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ABSTRACT

Smoking is one of the major modifiable risk factors in the development and progression of chronic obstructive
pulmonary disease (COPD) and cardiovascular disease (CVD). Modified-risk tobacco products (MRTP) are being
developed to provide substitute products for smokers who are unable or unwilling to quit, to lessen the smoking-
related health risks. In this study, the ApoE”~ mouse model was used to investigate the impact of cigarette smoke
(CS) from the reference cigarette 3R4F, or aerosol from two potential MRTPs based on the heat-not-burn
principle, carbon heated tobacco product 1.2 (CHTP1.2) and tobacco heating system 2.2 (THS 2.2), on the
cardiorespiratory system over a 6-month period. In addition, cessation or switching to CHTP1.2 after 3 months of
CS exposure was assessed. A systems toxicology approach combining physiology, histology and molecular
measurements was used to evaluate the impact of MRTP aerosols in comparison to CS. CHTP1.2 and THS2.2
aerosols, compared with CS, demonstrated lower impact on the cardiorespiratory system, including low to ab-
sent lung inflammation and emphysematous changes, and reduced atherosclerotic plaque formation. Molecular
analyses confirmed the lower engagement of pathological mechanisms by MRTP aerosols than CS. Both cessation
and switching to CHTP1.2 reduced the observed CS effects to almost sham exposure levels.

1. Introduction

and lung cancer (Centers for Disease and Prevention, 2008; Ezzati et al.,
2005; Laniado-Laborin, 2009). Smoking cessation is an effective way to

Smoking is the leading modifiable risk factor for many human dis- reduce the risk of developing smoking-related diseases, such as lung
eases and promotes the initiation as well as the progression of chronic cancer, COPD, and CVD, including myocardial infarction (Attard et al.,
obstructive pulmonary disease (COPD), cardiovascular disease (CVD), 2017; Serrano et al., 2003), and is also associated with increased life
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Fig. 1. Study design. Groups and exposure. 3R4F corresponds to the standard reference cigarette; THS 2.2 and CHTP 1.2 correspond to potential MRTP. THS 2.2:
Tobacco Heating System 2.2, CHTP 1.2: Carbon Heated Tobacco Product 1.2. Cessation and switching time point takes place at three months and is indicated by the
black arrow for corresponding groups. *corresponds to tissue collection time point for systems biology assessment (transcriptomics, proteomics, lipidomics, geno-

mics).

expectancy (Cho et al., 2018; Taylor et al., 2002). Because not all
smokers necessarily stop smoking cigarettes, alternative modified-risk
tobacco products (MRTP) are being developed to provide substitute
products for smokers who are unable or unwilling to quit smoking. The
U.S. Food and Drug Administration defines an MRTP as “any tobacco
product that is sold or distributed for use to reduce harm or the risk of
tobacco-related disease associated with commercially marketed tobacco
products” (FDA, 2015; Food and Drug Administration, 2012b). Poten-
tial MRTPs, such as heat-not-burn tobacco products, generate reduced
yields of toxicants compared with cigarettes and hold great potential for
reducing the harms associated with tobacco use (Murphy et al., 2017).
Heating rather than burning leads to substantially diminished levels of
a harmful and potentially harmful constituents (HPHC) in MRTP
aerosols, compared to cigarette smoke. (Tricker et al., 2012, Schaller
et al., 2016).

The Carbon Heated Tobacco Product (CHTP) 1.2 and the Tobacco
Heating System (THS) 2.2 are two heat-not-burn tobacco products de-
veloped by Philip Morris International (PMI). CHTP 1.2 uses a pressed
carbon heat source to heat a tobacco plug in a specially designed stick
to produce a nicotine-containing aerosol (Phillips et al., 2018). THS 2.2
uses a precisely controlled electric heating device into which a specially
designed tobacco product, the Tobacco Stick, is inserted and heated to
generate a nicotine-containing aerosol (Smith et al., 2016).

Nonclinical studies may offer useful information about the health
risks and abuse liability of a tobacco product (Food and Drug
Administration, 2012a). While in vitro studies are important for basic
toxicity assessment and comparative product testing, animal studies play
a fundamental role in analyzing the impact on disease mechanisms.
Among the available rodent models, the apolipoprotein E-deficient
(ApoE”") mouse is commonly used in cardiovascular research. ApoE””
mice spontaneously develop atherosclerotic lesions on a standard chow
diet, and these lesions exhibit structural similarity to human athero-
sclerotic plaques (Lo Sasso et al., 2016). Moreover, ApoE”~ mice present
an impaired alveologenesis (Massaro and Massaro, 2008) and develop
emphysematous changes (Goldklang et al., 2012). Exposure to cigarette
smoke (CS) increases atherosclerotic plaque progression, amplifies pul-
monary inflammation, and aggravates emphysematous changes in
ApoE”" mice compared with controls, and smoking cessation reverses the
inflammatory responses and halts progression of atherosclerosis and
emphysematous changes (Boue et al., 2012; Phillips et al., 2015, 2016).

In the present study, we used the ApoE”" mouse model to in-
vestigate the impact of CS or aerosol from two potential MRTPs based
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on the heat-not-burn principle, CHTP 1.2 and THS 2.2, on the cardio-
vascular and respiratory system. ApoE”~ mice were exposed to CS from
a 3R4F reference cigarette, or to the aerosol from THS 2.2 or CHTP 1.2
(nicotine concentration matched to CS: 28 mg/ms), over a six-month
period. The effects of cessation or switching to CHTP 1.2 aerosol after
three months of CS exposure were also investigated. This study com-
plements previous in vivo assessment studies for CHTP 1.2 and THS 2.2
(Ansari et al., 2016; Phillips et al., 2018; Smith et al., 2016; Titz et al.,
2018). For CHTP 1.2, the current study supports lower effects than
3RA4F CS on relevant pathobiological processes, such as atherosclerosis
and COPD-related changes; for THS 2.2, this study confirms previous
findings on the lower to absent induction of pathobiological processes
compared with 3R4F CS in the ApoE”” mouse model. This study further
supports that heating rather that burning tobacco not only reduces the
released toxicant yields compared with CS but also consistently induces
less pathobiologically relevant effects. More particularly, we observed
that in the animal model used in this study the potential MRTPs slow
down the progression of CS-induced atherosclerotic and emphysema-
tous changes, suggesting that THS 2.2 and CHTP 1.2 aerosol alone had
minimal adverse effects on the cardiovascular and respiratory system.
Note that more detailed molecular results will be presented elsewhere.

2. Materials and methods
2.1. General study design

Female ApoE”" mice were randomized into six groups (Fig. 1):
Sham, exposed to filtered air; 3R4F, exposed to CS from the 3R4F re-
ference cigarette (600pug total particulate matter [TPM]/L aerosol
target exposure concentration equivalent to 28 ug nicotine/L); CHTP
1.2, exposed to aerosol from CHTP 1.2 (nicotine levels matched to those
of 3R4F CS equivalent to 28 pg nicotine/L); THS 2.2, exposed to aerosol
from THS 2.2 (nicotine levels matched to those of 3R4F CS equivalent
to 28 ug nicotine/L); Cessation, three months of exposure to 3R4F CS
(600 pug TPM/L aerosol) followed by exposure to filtered air; and Switch
to CHTP 1.2 aerosol, three months of exposure to 3R4F CS (600 ug
TPM/L aerosol) followed by exposure to aerosol from CHTP 1.2 (ni-
cotine levels matched to those of 3R4F CS equivalent to 28 g nicotine/
L). The maximum exposure duration was six months, and interim dis-
section time points were scheduled after Months 2, 3, 4, and 6, as in-
dicated in Fig. 1. Different dissection groups were dedicated for the
different endpoints; see Table 1 for detailed allocation and group sizes.
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Table 1
Allocation of mice to groups and endpoint.
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Treatment group Month BALF Histopathology Lung Function Omics Micro-CT Total No. of Mice
Sham 2 10 10 12 10 42
3 9 10 9 28
4 9 10 9 28
6 9 10 3 9 16 47
3R4F 2 10 10 12 10 42
3 12 12 12 15 51
4 12 12 12 15 51
6 12 12 12 15 16 67
CHTP1.2 2 10 10 12 10 42
3 9 10 9 28
4 9 10 9 28
6 9 10 9 16 47
THS2.2 2 10 10 12 10 42
3 9 10 9 28
4 9 10 9 28
6 9 10 3 9 16 47
CESS 4 12 12 12 15 51
6 12 12 12 15 16 67
SWITCH 4 12 12 12 15 51
6 12 12 12 15 16 67
SUM 882

2.2. Reference cigarettes, potential MRTPs, and test-atmosphere generation

3RA4F reference cigarettes were purchased from the University of
Kentucky (http://www.ca.uky.edu/refcig). CHTP 1.2 uses a pressed
carbon heat source to heat a tobacco plug in a specially designed stick
to produce a nicotine-containing aerosol. THS 2.2 consists of a single-
use, disposable stick containing a tobacco plug inserted into a holder,
containing a battery, electronics for temperature control, a heating
element, and the stick extractor (Schaller et al., 2016; Smith et al.,
2016), that heats the tobacco electrically in a controlled way to ensure
that combustion temperatures are not reached. In both CHTP 1.2 and
THS 2.2, the controlled heating of the tobacco generates an aerosol
containing mainly water, glycerin, nicotine, and tobacco flavors. For
detailed descriptions of CHTP 1.2 and THS 2.2, see (Phillips et al., 2018;
Schaller et al., 2016). CHTP 1.2 and THS 2.2 sticks, as well as the
holder, were provided by PMI (Neuchdtel, Switzerland).

Mainstream CS from 3R4F cigarettes was generated on 30-port ro-
tary smoking machines as described previously (Phillips et al., 2015),
while aerosol from CHTP 1.2 and THS 2.2 sticks was generated on
modified 30-port rotary smoking machines equipped with the re-
spective stick holders (Phillips et al., 2016). Two modified smoking
machines per chamber were required to achieve the target CHTP 1.2
and THS 2.2 aerosol concentrations. 3R4F cigarettes were smoked, and
aerosol from CHTP 1.2 and THS 2.2 sticks was generated, according to
the Health Canada Intensive Smoking Protocol (55 ml puff volume, one
puff per 30s, and 100% blockage of ventilation holes) (Health Canada,
2000). Several additional minor deviations from this protocol were
necessary for technical reasons (Phillips et al., 2015). For example, butt
length and static burning rate, typical smoking parameters, were
measured only for the 3R4F machines or cigarettes, as they are only
relevant for cigarettes. The puff count ranged from 10 to 11 puffs per
cigarette (average 10.4 + 0.3) for the 3R4F sticks. The CHTP 1.2 and
THS 2.2 machines were always set for 12 puffs due to device config-
uration. The 3R4F cigarettes were smoked to a butt length range of
34-36 mm (average 34.6 = 0.4), and the static burning rate was 467 s
per 40 mm.

