Cell viability and death

Jurkat cells were exposed to air, CS or HNBT vapor and subsequently incubated for 24 hours with
vehicle (sterile phosphate-buffered saline; PBS) or PMA (5 nM). Next, cells were washed twice with
PBS, and viability was assessed using annexin V conjugated with fluorescein isothiocyanate diluted in
a binding buffer (AnxV-FITC, 1:50; BD Biosciences, CA, USA) and propidium iodide (Pl; BD
Biosciences, CA, USA) double staining. Thirty minutes after AnxV-FICT incubation in the dark at
room temperature, Qub of PI diluted in a binding buffer was added to cell suspensions and 10,000
events were acquired by flow cytometry (Accuri C6; Becton Dickinson, USA). The percentage of
viable, apoptotic (either early or late apoptosis) and necrotic cells was assessed.

T cell proliferation assay

To monitor the impact of exposures on cell proliferation, Jurkat cells were stained with 5uM
carboxyfluorescein succinimidyl ester (CFSE; Thermo Fischer, Carlsbad, CA, USA) for 20 minutes at
37°C, washed once with PBS and resuspended in RPMI 1640 medium containing 10 % FBS. Next,
cells were exposed according to the exposure protocol, plated aivBeil®n a round-bottom 96-well

plate (Corning, NY, USA) stimulated with PMA and cultured for 72 hours. In order to investigate the
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effects of CS smoke, HNBT vapor and nicotine on cell proliferation, Jurkat T cells were either exposed
to CS or HNBT vapor or treated with different concentrations of nicotip#,(1.0 uM or 100 uM;

Sigma Aldrich, St. Louis, MO, USA) and stimulated with 101U/mL of recombinant human interleukin-

2 (rhiL-2, BD Bioscience, Becton Dickinson, USA). The fluorescence intensity of CFSE-labeled cells
was measured by flow cytometry (Accuri C6, Becton Dickinson, USA), and 30.000 events were
considered for analyses. Data were represented as MFI fold change in relation to the respective control

for each group.

Detection of reactive oxygen species by DCFH-DA assay

The production of reactive oxygen species (ROS) was quantified 45 minutes after the end of exposures
in cells stimulated or not by PMA (5 nM; 45 minutes). After incubation (37°C with 5%, €6lls

were washed once with PBS and incubated with | d0@f an 1 mM solution of dichlorofluorescein
diacetate (DCFH-DA,; Invitrogen, Carlsbad, CA, USA) for 30 minutes in the dark (37°C with 5% CO
Thereafter, 200 pL of cold PBS were added and 10,000 events were recorded by flow cytometry

(Accuri C6; Becton Dickinson, USA). Data were presented as median fluorescence intensity (MFI).

Quantification of nitric oxide by Griess assay

Jurkat cells were exposed to air, CS or HNBT vapor and subsequently incubated for 24 hours with
vehicle or PMA (5 nM) and the supernatants were collected to quantify nitric oxide using Griess
reaction. Briefly, 100uL of supernatant were added to 10D of Griess reagent (solution of 1%
sulfanilamide and 0.1% alpha-naphthyl ethylenediamine - Sigma Aldrich, St Louis, MO, USA). After
10 minutes of incubation at room temperature, absorbance was determined by spectrophotometry

(Spectra Max 190, Molecular Devices, Sunnyvale, CA, USA) at 550nm wavelength.

Quantification of inflammatory cytokines by Enzyme-Linked Immunosorbent Assay (ELISA).

Levels of tumor necrosis factor alpha (TMJ-interferon gamma (IFN) and interleukin-8 (IL-8) and

2 (IL-2) were quantified 24 hours after the end of the exposures in the supernatant of cells incubated or
not with PMA (5 nM; 24 hours). TNE; IFN-y and IL-8 were quantified using ELISA Ready-SET-
GO-2nd Generation (Analytical sensitivity: 4 pg/mL, 4 pg/mL, and 2 pg/mL, respectively; Invitrogen,
Carlsbad, CA, USA). IL-2 was quantified using BD OptEIA kit (Analytical sensitivity: 7,8 pg/mL BD
Biosciences, San Jose, CA, USA). The procedures were performed according to the manufacturer’s

instructions.

