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Abstract

Tobacco combustion exposure worsens rtheumatoid arthritis (RA). Non-combustible tobacco devices,
as heat-not-burn tobacco (HNBT), are emerging as harm reduction to smokers by releasing nicotine
and lower combustible tobacco products. Nevertheless, HNBT toxicity remains unclear. Hence, here
we investigated the impacts of the tobacco combustible product (cigarette smoke; CS) or HNBT vapor
exposures on antigen-induced arthritis (AIA) in C57BL/6 mice. Animals were exposed to airflow,
HNBT vapor, or CS during 1 hour/twice a day, under the Health Canada Intense (HCI) smoking
regime, between days 14 to 20 after the first immunization. At day 2! 16h after the last exposures,
mice were i.a. challenged and the AIA effects were evaluated 24h lat:r. U'S- or HNBT-exposed mice
presented equivalent blood nicotine levels. CS exposure worser 2d a ticular symptoms, pulmonary
inflammation, and expression of lung metallothioneins. Nevert..~le.:, CS or HNBT exposures reduced
lymphoid organs' cellularity, splenocyte proliferation and J'.-2 ~ecretion. Additional in vitro CS or
HNBT exposures confirmed the harmful effects on syle. oc: tes, which were partially mediated by the
activation of nicotine/a7nAchR pathway. Assor «ate ., data demonstrate the toxic mechanisms of CS or
HNBT inhalation at HCI regime on RA, ai.* highlight that further investigations are fundamental to

assure the toxicity of emerging tobacco prc dr.ct, on the immune system during specific challenges.

Keywords: heat-not-burn tobacco; . ‘cotine; antigen-induced arthritis; splenocyte proliferation; a7

nicotinic acetylcholine receptc r; IL 2; Health Canada Intense smoking regime



1. Introduction

Autoimmune diseases arise from an abnormal immune response against self-antigens, resulted from
the immune tolerance breakdown. Rheumatoid arthritis (RA) is a chronic autoimmune disease
manifested by inflammatory polyarthritis, especially in the small joints, resulting in joints destruction
and bone erosion which leads to deformity and disability (Mclnnes and Schett, 2011). The symptoms
occur due to an intense influx of inflammatory cells into the joints combined with enhanced
proliferation of synoviocytes, which are responsible to secrete soluble mediators to perpetuate the
inflammation and to produce reactive oxygen (ROS) and nitrogen sj ecies (RNS) that damage the
tissues (Huber et al., 2006). Moreover, RA events are also accompa iiea by systemic extra-articular
manifestations, such as lung and cardiovascular complications (! olo1on et al., 2006; Olson et al.,
2011).

RA prevalence is 0.5-1% in the world population, with » hig-er impact especially on women and
aged people (Tobon et al., 2009; Ngo et al., 2014). 1" <enesis of RA outcomes is influenced by
genetic predisposition, exposure to environme- cal actors and lifestyle (Karami et al., 2019). In this
context, the incidence of RA is higher in ina. <trialized countries, showing that the exposure of humans
to environmental pollutants is involved i “n¢ onset and progression of the disease (Sigaux et al.,
2019). Among the known environmerta' risk factors associated with RA in humans, cigarette smoking
is by far the most significant. Cigarc*e smoke (CS) exposure has been correlated with the increased
incidence, worsening of R/, a1 d reduced therapy responsiveness in humans (Firestein 2003,
Klareskog et al., 2006; Giusepr : et al., 2014; Ishikawa et al., 2019).

CS is a complex aerosol system composed of roughly 8,700 identified substances (Stabbert et al.,
2017). The toxic action of tobacco combustible products on RA, including polycyclic aromatic
hydrocarbon (PAH) or benzene metabolites, is mainly attributed to the activation of the aryl
hydrocarbon receptor (AhR; Kobayashi et al., 2008; Talbot et al., 2018; Heluany et al., 2018a, b;
Heluany et al., 2021). AhR is a cytosolic transcription factor activated by environmental pollutants,
which is essential for the differentiation and activation of pathogenic T helper (Th) 17 lymphocytes
during the RA genesis (Nguyen et al., 2015). Moreover, the activation of oxidative stress by CS

compounds is a potential mechanism involved in the RA, as ROS mediate a diversity of intracellular



pathways of immune activation (Mateen et al., 2016; Phull et al., 2018). Indeed, toxic CS products,
such as benzene and its metabolites, metals, and PAH, activate membrane and mitochondrial pathways
of ROS production (Sklorz et al., 2007; Barreiro et al., 2010; Heluany et al., 2018b; Fabris et al.,
2020).