2.3. Animals and inhalation exposure
All procedures involving animals were performed in an Association

for Assessment and Accreditation of Laboratory Animal Care
International-accredited, Agri-Food & Veterinary Authority of

Singapore-licensed facility with approval from an Institutional Animal
Care and Use Committee (IACUC protocol #15015), in compliance with
the National Advisory Committee for Laboratory Animal Research
Guidelines on the Care and Use of Animals for Scientific Purposes
(NACLAR, 2004). Female B6.129P2-Apoe™! "™ N11 ApoE”" mice bred
under specific pathogen-free conditions were obtained from Taconic
Biosciences (Germantown, NY). The mice were approximately six to
eight weeks old on arrival and eight to ten weeks old at the start of the
exposure. Female mice were chosen due to demonstrated sensitivity to
cigarette smoke with respect to development of markers of COPD
(Glassberg et al., 2016; March et al., 2006; Tam et al., 2016a; Tam
et al.,, 2016b), and also to align the results with historical data sets
(Phillips et al., 2015, 2016). The age and health status of mice on ar-
rival was verified using the health check certificate provided by the
breeder. Additional health checks were conducted on live animals (6
animals prior to study start and again at study completion, health
screening panel 450M) and serum samples (month 3, health screening
panel SM246) (Envigo, U.K).

Mice were kept and exposed under specific hygienic conditions with
filtered, conditioned, fresh air at 22°C = 2°C and 55% #= 15% hu-
midity. The light/dark cycle was 12h/12h. A maximum of eight mice
were housed per cage. Cage enrichment (Igloo™, Biosys Corp. PTE LTD,
Singapore, and Nylabone™, Neptune City, NJ) was provided in
each cage during the non-exposure period. The bedding material
(Lignocel®BK 8-15, J. Rettenmaier & Soehne, GmbH & Co KG.,
Rosenberg, Germany) was composed of autoclaved softwood (fur and
spruce) granulate. A gamma-irradiated pellet diet (T2914C rodent diet,
Harlan Laboratories) was provided. For additional details of animal
housing, randomization, and acclimatization, see publications on pre-
vious studies (Boue et al., 2012, 2013; Phillips et al., 2015, 2016).

A total of 882 mice were allocated to the exposure groups (Table 1)
using a randomization sequence stratified by body weight (Provantis,
Instem, U.K.). Group allocation was completed four days prior to the
exposure start to obtain similar mean body weights for all groups at first
exposure day. Group sizes were based on a previously proven statistical
design (Boue et al., 2012, 2013; Phillips et al., 2015, 2016) to maintain
statistical power and keep low numbers of animals.

The mice were whole-body exposed to diluted mainstream smoke
from 3R4F cigarettes (target concentration 600 ug TPM/L, equivalent to
28 ug nicotine/L), CHTP 1.2 aerosol (nicotine-matched to 3R4F, 28 ng/
L), THS 2.2 aerosol (nicotine-matched to 3R4F, 28 ug/L), or filtered air
for 3h per day, five days per week, for up to six months. Intermittent
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Table 2

Biomarker of CS exposure as well as nicotine exposure. A) Carboxyhemoglobin in blood (%).
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Sham 3R4F CHTP 1.2 THS 2.2 Cessation Switch CHTP
COHDb (Combined) % 2M Mean Mean Mean Mean
2.88 35.63 4.44 3.52
(+)0.05 (£)0.94 (£)0.09 (+)0.08
# #
+ + +
4M Mean Mean Mean Mean Mean Mean
2.95 34.59 4.29 3.84 2.9 4.13
(+)0.02 (x£)1.47 (+)0.08 (£)0.05 (x)0.02 (x)0.06
# # # #
+ + + +
Sham 3R4F CHTP 1.2 THS 2.2 Cessation Switch CHTP
Nicotine ng/mL 2M Mean Mean Mean Mean
13.49 147.16 79.42 108.72
(*£)6.76 (+)2228 (+)12.92 (+)9.69
#
+ + +
5M Mean Mean Mean Mean Mean Mean
2.53 212.53 100.66 112.25 9.75 110.86
(£)0.72 (+)36.5 (+)1357 (+)15.21 (*+)246 (+)14.92
# # # #
+ + + + +
Cotinine ng/mL 2M Mean Mean Mean Mean
38.65 266.36 255.15 271.95
(%) 3854 (+)49.99 () 40.67 (+)22.04
+ + +
5M Mean Mean Mean Mean Mean Mean
0.16 429.17 228.45 260.73 0.72 254.35
(%)0.06 (+)87.43 (+)18.21 (+)21.37 (+)0.17 (+)21.06
# # #
+ + + + +

+ p < 0.05 significant versus Sham.
#p < 0.05 significant versus 3R4F.

daily exposure to fresh, filtered air for 30 min after the first hour of
smoke exposure and for 60 min after the second hour of exposure
(Fig. 1) was provided to avoid a build-up of excessive carbox-
yhemoglobin (COHb) concentrations in the 3R4F group. Previous stu-
dies using ApoE”" mice as a model system (Boue et al., 2012, 2013;
Phillips et al., 2015, 2016) demonstrated that this exposure regimen
and six-month time frame was sufficient to induce symptoms of both
emphysema/COPD and CVD in the ApoE”~ mice and was well tolerated.
For the Sham group, mice were exposed to filtered air. Food was un-
available during the exposure period, but the mice had constant access
to drinking water. Unexposed reserve mice had free access to food and
water throughout the experimental period.

The atmosphere in the aerosol exposure chambers was monitored
for flow rate, temperature, relative humidity, concentration, and par-
ticle size of TPM as well as the concentrations of carbon monoxide
(CO), formaldehyde, acetaldehyde, and acrolein as described
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previously. For a detailed description of the procedures, see (Phillips
et al., 2015, 2016).

2.4. Animal-related procedures

The general condition and health of the mice following exposure
were monitored throughout the study. This included weekly body
weight measurements, as well as daily group and individual observa-
tions after exposure. Animals with identified ailments or injuries were
tracked daily on a special observations list until they were deemed fit
by the study director, in consultation with the attending veterinarian.

2.5. Analysis of biomarkers of CS and nicotine exposure in blood and urine

Blood COHb concentrations were determined twice during the study,
at Months 2 and 4 of exposure, as described previously (Phillips et al.,
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2015, 2016). Urine collection was performed for a 24-h period, including
the three X 1-h exposure period. Plasma levels of nicotine and cotinine
(Months 2 and 5) and the following non-nicotine urinary biomarkers of
CS exposure indicating uptake of smoke/aerosol constituents were
also measured two times (at Months 3 and 6): hydroxypropyl
mercapturic acid (HPMA), S-phenylmercapturic acid (SPMA), 2-cya-
noethylmercapturic acid (CEMA), 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanol (NNAL). From the same samples urinary biomarkers of oxi-
dative stress and inflammation were measured: 4-hydroxynonenal,
malondialdehyde, tetranor-PGE-M, 2,3-dinor-8-iso-prostaglandin F2a
(PGFs5y), 8-is0-PGFs,, 2,3-dinor-thromboxane B2 (TXB2), 11-dehydro-
TBX2, and 12-hydroxyeicosatetraenoic acid. These biomarkers were de-
termined externally (ABF GmbH, Munich, Germany); for details, see
(Supplementary Table 1) and (Phillips et al., 2015, 2016).

2.6. Lung function measurements and lung volume determination

Lung function measurements (Supplementary Table 2) were made
in anaesthetized, tracheotomized, and cannulated mice using the
flexiVent™ rodent ventilator system for measurement of respiratory
mechanics (SCIREQ, Montreal, Canada), as described previously
(Phillips et al., 2015, 2016). Lung volume of the lungs that were
scheduled for histopathology was determined by displacement of fixa-
tive under hydrostatic pressure (15 cm H,0) (Scherle, 1970).

2.7. Hematology and clinical chemistry

Blood samples were drawn from mice under terminal pentobarbital
anesthesia from the retro-orbital venous plexus, and blood platelets,
erythrocytes, hematocrit, and hemoglobin counts and levels were ana-
lyzed using a Sysmex XT-2000i analyzer (Sysmex Corp., Kobe, Japan) as
described previously (Phillips et al., 2015, 2016). Serum lipid profiles
and triglyceride, lipoprotein, cholesterol as well as cholesterol chylo-
micron levels were determined by external company (LipoSEARCH,
Skylight Biotech, Akita, Japan) (Table 3; Supplementary Table 3).

2.8. Dissection

Dissections were performed after Months 2, 3, 4, and 6 of exposure.
At each dissection time point, animals were allocated to the following
endpoints: bronchoalveolar lavage fluid (BALF), including analysis of
infiltrated inflammatory cells in lungs and multi-analyte (cytokines/
chemokines) profiling of BALF; histopathological evaluation and mor-
phometry of lungs; lung function; and plaque surface area determina-
tion (aortic arch, planimetry), and plaque surface area and volume
determination (aortic arch and thoracic aorta, Micro CT). Molecular
analysis (transcriptomics, proteomics, miRNA, genomics) were per-
formed after Months 3, 4, and 6 of exposure (Fig. 1). Following the
analysis of the molecular results obtained from month 3, 4, and 6,
further analysing the month 2 tissue samples collected for downstream
molecular analysis was discontinued as it was deemed unlikely to
provide additional information above the month 3 samples results
(Omics dissection group, Table 1).

2.9. Bronchoalveolar lavage analysis

BALF was obtained from nine to 12 mice per group (Table 1), and
the number and classification of free lung cells (FLC) (flow cytometry)
as well as the concentrations of inflammatory mediators (Luminex-
based multi-analyte profiling using Rodent Map 3.0) were measured
(Fig. 9). Gelatin proteolytic activity (EnzChek™ Gelatinase/Collagenase
Assay Kit; Life Technologies (Invitrogen), Singapore) was determined as
described previously (Phillips et al., 2015, 2016). Additional BALF
samples were sent to Ampersand Biosciences (https://www.
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ampersandbio.com/) to assess the concentrations of inflammatory
mediators (Supplementary Table 4).

2.10. Histopathology

Lungs were fixed by instillation with ethanol glycerol acetic acid
formaldehyde solution (4% formaldehyde, pH 7.4) at a fixed pressure
(15 cm H,0) and processed as described previously (Boue et al., 2013).
The left lung lobe was serially sectioned (4 um thick) in approximately
20 step sections (150 um apart) for an overall assessment of the entire
lung lobe. Representative paraffin and/or cryosections were also ob-
tained from the nose and lung tissue. The sections were stained with
hematoxylin and eosin (H&E) and Alcian blue periodic acid-Schiff re-
agent for the left lung and nose (polysaccharides and glycoproteins,
including mucus) and resorcin-fuchsin for the left lung (elastic fibers).
Histopathological evaluation of the left lung (serial sections) and nose
(three predefined levels imaging the respiratory nasal epithelium
(RNE), the olfactory epithelium, the olfactory bulb, and the molar
teeth) was performed in a blinded fashion by a board-certified veter-
inary pathologist as described previously (Boue et al., 2013; Kogel
et al., 2014; Phillips et al., 2015; Stinn et al., 2010). Semi-quantitative
severity grading in five steps was performed for each finding.

Digitalized (Aperio slide scanner) serial sections of the lung were
also evaluated for alveolar emphysema (semi-quantitative scoring and
quantitative morphometry (Supplementary Table 5). Morphometry was
performed using a design-based stereological approach to obtain
quantitative data (newCAST™, Visiopharm, Hoersholm, Denmark) ad-
dressing the characteristics of alveolar emphysema (i.e., tissue de-
struction and hyperinflation) by different endpoints (for details, see
(Phillips et al., 2015, 2016). Semi-quantitative histopathological eva-
luation and quantitative lung morphometry were carried out by a
board-certified veterinary pathologist in a blinded fashion (Histovia
GmbH, Overath, Germany).