Intracellular and nuclear staining

Activation of the nuclear factor kappa B (k&) and of extracellular-signal-regulated kinases (ERK)
pathway and expression of metallothionein | and Il (MT I and Il) and 8-hydroxy-2'-deoxyguanosine (8-
OHdG) formation in exposed Jurkat cells were assessed by flow cytometry. After the end of exposures,
cells were treated or not with PMA (5 nM) for 30 minutes to quantify activation eBNFfor 15
minutes to measure the phosphorylation of ERK and for 24 hours to determine the expressions of MT |

and Il and 8-OHdG. For analysis, the exposed cells were subjected to the same processes. Briefly, cells
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were fixed with FACS Lysing (BD Biosciences, San Jose, CA, USA) for 20 minutes at room
temperature, then washed with 0.1 M glycine and with PBS containing 1% bovine serum albumin
(BSA; Sigma-Aldrich). Cells were permeabilized with 0.1% Triton-100X (Sigma-Aldrich) (0.001%
Triton-100X for analysis of MT | and IlI) for 30 minutes at room temperature. After the
permeabilization process, cells were incubated with antiBNEB5 conjugated with allophycocyanin
(APC; 1:150; BioLegend, CA, USA), or with anti-ERK1/2 (1:200), anti-phospho ERK (1:100), anti-
metallothionein 1/11 (1:200) or anti-DNA/RNA damage (1:200) purified primary antibodies (Abcam,
Cambridge, UK) overnight at 4°C. After incubations, cells were washed with PBS containing 0.1%
BSA and incubated with secondary antibodies conjugated with phycoeritrin (PE), fluorescein
isothiocyanate (FITC) or AlexaFluor 647 (all diluted at 1:200; Abcam, Cambridge, UK) for 1 hour at
room temperature. Lastly, 10,000 events were recorded by flow cytometry (Accuri C6; Becton
Dickinson, USA). Data were presented as the median intensity of fluorescence (MFI). For ERK

phosphorylation, data were presented as the ratio of p-ERK MFI over total ERK %2 MFI.

Quantification of metals levels by inductively coupled plasma mass spectrometry (ICP-MS)
Ester-cellulose membrane filters (B porosity, 37mm diameter; Millipore, Burlington, MA, EUA)

were placed in the exposure chamber and exposed to air, CS and HNBT vapor according to the
exposure protocol as described above for Jurkat cells. Filters were carefully removed and digested
using a microwave oven (MARS 6) following an acid digestion method. Briefly, 5 mL of ultrapure
water (MiliQ) and 5 mL of HNO3 (Sigma Aldrich, St Louis, MO, USA) were added to vessels
containing the exposed filters for 25 minutes (15 minutes at ramp stage and 10 minutes on hold at 180
°C). Then, 5 mL of ultrapure water were added and the concentration of metals (Mn, Al, Cr, Fe, Ni, Cu,
Zn, As, Cd) was quantified via ICP-MS (Agilent Technologies, Santa Clara, CA, USA).

Animals

Male C57BI/6 mice (8-weeks old) were bred in a specific pathogen-free animal facility at the School of
Medicine of Ribeirao Preto, University of Sao Paulo under controlled temperature and light conditions
and given feed and wated libitum. All animal husbandry procedures were in accordance with the
guidelines of the Animal Ethics Committee of the School of Medicine of Ribeirao Preto, University of
Sao Paulo (number 563/2019).

Mice exposure to air, HNBT vapor and CS

Mice were exposed to air, cigarette smoke (Marlboro Red, Phillip Morris), or heated tobacco vapor
(IQOS, Phillip Morris International) under the Health Canada Intensive (HCI) smoking regime (55mL

of smoke during a 2 seconds puffing, every 30 seconds; Health Canada, 1999). An exposure machine
was designed (Bonther, Ribeirao Preto, SP, Brazil) allowing for simultaneous exposure of all
experimental groups under controlled humidity, temperature, and constant air exhausting to avoid mice
intoxication. Cigarette smoke and heated tobacco vapor generated by the heatsticks were aspirated by a
vacuum pump and delivered to the exposure chambers. Mice were exposed for 1 hour, twice a day, for

5 days to simulate the cigarette smoke consumption of heavy smokers (Wilson et al., 1992). The
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number of cigarettes and heatsticks used was matched by the amount of nicotine for each hour of
exposure. A total of 12 conventional cigarettes and 24 heatsticks were used. The mice were euthanized
16 hours after the last exposure for liver and lung removal.

