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ABSTRACT

CS (CS) stands among the most toxic environmental pollutants and is composed of
thousands of chemicals including polycyclic aromatic hydrocarbons (PAHs). Despite restrict
cigarette smoking bans in indoor or some outdoor locations, the risk of non-smokers being
exposed to environmental CS is not yet eliminated. Besides the well-known effects of CS on
the respiratory and cardiovascular systems, a growing literature has shown during the last three
decades its noxious effects also on cutaneous tissues. Being the largest organ as well as the
interface between the outer environment and the body, human skin acts as a natural shield that
is continuously exposed to harmful exogenous agents. Thus, a prolonged and/or repetitive
exposure to significant levels of toxic smoke pollutants may have detrimental effects on the
cutaneous tissue by disrupting the epidermal barrier function and by exacerbating inflammatory
skin disorders (i.e. psoriasis, atopic dermatitis). With the development of very complex skin
tissue models and sophisticated CS exposure systems, it has become important to better
understand the toxicity pathways induced by smoke pollutants in more realistic laboratory
conditions to find solutions for counteracting their effects. This doctoral thesis provides first a
state of art on the skin models currently available to study CS exposure, the reported deleterious
effects induced by CS in the skin, as well as the inflammatory skin pathologies potentially

induced and/or exacerbated by CS exposure.

This study consists of investigating and providing further insight into the mechanical
pathways involved in CS-induced toxicity in a 3D in vitro skin models, a well-characterized
reconstructed human epidermis (RHE). As a first stage of the study, the RHE model will be
fully characterized and validated as the main in vitro biological target, secondly, it will focus
on the implementation and optimization of the exposure conditions of CS. Once both the skin
model and the exposure conditions have been validated, markers of oxidative stress and
inflammation can be assessed to relate pathways activated by the skin epithelial cells as a
defense strategy against CS exposure. With this knowledge, therapeutic solutions may be
developed targeting the altered markers, hence counteracting the detrimental impact. Finally,
the reconstructed skin model was used to screen protective solutions against air pollutants such

as CS.



A. LITERATURE STUDY

The content in the literature study section was reprinted from two accepted review articles:

“Prieux R. et al, Mimicking CS exposure to assess cutaneous toxicity. Toxicology in vitro 62,

104664, Copyright (2020), with permission from Elsevier."

“Ferrara. F/Prieux. R et al, Inflammasome activation in pollution-induced skin conditions. Plastic
and Reconstructive Surgery, Science of Aging, to be published with the January 2021 issue"



I. The skin barrier as a first target of the external environment

1. The Skin physiology

The human skin is a highly dynamic interface as well as the largest organ. The skin can be
divided into two main layers: the epidermis, which is the upper layer mainly constituted of
keratinocytes, and the underlying dermis with a fibroblast-populated collagen matrix.! The
epidermis is the outermost layer at the direct interface between the organism and the external
environment, its main functions are to provide protection, repair, and renewal.? It can be
subdivided into 4-5 layers. From the inside to the outside, epidermal skin layers start from the
viable epidermis, i.e. the stratum basale (SB), the stratum spinosum (SS), and the stratum
granulosum (SG) to the non-viable layer represented by the stratum corneum (SC) (see Figure
A-I-1). The basal layer is mainly composed of proliferating keratinocytes with keratin enriched
nucleus which starts differentiating to migrate through the stratum spinosum. During their
maturation, various changes in protein and lipid structure occur. Keratinocytes become
connected through desmosomes and initiate the generation of lamellar bodies enriched in polar
lipids such as glycosphingolipids, free sterols, phospholipids. In the stratum granulosum,
keratinocytes tend to lose their nuclei releasing keratohyalin granules spread in the cytoplasm.
A lipidic barrier made of non-polar lipids such as ceramides, cholesterol, and free fatty acids
is subsequently formed from the discharge of lamellar bodies lipids arranged to the surface of
the cells. Finally, the outermost skin layer corresponding to the stratum corneum is made of
anuclear corneocytes filled with keratin filaments and water and enveloped by crosslinked
protein layers which are surrounded by stacked bilayers of non-polar lipids in the extracellular

space. >

The resulting multi-layered stratified epithelium is continually renewed from stem cells,

with a turnover time of approximately a month.



Figure A-I-1. Schematic representation of the distinct epidermal layers. From the inside to the
outside, skin layers start from the viable epidermis, i.e. the stratum basale, the stratum
spinosum, and the stratum granulosum to the non-viable layer represented by the stratum

corncum.

2. State of the Art of skin models (in vitro, in vivo, ex vivo)

Various skin models have been described to assess possible hazards and risks resulting
from contact or exposure to chemical compounds. Nowadays, greater effort is put into the
development of in vitro models based on human cells to replace animal testing. Indeed, besides
having a limited predictive capacity for human toxicity, they generate ethical issues. In vitro
skin models are simple and promising tools for a wide field of applications such as cosmetology

and regenerative medicine.

From the inside to the outside, skin strata start from the subcutaneous tissue, the dermis,
and finally the outermost layer, the epidermis. The epidermis consists of four or five layers of
keratinocytes which synthesize protective proteins such as keratin and a lipidic matrix crucial

for the skin barrier function.’*



2D cell models

Cell lines are more homogenous populations in comparison to primary cells and show
reduced donor to donor variability. Immortalized cell lines are readily available, stable, and
easy to handle whereas primary cells have some passage number limitations. Therefore cell
lines appear to be appropriate as an in vitro cell model for the rapid assessment of acute toxicity

induced by pollutants.