2.11. Plaque size measurements

After removal of the aortic arch, the aortic arch wall was opened
longitudinally and stained with Oil Red O, and the intimal area covered
by plaques normalized to the whole area was determined from digital
images using a Visiopharm image analysis module (for details, see
(Boue et al.,, 2012; Lietz et al., 2013)). For an independent, com-
plementary measurement, the aortic arch and thoracic aorta plaque
segment were measured with micro-CT scanning at Month 6. Sixteen
mice per group were grossly dissected (trimming of ribs and removal of
forelimbs, GI tract, and liver) and placed into neutral-buffered formalin
(4% v/v) fixative and sent to Scanco Medical AG (Briittisellen, Swit-
zerland) for micro-CT imaging and measurement of plaque volume and
plaque surface.

2.12. Tissue processing for systems toxicology and omics analyses

Tissues for molecular analysis were collected at Months 3, 4, and 6
of exposure. Tissues were collected 16-24 h after exposure (separate
samples from the same tissues/organs for transcriptomics, proteomics,
lipidomics, and genomics) from six to nine mice per group (For tran-
scriptomics analysis 7-9 mice per group (Line 240) were used. RNE
n = 8-9, heart ventricle n = 9, lung n = 8-9, aorta n = 7-9. miRNA
lung n = 7-9. For proteomics analysis in lung n = 6-8 mice were used.
For DNA methylation analysis in Lung n = 8-9. Mice dedicated for
molecular analysis were selected from OMICS group (Table 1) and
processed as described previously (Phillips et al., 2016).

2.12.1. Gene and miRNA expression analysis
Total RNA was isolated from tissues using the miRNeasy Mini Kit
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Fig. 2. Test atmosphere exposure and nicotine biomarkers. (A-B) Test atmosphere characterization in 3R4F CS and “potential MRTP” THS 2.2 and CHTP 1.2.
Data are shown as Mean * SD. (C) Nicotine metabolites in urine. Relative level of five nicotine metabolites: trans-3’-Hydroxycotinine, cotinine, norcotinine,
nicotine, nicotine-1’-N-oxide, nornicotine. (D) Absolute level of total metabolites in urine in nmol. Data are means + SEM, n = 11-21.

(Qiagen, Hilden, Germany) and quality-checked using an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Total RNA
(100 ng) was reverse-transcribed, amplified, purified, and hybridized
on MG430 2.0 GeneChips (Affymetrix, Santa Clara, CA, USA) and
evaluated using standard procedures (Phillips et al., 2015, 2016).
miRNA was analyzed using microarrays and a previously described
method (Zanetti et al., 2017). (Data have been deposited in the Ar-
rayExpress database under accession number E-MTAB-7444).

Transcriptomic data on the lung were analyzed in the context of
hierarchically structured network models describing the molecular
mechanisms underlying essential biological processes in non-diseased
lungs (Boue et al., 2015; Hoeng et al., 2012). Leveraging the “cause-
and-effect” network models together with network perturbation am-
plitude (NPA) algorithms, the gene expression fold-changes were
translated into differential values for each network node (Martin et al.,
2012, 2014). These were in turn summarized into a quantitative NPA
measure, and NPA values were aggregated into a biological impact
factor (BIF); details have been described elsewhere (Kogel et al., 2014;
Phillips et al., 2015).

2.12.2. Proteomics procedures

Our general quantitative proteomics approach has been reported
previously (Phillips et al., 2015), and specific details are given in
Phillips et al. and Ansari et al. (Ansari et al., 2016; Phillips et al., 2016).
The mass spectrometry proteomics data have been deposited into the
database of the ProteomeXchange Consortium (Vizcaino et al., 2014)
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via the PRIDE partner repository with the dataset identifier PXD010875
(Lung), PXD010873 (Heart).

2.13. DNA methylation assessment by whole-genome bisulfite sequencing

2.13.1. DNA extraction, bisulfite conversion, and sequencing

Genomic DNA was extracted from tissues using the QIAamp tissue
mini kit (QIAGEN). One hundred nanograms of genomic DNA and 0.5 ng
of unmethylated lambda DNA (Promega, Madison, WI, USA) were re-
suspended in 52.5 UL Tris-EDTA buffer. The DNA was sheared using a
Covaris E220 sonicator (Woburn, MA, USA) to obtain double-strand DNA
(dsDNA) fragments of approximately 200 bp. After ligation of indexed
sequencing adapters from the Ovation Ultralow Methyl-Seq Library
System (NuGEN Technologies, San Carlos, CA, USA), bisulfite conversion
was carried out using the EpiTect Bisulfite Kit (QIAGEN). The converted
dsDNA was recovered using a MinElute PCR Purification Kit (QIAGEN),
amplified by PCR, and cleaned on Agencourt RNAClean XP beads
(Beckman Coulter, Brea, CA, USA). The concentrations and sizes of the
sequencing libraries were verified on a bioanalyzer (Agilent). Normalized
libraries were pooled in multiplexes of 6-14 libraries and clustered on
Ilumina PE high output flow cell v3 using an Illumina cBot and Illumina
TruSeq PE Cluster Kit v3-cBot-HS kits (Illumina, San Diego, CA, USA).
Sequencing was performed on an Illumina HiSeq 2500 or HiSeq 4000
system using Illumina TruSeq SBS v3-HS kits (200 cycles) and Illumina
TruSeq PE Cluster Kit v3-cBot-HS in a 2 x 101 paired-end mode.
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Fig. 3. Biomarkers of CS exposure in urine. (A) 3-HPMA. (B) SPMA. (C) CEMA. (D) Total NNAL. Data are means + SEM, n = 10-13.

2.13.2. Data processing

Sequencing reads were aligned to the mouse genome (version
mm10) using the qAlign function in the QuasR package (v. 1.10.0)
(Gaidatzis et al., 2015) which uses bowtie (v. 1.10.0) internally with
alignment parameters fitting directional bisulfite-converted libraries.
Methylation was quantified using the qMeth function from the QuasR
package. Only cytosines in a CpG context were considered, and the
counts were strand-combined.

2.13.3. Identification of low-methylated regions (LMRs) and unmethylated
regions (UMRs)

Mammalian methylomes can be segmented into three main classes:
fully methylated regions (FMR), unmethylated regions (UMR), and low
methylated regions (LMR). FMRs present 90% of the genome, UMRs
correspond to CpG islands and active promoters, and LMRs correspond
to enhancers (Stadler et al., 2011). Therefore, DNA methylation signal
can be used to identify regulatory elements. In the current study, LMRs
and UMRs were identified using methylSeekR package (Burger et al.,
2013) with default parameters and without partially methylated do-
main filtering. LMRs were detected for every experimental group by
merging the counts for the respective replicates. LMRs from all ex-
perimental conditions were combined into one unified set. To reduce
locus redundancy, LMRs with more than 60% overlap were merged,
leading to a collection of 121,260 loci (Supplementary Figure 1). This
unified set was used in all subsequent analyses. Methylation levels for
all the elements in the unified set of LMRs were quantified separately
for every replicate and used to compute differential methylation be-
tween the treatment samples and the respective Sham control samples.
To ensure the accuracy of LMR detection and the role of these regions as
potential enhancers, we took advantage of the public ChIP-seq (chro-
matin immunoprecipitation sequencing) data performed from lung and

liver chromatin of eight-week-old mice (GEO: GSE29184) (Shen et al.,
2012). We quantified monomethylation of histone H3 at lysine 4
(H3K4mel), trimethylation of histone H3 at lysine 4 (H3K4me3), and
acetylation of histone H3 at lysine 27 (H3K27ac) histone marks and the
input control (DNA extracted from the chromatin prior to the im-
munoprecipitation) at LMRs and UMRs detected in Sham-exposed mice
at the Month 3 time point. As expected, LMRs harbored an enhancer
signature, which consists of high H3K4mel and H3K27ac and low
H3K4me3 signals. By contrast, UMRs were enriched in H3K4me3 and
H3K27ac signals, which are hallmarks of active promoters, and showed
a low level of H3K4mel signal (Supplementary Figure 1).

2.13.4. Identification of differentially methylated loci

Differential methylation was computed for regulatory elements that
are promoters and candidate enhancers. Promoters were defined as
non-overlapping —500-bp to +500-bp intervals around transcription
start sites from the RefSeq database. (https://www.ncbi.nlm.nih.gov/
refseq/). Candidate enhancers were defined as LMRs. Read counts were
summed per region, and methylation levels corresponding to the ratio
between methylated and total events were presented on a 0-1 range,
with O representing a fully unmethylated state (methylated counts = 0)
and 1 representing a fully methylated state (methylated counts = total
counts). The significance of differential methylation between the
treatment groups and the respective controls was assessed using the
false discovery rate (FDR)-adjusted p-value from the beta-binomial
model implemented in the betabin function from the aod package
(https://cran.r-project.org/web/packages/aod/index.html). The cou-
pled values (number of methylated counts and number of unmethylated
counts) per replicate were used as input. For each contrast (treatment
vs. control), only loci covered by at least 15 reads in all the computed
samples were considered. The methylation difference between
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Fig. 4. Hematology. (A) Platelets, (B) Erythrocytes, (C) Hematocrit, and (D) Hemoglobin were counted or measured in blood. Platelets and erythrocytes were
reported as relative number of cells per pl (number/ul). Data are means *+ SEM, n = 9-12.

treatment and control was calculated as follows: the sum of methylated
reads in treatment group divided by the sum of total reads in treatment
group minus the sum of methylated reads in control group divided by
the sum of total reads in control group.

2.14. Statistical analysis

Unless otherwise indicated, data are expressed as means =
standard error of the mean (SEM). Pairwise comparisons between
groups were performed, and unadjusted p-values are stated. For con-
tinuous variables, if the data of the two groups being compared did not
exhibit strong deviation from the normal distribution (as assessed by
performing a Shapiro-Wilk test at the 5% level on the standardized
residuals of both groups), a two-sample t-test accounting for variance
heterogeneity was performed. Otherwise, an exact Mann-Whitney-
Wilcoxon two-sample test was used (to save computing time, Monte
Carlo estimates of the exact p-values were used). For body weight
comparisons, and because the sample size per group was greater than
30, only the t-test was performed. For score variables (histopathology),
the Cochran-Mantel-Haenszel test was used, and the Fisher exact test
was used for incidence variables. All analyses were performed with the
SAS system 9.2. Results were considered to be significantly different in
a specific comparison if p < 0.05.

2.15. Data availability

Datasets and additional data visualizations can be accessed at:
https://www.intervals.science/studies/#/Apoe-CHTP12-THS22.
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3. Results

3.1. Aerosols generated from potential MRTPs contain lower levels of
carbon monoxide, TPM, and HPHCs than 3R4F CS

CS from 3R4F cigarettes and aerosols from CHTP 1.2 and THS 2.2
were generated, diluted, and delivered to the exposure chambers.
Aerosol target concentrations in the exposure chambers were set at
28.0 ug nicotine/L (equivalent to 600ug TPM/L from conventional
3RA4F CS) for all test and reference item groups (3R4F, CHTP 1.2 and
THS 2.2 exposure groups). Average nicotine concentrations across all
chambers ranged from 27.5 to 27.7 pg/L for the 3R4F chambers, ranged
from 26.1 to 27.7 ug/L for the CHTP 1.2 chambers, and averaged
28.1 ug/L for the THS 2.2 exposure chamber, which were all within the
specified study target range of = 10% of target concentrations (Fig. 2A)
and were maintained during the 6-month exposure period
(Supplementary Table 1). Carbon monoxide concentrations in the CHTP
1.2 and THS 2.2 test atmospheres were 96% and 98% lower than for the
3R4F group. The levels of the harmful and potentially harmful con-
stituents (HPHC) acetaldehyde, acrolein, and formaldehyde were ap-
proximately 83-89%, 85-95% and 69-83% lower, respectively, in
CHTP 1.2 and THS 2.2 aerosols compared with 3R4F CS (Fig. 2A). Of
note, whereas the composition of TPM between the potential MRTPs
and CS is different and cannot be directly compared (Schaller et al.,
2016), we observed that the TPM concentration in the CHTP 1.2 and
THS 2.2 test atmosphere was 40% and 53% lower, respectively, than in
the 3R4F test atmosphere.