Metallothionein | and Il immunohistochemical staining

The day after the last exposure, mice were euthanized and samples of lung and liver were collected and
fixed in 4% paraformaldehyde for 24 hours, dehydrated in graded ethanol and embedded in paraffin for
immunohistochemical analyses. Lung and liver sectionsm(8hickness) were deparaffinized,
hydrated, and incubated with sodium citrate buffer (0,1M; pH 6.0) at 96 °C for 30 minutes for antigen
retrieval. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide used in three 10
minutes rounds. Next, blockade of unspecific binding sites was carried out with 10% bovine serum
albumin (BSA) diluted in Tris-buffer saline (TBS) for one hour. The sections were incubated with
purified anti-MT | and Il (1:250; ABCAM. Cambridge, UK) overnight at 4 °C. Sections were then
washed and incubated with a secondary antibody conjugated with HRP for one hour at room
temperature (1:200, ABCAM. Cambridge, UK). Staining was detected using 3,3'-diaminobenzidine
(DAB substrate; Invitrogen, USA). The sections were counterstained with hematoxylin, mounted and
analyzed. Average DAB intensities were analyzed using the ImageJ software (National Institute of
Health, USA).

Data analysis
Statistical analyses were performed using one-way analysis of variance (ANOVA), follovgadt by
hoc comparisons using Tukey test. The values are presented astrsandard error of mean.

Analyses were performed using GraphPad Prism version 7.0 (GraphPad Software, CA, USA).
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RESULTS

CSand HNBT exposures decr ease cell viability by necrosis

Using double staining with annexin V and propidium iodide, we assessed the cytotoxic effects on
Jurkat T cells 24 hours after exposures, assessing not only the number of viable cells but also when
whether they suffered apoptosis or necrosis. CS and HNBT caused cell death mainly by necrosis
(representative dot plots fBuppl. figure 2. The effects caused by CS were more intense than those
evoked by HNBT Figure J. It is noteworthy to mention that CS exposure caused an effect related to
exposure times; an exposure time to CS of 30 minutes was chosen for further experiments as it caused
about 20% of cell deatts@ppl. figure 3.

CS exposur e evokes oxygen and nitrogen reactive species production and causes oxidative DNA

damage

A toxic hallmark of CS is the generation of ROS, which leads to oxidative damage in cells, such as on
membranes, organelles, and DNA (Kamat 2000). PMA is a liposoluble direct activator of intracellular
protein kinase C, triggering NB translocation into the nucleus and activation of p47phox and
NADPH oxidase (NOX), leading to activation of the oxidative burst and secretion of cytokines (Min et
al. 2005). Therefore, we here investigated the ability of CS and HNBT to affect ROS generation caused
by PMA. PMA treatment was efficient in inducing the release of ROS by Jurkat cells, and this effect
was not modified in cells exposed to air or HNBT. Nevertheless, CS caused ROS production regardless
of any previous stimulation, which was higher after PMA stimulatiogure 2A.

NO is a gas produced by isoforms of NO synthases (NOS), and exacerbated production of the
gas occurs by activation of inducible NOS during inflammation (Tousoulis et al. 2012). The reaction
between ROS and NO in the inflamed microenvironment leads to formation of peroxynitrite, a
powerful cytotoxic agent (Radi 2018). Data presenteBigure 2Bshows that only CS was able to
evoke NO production in non- and PMA-stimulated cells.

A high concentration of reactive species leads to the formation of 8-OHdG, one of the most
important DNA lesions formed in response to oxidative stress and widely used as a reliable biomarker
to assess oxidative damage (Cao et al. 2016). Data preserftegliia 3Cshows that CS exposure
induced 8-OHdG formation in Jurkat cells, independent of PMA stimuli. Formation of 8-OHdG in cells

exposed to HNBT vapor was equivalent to that detected in cells exposed to air only.