Meanwhile robust evidence suggests the role of combustible tobacco products on RA genesis, the
participation of nicotine in the disease course still controversial. Studies carried out in experimental
animals exposed to nicotine by oral, intravenous, subcutaneous, or intraperitoneal routes outcome
controversial data (van Maanen et al., 2009; Lindblad et al., 2009; Li et al., 2017; Wu et al., 2014; Yu
etal., 2011; Yang et al., 2014; Wasén et al., 2017; Lee et al., 2017; G¢ tbax ar1 et al., 2019). It has been
proposed that nicotine displays anti-inflammatory effects by mtercting with the a7 nicotinic
acetylcholine receptor (a7nAchR) on immune cells (Wang e 1., 2003; Revathikumar et al., 2016).
The suggested anti-inflammatory mechanisms involve the .cti.~tion of the suppressor of cytokine
signaling 3 (SOCS-3), inhibition of NF«B translcza“or into nucleus in inflamed synoviocytes
(Yoshikawa et al., 2006; Zhou et al., 2012; Li e al. 2017), or the polarization of Th2 rather than Th17
lymphocytes (Wu et al., 2014; 2018). Con . =rsely, 1t was demonstrated that nicotine administration
worsened collagen-induced arthritis (CIA) ir m.ce, displaying higher levels of neutrophil-extracellular
trap (NET)-associated myeloperoxidese ‘MPQO)-DNA complex on the plasma of the exposed-animals.
Furthermore, incubation of human n<trophils with nicotine led to a dose-dependent NET formation,
which was abrogated by pre-ir cub: tion with an antagonist of a7nAch receptor (Lee et al., 2017).

Concerning the deleterious ¢ ffects of CS and tobacco combustion exposure to humans, efforts have
been made for the development of alternative ways of nicotine delivery (Callahan-Lyon et al., 2014;
Hampson et al., 2015). Indeed, 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; Zhao et al., 2018). HNBT devices heat tobacco but
do not burn it, thus reducing the release of products from tobacco combustion and delivering mainly
nicotine, propylene glycol, and glycerin (Forster et al., 2018; Dusautoir et al., 2020). Hence, amounts
of toxic combustible products are markedly reduced, while it is claimed that the amounts of nicotine

are equivalent to those found in conventional cigarettes (Mallock et al., 2018). Although clinical and



experimental studies have grown up in recent years, data obtained are so far away to describe the real
toxicity of alternative pathways of tobacco exposures.

To address the role of tobacco products on RA development, we here compared the effects of two
nicotine-content tobacco products (CS or HNBT vapor) exposures by inhalation route on the local and
systemic symptoms of antigen-induced arthritis (AIA) in mice. The exposures of CS or HNBT were
carried out under the Health Canada Intense (HCI) smoking regime and were adjusted to obtain
equivalent serum nicotine as achieved in moderate-heavy smokers. Data obtained showed that only CS
exposure aggravated AIA symptoms. Nevertheless, both CS and I NBT exposures reduced the
cellularity on lymphoid tissues, which may be due the impairment >t 1. -2 dependent proliferation

caused by nicotine delivered by such CS as HNBT vapor exposure. .

2. Material and Methods

2.1 Animals

Adult male C57BL/6 mice (8-weeks old) were 1ov .ed in an animal facility at the School of Medicine
of Ribeirdo Preto, University of Sdo Paulo, v.“th controlled temperature and light conditions and were
supplemented with food and water ad /i»it im. Animal husbandry and all procedures were in
accordance with the guidelines of the Ai.'mal Ethics Committee of the School of Medicine of Ribeirao

Preto, University of Sao Paulo (protoc ~! number 048/2012).

2.2 In vivo exposures

Mice were exposed to airflow, CS from conventional filter-tipped cigarettes (Marlboro Red, Phillip
Morris), or HNBT vapor (IQOS heatsticks, Phillip Morris International) under the Health Canada
Intense (HCI) smoking regime (55mL of smoke for 2 seconds puffing, for every 30 seconds). For
such, an exposure machine was designed (Bonther, Brazil), allowing simultaneous exposures of the
three experimental groups, with controlled humidity, temperature, and constant air exhausting to avoid
mice intoxication. CS and HNBT vapor generated by the heatsticks were aspirated by a vacuum pump

and delivered to the exposure chambers. The number of cigarettes and heatsticks used were matched



by the amount of nicotine released and by the absorption and metabolism of the compound by the
animals. For each hour of exposure, 12 conventional cigarettes and 24 heatsticks were used. Animals
were daily exposed (1 hour/ twice a day; 9-10 AM and 3-4 PM) to air, CS or HNBT during 7
consecutive days after the second immunization (between days 14 to 20). The exposure machine and

the experimental design are shown in the Suppl. Fig. 1.

2.3 Antigen-induced arthritis (AIA)

AIA was induced as previously described by Schneider et al. (2020) and Heluany et al. (2021).