The particle size distribution was measured per chamber on a
monthly basis during the study, and the resulting mass median aero-
dynamic diameter (MMAD) and geometric standard deviation (GSD)
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Fig. 5. Atherosclerotic plaque area measurements. (A-B) Aortic arches were dissected and opened longitudinally for planimetry analysis. Atherosclerotic lesion
area as well as aortic arch area were measured at Months 2, 3, 4, and 6 of exposure. Atherosclerotic plaque area was divided by total aortic arch area to represent
plaque progression in percent. (A) Percentage of plaque area. (B) Planimetry pictures representing plaque area in aortic arch at Month 6 of exposure. Data are
means + SEM, n = 17-27. (C-D-E) Atherosclerotic plaque progression measured with micro-CT based on aortic arch and thoracic aorta segment was performed at
Month 6 of exposure. Atherosclerotic plaque surface and volume were identified in aorta and measured. (C) Plaque surface area reported in mm?. (D) Plaque volume
reported in mm®. (E) CT scan images, the highlighted part of the aorta represents atherosclerotic lesions. Data are represented as absolute value means + SEM,
n = 16.
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Fig. 6. Lung volume and function after
exposure to 3R4F CS or MRTP aerosol.
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represent the relative volume related to
body weight in grams at Month 6.
Mean * SEM, n = 10-12. (B) Pressure/
volume loops at Months 2 and 6 of ex-
posure. Lung function was measured in se-
lected animals 18-24 h after exposure using
the SCIREQ flexiVent™ system. “Airway”
constriction and lung “stiffness” were as-
sessed by measuring pressure, flow, and
volume relationships in the respiratory
system and by using forced oscillations to
discriminate between airway and lung
tissue variables according to complex
mathematical models (for details, see
Phillips et al., 2015). The relationship be-
tween pressure (Ppl, pressure plethysmo-
graphy) and the resultant volume (Vpl, vo-
lume plethysmography) over an inflation/
deflation cycle is shown. Data are median
without SDs, n = 9-10.
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values for 3R4F, CHTP 1.2, and THS 2.2 chambers were analyzed. The
MMAD and GSD ranged from 0.78 to 0.79 um and 1.27-1.35, respec-
tively, for the 3R4F chambers, from 0.75 to 0.85um and 1.43-1.57,
respectively, for the CHTP 1.2 chambers, and 0.61 pm and 1.36, re-
spectively, for the THS 2.2 chamber (Fig. 2B). Consequently, and based
on similar particle sizes and distributions, the deposition in the lungs in
of mice exposed to CS from 3R4F or to aerosols from THS 2.2 and CHTP
1.2 would be expected to be similar.

3.2. Biomonitoring demonstrates uptake of potential MRTP aerosol and
3R4F CS

Blood COHD levels were analyzed two times in the study, at Months
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2 and 4 of exposure (Table 2A). As expected, the percentages of COHb
in the blood samples were consistently considerably higher in the 3R4F-
exposed group (average 34-35% for Months 2 and 4, respectively),
compared with the fresh air-exposed group. The test atmospheres from
CHTP 1.2 and THS 2.2 aerosols nicotine-matched to 3R4F had con-
siderably lower CO contents (Phillips et al., 2018; Schaller et al., 2016)
due to the low CO deliveries of the products, which was reflected by the
lower blood COHbD levels detected in the animals of the chronically
exposed THS 2.2 and CHTP 1.2 and Switch groups in the Month 4
sampling period (where concentration averaged 3.5-4.5% COHDb, re-
spectively). The Cess group had COHb levels similar to those measured
in Sham group animals (Cess 2.9% COHb and Sham 2.8% COHD).
Post-exposure plasma samples revealed that the nicotine and
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Fig. 7. Inflammatory cells in BALF. Number and subtype of inflammatory cells in BALF were measured by flow cytometry. Data are represented as absolute number
of inflammatory cells. (A) Total inflammatory cell number. (B) Alveolar macrophages count. (C) Alveolar dendritic cells count. D) Neutrophils count. E) Lymphocytes

count. Data are means + SEM, n = 9-12.

cotinine concentration (Months 2 and 5) were higher in the 3R4F-ex-
posed animals as well as CHTP 1.2- and THS 2.2-exposed mice
(Table 2B) compared with the Sham-exposed mice. Surprisingly, higher
nicotine and cotinine concentrations (+47-52% nicotine and
+53-60% cotinine) were found in the 3R4F-exposed animals relative
to the CHTP 1.2- and THS 2.2-exposed mice at Month 5 of exposure
(Table 2B). Both nicotine and cotinine were detected at very low levels
(but above the lower limit of quantification) in the Sham-exposed and
cessation groups (Table 2B). This may reflect a slight contamination of
samples during collection or analysis. However, examination of the
chamber concentrations as well as total and relative nicotine metabo-
lites (cotinine, nicotine, nicotine-1’-N-oxide, norcotinine, nornicotine,
trans-3’-Hydroxycotinine) from urine showed that the relative nicotine
concentrations and total nicotine metabolites (Months 3 and 6) were
consistent and closely comparable between potential MRTP- and CS-
exposed groups (Fig. 2C and D).

Additionally, urinary biomarkers of exposure to HPHCs were mea-
sured. SPMA, CEMA, and Total NNAL were significantly reduced in
CHTP 1.2 and THS 2.2 as well as in the Cess and Switch groups com-
pared with the 3R4F group, indicating that the internal exposure to
HPHCs was reduced in mice exposed to aerosol from potential MRTPs,
consistent with the lower HPHC yields generated by these products
(Fig. 3B, C, D). The 3-HPMA level (reflecting exposure to exogenous
acrolein as well as metabolism of endogenous acrolein (Zheng et al.,
2013), was significantly increased following exposure to 3R4F CS and —
only at Month 2 - CHTP 1.2 aerosol. 3-HPMA levels also present

significant reductions in comparison with 3R4F CS at Months 2 and 5 of
exposure to THS 2.2 aerosol and at Month 5 in the CHTP 1.2, Cess, and
Switch groups, in the latter at a level that is statistically significantly
higher than in the Sham group but does not exceed the level seen for
continuous CHTP 1.2 aerosol exposure (Fig. 3A).

3.3. Potential MRTPs aerosol decreases the impact from CS exposure on
erythrocyte counts, hematocrit and hemoglobin content in blood

Erythrocyte counts, hematocrit, and hemoglobin levels were higher
in animals exposed to 3R4F CS than in sham-exposed animals, while no
significant changes were observed in response to MRTP (CHTP1.2 or
THS2.2) aerosol exposure (Fig. 4B-D). Similarly, three months after
cessation or switching to CHTP 1.2, a return to normal (Sham-exposed)
levels for these parameters (Fig. 4B-D) was achieved. Note that an
impact of 3R4F CS exposure on hematocrit and hemoglobin was also
observed in a previous seven-month inhalation study with C57BL/6 wt
and ApoE”" mice (Phillips et al., 2015, 2016). We did not observe any
significant effect on blood platelets in response to CS or aerosols from
either of the potential MRTPs, compared with Sham-exposure (Fig. 4A).

3.4. CS exposure reduces body weight gain in ApoE ™/~ mice
Body weights increased throughout the study in all groups

(Supplementary Figure 2). The Sham-exposed animals had a typical
body weight gain profile, reaching an average weight of 29.3 g at the
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Fig. 8. Inflammatory lymphocytes in BALF. Subtypes of inflammatory lymphocytes in BALF were measured by flow cytometry. Data are represented as absolute

number of inflammatory cells. (A) Lymphocytes, CD4* cells. (B) Lymphocytes, CD8* cells. (C) B cells. Data are means = SEM, n = 9-12.
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Fig. 9. Inflammatory mediators in BALF. Cell-free BALF supernatants were analyzed using a multiplexed bead array. Ratio is given as median of treated mice over
median of Sham-exposed mice at the same time point (truncated scale). Analytes with statistically significant differences compared with Sham are highlighted with +
p < 0.05, +++ p < 0.01, n = 9-12. Red color indicates significantly upregulated analytes, blue color indicates significantly downregulated analytes. Analytes
with significant correlation between the presented Milipore analysis and an independent analysis conducted by Ampersand are reported (Supplementary Fig. 4); the
heatmap for analytes with low level of correlation is reported in Supplementary Fig. 5.

end of the study. Weight gain was lower in 3R4F CS-exposed mice, with
the body weights becoming significantly different from those of Sham-
exposed animals after Month 2 of exposure (p < 0.05). The body
weight profiles of animals chronically exposed to THS 2.2 or CHTP 1.2
aerosol were both trending slightly higher than those of Sham-exposed
animals (not significant), consistent with a similar trend observed in
previous (Phillips et al., 2015, 2016). Following cessation or switching
to CHTP 1.2, the exposed mice gained weight rapidly, approaching (but
not quite reaching) the Sham group body weight by the end of the
exposure period. Overall, the effects of exposure to 3R4F CS or MRTP
aerosols were similar to what had been observed in previous studies
(Phillips et al., 2015).

3.5. Cardiovascular parameters

3.5.1. 3R4F CS exposure increases levels of cholesterol and low-density
lipoprotein (LDL) and very low-density lipoprotein (VLDL) cholesterol in
plasma

The results indicated an increase in total cholesterol, low-density
lipoprotein (LDL) cholesterol, and very low-density lipoprotein (VLDL)
cholesterol in the 3R4F CS-exposed group (p < 0.05) relative to Sham-
exposed mice (Table 3) in Month 2 through Month 4. Exposure to CHTP
1.2 had no significant effect relative to Sham on LDL cholesterol, VLDL
cholesterol, and total cholesterol. However, THS 2.2 exposure was as-
sociated with higher high-density lipoprotein (HDL) cholesterol levels
at Months 2 and 6 of exposure and a higher LDL cholesterol level ob-
served only at Month 2 of exposure (Table 3). Mice that were switched
from 3R4F CS to CHTP 1.2 aerosol had higher total cholesterol, LDL
cholesterol, and VLDL cholesterol compared with the Sham, with levels
approaching or exceeding that of 3R4F CS-exposed mice by Month 6
(Table 3).

3.5.2. Potential MRTPs aerosol exposure results in reduced development of
atherosclerotic plaques in ApoE~’~ mice

Image analysis measurements of the plaque area in the aortic arch
revealed the expected increase of relative plaque size (plaque area) for
this ApoE”~ mouse model, indicating atherosclerosis progression in all
groups over the six-month exposure period (Fig. 5A and B). From

Month 3 onward, a significantly increased aortic plaque area was ob-
served in mice exposed to 3R4F CS compared with either Sham-exposed
mice or with mice exposed to CHTP 1.2 or THS 2.2 aerosols. Exposure
to CHTP 1.2 or THS 2.2 aerosols resulted in similar plaque area sizes
compared with Sham-exposed animals (p > 0.05 across all time
points). Both cessation and switching to CHTP 1.2 groups showed re-
latively similar plaque area measurements, which were between Sham
and 3R4F group levels at Month 4 (indicating a diminished progression)
and were significantly different from both the Sham and the 3R4F
groups at Month 6 (Fig. 5A and B).