CSreleases higher metalslevelsthan HNBT

The activation of the oxidative burst is highly influenced by metals (Nuran et al. 2001), which are toxic
components of CS. A recent publication showed significant amount of metals in HNBT sticks (Koutela
et al, 2020), however no evidence is available regarding the amount released in the IQOS vapor.
Therefore, to better understand the mechanisms of oxidative burst caused by tobacco compounds, we
here investigated the delivery of metals into the exposure chamber by CS and HNBT vapor. Data

obtained showed lower amounts of iron, copper, chromium, aluminum, arsenic and nickel in HNBT

10
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than in CS samples, and no detectable levels of cadmium and manganese in HNBT saguytes (
3A- F).

CSinducesMT | and |1 expression

Considering the content of metals and generation of oxidative stress caused by CS exposure, we
investigated whether exposures to CS or HNBT vapor could evoke MT expression on Jurkat T cells.
MT are cysteine-rich low-weight house-keeping proteins expressed to act as free radical scavengers, to
protect cell integrity and to rescue homeostasis (Ruttkay-Nedecky et al. 2013). They are rapidly
induced by heavy and trace metals, inflammatory cytokines, and ROS (Laukens et alFR009}%A

shows higher expression of MTs on CS-exposed Jurkat T cells than in counterpart cells exposed to air
or HNBT vapor. The same effect was also observed in mice exposed to CS, HNBT vapor or air. The
expression of MT was markedly enhanced in liver and lung tissues collected from mice exposed to CS
in comparison to tissues obtained from mice exposed to air or HNBT vBmard 4B-Q. It is
noteworthy to mention that in these tissues MT were not expressed by T lymphocytes (data not shown),
as mice were not subjected to local or systemic inflammation that could elicit influx of lymphocytes
into tissues. The images here presented show CS exposure induces expression of MT by cells other
than lymphocytes. MT are expressed by resident lung cells, such as lung epithelial cells, hepatocytes,
mast and Kupffer cells, as well as macrophages (Laukens et al., 2009). Therefore, we evidence MT
expression is a sensitive biological endpoint for assessment of effects caused by exposure to tobacco

products both inn vivo andin vitro models.

CS exposure causes release of pro-inflammatory cytokines by Jurkat cells and activates NFkB
pathway

As previously mentioned, PMA activation causes activation ofB\Ila pivotal transcription factor of
inflammation. Here we show only exposure to CS causedBNietivation without PMA activation,

which was not observed in HNBT vapor or air exposed cells. The robust activation caused by PMA in
all groups of cells was not increased by any of the exposhkigsr¢ 54. Activation of ERK is a
fundamental pathway for T lymphocyte proliferation and for antigen response (Chen 2016). For this
reason, this pathway was investigated and our data showed PMA, as expected, induced ERK
phosphorylation. Although they were not statistically significant, values of ERK phosphorylation were
reduced in Air, CS or HNBT vapor exposed cells stimulated with PMgufe 5B.

The quantification of levels of pro-inflammatory cytokines TWHFN-y and IL-8 showed that CS
exposure increased their secretions by Jurkat deldgie 5C-B; moreover, the secretion of TNF-
evoked by PMA was markedly increased in CS exposed &aédjaré 5G. PMA stimulation caused IL-

2 secretion by Jurkat cells exposed to air, which was abrogated in cells exposed to HNBT or CS
(Figure 5B. IL-2 is a primordial cytokine on the control of T cell proliferation and on the switch to

Treg profile (Ross and Cantrell 2018).