HaCaT cells, the first spontaneously immortalized human keratinocyte line exhibiting normal

differentiation, is the most used 2D skin model consisting mostly of keratinocytes.”®

Their use for skin irritancy studies was found relevant for their ability to respond to
injurious stimuli, however, they have dysregulated molecular mechanisms related to

carcinogenesis which might compromise their use for chemoprevention studies.’!°

Alternative cell lines exist such as A431, a human epidermoid carcinoma cell line, and JB6, a
mouse epidermal cell model. Both of them have been mainly used to study tumor promotion

and progression.!!"1?

As fibroblasts are responsible for secreting substances of the extracellular matrix essential
for keratinocyte growth, co-culturing keratinocytes with fibroblasts allow reproducing cellular
crosstalk, especially of interest when studying wound healing mechanisms.!*!> The main

fibroblast cell line is known as the 3T3 cell line.'®

Primary cell cultures are explanted directly from either healthy donors or subjects with
pathologies and are considered more biologically relevant. Primary fibroblasts are an ideal
model for studying skin aging in vitro. In comparison to primary keratinocytes that can only
grow for about 7 passages, human primary fibroblasts can generally be grown in a culture
medium for up to 40-50 passages and become especially relevant for prolonged senescent
studies. However, primary cells may be damaged during isolation resulting in poor purity and

yield.

Although easy, fast, and inexpensive, a major shortcoming with the 2D cell culture system
is the sensitivity to pollutant exposure since it lacks the protective physiological cutaneous
structure. Therefore, the use of a 3D skin model with a closer morphology to real skin combined
with an exposure scenario is recommended to better understand some of the biological

mechanisms linking pollution toxicity to skin structure disruptions.
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3D skin models

The RHE is one of the most reliable in vitro models to investigate cutaneous stress
responses. RHE closely mimics the morphological, biochemical, and physiological properties
of the human epidermis, and can be created in laboratories or commercially purchased.!” 3D
models allow the reproduction of exposure scenarios closer to a real-life situation, for instance
by topically applying components on the epidermis. The main shortcomings of RHE are the
poor barrier properties, the lack of vascularization, sweat glands and hair, the lack of
representation of the physiologically-relevant desquamation process, and the lack of immune
system even though several efforts have been put to create immune-competent skin models

with the integration of T cells.!®

The 3D full-thickness (FT) skin model contains both dermal and epidermal parts separated
by a basement membrane. A fully stratified keratinocyte-populated epidermis associated with
a fibroblast-populated dermis permits intercellular signaling. Cell interactions between
keratinocytes and dermal fibroblasts can affect the expression of proteins and are vital in skin
homeostasis. Whereas such models are commercially available, they are less commonly used

than reconstructed epidermis models, which are easier to handle, less complex, and less costly.

To obtain increased longevity of in vitro skin equivalents, adjustment and implementation
into miniaturized conditions as found in chip technologies or into the environment of a perfused

bioreactor is now feasible. %!

In vivo models

The most common animal species used to date as skin models have been pigs mainly for
the structural resemblance with human skin.??* Nonetheless, pigs exhibit poor vascularization,

a thicker skin epidermis, and an increased amount of fat components compared to humans.?*

Furthermore, animal testing has numerous drawbacks such as strict regulation, excessive
costs, high variability i.e. Local node lymph (LNA) assay as well as ethical concerns.?
Complying with the commitment of replacing animal testing in industrial toxicology
laboratories, the validation of alternative in vitro test methods has become a crucial need.
Today, non-invasive clinical methods involving small groups of human volunteers have also

been used to evaluate the biological responses induced by CS in contact with reduced skin
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areas. However, this controlled clinical method also generates pollution stress on ‘living

skin’.?¢

Ex vivo skin tissue

Ex vivo human skin is usually obtained from plastic surgeries either directly from hospitals
or distributed by tissue banks. For dermal absorption studies, skin explant is the preferred
model since the barrier properties are well preserved after excision with controlled conditions.
However, the donor dependency of skin explants is disadvantageous as it complicates the
comparison of different studies. Restricted access and excessive costs are among limitations to

the use of native human skin.?”2°

In comparison to ex vivo skin tissue and in vivo testing, in vitro studies offer several
advantages including more flexibility, better reproducibility, investigation of cellular
components, and cost-effectiveness. In vitro models have however some limitations. It is well
demonstrated that the permeation of exogenous agents through in vitro-based skin models
overestimate the in vivo data, as a consequence of a thinner stratum corneum and a less complex
structure missing hair follicles, sebaceous glands, and sweat glands.*® Culturing mammalian
cells outside of their physiological environment, i.e. in an environment lacking protective and
detoxifying element such as the microbiota, skin metabolism, and the immune system, is also
a drawback of the in vitro models and makes in vitro cultures more sensitive and vulnerable

than in vivo / ex vivo models.

In conclusion, it can be stated that there is no perfect model to study the cutaneous
responses to exogenous challenges such as CS and that new insights concerning the toxicity
pathways induced by CS must be obtained using different experimental approaches from 2D

cell culture to 3D skin models.
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3. The Skin exposome

Major skin environmental stressors

The term “exposome” was first described by American cancer epidemiologist Christopher
Wild and is defined as “the totality of exposures to which an individual is subjected from
conception to death, including both external and internal factors as well as the human body’s
response to these factors”.>! The skin external exposome is characterized by all environmental

physical, chemical, and mechanical stressors to which the cutaneous barrier is exposed.