These results were supported using micro-CT imaging of the thor-
acic aorta in a separate cohort of mice (Fig. 5C-E). 3R4F-exposed mice
presented an increase of plaque volume and plaque surface area after
six months of exposure in comparison with Sham-exposed mice
(Fig. 5CD). CHTP 1.2 and THS 2.2, cessation, and switching to CHTP
1.2 groups had significantly lower plaque surface area and volume in
comparison with 3R4F; however, a slight increase of plaque volume and
surface area compared with Sham group values was observed in the
CHTP 1.2 and switching to CHTP 1.2 groups at Month 6 (Fig. 5C-E).
Overall, atherosclerotic plaque evaluation in situ by micro-CT imaging
at Month 6 confirmed the planimetric results at the aortic arch for 3R4F
exposure (Fig. 5B and E).

3.6. Respiratory parameters

3.6.1. Effect of CS and potential MRTPs exposure on lung volume and
function

The lung volume (as a measurement of displaced fixative weight) of
the 3R4F CS group was higher than that in the Sham, CHTP 1.2, or THS
2.2 groups (Fig. 6A). This was observed consistently throughout all
dissection time points. After three months of cessation or switching to
CHTP 1.2, the lung volumes reached similar levels observed in Sham-
exposed animals.

Since the majority of the “Quick Prime-3, Constant-phase model”
and “Negative pressure forced expiration” methods listed in
Supplementary Table 2 did not show any significant or persistent (over
time) treatment effects (data not shown), the analysis is focused only on
the PVsP relationship. The pressure-volume relationship (PVs-P)



B. Phillips, et al.

Alveoli Lumen, neutrophilic granulocytes

A) (severity score)
Sham 3R4F CHTP1.2 THS2.2 Cessation 5(";‘;?
2.0
1.8
™
1.6
1.4
=
3 1.2
E 1.0
% 0.8
0.6 # | #
0.4 # #
#
0.2
A 4 # #|# # |‘I]'|
3M 4M 6M|3M 4M 6M [3M 4M 6M |[3M 4M 6M |4M 6M [4M 6M
@) Alveoli Lumen, unpigmented macrophages
(severity score)
. Switch
Sham 3R4F CHTP1.2 THS2.2 Cessation CHTP
3.5
+ +
3.0
s 2.5 # | #
o #
3
= 1.5
1.0
0.5 #
0.0 o= |
3M 4M 6M|[3M 4M 6M|3M 4M 6M |3M 4M 6M |4M 6M |[4M 6M

Alveoli Lumen, yellow pigmented macrophages
(severity score)

Switch

Cessation CHTP

Sham 3R4F CHTP1.2 THS2.2

Mean +/- SEM

I

3M 4M 6M|3M 4M 6M |3M 4M 6M |3M 4M 6M [4M 6M [4M 6M

Food and Chemical Toxicology 126 (2019) 113-141

Alveoli Lumen, lymphocytes/plasma cells

B) (severity score)
Sham 3R4F CHTP1.2 THS2.2 Cessation 5(":;?
B
1 + +
1.0
0.9 ot
2 0.8
2 0.7
+
s 0.6
2 0.5
0.4 #
0.3
0.2 # #
&l # # | # # y‘"‘| # |"|‘|
3M 4M 6M|3M 4M 6M [3M 4M 6M |[3M 4M 6M |4M 6M [4M 6M
D) Alveoli Lumen, pigmented macrophage nests
(severity score)
h Switch
Sham 3R4F CHTP1.2 THS2.2 Cessation CHTP
25
o
2.0 St
= +
i’ 1.5 % 2 +
s
1.0 S
0.5
5 # 4 # |4 o8 #
3M 4M 6M|[3M 4M 6M|3M 4M 6M|3M 4M 6M |4M 6M [4M 6M

+ p<0.05 significant versus Sham
# p<0.05 significant versus 3R4F

Fig. 10. Histopathological evaluation of inflammatory cell infiltration in the alveolar lumen. Lung tissue was sectioned and stained with H&E, and the
abundance of inflammatory cells and type were evaluated with a scoring method (0-5 score). Histograms represent the mean score for (A) Alveolar lumen, neu-
trophilic granulocytes. (B) Alveolar lumen, lymphocytes/plasma cells. (C) Alveolar lumen, unpigmented macrophages. (D) Alveolar lumen, pigmented macrophage
nests. (E) Alveolar lumen, yellow pigmented macrophage. Data are means + SEM, n = 9-12.

demonstrated a typical emphysema-like upward/leftward shift in the
PVs-P loop in the CS-exposed mice as compared with that from the
Sham-exposed animals, indicative of CS-induced emphysematous
changes in the lung at six months (Fig. 6B). There was no obvious effect
of THS 2.2 aerosol exposure on the PVs-P loop compared with the
Sham-exposed mice at any of the time points evaluated (Supplementary
Figure 3). Switching and cessation resulted in stabilization of the va-
lues, while continued 3R4F exposure led to further increases in the PVs-
P values. The increased lung volume seen in the CS-exposed mice
supports the lung function results, whereby CS exposure resulted in a
leftward shift in the PVs-P loop.

3.6.2. Potential MRTPs aerosol exposure results in lower inflammatory cell
influx into the lung than 3R4F CS exposure

As expected, the total number of inflammatory free lung cells in the
BALF was higher in 3R4F CS-exposed mice than in the Sham- or po-
tential MRTP-exposed groups (Fig. 7A). Similar changes were also seen
in the inflammatory cell sub-populations: 3R4F CS-exposed mice de-
monstrated an increase in the numbers of neutrophils, macrophages,
lymphocytes, and dendritic cells (Fig. 7B-E). The strongest 3R4F CS
exposure-related change was observed for neutrophils, followed by
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lymphocytes, dendritic cells, and macrophages, a consistent effect on
the differential FLC counts as compared with previous CS inhalation
studies (Phillips et al., 2015, 2016, 2018). In contrast to the CS effect on
FLCs, even prolonged exposure to either the CHTP 1.2 or the THS 2.2
aerosol had no significant effect on FLC levels, either absolute or dif-
ferential counts relative to Sham exposure. Both cessation and
switching resulted in lower total FLCs in the BALF, even one month
after the intervention, though the levels did not change further after an
additional two months of exposure (fresh air or CHTP 1.2), suggesting
an initial rapid but partial reduction of the inflammatory cell infiltra-
tions.

Following exposure to fresh air or to either of the potential MRTP
aerosols (CHTP 1.2 or THS 2.2), very few lymphocytes were present in
the BALF (Fig. 7E). In response to 3R4F CS exposure, elevated lym-
phocyte numbers were observed, as represented by an increased abso-
lute number of CD4* and CD8™ lymphocytes and B cells (Fig. 8). At
most time points following CS exposure, each of the lymphocytic sub-
sets were increased relative to Sham. Switching and cessation resulted
in a decreased relative level of CD4* and CD8* lymphocytes as well as
B cells, though not yet reaching the low lymphocyte numbers of the
Sham-exposed group, even after three months of switching/cessation.
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Fig. 11. Histopathological and morphological evaluation of emphysema in lung tissue. (A) Alveolar emphysema (severity score 1-5 scale). (B) Destructive
index (%). (C) Histological images of lung tissue representative of emphysematous changes. 20X Image magnification. Data are means + SEM, n = 9-12.

The lymphocyte subsets were nonetheless significantly lower
(p < 0.05) than the continuous 3R4F-exposed group by Month 6
(Fig. 8).

3.6.3. 3R4F CS exposure exerts a higher impact on pro-inflammatory
mediator levels in BALF than exposure to MRTPs aerosols

Following 3R4F CS exposure, a significant increase in the abun-
dance of inflammatory mediators in the BALF was observed (Fig. 9) as
early as Month 3 of exposure, consistent with the increased number of
inflammatory FLCs. Chronic exposure to CHTP 1.2 (six months) had
only a minimal effect on inflammatory mediators in the BALF. Chronic
THS 2.2 exposure showed only two analytes that differed significantly
from Sham-exposed mice at Month 4 of exposure, CXCL10 (chemokine
(C-X-C motif) ligand 10) and PAI1 (Serine (or cysteine) peptidase in-
hibitor, clade E, member 1), though the levels were still considerably
lower than those seen in the 3R4F-exposed mice. Cessation and
switching resulted in a return to Sham exposure levels for most of the
cytokines and chemokines analyzed (Fig. 9). No significantly dysregu-
lated mediators were observed in the Switch group at Month 6. In re-
sponse to 3R4F CS exposure, analytes that showed exposure-related
changes were mainly proteins associated with extracellular matrix
(ECM) and ECM remodeling (MMP9), and inflammation such as in-
flammatory chemokine (C-C motif) ligand 2 (CCL2), CCL3, CCL4,
CXCL10, CXCL1, IL17A, and TNF. These findings are therefore aligned
with the influx of inflammatory cells also detected in the BALF as well
as the effects of smoke on the pulmonary ECM as associated with the
progression of emphysematous changes (Arunachalam et al., 2010; Li
et al., 2017). Overall, these results are consistent with previous BALF
analyses in animals exposed to CS or aerosols from the potential MRTPs
(Phillips et al., 2015).
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3.6.4. Potential MRTPs aerosol exposure results in decreased inflammatory
cell infiltration in lung tissue

Histopathological evaluation further confirmed that inflammatory
infiltration in the lung was mainly restricted to the 3R4F CS group:
increased numbers of neutrophils, lymphocytes, and macrophages were
observed in the alveolar spaces of CS-exposed mice from Month 3 on-
ward (Fig. 10). No significant differences to the Sham group were seen
in these parameters following exposure to CHTP 1.2 and THS 2.2
aerosols at all time-points. Decreases but not total elimination of the
inflammatory infiltrates were observed in the Switch and Cess groups in
comparison with 3R4F CS-exposed animals, particularly for macro-
phage cells, indicating only partial recovery during the subsequent
three months (Fig. 10). This is consistent with previous observations in
CS-exposed A/J mice that had persistent pigmented macrophage nests
even after 13 months of cessation following a 5-month CS exposure
period (Stinn et al., 2013).

3.6.5. Potential MRTPs aerosol exposure results in decreased lung injury
and lower emphysematous scores

Histopathological semi-quantitative scoring of alveolar emphysema
(Fig. 11A, and representative images shown in Fig. 11C) showed sig-
nificantly increased severity in 3R4F-exposed mice compared with
Sham-exposed mice from Month 3 onward, with a progressive increase
documented over time. No significant differences for alveolar emphy-
sema were seen from CHTP 1.2 and THS 2.2 aerosol-exposed mice re-
lative to Sham-exposed mice. Both cessation and switching to CHTP 1.2
slowed or stopped the progression of emphysema development seen as
alveolar emphysema score, resulting in significantly lower scores
compared with 3R4F CS exposure at the month 6 dissection time-point.
Of note, switching or cessation did not improve the morphological signs
of emphysema beyond the 3-month level, and the scores at the 6-month
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Fig. 12. Morphometric evaluation of lung tissue. (A) Mean chord length (um). (B) Number density of alveoli in parenchyma (count/mm?). (C) Alveolar surface

density in septum (count/mm). Data are means + SEM, n = 9-12.

time-point were still higher than those in the Sham group. These his-
topathological findings were confirmed by morphometric assessment of
alveolar emphysema (Figs. 11B and 12). 3R4F CS exposure resulted in
increase of destructive index (DI) (Fig. 11B) and mean chord length
(Fig. 12A) and led to a decrease in number density of alveoli in par-
enchyma and alveolar surface density in the lungs of CS-exposed mice
relative to Sham-exposed mice (Fig. 12 B, C). For CHTP 1.2 and THS
2.2, these emphysema-related parameters did not differ from the Sham.
Cessation and switching halted the continued increase in mean chord
length, as well as the decreases in the number density of alveoli and the
alveolar surface density observed in the continuous 3R4F-exposed
group, approaching but not always reaching the levels of the Sham
group by month 6 (Fig. 12).