CS, HNBT vapor and nicotine exposuresimpair Jurkat T cell proliferation

11
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Once we observed that exposure to both CS and HNBT vapor led to a decreased secretion of IL-2, a
pivotal cytokine for T cell proliferation and that nicotine is known to disrupt IL-2 secretion (Ouyang et
al. 2000), we hypothesized that these exposures could impact the proliferative ability of Jurkat T cells.
Monitoring cell proliferation for 72 hours, we observed that cells exposed to CS and HNBT vapor
showed an impaired proliferation capacity, even upon PMA stimulafigure 6A-B. As expected,

the decrease of IL-2 secretion observed 24 hours after CS or HNBT vapor exposures, impacted the
proliferation rate of Jurkat T cells. It is important to highlight that HNBT-exposed cells display an
accentuated proliferation impairment with or without PMA stimulation, when compared to CS-exposed
group. Based in the fact that nicotine plays a suppressive role in IL-2 secretion and cell proliferation
(van Dijk et al. 1998), we treated Jurkat T cell with the same concentration of nicotine released by CS
and HNBT for 30 minutes. Nicotine concentrations used here did not have a significant cytotoxic effect
on Jurkat T cellsSuppl. figure ¥ nevertheless, nicotine decreased IL-2 secretion even upon PMA
stimulation (6C) and, in accordance with the effects seen for CS and HNBT exposure, nicotine
suppressed the proliferation of Jurkat T cefiggre 6A, G suppl. figure 5). Addition of rhiL-2 to CS,

HNBT vapor or nicotine exposed cells rescued the proliferation of JurkatEgjls€ 6B-C.

DISCUSSION

The safe application of novel exposure devices of chemical agents in health programs depends
on consolidated data about their mechanisms of action obtained in discerning experimental and clinical
studies. HNBT products have been claimed as potential agents which can be used to reduce the harm
caused by cigarette smoke (CS) (Smith et al. 2016); nevertheless, there is insufficient data to support
such proposal. Based on concerns about CS effects on autoimmune diseases and on the fact data of
HNBT products on T cells are not available, we here investigated the mechanisms of CS or HNBT
vapor on Jurkat cells, a recognized human T cell lineage (Abraham and Weiss 2004).

Data presented herein show the ability of CS to induce greater cell activation than HNBT,
suggesting combustible products are the most responsible for triggering T cells response; however,
such CS and HNBT vapor exposures impaired T cell proliferation (Figure 7). It is noteworthy to
mention that Jurkat cells were exposed to equivalent amounts of nicotine based on the concentration of
this alkaloid in CS and HNBT. Nicotine is the best component to match exposures, as CS and HNBT
deliver similar quantities (Marlboro Red CS releases 1.07 + 0.06 mg/cigarette and 1QOS 1.1 *+ 0.1 mg)
(Mallock et al. 2018). Considering the small differences on nicotine content, cells were exposed to 4
conventional cigarettes and 5/6 HNBT sticks.

Identification of cell death mechanisms predicts the toxicity of xenobiotics. Activation of
apoptosis pathways leads cells to death, avoiding the perpetuation of hereditary cell damage and the
release of intracellular aggressive compounds to the host microenvironment (Martinvalet et al. 2005).
Conversely, death by necrosis damages cell membrane and releases nuclear and cytoplasmic contents
harmful to tissues (Rock and Kono 2008). Our data show both CS and HNBT exposures caused cell
death, which was more intense in CS exposed cells, mainly by necrosis. Indeed, a previous study using

epithelial lung cells, endothelial cells and Jurkat cells showed CS exposure inhibits apoptosis, and the
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resulting cell death by necrosis was implicated as a mechanism of loss of alveolar epithelium and lung
inflammation in smokers (Wickenden 2003).

Activation of ROS is an efficient mechanism of defense against aggression from different
sources. During homeostasis, ROS levels are regulated by various antioxidant systems, and imbalance
between free radical and antioxidant machinery causes oxidative stress related to activation of
inflammatory pathways and oxidative DNA damage (Mittal et al. 2013). Activation of ROS is a known
mechanism of CS toxicity (Chen et al. 2015), which was here corroborated in Jurkat cells. Moreover,
exacerbated ROS production in CS exposed cells was detected after stimulation with PMA, a
recognized activator of NOX, showing CS exposure primes Jurkat cells for ROS production. These
effects were not detected in HNBT vapor exposed cells, despite the fact HNBT products can generate
ROS had already been demonstrated in human bronchial epithelial cells (Malinska et al. 2018).