2.3.1 Measurement of mechanical articular hyperalgesia and ec ema

The articular hyperalgesia and edema formation were measurr. ~s , reviously described by Heluany et
al. (2021). Briefly, hyperalgesia assessment was performec 24 hours after and before local mBSA
challenge, by applying perpendicular force to the cenf-a. arra of the plantar surface of the hind paw to
induce flexion of the femur-tibial joint follower by ‘ae paw withdrawal. The mechanical threshold was
expressed in grams (g), whereas the hyperal, ~sia was calculated to the reduction of this threshold. The
edema formation in the right knee joints w as di .ermined in the femur-tibial joint area, using a caliper,
before and 24 hours after the i.a. mBS A ~hallenge. The edema unit was expressed in millimeters (mm)

through the quantification of paw voi. mes.

2.3.2 Samples harvest, cell cor nting and characterization

Twenty-four hours after the mBSA challenge, mice were euthanized and the blood, synovial fluid,
spleen, and the popliteal draining lymph nodes (DLNs) were collected, processed and the number of
cells was determined through cell counting on a Neubauer chamber with a light microscope. Results
were expressed as the number of cells x 10° per sample. For the ex-vivo stimulation, 2 x 10°
splenocytes were plated in RPMI culture medium supplemented with 10 % FBS and stimulated with
phorbol-myristate acetate (PMA; 50 nM; Sigma-Aldrich) and ionomycin (500 ng/mL; Invitrogen) for
24 hours. After that, the supernatants were collected and stored at -70°C until used to quantify

cytokines levels by ELISA. The synovial fluid was obtained through 2 injections of 10 pL of



phosphate-buffer saline (PBS) in the femur-tibial articular cavities. Cells were diluted in Turk’s
solution and their total number was determined through cell counting on Neubauer chamber. Results

were expressed as the number of cells per joint.

2.3.3 Neutrophil extracellular traps (NETs) quantification
NETs concentration was assessed as previously described (Schneider et al. 2020) by the quantification
of myeloperoxidase (MPO)-DNA complexes in the synovial fluid. Results were expressed as

nanograms (ng) of NETs produced per milliliter (mL) of sample.

2.3.4 Quantification of cytokines levels

Concentration of the secreted monocyte chemoattractant pr..~in-' (MCP-1) was quantified in the
synovial fluid collected from all the exposed-AIA groups, *.sing a CBA mouse kit according to the
manufacturer’s specifications (BD Pharmingen). Cor e ra.ions of IL-2 and IL-10 on ex-vivo and in
vitro stimulated splenocytes were quantified 1 sing commercial ELISA mouse kits according to the
manufacturer’s specifications (BD Opteia) Results were expressed as picograms (pg) of cytokine

produced per milliliter (mL) of fluid or sug >r 1a ant.

2.3.5 Histopathological analysis anJ lung inflammation scoring

Twenty-four hours after th: m3SA challenge, the lungs were collected and fixed in 4%
paraformaldehyde for 24 how s without positive tracheal pressure, dehydrated in graded ethanol,
cleared in xylene, and embedded in paraffin for histopathological and immunohistochemical analyses.
The sections (4um) were stained with hematoxylin and eosin and analyzed using 20x or 40x
magnification objective lenses, using an optical microscope (Zeiss microscope; Carl Zeiss. For the
histopathological analyses, three sections/lung were microscopically evaluated and scored in a blinded
manner and seven fields per slide were considered for analysis. The inflammation scores indicated the
averages of the scores for the number of infiltrating inflammatory cells and intra-alveolar macrophage
aggregates; and alveolar wall thickness. All scores were relative scores on a grade scale from 0-4, with

zero representing healthy lung, without inflammatory alterations; 1 representing minimal change; 2



representing mild change; 3 representing moderate change; and 4 representing marked change, with
the results, expressed as the mean inflammation score, as previously described by Matute-Bello et al.,

2011. Data were expressed as arbitrary units.

2.3.6 Immunohistochemistry

The detection of hepatic and pulmonary metallothioneins (MTs) was performed by
immunohistochemistry as previously described (Scharf et al., 2021). The tissue sections were
incubated with anti-metallothionein 1/2 (ABCAM) overnight at 4°C, and further incubated with a
secondary antibody conjugated with HRP (ABCAM) for 1 hour at RT Th. staining was detected with
DAB substrate (DAKO). The sections were counterstained with he natc xylin and mounted with a non-
aqueous Entellan mounting media (Sigma-Aldrich). The rele’. = \.;ean of intensity of DAB staining
was determined in an arbitrary scale ranging from 0 to 255 u. the free software Image] (National
Institute of Health, USA). For such, 7 fields per sl’dc wrre photographed using a 40x highpower

objective and the mean of intensity was generat .d.