3.6.6. Potential MRTPs aerosol exposure results in reduced effects in the
upper respiratory tract

3R4F CS exposure induced reserve cell hyperplasia of the re-
spiratory nasal epithelium (RNE) at nose level 1 and 2, squamous me-
taplasia of the RNE at nose level 1 (Fig. 13), and atrophy of the olfac-
tory epithelium at nose level 2 at the Month 3 and Month 6 time points
(no time-dependent increase) (Supplementary Figure 5). Representative
images of squamous metaplasia and hyperplasia of the RNE at nose
level 1 at 6 months are shown in Fig. 13C. At nose level 4, a numerical
difference in the fat deposits/cholesterol clefts at the lamina propria
score reached statistical significance, but the score was still in the
normal range, so the effect was considered to have no biological re-
levance. The severity of these findings of CHTP 1.2 and THS 2.2 was
strongly reduced in comparison with 3R4F CS exposure, and a minimal
but statistically significant impact on reserve cell hyperplasia and/or
squamous metaplasia of the RNE at nose level 1 sections was observed
in response to CHTP 1.2 or THS 2.2 aerosol exposure at Month 3 of
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exposure (Fig. 13). However, there was no statistical significance for
changes from Sham in CHTP 1.2 or THS 2.2 groups at the Month 6 time-
point. Both cessation and switching resulted in a rapid recovery of
squamous metaplasia toward Sham-exposed group levels within one to
three months post CS-exposure (Fig. 13B). With regard to reserve cell
hyperplasia, we observed an incomplete recovery within three months
post CS-exposure (Fig. 13A). Overall, this histopathology evaluation of
the nose revealed typical CS-related adaptive effects of the RNE in 3R4F
CS-exposed mice, with much lower effects upon THS 2.2 and CHTP 1.2
aerosol exposure (Supplementary Table 6) shows results from all re-
spiratory tract sites).

3.7. 3R4F CS exposure alters the transcriptome, proteome, miRNAome in
the respiratory and cardiovascular systems of ApoE~/~ mice

Exposure to 3R4F CS caused transcriptome alteration in respiratory
and cardiovascular tissue. 3R4F CS exposure altered expression of
1,658 genes in the RNE, 4,324 genes in the lung, 578 genes in the heart
ventricle, and 217 genes in the thoracic aorta after six months of ex-
posure relative to Sham (Fig. 14A, Supplementary Figures 7-8). In
contrast, neither exposure to THS 2.2 aerosol nor to CHTP 1.2 aerosol
caused any significant gene expression changes relative to Sham at any
time point (Fig. 14A). Smoking cessation following three months of
3R4F exposure decreased the number of differentially expressed genes
(DEG) to Sham levels in all four tissues after three months of cessation
(Fig. 14AB, Supplementary Figures 7-8). Switching to CHTP 1.2 also
decreased the number of DEGs significantly compared with 3R4F CS
exposure, but did not completely achieve the level of Cess or Sham
groups. Of note, these general response patterns were also well reflected
by visualizations of the global fold-change responses (Fig. 14B,
Supplementary Figures 7-8).
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Nose level 1, histopathology images

Cessation

e

Fig. 13. Histopathological evaluation of adaptive changes of the RNE in response to 3R4F CS or MRTP aerosol exposure at Months 3, 4, and 6. Nose tissue
was sectioned and stained with H&E. The impact of treatment on reserve cell hyperplasia as well as squamous epithelial metaplasia was evaluated with the scoring
method at level 1-2. Histograms represent the mean score at nose level 1 for (A) Reserve cell hyperplasia and (B) Squamous epithelial metaplasia. Data are

+

means

SEM, n = 9-12. (C) Histologic images of nose level 1 at Month 6, 3x lens magnification, error bar equals 500 pm, black square indicates area of evaluation

and magnification (naso-turbinates). (D) 20x lens magnification images representing naso-turbinates at nose level 1 in 3R4F CS- and MRTP aerosol-exposed mice,
error bar equals 100 um. Blue arrow symbols indicate hyperplasia (H). Black arrow symbols indicate squamous epithelial metaplasia (M).

Furthermore, in the lung, we observed similar systems response
profiles of proteins and miRNA (Fig. 14C). Exposure to 3R4F CS re-
sulted in a clear time-dependent effect on the lung proteome and
miRNAome, with the expression of more than 400 proteins and 40
miRNA altered after six months of 3R4F CS exposure (Fig. 14C).

3.8. 3R4F CS exposure alters DNA methylation in candidate lung enhancers

We investigated DNA methylation changes at cis-regulatory ele-
ments that are promoters and candidate enhancers identified as LMRs
(Supplementary Figure 1). We found that very few promoters (165 out
of 23,783: 0.7%) show significant change in DNA methylation in at
least one contrast (Fig. 15A, Supplementary Figure 9).

Regarding candidate enhancers (LMRs), 2,408 elements out of
121,260 (2%) showed significant change in DNA methylation in at least
one contrast (Fig. 15B, Supplementary Figure 10). The vast majority of
these loci were hypermethylated when compared with control samples.
The 3R4F group showed the highest number of differentially methy-
lated candidate enhancers (807: 686 hypermethylated and 121 hypo-
methylated) at Month 6. Samples with continuous exposure to aerosols
from THS 2.2 and CHTP 1.2 at all exposure times showed a much lower
number of affected loci (maximum 100 loci), similar to cessation at
Months 4 and 6 and switching at Month 4. The switching group showed
a high number of differentially methylated LMRs (697: 602 hy-
permethylated and 95 hypomethylated) at Month 6, comparable with
the 3R4F profile at the same time point. 122 LMRs are commonly

altered in the two groups.

3.9. Potential MRTPs aerosol exposure results in reduced inflammatory
response and cell stress in the respiratory system of ApoE~’~ mice

The causal biological network enrichment based on transcriptomics
data showed aggregated perturbation of the context-relevant causal
network models measured by the relative BIF (RBIF) for all exposed
groups at Months 3, 4, and 6 for lung (Fig. 17A) and RNE (Fig. 18A). In
lung tissue, the RBIF for 3R4F CS exposure showed a sustained trend in
response to 3R4F exposure (from 100% at Month 3 to approximately
75% at Month 6), while in RNE tissue, we observed a slight impact at
Months 3 and 4 of exposure and a huge effect at Month 6 of exposure
(from 20% at Month 3 to approximately 100% at Month 6)
(Figs. 16A-17A).

The RBIFs for the CHTP 1.2 and THS 2.2 groups remained close to
0% for the lung. The RBIF also tended to decrease upon cessation and
switching; while the decrease of RBIF was complete for cessation, the
switching process maintained the RBIF between 10% and 25%. For the
RNE, the RBIFs do not exceed 10% for CHTP 1.2 and 20% for THS 2.2
(Fig. 17A). The RBIF tended also to decrease upon cessation and
switching; while the decrease of RBIF was complete for cessation in the
lung as well as in the RNE, the switching process maintained the RBIF
between 10% in RNE and 25% in lung.

The network model heatmap represents the decomposition of the
calculated BIF from the transcriptomics data into its mechanistic
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Fig. 14. Systems Toxicology - significantly regulated genes. (A) Number of DEGs for respiratory system (RNE and Lung) as well as cardiovascular system (Heart
Ventricle and Aorta) analyzed tissue and exposure group, compared with the respective Sham group of the same exposure month (FDR-adjusted p-value < 0.05). (B)
Heatmap of the gene fold-changes (log,, normalized to the maximum observed absolute value) that are significant in at least one comparison in respiratory (RNE-
Lung) and cardiovascular (Heart Ventricle-Thoracic Aorta) tissues. Red color indicates genes that are upregulated, and blue color highlights genes that are sig-
nificantly downregulated compared with the Sham group at each respective time point. (C) Changes in the lung proteome and miRNAome. Number of differentially
expressed proteins and miRNA for each exposure group, compared with the respective Sham group of the same exposure month (FDR-adjusted p-value < 0.05).

components (Fig. 16B). In this heatmap, the network perturbation
amplitude (NPA) scores are shown relative to the maximum value ob-
tained in each category, thereby making also weak perturbations
visible. The aggregation of separate networks under RBIF per network
category demonstrate that “Cell fate and Apoptosis”, “Cell prolifera-
tion”, “Cell stress”, “Inflammatory response”, and “Tissue repair and
angiogenesis” were strongly perturbed in the 3R4F group — mostly at
Month 3 in the lung — and were either absent or only very weakly
perturbed in the CHTP 1.2 and THS 2.2 groups over the six-month
period (Fig. 16C). Similarly in the RNE, the strongest response was
observed in 3R4F exposure at Month 6 (Fig. 17C). In the cessation and
switching groups, the heatmap intensity coloring for each network is
strongly reduced in the lung as well as in the RNE, reconfirming that
cessation and switching cause less perturbation than 3R4F CS exposure
(Figs. 16B—17B). The NPA score per network demonstrate that cessation
and switching decrease the impact on the lung; however three months
of switching to CHTP 1.2 slightly increases the cell proliferation, in-
flammatory process, and tissue repair and angiogenesis mechanisms
(Fig. 16B).

4. Discussion

The objective of this study was to assess the impact of potential
MRTPs on cardiorespiratory risk factors, such as atherosclerosis
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progression, lung inflammation, and respiratory system injury, in
ApoE”" mice following chronic exposure to 3R4F CS or potential MRTPs
aerosol. The impact of cessation or switching to CHTP 1.2 aerosol was
also evaluated.