Viruses, bacteria, fungi, or parasites can also enter the skin via an insect bite resulting in
injurious skin infections.* In contrast, the skin houses a vital ecosystem of microbes constantly
interacting, referred to as the skin microbiota, which is fundamental to maintain skin
homeostasis.*®> Physical stressors include ionizing and non-ionizing radiations. While some
sources of radiation might be anthropogenic such as nuclear irradiation, infra-red (IR), and
electromagnetic, some are naturally present in the environment, for instance, natural radiation
from cosmic and solar rays.>* Strong variations in temperature and humidity may seriously

affect the equilibrium state of the skin.>>-

Among all stressors, UV rays coming from solar radiation are known to be the most
detrimental to human skin.’” The UV rays can be divided into three categories based on their
range of wavelength in decreasing order of energy: UVC (100-280 nm), UVB (280-320 nm),
and UVA (320-400 nm). All the UVC and a major part of the UVB are being absorbed by the
ozone layer in the stratosphere, therefore the UVA represents the most predominant range
reaching Earth with a varying intensity according to the daytime, season, geographic latitude,
altitude as well as atmospheric aerosols.*®3? The few UVB rays penetrating the stratosphere
are called the “burning rays” due to their higher intensity, hence toxic effect on skin cells.
Being less intense than UVB, UV A has been qualified as “aging rays” due to its involvement
in premature skin aging.*>*! Indeed, they can reach and induce “photoaging” through alteration
of the dermis layer while UVB essentially alters the epidermis.*> UVA are a source of reactive
oxygen species (ROS) interacting directly with the skin cell components, thus indirectly induce
DNA damages.*** Exposure to UV increases the risk of developing many skin disorders and
skin cancers such as melanoma.’”#’*8 Besides UV exposure, air pollution comes as the second
most damaging skin aggressor.*’ Environmental scientists found air pollution can act as a

protective shield from UV radiation penetration into the stratosphere.’®*! Anthropogenic
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emissions increase the concentration of atmospheric aerosols which can scatter and absorb a
part of the solar rays, hence attenuate the UV direct incidence.’>> Although this contribution
can appear beneficial, many deleterious components are generated through UV radiation
interaction with atmospheric pollutants. Primary pollutants such as PAHs can absorb photons
in the UVA and visible range, subsequently generate ROS via photo-oxidation and result in
cell damages.’*> Soeur et al. have demonstrated a synergistic effect in 2D and 3D skin models

when combining a systemic exposure to PAHs and direct exposure to UVA.®

There are four pathways of skin penetration, including mechanical delivery, an intracellular
route, a transcellular route, and a transfollicular route.’”® It has been suggested that toxins
present on PM, such as PAHs, can enter systemic circulation through hair follicles or

transepidermal absorption.>%>-60

Air pollution

Air pollution kills an estimated seven million people worldwide every year; 9 out of 10
people breathe air containing high levels of pollutants.’! The adverse health effects of exposure
to air pollutants have been subjected to intense research in the last few decades.®>%* Beyond
the strong correlation to cardiovascular and respiratory diseases, exposure to air pollutants is
also involved in the development/exacerbation of numerous skin disorders.®*%* Air pollution
consists of chemical, physical, or biological agents that can cause harmful effects on humans,
animals, and plants.®> Air pollutants originate from indoor and outdoor sources in developing
and developed countries, making air pollution a worldwide concern.®® The Environmental
Protection Agency (EPA) has defined national ambient air quality standards for six common
air pollutants or “criteria air pollutants,” which include ground-level ozone (O3), particulate
matter (PM), carbon monoxide (CO), sulfur dioxide (SO:) and nitrogen dioxide (NO).%’
Interaction between air pollutants and sunlight can result in the formation of pro-oxidants,
including 03.%>* The major source of anthropogenic emissions of oxide gases and PM is the
combustion of fossil fuels from stationary sources and motor vehicles.®% PM is a mixture of
liquid, solid, or liquid and solid particles suspended in the air that is composed of organic, such
as PAHs, and inorganic components, including transition metals. Based on diameter, PM can
be divided into three categories: PM10 (less than 10 pum), PM2.5 (less than 2.5 pm), and UFPs

(less than 100 nm).”%”! Environmental tobacco smoke (ETS) is a complex mixture of thousands

14



of chemicals coming from the burning of a cigarette and smoke exhaled from smokers;

therefore, it represents a major contaminant of indoor air.”?