A pattern for NO generation similar to that observed for ROS production also took place after
exposures to CS or HNBT, which is dependent on activation of intracellular NO enzymes (NOS)
(Murad 2004). NO is a pivotal vessel protector when produced by endothelial and neuronal isoforms of
NOS; conversely, higher amounts of NO produced by inducible NOS acts as pro-inflammatory agent
(Tousoulis et al. 2012). In this context, the harmful impairment of NO protection on the vessels of
smokers causing lung and cardiovascular complications has already been shown (Su et al. 1998). Here
we show that CS exposure enhanced NO production by Jurkat cells, which is due to activation of
inducible NO, mediating inflammation.

Conjugation of ROS and NO leads to peroxynitrite formation, an unstable and autoreactive
molecule with inherent cytotoxicity (Hayashi et al. 2004). Increased levels of ROS and peroxynitrite
provoke peroxidation of DNA bases with consequent formation of 8-OHdG, a standard DNA adduct
widely used as a biomarker for evaluating oxidative DNA damage in biological samples, including
those from smokers (Cao et al. 2016). Along elevated levels of ROS and NO, CS exposure also caused
formation of 8-OHdG in Jurkat cells, which was not detected in HNBT exposed cells. Several
compounds in CS are responsible for activation of ROS generation, such as nicotine, benzene and its
metabolites, polycyclic aromatic hydrocarbons, and metals (Wooten et al. 2006; Bae et al. 2010; Wang
et al. 2019). Previous studies have demonstrated that HNBT present lower levels of the majority of
these compounds (Auer et al. 2017). Here we show reduced levels of transition and post transition
metals in HNBT vapor in comparison to smoke of conventional cigarettes.

In the same manner, as higher ROS and metal levels were detected in CS than HNBT, we also
detected higher expression of MT in Jurkat cells and also in cells of lungs and liver of mice exposed to
CS. Data here obtained corroborate the higher expression of these proteins in biological samples of
smoker patients (Billatos et al. 2018). Although MTs are scavenger of metals and ROS, MT | and Il
expressions are also associated to the genesis of immune diseases and cancer. MTs induce
proliferation, activation, and switch of T cells in different conditions (Subramanian and Deepe 2017),
impair IL-27 induced type 1 cell regulatory differentiation involved in autoimmunity modulation (Wu
et al. 2013), and shift Th17/Treg balance in rheumatoid arthritis (Sun et al. 2018). Moreover, MT
overexpression has been described in several tumor types, and its expression is related to tumor growth

and progression, metastasis and drug resistance (Si and Lang 2018). Taken together, it is feasible to
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suppose MT may be considered pivotal end points for exposure to tobacco products, and their

expressions could be correlated to cell metabolism and functions. In aitiro experimental model,

MT | and Il were over-expressed in response, at least in part, to ROS and metal aggression in CS
exposed cells. Nevertheless, such expression was not enough to counteract the oxidative DNA damage
and inflammation caused by CS exposure in Jurkat cells and in mice.

The activation of the NEB inflammatory pathway has been extensively showed in cells
exposed to CS (Anto et al. 2002; Zhang et al. 2016); nevertheless, no data are available regarding
HNBT activating NikB as well as its ability to induce activation of T cells. HNBT vapor did not
activate the NkB pathway in the exposed cells in comparison to the CS-exposed group. While only
CS exposure induced pro-inflammatory activation, both CS and HNBT exposures led to a considerable
inhibition of IL-2 secretion after PMA activation and consequently decreased the proliferative activity
of exposed cells. Indeed, addition of rhiL-2 to the culture medium of exposed cells rescued their
proliferation, corroborating the toxic effect of CS, HBNT and nicotine on IL-2 mediated proliferation
of T cells. IL-2 is produced by CDZ cells and binds to high-affinity IL-2 receptors expressed by both
CD4" and CD8 T cells. IL-2 displays a fundamental role on T cell differentiation and controls cell
phenotypes that are dominantly present in sites of infection, autoimmune disease and cancer (Spolski
and Leonard 2018). In these contexts, IL-2 induces Treg polarization and proliferation, protecting the
development of autoimmune diseases and also favoring proliferation and generation of effector and
memory cytotoxic T cells against tumor cells (Orozco et al. 2020). Reduced IL-2 secretionmue to
vivo andin vitro CS exposure had been previously described, and although some studies present
controversial data, the majority of them suggest nicotine, by binding to alpha7 nicotinic acetylcholine
receptor, is an inhibitor of IL-2 secretion and consequently, impairs cell proliferation (Madretsma et al.
1996; van Dijk et al. 1998; Nizri et al. 2009; Ouyang et al. 2000). Indeed, reduced proliferation and
secretion of IL-2 observed in cells exposed to both CS and HNBT vapor were also observed in cells
exposed to nicotine, evidencing nicotine is responsible for the toxic effects on IL-2 secretion and cell
proliferation. It is known that CS reduces T cell proliferation leading to impaired immune
responsiveness against microbes, allergens and also compromising tumor surveillance (Robbins et al.,
2008; Hernandez et al., 2013).