Test atmosphere characterization through chemical composition
analysis per chamber confirms a comparable delivery of nicotine from
CHTP 1.2 and THS 2.2 aerosol as well as 3R4F CS. Surprisingly, mea-
sured levels of nicotine and cotinine in plasma were significantly higher
in 3R4F CS groups than in CHTP 1.2 or THS 2.2 groups, whereas the
level of total nicotine metabolites was similar between groups in urine.
In previous studies of potential MRTPs, equal or even trending to higher
uptake of nicotine in the potential MRTP groups had been observed,
consistent with a higher respiratory minute volume due to lower irri-
tancy of the aerosol and usually higher body weights in the MRTP
groups (Coggins et al., 1989; Kogel et al., 2014; Phillips et al., 2016). In
our study, the analysis of the particle size and mass in 3R4F CS and
potential MRTP aerosols did not show any significant differences be-
tween MRTP aerosol and 3R4F CS, suggesting that the difference in
plasma levels is not due to divergent inhalation conditions and particle
properties. As the total amount of urinary metabolites accumulated
within 24h did not differ between the 3R4F CS and MRTP aerosol
groups, differences in total nicotine uptake are unlikely. We speculate
that the differences in blood levels seen at a single time point likely
reflect contributions of dermal nicotine uptake and oral uptake by
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Fig. 15. Differentially methylated promoters and candidate enhancers (LMRs). (A) Barplot representing the number of differentially methylated promoters

+

(transcription start site
LMRs based on the FDR cutoff (0.05). Sham samples were used as controls.

grooming (factors that cannot be excluded in whole-body inhalation
studies), as well as variations in the metabolic conversion of nicotine
that might depend on other physiological factors (nutrition, stress).
Our analysis demonstrated a reduced impact of the MRTPs aerosols
on cardiovascular endpoints in comparison with 3R4F CS, while we
observed a consistent acceleration of atherosclerotic progression in
3RA4F CS-exposed mice. The plaque size observed in the aortic arch was
steadily higher in 3R4F CS-exposed animals than in air-exposed ani-
mals. CHTP 1.2 and THS 2.2 aerosol-exposed mice presented reduced
atherosclerotic lesion sizes compared with 3R4F CS-exposed mice.
These results are in agreement with historical data showing athero-
sclerotic plaque enlargement following CS exposure and a reduced
plaque size in response to cessation or MRTP exposure (Lietz et al.,
2013; Phillips et al., 2016). In this study, the atherosclerotic plaque size
was measured with two independent methods (in two separate cohorts
of mice): planimetry and CT scans. Both independent methods de-
monstrated a significant impact of 3R4F CS on atherosclerosis pro-
gression and a reduced impact of potential MRTPs. This double analysis
confirmed our previous results (Phillips et al., 2016) and allowed us to
highlight that exposure to aerosols from potential MRTPs slows down
the progression of atherosclerosis in ApoE”" mice in a six-month
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500 bp) based on the FDR cutoff (0.05). (B) Barplot representing the number of differentially methylated candidate enhancers identified as

exposure period in comparison with CS. While some studies demon-
strated a pro-atherogenic effect of nicotine (Kilaru et al., 2001;
Santanam et al., 2012), mechanistic investigations conducted in mice
highlight that nicotine may promote atherosclerosis only when com-
bined with high-fat diet supplementation (Wang et al., 2017; Wu et al.,
2018).

Dyslipidemia has been shown to be one of the most potent risk
factors responsible for cardiovascular events (Grundy et al., 2004; Yusuf
et al., 2004). Dyslipidemia is characterized by elevated plasma cho-
lesterol, especially total cholesterol, LDL cholesterol, and VLDL cho-
lesterol levels. In our study, the 3R4F CS-exposed mice exhibited
marked increases in serum levels of total cholesterol and VLDL cho-
lesterol at Months 2, 3, and 4 of exposure; both are important cardio-
vascular risk factors (Carmena et al., 2004). The increase of lipids in
blood could be due to an increase in lipolysis in response to 3R4F CS
(Hofstetter et al., 1986). It has been shown that cigarette smoking in-
creases free fatty acid (FFA) and circulating FFA concentrations. In
humans, cigarette smoking augmented delivery of FFA to the liver,
amplified hepatic reesterification of FFA, and boosted VLDL secretion
(Hellerstein et al., 1994). In ApoE”" mice, dyslipidemia is even ag-
gravated by the impairment of VLDL re-uptake in the liver (Lo Sasso
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Month 6 time point). (B) Heatmap of NPA scores summarizing subnetwork NPAs relative to the maximum NPA in each subnetwork. Stars indicate significant
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values below 0.05 and significant with respect to the experimental variation. (C) Network-BIF demonstrates the level of the perturbation in response to 3R4F CS and

heat-not-burn products in lung tissue.

et al., 2016). Despite the different mechanisms involved in dyslipidemia
of mice and humans, our results are aligned with reports in the litera-
ture, demonstrating an impact of CS exposure on cholesterol in lipo-
protein particles such as VLDL and LDL (Gastaldelli et al., 2010; Rao Ch
and Subash, 2013). Contrary to 3R4F CS, MRTP aerosol exposure did
not affect LDL or VLDL cholesterol levels over six months of exposure.
Smoking cessation as well as THS 2.2 exposure increased HDL choles-
terol. The increase of HDL is in agreement with previous clinical stu-
dies, which showed that smoking cessation improved the plasma HDL
profile (Gepner et al., 2011). Lipoproteins play a fundamental role in
atherosclerosis, and their interaction with the arterial wall appears to
initiate the cascade of events that leads to atherosclerosis (Ference
et al., 2017). In our study, we observed the alteration of lipid profiles
and an increase in atherosclerosis progression in 3R4F CS-exposed an-
imals, suggesting that the increase in lipid levels could contribute to
atherosclerosis progression. An impact of 3R4F CS exposure on the
cardiovascular system was also supported by the transcriptomics ana-
lyses of thoracic aorta and heart left ventricle, which demonstrated a
strong differential expression response that intensified at Month 6 of
exposure. In contrast, exposure to aerosols from both MRTPs resulted in
an attenuated atherosclerotic progression, associated with much more
limited effects on the transcriptomes of these cardiovascular tissues.
Together, these data demonstrated a substantial impact of 3R4F CS on
the cardiovascular system of ApoE”" mice, which is much lower for THS
2.2 and CHTP 1.2.
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Histopathological changes caused by CS smoke in the respiratory
tract of rodents have been studied in depth (Hamm et al., 2007; Kogel
et al.,, 2014; Stinn et al., 2010; Terpstra et al., 2003; Werley et al.,
2008). Hamm et al. and others demonstrated that exposure to CS is
associated with hyperplasia, metaplasia, and inflammation of the RNE
(Hamm et al., 2007; Kogel et al., 2014; Stinn et al., 2010; Terpstra et al.,
2003; Werley et al., 2008). In our study, we observed moderate to
marked reserve cell hyperplasia and squamous metaplasia of the RNE at
nose level 1, minimal but statistically significant hyperplasia at nose
level 2, and mild atrophy of the olfactory epithelium at nose level 2 in
response to 3R4F CS exposure. This response was consistent with the
typical CS exposure-related adaptive effects of the rodent RNE de-
scribed previously (Kogel et al., 2014; Stinn et al., 2010; Terpstra et al.,
2003; Werley et al., 2008). Also, as observed previously, these adaptive
changes were entirely resolved for squamous metaplasia or strongly
diminished for hyperplasia parameter upon 3R4F CS cessation. The THS
2.2 aerosol did not elicit changes except from mild reserve cell hyper-
plasia at nose level 1 (the most sensitive site), seen initially (Month 3),
that was subsequently resolved at Months 4 and 6, consistent with an
adaptation to low-grade irritation. A similar response pattern was ob-
served for CHTP 1.2 aerosol exposure, with a transient weak effect on
both endpoints at Month 3 that disappeared at the follow-up time
points. The effects from switching from 3R4F CS to CHTP 1.2 aerosol
were similar to those from switching from 3R4F CS to fresh air (ces-
sation) or to Sham exposure (for metaplasia). While the RNE tissue
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Fig. 17. Network-based BIF and NPA analysis from the RNE. (A) RBIF for treatment versus Sham.

The percentages show the RBIF, which is derived from the

cumulated network perturbations caused by the treatment relative to the reference, defined as the treatment comparison showing the highest perturbation (i.e., at the
Month 6 time point). (B) Heatmap of NPA scores summarizing subnetwork NPAs relative to the maximum NPA in each subnetwork. Stars indicate significant
perturbations: a network is considered as perturbed if, in addition to the significance of the NPA score with respect to the experimental variation, the two companion
statistics (O and K) derived to inform on the specificity of the NPA score with respect to the biology described in the network, are significant. (C) Network-BIF
demonstrates the level of the perturbation in response to 3R4F CS and heat-not-burn products in RNE tissue.

showed only adaptive changes in response to 3R4F CS that were par-
tially reversible (cessation group), the effect of THS 2.2 and CHTP 1.2
aerosol was marginal, and switching to CHTP 1.2 after three months led
to similar recovery as switching to fresh air.

In response to 3R4F CS exposure but not to MRTP aerosol exposure,
more sustained inflammatory changes were observed and supported by
multiple parameters determined in the lung. The recruitment of in-
flammatory cells, in particular macrophages and neutrophils, was ac-
companied by an increase of inflammatory cytokines and chemokines
in BALF. Together, these data indicate that exposure to 3R4F CS, in
contrast to CHTP 1.2 or THS 2.2 aerosols, leads to pronounced lung
inflammation, which could trigger ECM destruction and development
of emphysema (Foronjy et al., 2008). Scientific literature demonstrates
that chronic inflammation is essential for the development of emphy-
sema. Accumulation and activation of immune cells, such as neu-
trophils and macrophages, contribute to lung injury and serve as a self-
perpetuating stimulus for further immune activation (Sharafkhaneh
et al., 2008; Tuder et al., 2003). The mobilization of inflammatory cells
to the lung leads to the release of potentially destructive mediators,
including tissue proteases and cytokines, which contribute directly to
tissue remodeling and destruction (Saetta et al., 2001). MRTP aerosol
exposure was associated with considerably lower inflammatory cell
infiltration and activation and thus may reduce risk of developing
emphysema, as supported by the lower emphysematous changes in
these groups.

Progressive lung injury observed through emphysematous changes
in 3R4F CS-exposed mice was indicated by various endpoints, such as
lung volume and lung function, as well as histopathology and mor-
phometry analysis. 3R4F CS-exposed mice showed significantly in-
creased lung inflammation. Moreover, we could observe a decrease in
the number of alveoli and alveolar surface density and an increase in DI
and mean chord length, which are featured characteristics of lung
emphysematous changes (Sharafkhaneh et al., 2008; Tuder et al.,
2003). Lung inflammation and alveolar damage were attenuated sig-
nificantly (compared with continued 3R4F CS exposure) after smoking
cessation or switching to CHTP 1.2, which supported halting the pro-
gression of initial emphysematous changes after stopping 3R4F CS ex-
posure. Lung function, as assessed through PVs-P loops, demonstrated
significant increases in shift as well as in lung volume under static
pressure in response to 3R4F CS exposure. In contrast, no such effect
occurred following CHTP 1.2 or THS 2.2 aerosol exposure, and
switching to CHTP 1.2 aerosol had the same effect as switching to fresh
air on the partial recovery from inflammation or on halting the pro-
gression of emphysematous changes. Taken together, potential MRTP
aerosol exposure, in contrast to 3R4F CS, was associated with no sig-
nificant effects on inflammatory cell infiltration and activation, in-
flammatory mediator secretion, and emphysematous changes in lung
tissue.