2.4 Quantification of metals levels

The levels of metals after the exposw s were quantified in the exposure chambers by inductively
coupled plasma mass spectromet ' (ICP-MS; Agilent Technologies). Briefly, ester-cellulose
membrane filters with 0.8 pum por sity and 37 mm diameter (Millipore) were placed in the exposure
chambers and exposed to the : irflow, CS or HNBT, for 1 hour, according to the exposure protocol
described above. Then, the filters were carefully removed and digested using a microwave oven
(MARS 6) followed by an acid digestion method. After that, 5 mL of ultrapure water (MilliQ) and 5
mL of HNO3 (Sigma-Aldrich) 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 was added,
and the levels of the metals nickel (Ni), chromium (Cr), aluminum (Al) and cooper (Cu) were

quantified via ICP-MS. Results were presented as microgram (pg) of metal generated per liter (L).

2.5 Nicotine and cotinine measurements



Nicotine and cotinine levels were quantified in the plasma collected from naive C57BL/6 mice
exposed for 1 hour to airflow, HNBT vapor or CS. At the end of exposures, blood was collected by
cardiac puncture in heparinized tubes for plasma obtainment. An aliquot of 15 pL of an
acetonitrile/methanol solution (80:20, v/v) was added to the plasma (20 pL/sample) spiked with 5 pL.
of the internal standard (testosterore-d;; 1 pg/mL). After centrifugation for 10 minutes at 9000 g an
aliquot of 10 pL was injected into the UHPLC-ESI-MS/MS system for quantification of nicotine and
cotinine using a Nexera UFLC system coupled to a LCMS-8040 triple quadrupole mass spectrometer
(Shimadzu, Japan). For data evaluation, LabSolutions software (Shima z1, Japan) was used to obtain

the peak areas for each exposed group.

2.6 In vitro exposure system and protocol

The in vitro exposures to CS, HNBT vapor, airflow or aic.tine were performed as previously
described (Scharf et al., 2021). Briefly, cells were plare or 12 mm transwell inserts (0.4 um porosity;
Corning, USA) at the density of 1x10° cells/pe we.l and exposed to air, or 4 conventional cigarettes
(Marlboro Red, Philip Morris) or to 5/6 “eatsticks of the HNBT device (IQOS; Philip Morris
International) in acrylic exposure chambe s 1 e protocol exposure consisted of a 2-second cycle of
exposure to CS or HNBT vapor (at 45 1, m) tollowed by 58 seconds of air (at 25 rpm), for 30 minutes.

A continuous flow of serum-free culi. ¢ medium was maintained at 20 rpm.

2.7 AhR expression

AhR expression was assessed 2 hours after the splenocytes in vitro exposures by flow cytometry as
previously described (Heluany et al., 2021). Harvested splenocytes were fixed and permeabilized with
CytoPerm/CytoFix kit (BD Biosciences) and incubated with anti-AhR primary antibody (1:100,
ABCAM) for 1 hour at RT. After washing, cells were incubated with a secondary antibody conjugated
with Alexa Fluor 647 (1:250, ABCAM) for 1 hour at RT. Data were obtained in an Accuri C6 flow
cytometer (BD Biosciences), by recording 10,000 events. Results are presented as the fold change in

relation to arbitrary units of fluorescence from the basal group.



2.8 Th17 polarization assay

CD4" T cells were purified from spleen and lymph nodes isolated from naive C57BL/6 male mice
using an anti-CD4" microbeads cocktail, according to the manufacturer instructions (Miltenyi
Biotech). The CD4" cells purity was assessed by flow cytometry before the exposures and only CD4"
cell population ranging from 90-95 % of purity were considered for the further experiments. After
isolation, CD4" cells (1x10° cells/well) were exposed to the air, CS, HNBT or nicotine as described
above and cultured under Th17 polarization conditions with anti-CD3 and anti-CD28 (2 pg/mL, plate-
bound, and 2 pg/ml, soluble, respectively, ABCAM), rmTGF-B1 (2.5 n_#/mL), and rmIL-6 (25 ng/mL,
both BD Biosciences) for 72 hours. Before the flow cytometry anal ssis, cells were stimulated with
PMA (50 nM; Sigma-Aldrich) and ionomycin (500 ng/mL; Invitrc 3en) for 4 hours. Then, the samples
were fixed and permeabilized with CytoPerm/CytoFix kit (B~ Ricsciences), washed once with PBS,
and incubated with anti-IL17A-PE and anti-CD4-FICT (botl 1:0" BD Biosciences) for 1 hour at RT.
After the washing step, 10,000 events were recrre ' d . an Accuri C6 flow cytometer (BD

Biosciences) and data were expressed as percer ual ,f CD4'/IL17" cells.