4. Skin defense mechanisms against air pollution

Skin redox response in inflammation

Being the primary interface between our body and the external environment, the skin's
most critical role is to provide a strong physiological barrier. Pollutant exposure results in the
induction of an oxidative stress/inflammatory status in cutaneous tissues, which is exacerbated
when pollutants act synergistically.”>’> However, the mechanism of action of single pollutants
varies. For instance, O3 does not penetrate the skin; it instantaneously interacts with lipids in
the upper layers of the epithelium, generating a cascade of ozonation products that drive the
production of ROS and aldehydes, such as 4-hydroxy-2-nonenal (4-HNE).”*% Other
pollutants, such as PM and CS, also alter skin redox homeostasis by inducing lipid
peroxidation, albeit in different manners. For instance, particles have been suggested to
eventually penetrate the skin, triggering ROS production and lipid peroxidation, although this
idea is controversial.*'®* Transition metals in PM can undergo Fenton or Fenton-like
chemistry, resulting in the production of the hydroxyl radical®. Furthermore, PAHs can be
converted into redox-active quinones that stimulate ROS production in keratinocytes.®
Moreover, water-soluble PAHs of CS increase NAPDH oxidase activity within the skin,
inducing oxidative stress.’>%® Therefore, the effects of these various stressors all result in
increased ROS, which are key mediators of cellular signaling pathways, inducing activation of
redox-sensitive factors, such as proinflammatory nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«xB), activator protein-1 (AP-1), Nuclear factor (erythroid-derived 2)-like
2 (Nrf2), and heat shock proteins (HSPs). Moreover, 4-HNE, a product of lipid peroxidation,
can interact with DNA and proteins, forming adducts which damage DNA and alter protein

conformations.37-8897.98.89-96

In the skin, pollutant exposure results in inflammation, cellular apoptosis, and DNA and
mitochondrial damage.®'~® Increased oxidative stress in the skin also stimulates activation of
matrix metalloproteinases (MMPs), which breakdown collagen and elastin, contributing to skin

aging.”® Indeed, the involvement of pollutant exposure in skin aging is believed to be due to

15



pollutant-induced activation of the aryl hydrocarbon receptor (AhR), promoting skin
inflammaging.'%-1% Thus, it is no surprise that both inflammation and oxidative stress are

108-110

displayed in several skin conditions , and cross-talk between these two conditions results

in skin inflammaging,'07-114

Skin as an immune sensor

The skin is not only a physical barrier against exogenous substances, it also acts as an
immune sensor upon pathogen agent exposure. The skin can trigger innate and adaptive
immune responses. Keratinocytes are the first line of defense; hence they can create immune
signaling in response to external threats. These signals include the secretion of cytokines,
chemokines, and antimicrobial peptides, which subsequently initiate a local inflammation in
the skin. As they cover most of the epidermal surface, skin keratinocytes express a wide variety
of danger sensors, including Toll-like receptors (TLR) and NOD-like receptors (NLR).
Inflammasomes are cytosolic multiprotein oligomer complexes of the innate immune system
that become activated as a consequence of exposure to harmful stimuli (infectious pathogens,

irritants, dead cells) and modulate immune responses in various tissues.!!>!16

The most well-characterized inflammasomes belong to the Nod-like receptor (NLR) and
Aim2-like receptors (ALR) families, such as NLRP1, NLRP3, NLRC4, and AIM2, which are
mainly present in immune cells, although they are also found in keratinocytes.!'’"'" These
receptors all display a similar mechanism of activation and are induced by a variety of stimuli
including Lipopolysaccharide (LPS), Adenosine triphosphate (ATP), cytosolic DNA, ROS,

pathogens, etc.!*

NLRPI has been reported to be strongly expressed in keratinocytes and represents a crucial
skin immune sensor.!?!"123 Genetic mutations in NLRP1 were associated with hyperplasia and
skin autoimmune disease like vitiligo accompanied with high levels of IL-1b, IL-18 detected

in the serum of patients, 21124123

Several studies have also demonstrated that pollutants can induce inflammasome
activation. For instance, several cardio-pulmonary diseases are associated with NLRP3
inflammasome modulation by PM, CS, and Q5.!26:127:136.128-135 However, although skin is
constantly exposed to environmental stressors, very few studies have demonstrated whether

pollutant exposure triggers inflammasome activation in the skin. Thus, only the role of
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ultraviolet (UV) light has been appreciated; activation of NLRP1, NLRP3, AIM2, and NLRC4
inflammasomes can be induced by UVB exposure in human keratinocytes.'*’14! A recent study
also demonstrated that the NLRP1 inflammasome can be activated by O3 exposure in different
human skin models via redox regulation.'*?> Thus, environmental stressors may promote the
development/exacerbation of skin conditions by inducing inflammasome activation and
opening a new area of research in preventing stressor-induced skin damage and inflammation.

Figure A-I-2 summarizes all the inflammasome that are activated by specific pollutants.
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Figure A-I-2. Scheme of the known inflammasome expressed in the skin that is induced by

certain pollutants and linked to skin disorders.

5. Air pollution-related skin disorders
Exposure of skin to air pollutants alters the functions of epidermal proteins and damages
lipids and DNA, leading to a range of skin disorders.'* The most prevalent skin disease

associated with failure of the skin barrier is atopic dermatitis (AD); defects in barrier function
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can lead to increased vulnerability to air pollutants.!** A large range of environmental stressors
are involved in the development or aggravation of AD, such as ETS, volatile organic
compounds (VOCs), nitrogen dioxide, and PM.!*1%° There is clear evidence that individuals
living in urban areas with higher exposure to vehicle exhaust are more likely to develop AD.!>*
153 Furthermore, childhood exposure to ETS is a major risk factor for AD."** Also, O3 exposure

has been correlated with urticaria, AD, and contact dermatitis.'>>

Skin exposure to environmental stressors is also associated with the
development/exacerbation of psoriasis, aging, cancer, and acne. For instance, tobacco smoke
is an independent risk factor for psoriasis development.!>*!3” PM is one of the main pollutants
that contribute to extrinsic skin aging, based on cohort studies using the SCINEXA aging
score.!’® Characteristics of aging, such as wrinkles and pigmented spots, are more frequently
observed in subjects living in urban areas.!>® Premature skin aging is also observed in smokers,

independently of age, sex, and sun exposure, which is known as “smoker’s face”.!6%:16!