Conclusion

Associated, data here presented show CS exposure activates either damaging or protective
pathways in T cells, resulting in a clear activation of oxidative and inflammatory pathways, which are
related to the development of autoimmune diseases and cancer. As these end points were reduced in
HNBT exposed cells, we confirm HNBT tobacco products are toxic, aggressively affecting T
lymphocytes, even if HNBT products possess lower levels of combustible products. Our data highlight
the severe downregulation of IL-2 and the disruption of T cell proliferation caused by both CS and
HNBT exposures, which might implicate in impaired protection exerted by the immune system against
self-aggressions and cancer development. The latter effects are associated with nicotine delivery by
both CS and HNBT. Considering nicotine is also toxic to systems other than the immune system, the

toxicity of HNBT delivery products must be further investigatethivitro andin vivo models.
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FIGURE LEGENDS

Figure 1. CSand HNBT alter cell viability and increase necrosis in Jurkat T cells. Cell viability

was evaluated 24 hours after exposures and PMA treatment. Viable cells (A), cells in necrosis (B),
apoptosis (C) and late apoptosis (D). Data were obtained by flow cytometry and express mean *
standard error of the mean of 6 experiments. *p<0.05; **p<0.01 vs. respective values in non-PMA

treated air exposed cells (control).

Figure 2. CS, but not HNBT, increases oxygen and nitrogen reactive species and oxidative DNA

damage 8-OHdG. Oxidative parameters and damage induced by exposures were evaluated 45 minutes
after the endof exposures or PMA treatment for ROS production (A), and 24 hours after for NO
release (B) and 8-OHdG (C). Data express mean * standard error of the mean of 5 experiments for
each parameter. * p<0.05; **p<0.01, ***<0.001 vs. respective values in air exposed cells; # p<0.05;

##p<0.01; ###p<0.001 vs. respective non-treated cells (control).

Figure 3. CS delivers higher levels of metals to the exposure chamber than HNBT. Heavy metal

and transition metal concentrations in the exposure chamber after 30 minutes of exposure (A-H). Data
express mean + standard error of the mean of 3 or 5 experiments, respectively. Metals were analyzed
by ICP-MS. * p<0.05; **p<0.01, ***<0.001 vs. airflow control.

Figure 4. CSexposureincreasesMT | and |1 expression in vitro and in vivo. The expression of MT

I and Il were evaluated in Jurkat T cells (A) and in the lung and liver of mice exposed to air (B-E),
HNBT (C-F) and CS (D-G). Mean intensity of pulmonary (I) and hepatic (H) MT | and Il expression.
Data express mean + standard error of the mean of 5 experiments. * p<0.05; **p<0.01, ***<0.001 vs.
airflow control. n = 5 mice/group. Sectiongrb. Bar: 5qun (B, C and D); 20m (E, F and G). NC:
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negative control of the reaction. Black arrows indicate MT | and Il expression. Counterstaining:
Hematoxylin.

Figure 5. CS exposure causes pro-inflammatory cytokines release and lead to NFkB
activation. TNF-o (A), IFN-y (B), IL-8 (C) and IL-2 (D) secretion was measured in the supernatant by
ELISA 24 hours after the exposures. ¥BFp65 activity (E) was evaluated 30 minutes after exposures

and p-ERK/ERK1/2 (G) 15 minutes after exposures. Data express mean * standard error of the mean of
6 experiments. * p<0.05; **p<0.01, ***<0.001 vs. respective values in air exposed cells; # p<0.05;

##p<0.01; ###p<0.001 vs. respective non-treated cells (control).