2.9 Proliferation assay

Splenocytes isolated from naive T57BL/6 mice (1x10° cells/well) were stained with
carboxyfluorescein succinimidyl este (2 uM; CFSE, Invitrogen) and incubated for 15 minutes at 37
°C, washed twice with PBS a1d w zre exposed to airflow, HNBT vapor or CS or treated 30 minutes
with nicotine (0.01 pM; 0.1 uv or 1 uM, Sigma-Aldrich), and further stimulated with Concanavalin A
(ConA; 10 ng/mL, Sigma-Aldrich). To assess the role of a7nAchR activation on splenocyte
proliferation, the CFSE-labeled splenocytes were pre-incubated for 1 hour at 37 °C with the inversible
antagonist of a7nAchR, a-bungarotoxin (200 nM; a-BTX, Invitrogen) or vehicle (PBS) and exposed
to air, HNBT vapor, CS or nicotine as described above. Thus, the cell proliferation was monitored for
72 hours, and 30,000 events were recorded in an Accuri C6 flow cytometer (BD Biosciences). Data

were expressed as the percentage of proliferative cells.

2.10 Reactive oxygen species (ROS) detection



The intracellular accumulation of reactive oxygen species (ROS) was determined in splenocyte
cultures using the fluorescent probe CellRox Deep Red (Molecular Probes). The measurement was
carried out immediately after exposures following the procedures described by Scharf et al. (2021) and
Heleuany et al. (2021). Data obtained in 10,000 events were acquired in an Accuri C6 cytometer (BD
Biosciences). Data were expressed as the fold change in relation to MFI signal from ROS production

from the basal group.

2.11 Data analysis

Statistical analyses were performed using one-way analysis of variar ce (ANOVA), followed by post
hoc comparisons using the Tukey test. The values are presented as mee 1 + standard error of the mean
(S.E.M.) and the level of significance adopted was 95 % (p =" O.>. Analyses were performed using

GraphPad Prism version 7.0 (GraphPad Software, USA).

3. Results and Discussion
3.1 Levels of nicotine and cotinine in expo.~d mice

It has been claimed that HNBT devices d-.li er significantly smaller levels of combustible products
and similar amounts of nicotine into ex,. ~sed subjects than CS (Schaller et al., 2016; Auer et al., 2017;
Mallock et al., 2018). This assump‘ion was first validated in our experimental approach, as the
literature data related to nicof ne « xposures on RA are still controversial, and data were obtained in
exposures conditions which 0) not reflect smokers’ exposure. Hence, we investigated local and
systemic symptoms of RA under equivalent levels of plasma nicotine and cotinine in CS- or HNBT-
exposed animals submitted to the Health Canada Intense (HCI) smoking regime, which provided

pulse-controlled exposure of CS or HNBT vapor as occurs in smokers (Fig. 1A, B).

3.2 Levels of metals in the chamber
Heavy metals are known toxic agents that trigger inflammation and oxidative stress (Kocadal et al.,
2020). Whilst reduced levels of combustible tobacco products have been fully characterized in HNBT

vapors using similar approach of in vivo exposure employed in the present study (Auer et al., 2017),



lower levels of heavy metals by HNBT device was only showed in an in vitro system of cell exposure
(Scharf et al., 2021). Here we confirmed that HNBT device released lower levels of Cr, Al and Ni than
CS into the in vivo exposure chambers. Values of these metals in the HNBT chamber were similar to
those obtained in the air-exposed group and lower than those found in the CS chamber (Fig. 1C-E);

meanwhile levels of Cu were not even detectable in the airflow or HNBT-exposed groups (Fig. 1F).

3.3 Effects of CS or HNBT exposures on local and systemic AIA symptoms

Although RA is a complex, multifactorial and chronic disease, AIA ‘s a T-cell driven experimental
model and a versatile tool for examining several parameters and mech wmisi 1s related to RA symptoms,
such as hypernociception, edema formation, joint inflammation, T :ell \ ehavior, neutrophil influx, and
NETs formation (Brand, 2005; van den Berg et al., 2007, Scineider et al., 2021). Using this
experimental model, we showed that CS exposure before .he AIA challenge caused more intense
hypernociception (Fig. 2A) and edema in the krzc ic.ants (Fig. 2B), increased the influx of
inflammatory cells, mainly neutrophils (Fig. ".C). augmented the NETs production (Fig. 2D) and
enhanced MCP-1 levels (Fig. 2E) in the syncial fluid of the exposed-mice in comparison to HNBT or
airflow exposures.

Pulmonary disease is an extra-artic-lar manifestation which contributes to cause morbidity and
mortality in patients with RA (Bonga.*7 et al., 2010, Bernstein et al., 2016). Herein, such CS or HNBT
exposures into AIA-mice inci zase | the lung inflammation; nevertheless, the lesion in the lungs was
more severe in CS exposed an nals (Fig. 3A-E), characterized by intense inflammatory cell infiltrate
and loss of intra-alveolar spaces related to interstitial lung inflammation and alveolar wall thickness
(Fig. 3F). It is worth to mention that although mice under AIA and exposed to HNBT vapor showed
no statistical difference in comparison to the CS group, HNBT vapor exposures lead to a low-grade
lung inflammation similar to airflow-exposed mice but higher than the naive group.