Additionally, PM contains PAHs, which are involved in the development of skin cancer.”%!9>-

164 Other studies have demonstrated a link between acne vulgaris and air pollution,'6>:16¢
Exposure to PAHs can lead to acneiform eruptions and chloracne.'®” Some studies have also
shown a correlation between acne severity and the number of smoked cigarettes.!®®1%° In
addition, CS has been associated with androgenetic alopecia (AGA).!" In conclusion, exposure
to environmental stressors contributes to the development/exacerbation of inflammatory skin

diseases and premature aging.

Some individuals may present a compromised skin barrier, due to intrinsic factors,
including aging'®® or genetic predispositions, or due to extrinsic factors, such as repeated
exposure to external insults, leading to chronic diseases.!”'"!”® Impaired barrier function results
in an increased risk of absorption and penetration of air pollutants. Therefore, individuals with

altered barrier function are particularly sensitive to pollution-induced skin disorders.!”’
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II. Impact of CS on skin

1. Mimicking CS exposure in vitro to assess cutaneous toxicity
Among the main sources of environmental pollutants, CS is of important concern for its
deleterious effects on health, being considered as the world’s leading preventable cause of
death.!”® 13! Despite policy-based interventions such as tax increases on tobacco, health care
prevention campaigns, enforcing bans on advertising, cigarette consumption is still increasing
in many countries and the epidemic is shifting towards the developing world.'$>!83 As a
presented alternative to the traditional cigarette, recently developed vaporizers have helped to
remove the risks coming from combustion derived components. However, they have not been
reported as harmless since their liquid composition includes a large variety of chemicals
directly in contact with epithelial barriers and for which long term effects are currently under

investigation, 13418

The Chemistry behind CS

The CS aerosol is produced by incomplete combustion when burning a cigarette and can
be divided into two phases: a particulate and a gas phase (see Figure A-II-1). The particulate
phase is the minor fraction and constitutes 4-9% of the total smoke by weight whereas the gas
phase is the major fraction with 91-96%.'3” The most harmful CS components are products of
combustion contained in the gas phase, hence the importance of performing any assessment
using both the particulate and gas-phase to better simulate real-life exposure. In addition,
combining both CS phases takes into consideration the potential interactions that could occur
between components from the gas and particulate phase. Gas-phase chemicals include small
and reactive aldehydes (formaldehyde, acrolein), reactive oxygen species (H202, O2, OH"),
reactive nitrogen species (RNS), and hydrogen cyanide whereas the particulate phase includes

PAHs and tobacco-specific nitrosamines (TSNASs).

CS is associated with pulmonary and cardiovascular diseases. Many shreds of evidence

have also shown detrimental effects of CS on the skin.'78181.188

More specifically, the
oxidative compounds derived from incomplete combustion of the cigarette can affect the
cutaneous tissue.'® Inhaled sidestream CS is approximately four times more toxic per gram of

total PM than mainstream CS.'°
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Cigarette smoking has been linked to various dermatological conditions and pathologies:
poor wound healing, squamous cell carcinoma, melanoma, acne, psoriasis, eczema, and hair
loss.'”! Moreover, an epidemiologic study has shown that CS is one of the numerous factors
contributing to premature skin aging, independent of age, sex, pigmentation, sun exposure
history, alcohol consumption, and other factors.!”> A study on twin pairs has demonstrated the
obvious relationship between cigarette smoking and premature skin aging®®® and a British
doctor, Douglas Model, defined the term “smoker’s face” in 1985 to describe the wrinkling
and premature aging associated with smoking.!°*!%* Besides affecting cellular redox
homeostasis, CS components can provoke inflammatory skin responses. Numerous chemicals,
especially PAHs, can penetrate the epidermal barrier and enter the systemic circulation through
the capillaries in the dermis causing systemic effects.’® Indeed, many skin disorders are related
to a chronic inflammation response, for instance in both atopic dermatitis and psoriasis, where
the immune activation by the release of cytokines influences keratinocyte proliferation and

differentiation.'®’

The use of an appropriate CS exposure system has become fundamental to study and

identify the CS-induced cutaneous toxicity pathways as realistic as possible.

Particulate Phase Gas Phase
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Figure A-II-1. Main characterized particulate and gas-phase components originating from

CS.183

CS exposure from life to bench

In the field of CS toxicity testing, many studies have developed relevant and appropriate CS
exposure methods trying to mimic real-life conditions (see Figure A-I1-2). However, the lack
of important information such as types of cigarette, exposure time, smoking machine

characteristics, etc. makes it difficult to compare among different studies.

Cigarette type

Whereas some researchers have used commercial cigarettes for their studies, the typical
cigarettes used for experimental purposes are “reference 3R4F cigarettes” which have a
standardized composition.'**"!® The cutaneous toxicity of those cigarettes is usually evaluated
by exposing a skin model to the smoke of a cigarette either extracted into a culture medium or

delivered into an exposure chamber.