Figure 6. CS, HNBT vapor and nicotine exposure lead to disrupted Jurkat T cell proliferation

and exogenous rhiL-2 rescuesthe proliferative capacity.

Cell proliferation was monitored for 72 hours after exposures and PMA or rhiL-2 treatment. CFSE
MFI fold change in Jurkat T cells exposed or not to PMA (A) or rhiL-2 (B) in relation to the MFI for
each respective basal group. Representative overlay histograms of CFSE MFI as measured 24, 48 and
72 hours after exposures (C). Data express mean + standard error of the mean of 5 experiments.
**p<0.01, ***<0.001 vs. respective values in basal group (non- or PMA- or IL-2-stimulated cells);
##p<0.01; ###p<0.001 vs. respective values in air exposed cells. & p<0.05; && p<0.01; &&&

p<0.001 vs. respective non-treated cells (control).

Supplementary Figure 1. Schematic exposure model. Using an air-liquid interface cell culture
protocol, Jurkat cells were placed into 12 mm inserts withufy4porosity and exposed to CS and
HNBT vapor (45 rpm), or airflow (25 rpm). An exposure chamber and peristaltic pumps were used for
exposures protocol, as previously described (Azzopardi et al. 2015). Exposure design allows for

symmetrical smoke/vapor distribution into the plate and allows a constant medium flow at 20 rpm.

Supplementary Figure 2. Representative dot plots of Annexin V/Pl Staining. Raw data
representative of the double staining with Annexin V/Propidium lodide of Jurkat cells exposed to air,
HNBT vapor or CS, stimulated or not with PMA.

Supplementary Figure 3. Impact of time-exposure in cell viability and oxidative response. Jurkat

cells were exposed to cigarette smoke at different times at 45 rpm of smoke flow to standardize the
impact of time of exposure in cell viability (A) 24 hours after exposure and in ROS production (B) 45
minutes after exposure by flow cytometry. The present data show the current protocol performed in all
experiments (2s smoke/vapor, followed by 58s of airflow). Higher times of CS exposure (4s, followed
by 56s or 2s, followed by 28s of air in 15, 30, 45 or 60 minutes) caused an acute cytotoxic effect (85-
100 %; data not shown).
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Supplementary Figure 4. Impact of nicotine treatment in cell viability and death. Jurkat cells were

treated to equivalents concentrations of nicotine based on CS and HNBT vapor release. Viable cells
(A), Necrotic (B) and early (C) and late apoptosis (D) are represented. Impact of nicotine treatment in a
concentration dependent manner in cell viability and death, viable cells (E), Necrotic (F) and early (G)
and late apoptosis (H) are represented. Data express mean * standard error of the mean of 3

experiments. *p<0.05. basal vs. nicotine treated cells.

Supplementary Figure 5. Proliferation of Jurkat T cells treated with different nicotine
concentrations and stimulated or not with PMA. Cell proliferation was monitored for 72 hours after
exposures followed by PMA (5nM) stimulation. CFSE MFI fold change from PMA-stimulated or not
Jurkat cells treated with nicotine at different concentrations (A). Representative overlay histograms of
CFSE MFI obtained at 24, 48 and 72 hours after exposures (B). Data express mean + standard error of
the mean of 3 experiments. *p<0.01, ***<0.001 vs. respective values in basal group (non- or PMA-

stimulated cells); ##p<0.01 vs. respective values in non-stimulated cells.
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Highlights

- CSexposure led to higher incidence of late-apoptosis and necrosis than HNBT;

- Only CS exposure caused DNA damage, oxidative stress and cytokines secretion by
Jurkat cell;

- Only CS exposure caused significant in vivo and in vitro metal | othioneins expression;

- CS, HNBT vapor or nicotine exposures impaired interleukin-2 secretion and Jurkat T
cell proliferation;

- Thetoxicity caused by HNBT vapor exposureis related to nicotine harmful actions;
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