Metallothioneins (MTs) are scavenger of metals and ROS, and therefore they are overexpressed
upon metal intoxications and inflammatory conditions (Ruttkay-Nedecky et al., 2013; Juaréz-Rebollar
et al., 2017). Here we showed that the CS exposure marked augmented the MTs expression in the

lungs in relation to expressions evoked by airflow or HNBT vapor exposures (Fig. 3F-J). Hence, we



infer that the systemic inflammatory and oxidative stress caused by CS exposure may be also
accounted due to the higher levels of heavy metals delivered during tobacco combustion, which also
triggers MTs expression as a mechanism to counterbalance the aggression into tissues evoked CS
exposure.

Associated, data obtained here corroborated the role of combustible tobacco products content in the
CS worsening local and systemic inflammatory symptoms of RA (Kobayashi et al., 2008; Nguyen et
al., 2015; Talbot et al. 2018; Heluany et al., 2018a, b; Heluany et al., 2021), and also pointed out novel
phenomena of systemic tobacco exposure by airways and elucidate con’ ceversial data of the literature,
as follow 1) higher levels of metals delivered by CS into lungs trigger ! ost letense mechanisms, which
is not enough to halt lung damage in CS-exposed mice; i) HNBT exp« sure following controlled HCI
smoking regime does not cause prominent lung inflammatior .- n :as been claimed by the literature;
ii1) nicotine content in the HNBT vapor absorbed by airway rou= as employed by smokers does not

significantly inhibit the inflammatory effects on RA.

3.4 CS or HNBT exposures reduce the cei. "larity in the lymphoid tissues in AIA-mice

Inflamed peripheral tissues and lympl r)a.s operate as a functional unit in chronic inflammation,
by the effective cross talk and recipre=.' modulation on trafficking of immune cells and inflammatory
chemical mediators, on tissue immun. surveillance and on maintenance of peripheral tolerance (Bouta
et al., 2018). Hence, we also ¢ sses: ed the total cellularity of spleen and draining lymph nodes (DLN5)
as a parameter of disease act vity and systemic inflammation. Surprisingly, either CS or HNBT
exposures during the last phase of AIA markedly reduced the cellularity of lymphoid organs in
comparison to airflow-exposed group (Fig. 4A, B). Marked impairment on lymphocyte number in
draining lymph nodes were also obtained in CS- and HNBT-exposed mice during the development of
collagen-induced arthritis, which did not reflect augmented cell death in the lymphoid tissues
(Heluany, personal communication). Therefore, it may be supposed that CS or HNBT exposures
during AIA led to the impairment of cell trafficking, proliferation and activation in the lymphoid

tissues, and these hypotheses were further elucidated using splenocytes isolated from AIA mice



exposed to airflow, CS or HNBT or splenocytes obtained from naive mice and further in vitro exposed
to xenobiotics.
3.5 In vitro CS exposure leads to AhR expression, Th17 polarization and oxidative burst in
splenocytes

AhR activation in leukocytes, especially CD4" T lymphocytes, is a pivotal mechanism involved in
the genesis of RA, and a supposed effector in the worsening of the disease after environmental factor
exposures, such as cigarette smoking (Nguyen et al., 2013; Kishimoto et al., 2015). Here we show that
splenocytes exposed to CS produced higher levels of ROS than thos : exposed to HNBT vapor or
airflow in response to PMA (Fig. 5A). Furthermore, only the CS expc surc increased the expression of
AhR (Fig. 5B) and switched CD4" cells into Th17 cell profile (Fi3. 507). It is noteworthy to mention
that in vitro exposures to airflow or HNBT vapor did not er’l.cnce cell death in comparison to non-
exposed cells, and that CS exposure slightly reduced the viatlity ~f the cell suspension, mainly due to
causing necrosis (Suppl. Fig. 2). Recent data have dc¢, rct.d the mechanisms involved in the AhR
activation and Th17 polarization. It was shown hat the CS exposure causes the generation of miRNA
related to Th17 lymphocyte polarization .~rough AhR activation (Donate et al., 2020), and the
administration of an AhR agonist into mice a 1ying human SE-coding alleles resulted in augmented
symptoms of RA and IL17-expressing cells in the inflamed joints and draining lymph nodes of
arthritic mice (Fu et al., 2018). Ther. ‘ore, the data herein presented corroborate the fundamental role
of combustible tobacco produ ts it the AhR/IL-17 pathway on worsening of RA (Nguyen et al, 2013;
Talbot et al., 2018; Heluany ¢ . al., 2018b, Heluany et al., 2021), and show, for the first time, the

HNBT exposure does not trigger these inflammatory mechanisms involved on RA development.