Cigarette smoke extract (CSE)

CSE is collected via a trapping system and is then usually dissolved in a cell culture medium
or buffer. Typically, CSE is prepared at a concentration of 1 cigarette/25mL in a serum-free
cell culture medium.'”-2°! The resulting solution which is always at saturation is defined as
the highest concentration (100% CSE) and is then diluted to various concentrations. CSE is
used after adjusting the dispersion to pH 7.4 using sodium bicarbonate and filtering through a
0.22 pm filter.2°!292 Depending on the solvent used, CSE composition can vary. It can be either
aqueous using PBS or organic using hexane.?*® The generation of CSE in aqueous solutions is
mainly performed for the larger number of CS water-soluble components from both the
particulate and gas phase, representing approximately 90 weight % of CS. An organic solvent
is mainly used to collect a large amount of PAHs which are slightly soluble in water.?** In the
case of internal organs exposure, it is more relevant to use CSE since CS likely interacts and
solubilizes into biological fluids during inhalation to further interact with the cells from the

trachea and bronchial tubes. CSE is more relevant for lung exposure studies as it can mimic
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the interaction of components inhaled by smokers The main weakness of CSE relies on its
composition as it mainly contains the particulate phase and excludes the volatile compounds
such as aldehydes (acrolein and acetaldehyde) that are major contributors of CS-induced
toxicity.2®> Also, CSE solution should be prepared immediately before being applied to avoid
any aging effect of the extract. Fresh CSE is very different from aged CSE due to the presence
of short-lived reactive species that are no longer present in old CSE.2%2% The CS extract has
been used to study the effects of CS on skin pathology in vivo and in vitro. For instance, in
fibroblasts, approximately 20% of the cells survived in 100% CSE, and at 10% CSE,
approximately 80% of the cells survived.!” Chronic effects of CS on the skin can be simulated
by dosing CSE concentrations, for instance using a low concentration for 20 days to minimize

toxicity.?%

Cigarette smoke chamber (CSC)

CS can be simply generated using small devices such as a vacuum pump or an electrical
fan. However, to achieve better repeatability and reproducibility in terms of smoke composition
and volume, it is recommended to use specific smoking machines that generate smoke at a
standardized rate. Those smoking machines are often connected to an exposure chamber where
small fans provide a homogeneous distribution of the smoke over the skin models under
investigation. Several smoking machines with different settings and designs are commercially

available 210213

The use of smoking machines allows exposing the model of interest to the so-called ETS
which includes on the one hand both the mainstream and second-hand smoke, and on the other
hand both the particulate and gas phase. Furthermore, it is possible to filter the particulate phase
at the opening of the exposure chamber to expose the skin models to the gas phase only. By
providing a better quantification of the exposure dose (time, airflow, ratio aerosol/air, puff
number, the yield of delivered smoke), these smoking systems will be particularly useful for

cross-platform comparisons.

To conclude, these well-developed exposure chamber systems address the need for a
standardized and reproducible method for skin exposure to CS. Tables A-II-1 and A-II-2

summarize the skin models used over time to assess the adverse effects of CS exposure on the
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skin using the two main routes of exposure set up in laboratories: CSE (Table A-II-1) and CSC

(Table A-II-2).
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Figure A-II-2. Overview of predominant CS routes of exposure: CSE and CSC.

E-cigarettes

Electronic cigarettes have become extremely popular in a short period, being presented as
a safe alternative to cigarettes. While the toxins from CS are caused primarily by burning the
tar, e-cigarettes generally contain cartridges filled with nicotine and other chemicals turning
into a vapor or steam that is inhaled by the smoker. Although more research needs to be done
to truly determine the effect of e-cigarettes on individual health, there seems to be some
evidence that points to its harmful effects on health.'®%*!* A recent case in the U.S has
accounted for the fifth patient who died of lung dysfunction after significant e-cigarette
consumption.?'> In fact, e-cigarettes contain harmful substances as well, including propylene
glycol, glycerol, a variety of flavoring substances, and a similar dose of nicotine to cigarettes
known to delay wound healing and accelerate skin aging.'3*?!¢ A review of studies found that
levels of toxins and metals in e-cigarette aerosol varied considerably within and between
brands.?!” In addition, previous work has demonstrated that the flavoring substances from e-

cigarettes were the most toxic in embryonal and adult cells and epithelial cells such as HaCaT
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cells.?'8220 Studies have also shown that the only mechanical action of puckering your lips

causes deep lines and wrinkles around the mouth.??!

Despite several studies introducing electronic cigarettes as a safer alternative to cigarettes
because of their lack of tobacco, tar, and combustion, they have still not proven to be safe and
have not been approved by Food and Drug Administration (FDA) as a cessation aid.?*>??* Since

vaporizers are a new technology, the long-term effects are still unknown.

Skin models used to assess CS-induced toxicity

To assess CS toxicity, toxicologists have relied mainly on animal testing. Nonetheless, besides

having a limited predictive capacity for human toxicity, they generate ethical issues.