The measured apical endpoints (e.g., histopathology, BALF cyto-
kines, aortic plaque size) are well aligned with results from molecular



B. Phillips, et al.

A) Current study Phillips et al. 2016

Test system Female Apoe-/- mice Female Apoe-/- mice

Total duration 6 8

(dissection time points) (2,3,4,6) (1,2,3,6,8)

[months]

Exposure schedule 3 h per day, 5 days per week 3 h per day, 5 days per week

Exposure groups Sham Sham
3RAF (28 pg nicotine /L) 3R4F (29.9 pg nicotine /L)
CHTP1.2 (28 g nicotine /L) THS2.2 (29.9 pg nicotine /L)
THS2.2 (28 g nicotine /L) Cessation (after 2mo 3R4F)
Cessation (after 3mo 3R4F) Switch to THS2.2 (after 2mo

3R4F)

Switch to CHTP1.2 (after 3mo
3R4F)

Aerosol uptake and exposure

Study 1

C t Study 2018
UEGENT SEudy, (Phillips et al, 2016)

Endpoint Name  Group

THS2.2 Jﬁ #
CEMA 3R4F I* i
THS2.2 4 #
SPMA 3R4F I* kS
THS2.2 *H# *#
Total NNAL 3R4F I* "
THS2.2 # #

B Reference 3R4F CS
[ MRTPTHS2.2

Food and Chemical Toxicology 126 (2019) 113-141

i Study 1
Endpoint Sub Cat Endpoint Name Group (Phillips et al, 2016) Current Study 2018
+ *
Aortic Arch - ser | [ |
A Plaque area — L
rea | |
oM THS2.2 L NS I
Micro CT Aorticarch and 3R4F l I
thoracicaorta plaque i
measurements volume THS2.2 | |# #
STI T
Dendritic cells
THS2.2 # #
N
Lymphocytes
FLC THs22 | #
differentiation
g v | |
Macrophages ‘
6M THS2.2 ‘# ‘#
Neutrophils
THS2.2 # #
— —
Alveoli, lumen, 3R4F -* .*
lymphocytes/plasma H
cells THS2.2 # |#
Alveoli, lumen, 3R4F -* -*
neutrophilic
granulocytes THS2.2 # #
Alveoli, lumen, 3R4F -* -"
Left lung pigmented
THS2.2 # #
P macrophage nests
Alveoli, lumen, 3R4F -* -*
unpigmented g :
macrophages THS2.2 # #
pigmented
macrophages THS2.2 # #
epithelium, !
hyperplasia THS2.2 4 #
Nose level 1 e 2
oM epithelium, squamous
epithelial metaplasia THS2.2 # #

+ p<0.05 significant versus Sham
# p<0.05 significant versus 3R4F

Fig. 18. Comparison of current and previous ApoE”~ assessment studies. (A) Comparison of the study design between the current and previous ApoE”" studies
(Phillips et al., 2015, 2016). (B) Biomarkers of CS exposure quantification in current and previous ApoE”" studies at Months 5 and 6 of exposure. Relative values to
the Sham group are presented (i.e., mean value of exposure group minus mean value of Sham group). (C) Comparison of the impact of 3R4F CS and THS 2.2 exposure
on disease endpoints, such as atherosclerotic plaque progression, inflammatory cell infiltration in the lung, nose hyperplasia, and metaplasia, between current and
previous ApoE”” studies at Months 6 and 7 of exposure. Relative values to the Sham group are presented. + p < 0.05 significant versus Sham group; #, p < 0.05

significant versus 3R4F group.

analysis. Transcriptomic and proteomics analysis confirmed the strong
impact of 3R4F exposure on the respiratory and cardiovascular system
and, in addition to the inflammatory response, revealed induction of an
oxidative stress response and apoptosis in lung tissue upon 3R4F CS
exposure, whereas potential MRTP aerosols elicited much lower effects.
Molecular focusing on the lung tissue demonstrates that cell stress
networks as well as key genes and proteins involved in the oxidative
response were dysregulated in response to 3R4F CS. Oxidative stress
caused by CS inhalation plays a significant role in generating emphy-
sema (Rangasamy et al., 2004, 2009). A major consequence of oxidative
stress is activation of the transcription factor nuclear factor-xB, which
activates proinflammatory cytokine transcription (Rahman and Kilty,
2006; Seagrave et al., 2004; Sharafkhaneh et al., 2008; Yang et al.,
2006). Our results are well aligned with scientific literature, which
demonstrated an impact of CS on lung inflammation and stress response
(Braber et al., 2010; Bracke et al., 2006; Thatcher et al., 2005). More-
over, our results are comparable with previously observed changes in
response to 3R4F CS exposure in ApoE”~ and C57BL/6 mice (Boue et al.,
2013; Phillips et al., 2015). Smoking cessation or switching decrease
pulmonary inflammation as well as cell stress by suppressing in-
flammatory cell infiltration and inflammatory mediator secretion. In
general, these results were fully supported by the numbers of neu-
trophils, macrophages, and lymphocytes observed in the histological
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sections of the lung as well as the molecular analysis provided by
transcriptomics, proteomics, and miRNA analysis. There was an un-
expectedly high level of response in several molecular endpoints gen-
erated from the six-month switching/omics cohort of mice when com-
pared with the initial decrease at the Month 4 time point (i.e., one
month after switching), which was particularly evident for DNA me-
thylation profiles (number of differentially methylated candidate en-
hancers in the lung) as well as for transcriptomics (number and fold-
changes of DEGs in lung and heart ventricle) and proteomics (number
and fold-changes of DEGs in lung tissue). Given the absence of such a
biphasic response at the Month 4 and Month 6 time points for the apical
endpoints in the switching groups that were assessed in a different
cohort of mice, we believe that technical reasons rather than biological
effects may underlie the enhanced response profiles.

The impact of THS 2.2 aerosol on cardiovascular and respiratory
systems, compared with that of 3R4F CS, was also evaluated in our
previous ApoE”" mice study (Phillips et al., 2015). The overall study
design and exposure conditions were comparable, with slight differ-
ences in the switching time point, exposure time point, and products
compared. In our previous study, the exposure duration was set to eight
months, whereas in the current study, the last time point corresponds to
six months of exposure. The switching was also postponed for one
month (switching set at three months of exposure in this study instead
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Fig. 19. Comparison of molecular exposure effects on the lung in current and previous ApoE /"~ assessment studies. Molecular responses are compared
between the current study and the previous ApoE”~ study (Phillips et al., 2015, 2016). (A) BIF analysis. The percentages give the biological impact relative to the
reference with the highest perturbation (REF). 8 (from —1 to 1) indicates how similar the underlying network perturbations are with respect to the reference (i.e.,
REF). (B) Network-level comparison. Number of perturbed and shared perturbed networks is indicated for each comparison; the color-scale in the inner pie represents
the correlation between network backbone scores. (C-D) Differential gene (C) and protein (D) expression comparisons for the 3R4F CS and THS 2.2 groups in both
studies. Correlation coefficients are color coded (see key). The numbers of overlapping differentially abundant genes/proteins are indicated in each cell (with
consistency of the change in direction indicated by the pie chart; see key). Green stars indicate significance of a Fisher association test (p < 0.05). (E-F) Comparison
of the gene (E) and protein (F) log, fold-changes for the 3R4F CS and THS 2.2 groups (versus Sham) shared between both studies. Genes/proteins with significant
differential expression in either study are marked by larger dots; Pearson correlation coefficients for all (R.”) and the differentially expressed (Rs;,>) genes/proteins
are indicated, with the linear fit for the significant genes/proteins shown by a red regression line. Note that only if 10 or more genes/proteins were significantly
differentially expressed, the Rsigz was calculated, and the regression line was included.
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Fig. 20. Comparison of molecular exposure effects on the heart in current and previous ApoE ™/~ assessment studies. Differential gene and protein ex-
pression comparisons for the 3R4F CS and THS 2.2 groups in both studies. (A) Heart transcriptomics. (B) Correlation coefficients are color coded (see key). The
numbers of overlapping differentially abundant genes/proteins are indicated in each cell (with consistency of the change in direction indicated by the pie chart; see
key). Green stars indicate significance of a Fisher association test (p < 0.05).

of two months) (Phillips et al., 2015). In our previous study, we ana- on causal biological networks across both studies (Fig. 19). The BIF
lyzed the impact of THS 2.2, whereas the current study evaluated the showed a similar amplitude of the molecular biological responses upon
impact of two heat-not-burn tobacco products, CHTP 1.2 and THS 2.2 3RA4F CS exposure, and the biological network responses were strongly
(Fig. 18A). Comparison between both studies (for THS 2.2 versus 3R4F correlated for 3R4F CS across all commonly investigated exposure time
CS) demonstrated a similar reduction, of the uptake of HPHCs points (Fig. 19C and D). Both the lung transcriptome and the proteome
(Fig. 18B), and of effects such as atherosclerosis progression, lung in- response to 3R4F CS exposure demonstrated highly correlated fold-
flammation, and nose hyperplasia and metaplasia (Fig. 18C). changes and shared DEGs and proteins. For example, 78% (67%) of the

Molecular response profiles were also found to be similar between DEGs (proteins) were shared after six months of exposure to 3R4F CS in
the “Eight month study” (Phillips et al., 2015) and the current one “Six both studies. Moreover, significantly expressed genes (proteins) at this
month study”. In the lung, 3R4F CS elicited a clear and consistent effect time point in either study demonstrated a Pearson correlation
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coefficient between the log, fold-changes of Rsigz = 0.85 (0.75), further
corroborating the high reproducibility of these molecular exposure re-
sponses to 3R4F CS in the lung (comparing results from two studies that
were conducted approximately four years apart). The transcriptome
response in heart tissue was also well reproduced between the studies
(Szostak et al., 2017): 44% of the DEGs for 3R4F at Month 6 were
shared between both studies, with a Pearson correlation coefficient of
Rsigz = 0.78 (Fig. 20). In contrast, reflecting the very low to absent
biological responses upon THS 2.2 exposure, correlation of the THS 2.2
groups between the studies was also low to absent. More details and
additional molecular analyses will be provided elsewhere.

Taken together, these results support the robustness of the con-
ducted exposure response measurements for both the classical and the
omics endpoints. Although, due to the overall low to absent THS 2.2
effects, these comparisons do not allow a direct numerical comparison
between both studies, these comparisons highlight the consistent re-
duction of biological exposure effects for THS 2.2 compared with 3R4F
in both studies, seen as absence of significant effects, while the sensi-
tivity for the positive control, 3R4F CS, was comparable across the
studies. In both studies, molecular responses to THS 2.2 and 3R4F ex-
posure were not correlated, further supporting the consistent absence of
3RA4F CS exposure-related effects upon exposure to THS 2.2 aerosol. In
this context, the observed similar reductions in biological effects for
THS 2.2 and CHTP 1.2 aerosols further validate the heat-not-burn
principle, demonstrating that reduced HPHC levels in the aerosol — due
to heating rather than burning tobacco — consistently translate into
reduced biological effects caused by these HPHCs.

Moreover, the observed reduction in biological effects following
exposure of mice to aerosols from THS 2.2 and CHTP 1.2 in comparison
to CS at a comparable level of nicotine is consistent with the concepts of
tobacco harm reduction based on “providing smokers with the nicotine
to which they are addicted without the tobacco smoke that is re-
sponsible for almost all of the harm caused by smoking” (Royal College
of Physicians, 2007, 2016) and the low hazard of nicotine when de-
coupled from combustion or other toxic modes of delivery (Niaura,
2016).

5. Conclusions

This study demonstrated a clear impact of 3R4F CS on the cardio-
vascular and respiratory system of ApoE”” mice. CS accelerated the
development of atherosclerotic plaques and caused inflammation and
emphysematous changes, as demonstrated by a number of anatomical
and molecular disease indicators. Conversely, chronic exposure of mice
to CHTP 1.2 or THS 2.2 aerosol (with nicotine concentration matched
to 3R4F CS) had minimal biological impact on disease endpoints and
weak effects on molecular endpoints. Switching to CHTP 1.2 aerosol
and cessation equally resulted in partial recovery to Sham-exposed le-
vels (nasal adaptive changes, lung function, lung inflammation, ather-
osclerotic plaque area). Overall, this systems toxicology study in-
vestigated the impact of potential MRTPs on both respiratory and
cardiovascular systems. Our apical and molecular analyses highlight a
reduced impact of potential MRTPs on cardiovascular and respiratory
systems compared with continuous smoking.
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