3.6 CS and HNBT vapor exposures impair splenocyte proliferation and IL-2 secretion partially
through the a7nAchR activation

Splenocytes isolated from CS- or HNBT-exposed mice and further stimulated with
PMA/ionomycin secreted lower levels of IL-2 and higher levels of IL-10 compared with cells obtained
from air-exposed mice (Fig. 4C, D). IL-2 acts as a growth factor leading to the proliferation of

activated T cells, and is a pivotal cytokine involved in immune surveillance and tolerance (Amado et



al., 2013; Ward et al., 2018). IL-10 is a potent anti-inflammatory mediator, which suppresses T cell
proliferation and inhibits IL-2 secretion by activated T cells (Fitzgerald et al., 2007; Schiilke, 2018).
Therefore, we suppose the imbalance of the cytokines in lymphoid tissues is a plausible toxic
mechanism of tobacco products which could impair the proliferation of splenocytes. Indeed, in vitro
exposures to CS or HNBT vapor decreased ConA-induced splenocyte proliferation. The HNBT-
exposed group displayed a more intense impairment on cell proliferation rate when compared to cells
exposed to CS (Fig. 6A, B). As acute or long-term exposures to nicotine impair in vivo and in vitro
lymphocyte proliferation (Singh et al., 2000; Kalra et al., 2000), her :in we further confirmed that
nicotine exposure also reduced the proliferation rate of naive splenocy’es (.'ig. 6A, B).

Nicotine binds to a class of membrane nicotinic acetylcholine rece stors (nAChRs) widespread in
different tissues, and several isoforms of nAChRs are exprec..7 1. immune cells (Qian et al., 2011;
Fujii et al., 2017; Gomes et al., 2018). The subunit a-7n 1C..Rs is involved in regulating T cell
proliferation and differentiation, cytokine secretion, a~a - nt' gen presentation of immune cells in either
innate or adaptive immunity (Martelli et al., 20" 4; F gjii et al., 2017; Mashimo et al., 2019). Hence, we
further investigated how the a-7nAchR blookage could modulate the splenocyte proliferation under
CS, HNBT or nicotine exposures. Thus, " 7¢ siowed that splenocytes pre-treated with a-BTX, an a-
7nAChR antagonist, and further expesc to CS, HNBT vapor or nicotine were able to rescue the cell
proliferation (Fig. 6A, B). Furthermo.~. CS, HNBT or nicotine exposures impaired the secretion of IL-
2, which levels were rescued f ce.'s were previously treated with a-7nAChR (Fig. 6C-E). These data
confirm the involvement of the IL-2 on toxicity of tobacco products on splenocytes, mainly induced
by the nicotine binding to a-7nAchR. The non-completely recovery of splenocytes proliferation and
IL-2 secretion by blocking a7-nAchR could be explained by the fact that other nAChRs subunits are
expressed on lymphocytic cells, such as o4, a9 and, al0O subunit, which could also mediate the

nicotine effects (Qian et al. 2011; Fujii et al. 2017; Gomes et al. 2018).

Conclusion
The data herein presented show different toxic mechanisms of tobacco delivery devices during the

development of RA. The worsening of inflammatory symptomatology of AIA evidenced the toxicity



caused by inhalation of combustible products of tobacco, and CS or HNBT inhalation highlighted the
toxicity of both xenobiotic on lymphoid tissues during AIA development, which may be accounted by
the nicotine immunosuppressive actions. The impairment on T cell biology caused by HNBT vapor or
CS exposure may be involved on other smoke-related diseases, such as cancer immune scape and
invasiveness. Hence, further well-delineated experimental studies are required to establish the real
toxicity of CS and the recent commercialized HNBT devices on the activation of immune cells and

their outcomes in tobacco addicts.
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Figure Legends

Figure 1. Plasmatic levels of nicotine and cotinine and heavy metals delivered in the exposure
chambers. Naive C57BL/6 mice were exposed for 1 hour to airflow, CS and HNBT vapor, and
immediately after exposures, plasma was collected to quantify nicotine (A) and cotinine (B) levels.
For the quantification of heavy metals, ester cellulose filters were displayed on the exposures
chambers and exposed for 1 hour for further quantification of nickel (C), chromium (D), aluminum
(E), and copper (F). Data represent mean £ SEM of five animals/filters in each group and were
analyzed by one-way ANOVA. (A-B) p<0.05 and “p<0.01 versus air. No significant (ns) HNBT
versus CS. (C-F) #p<0.01, **p<0.001 versus control. ¥p<0.05, “*p<0.01 versus HNBT.