Data from in vivo human studies have been limited by the small number of subjects, however,
ex-vivo approaches have gained importance and allowed researchers to compare the biopsies
of smokers and non-smokers. As already mentioned previously, biopsies cannot be easily
accessible to all researchers, therefore the design of in vitro skin models appears justified.
Therefore, creating human exposure data became now a requirement in the process of risk and
hazard assessment. Several efforts were made to develop alternative test methods based on in
vitro technologies or in silico models.?** As a starting point, in vitro studies certainly help to
identify possible mechanical pathways involved in the CS-induced toxicity or CS-induced
human disease. Nonetheless, cell studies might have the risk to overestimate the real impact of
CS due to the lack of physiological barriers that render them more vulnerable or the harsh CS
exposure conditions used experimentally. Furthermore, to assess the effect of CS, numerous
in vitro studies on cells use CSE or individual CS components like Acrolein, whereas human
skin cells are exposed to the whole CS. The dynamics and interactions between the different
CS components might lead to a more complex biological response than those observed from
single component exposure. Despite their constraints, in vitro studies provide valuable insight
and knowledge in the investigation of the impact of CS on the skin. However, a correlation
between the in vitro and in vivo human studies in smokers must exist to be clinically approved
to further proceed in the treatment of CS-induced diseases. In conclusion, each given skin
model has limitations and strengths. However if cautiously interpreted and correlated, every

data may offer useful information towards understanding and progress.
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Table A-II-1. Types of skin models exposed to CSE to investigate the cutaneous toxicity
induced by CS.

Model type | Model description References

In vitro Human keratinocyte cell line (HaCaT) 225,226

(2D cell Murine Kkeratinocyte cell line (PAM212) 227

model) Normal human epidermal keratinocytes (NHEK) 209
Normal human dermal fibroblasts (NHDF) 199,203,228,229
Normal human gingival fibroblasts (NHGF) 205
Normal human epidermal melanocytes (NHEM) 230

In vitro Reconstituted human epidermis model derived from 231

@D cell primary keratinocytes (StratiCELL RHE/001 model)

model)

In vivo Mice (SENCAR) 232
Chicken 233

EXx vivo Rat 234
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Table A-II-2. Types of skin models exposed to CSC to investigate the cutaneous toxicity
induced by CS.

Model type | Model description References
In vitro Human keratinocyte cell line (HaCaT) 220,235-238
(2D cell Normal human dermal fibroblasts (NHDF) 239

model) 240

Coculture of HaCaT cell line and human fibroblast cell
line (HFF-1)

Coculture of HaCaT cell line and human sebocytes cell | 2%

line (SZ95)

In vitro Reconstituted human epidermis (RHE) model derived | %

(3D cell from primary keratinocytes (SkinEthic™ model)

model) 241

Reconstituted human epidermis (RHE) model derived
from primary keratinocytes (EpiDerm™ model)

Full-thickness (FT) skin model derived from NIKS 242
cells seeded onto dermal equivalents comprised of

normal human dermal fibroblasts embedded in type |
collagen (StrataTest® model)

In vivo Mice (C57BL/6) 243,244
Mice (SKHI) 245

Rats 246

Ex vivo Human full-thickness skin 239

2. Reported effects of CS in skin

CS induces an inflammatory response in the skin

CS exposure is known to increase pro-inflammatory mediators and oxidative stress
markers in many organs such as the lung, cardiovascular, intestine, and skin. Skin is one of the
most direct targets of CS exposure and many studies have shown the ability of CS to affect
skin homeostasis. Oxidants contained in CS induce adverse effects on the cutaneous tissue

through oxidative modifications of key biological structures as well as inflammatory responses.

Inflammation is a tissue response to damage that involves a sequence of activated cells

able to secrete inflammatory mediators like cytokines and chemokines.?*” Overproduction of
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pro-inflammatory cytokines such as interleukins IL-1a, IL-6, and IL-18 have been widely used
as inflammatory biomarkers for assessing the adverse effects of CS in skin

models. 196,220,240,245,248

IL-1a is one of the key cytokines playing a pivotal role in the development of an acute and
chronic response by initiating a cascade of signaling molecules that subsequently induces the
gene expression and production of secondary mediators.>**?® Among the primary cytokines,
IL-1a is predominantly produced by skin keratinocytes and its overexpression is associated
with the progression and exacerbation of various inflammatory skin diseases such as psoriasis,
atopic dermatitis, and skin cancer.?>!**? Since IL-1a production in keratinocytes is increased
upon exposure to environmental aggressors such as UV-B irradiation, it represents a valuable
marker to investigate the molecular mechanisms involved in the CS-induced cutaneous
inflammatory response and its potential link with the progression of inflammatory skin
disease.?**>3 Nowadays, in vitro extracellular IL-1a release from RHEs is one of the common
markers used to assess the potency of irritation of skin sensitizers. It represents a useful

endpoint to predict in vivo skin sensitization data.>>* 2>

Tumor necrosis factor-a (TNF-a) is another cell-signaling cytokine often found in studies
investigating the noxious effects of CS. TNF-a is involved in disease pathologies such as
psoriasis, contact dermatitis, drug eruptions, and cutaneous T-cell lymphoma.>’ > TNF-a
regulates gene expression in response to environmental damage and induces inflammation both
locally and systemically. A low level of TNF-a is present in the upper layer of the healthy
epidermis, but its synthesis and release from keratinocytes are significantly increased after

216235 and mice

exposure to CS as shown in several studies performed with HaCaT cell lines
skin tissues.?01-220260.261 Thys, low levels of TNF-a are essential to perform key homeostatic
functions but an overproduction of TNF-a and other pro-inflammatory markers weakens the
host defense against pollution and contributes to the development of inflammatory skin

diseases.