Figure 2. CS, but not HNBT vapor exposure, worsens AIA symnt,ms. C57BL/6 mice were
exposed to airflow, HNBT vapor or to CS twice a day, 1 hour/exposw. >. b_tween days 14-20 after the
first immunization. On the day 21 after the first immunization, mic = we re i.a. challenged with mBSA.
Twenty-four hours later, mechanical hyperalgesia (A) and ede.~a (B) were assessed before mice
euthanasia. After euthanasia, synovial fluid cellularity (C), cuncrntration of NET formation (D), and
MCP-1 secretion (E) on the synovial fluid were qua~=ified. Data represent mean = SEM of six

"p<0.01,

*

animals/samples for each group and were analyzca “; one-way ANOVA. p<0.05,

***p<0.001 versus naive. “p<0.05, “p<0.001 versus ir. p<0.05, “““p<0.001 versus HNBT.

Figure 3. CS leads to lung inflammation -~nd increases the expression of metallothioneins.
C57BL/6 mice were exposed to airflow, HN 37 vapor or to CS twice a day, 1 hour/exposure, between
days 14-20 after the first immunizatic ». Own the day 21 after the first immunization, mice were i.a.
challenged with mBSA. Twenty-four | ours later, mice were euthanized, and the lungs were collected
to assess the histopathological scu.= ( \-E) and the expression of metallothionein I and II (MT I/II) by
immunohistochemistry (F-) ¢ nd n.ean intensity of immunoreactive areas (J). Data represent mean +
SEM of five animals for eaci group and were analyzed by one-way ANOVA. *p<0.05, **p<0.01,
"p<0.001 versus Control/Naive. “p<0.01, *p<0.001 versus air. “p<0.05, ““p<0.01 versus HNBT.
Sections: 5 mm. (A-D) Arrowhead: inflammatory cell infiltration; Arrow: decreased intra-alveolar

space. (F-I) Arrowhead: immunoreactive areas. Original magnification 20x.

Figure 4. CS or HNBT exposures reduce spleen and DLNs cellularity during AIA development
and reduce the ex-vivo cytokine release by splenocytes. C57BL/6 mice were exposed to air, HNBT
vapor or to CS twice a day, 1 hour/exposure, between days 14-20 after the first immunization. On the
day 21 after the first immunization, mice were i.a. challenged with mBSA. Twenty-four hours later,
mice were euthanized and inguinal DLNs (A) and spleens (B) were collected, processed, and their
cellularitywere quantified. Splenocytes (2x10° cells/well) from naive C57BL/6 mice were stimulated

with PMA (50 nM) for 24 hours and the levels of IL-2 (C) and IL-10 (D) were quantified in the



supernatants through ELISA. Data represent mean £ SEM of six mice in each group and were

analyzed by one-way ANOVA. "p<0.05 versus naive. “p<0.05, “p<0.01 versus air group.

Figure 5. CS exposure leads to oxidative burst, AhR activation and increased Th17 polarization.
Splenocytes from naive C57BL/6 mice (1x10° cells/well were exposed to air, HNBT vapor or CS.
ROS production was quantified 30 minutes after the end of exposures, using a DCFH-DA assay (A).
The AhR activation was assessed 2 hours after the end of the exposures through flow cytometry (B).
CD4" naive cells were exposed to air, HNBT vapor and CS, after exposures cultivate under Th17
polarization conditions for 72 hours (C). Data represent mean + SEM of four mice in each group and
were analyzed by one-way ANOVA. p<0.05, “p<0.01, “"p<0.01 versus naive. "p<0.05, “p<0.01,

&&&

#5<0.001 versus air group. p<0.001 versus HNBT group.

Figure 6. HNBT vapor, CS or nicotine exposure impairs the ‘pleir ocyte proliferation and IL-2
secretion through a7AchR activation. Splenocytes from naive J57BL/6 mice (1x10°) were exposed
to airflow, HNBT vapor, CS, or nicotine (0.01 pM, 0.1 uM - 1 1 M). After that, the cell proliferation
was monitored for 72 hours. CFSE-labeled splenocytes wery stimulated with ConA (10ng/mL) and/or
pre-treated with o-BTX (200 nM) or vehicle (PBS) ' h-ur before the exposures. Representative
histogram (A) and percentual (B) of proliferativc ce'ls. The splenocytes supernatants were collected to
quantify the secreted levels of IL-2 after 24 howm. (C), 48 hours (D), and 72 hours (E) of exposures.
Data represent mean = SEM of four mice 1. =ach group and were analyzed by one-way ANOVA.
"p<0.001 versus non-stimulated control g rcap. “p<0.05, **p<0.001 versus Con-A stimulated control

group. “p<0.05, “““p<0.001 versus restect: "¢ non-treated (a-BTX) group.
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Figure 5
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Figure 6
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Highlights

- CS exposure worsens local and systemic AIA symptoms.

- CS exposure delivers metals and causes MTs expression in the inflamed lung during AIA.

- HNBT or CS exposures reduce lymphoid organs cellularity during AIA development.

- HNBT or CS exposures impair splenocyte proliferation and IL-2 secretion.

- Nicotine/a7nAchr mediates the impaired splenocyte functions caused by HNBT or CS

exposures.