IL-8 represents one of the major cytokines involved in an inflammatory response. This
chemokine mediates the recruitment and activation of neutrophils via signaling mechanisms
and extracellular adhesion molecules.?®* The pathogenetic role of IL-8 has been suggested in
inflammation-related skin diseases such as psoriasis, palmoplantar pustulosis, and acne where
Propionibacterium acnes induces its production in various cell types including primary

keratinocytes.’®*2%¢ The secretion of IL-8 is stimulated when the skin is exposed to
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environmental stressors such as CS as shown by several studies on primary keratinocytes and

reconstructed human epidermis.'*®*” Table A-II-3 gives an overview of the inflammatory

biomarkers used to assess the cutaneous responses to CS exposure in vitro and in vivo.

Table A-II-3: Review of inflammatory biomarkers reported in studies assessing the cutaneous

toxicity induced by CS.
Model type Cell type | Exposure | Biomarkers Main observations Reference
condition (Year)
In vitro HaCaT CSE EGR-1, MAPKs, | Increase of EGR-1 protein 201(2010)
@D cell TNF-a, p- and TNF-a in a dose-
ERK1/2, p38 dependent manner
model) K
1nase, Increase of p-ERK 12, p-
p-INK1/2 INK12, and p38 kinase in a
time-dependent manner
CSC NF-kB- A drastic increase in Acrolein | 2%¢ (2010)
aldehydes (ACR)
?dduc‘? Increase of 4-HNE-p65 and
ormation ACR-p65 adducts
Various Increased release of IL-1a, 220(2014)
cytokines IL-6, IL-10, G-CSF, IFN-c,
RANTES, TNF-q0, and VEGF
IL-10, IL-8 Increased release of IL-1a 2402017)
and IL-8
PAM212 | CSE NF-«xB, TSLP, Suppression of NF-xB 227(2016)
activation through the o7
p-IKp-a, IK-o, |\ ChR-PI3K-AMPK
p-AMPK, p- signaling pathway.
ERK1/2 Decreased release of TSLP
NHDF CSE TBR-IL, p- Decreased expression of TBR- | 222 (2010)
ERK1/2, I mRNA
EGR-1 Increase of p-ERK 12 in a
time-dependent manner
Increase of EGR-1 in time-
and dose-dependent manners
EGR-1 Increase of EGR-1 in a time- | %7 (2011)
dependent manner
NHEM CSE AhR, MITF, Increased activation of AhR | 2% (2013)
B-catenin
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Increased expression of MITF
and B-catenin in a dose-
dependent manner

In vitro RHE CSC IL-1a, IL-8, IL- | Increased release of IL-1a, 196 (2016)
@D cell 18 IL-8, and IL-18
model)
In vivo SKHI CScC IL-6 and IL-8 Increase of IL-6 and IL-8, p- | 2% (2012)
mice p-ERK1/2, ElzKl6/§,SE22phox, p47phox,
p22phox, andp ¢
p47phox,
p66Shc
C57BL/6 | CSC MPO Increased activity of MPO 261(2016)
TNF-a, IL-1, Increased release of TNF-q.,
IL-6, IL-1B, IL-6 Increased
NF-kB p65 expression of NF-«xB p65
. subunit
subunit

CS alters skin redox homeostasis

Skin redox balance is an equilibrium between the generation and the scavenging of ROS.
ROS can derive from exogenous sources such as CS as well as from endogenous sources such
as NADPH oxidase, xanthine oxidase, and myeloperoxidase (MPO). Failure to maintain the
physiological redox steady state is defined as oxidative stress and has been linked to premature

skin aging, chronic inflammation, and skin diseases.*¢-26%:2%

As demonstrated in many studies, upon exposure to CS oxidant species an increase of
intracellular ROS and protein carbonyls levels has been observed in cutaneous tissues, in vitro,
and in vivo,!97:202241.242.245 Thjs Jeads to the generation of reactive electrophilic molecules, such
as reactive aldehydes (e.g. 4-HNE and malondialdehyde (MDA) that can induce irreversible
damage, as displayed in Figure A-I1-3,196:200.234.245.261.270.271 C§ has been shown to promote 4-
HNE production in many cell types by increasing ROS levels in many cell types.?’”> Previous
studies have demonstrated that skin exposure to CS and PM induces the production of 4-HNE

in several 2D and 3D commercialized skin models.?’>27>

Due to the close interaction between lipids and proteins in tissues, these lipid peroxidation
products can cause protein-adduct formation and crosslinking, progressively leading to

impaired protein function and ultimately to cell dysfunction, inflammatory response, and
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apoptosis.?’® An increase in lipid peroxidation correlates as well with a diminution of the skin

antioxidant capacity as both antioxidant compounds (e.g. vitamin C, vitamin E, uric acid, and

glutathione aka GSH) and enzymes, e.g. superoxide dismutase (SOD), glutathione peroxidase

(GPX), and catalase (CAT) are depleted or inactivated after exposure to environmental

stressors such as CS.!9729229 Cytoprotective enzyme heme oxygenase (HO-1), which plays an

important role in cellular protection and oxidative stress reduction, is rapidly upregulated in

response to CS in skin and lung models.?*>?’” Table A-I1-4 lists all the predominant biomarkers

of oxidative stress studied to assess CS toxicity in vitro and in vivo.

Table A-II-4: Review of oxidative stress biomarkers reported in studies assessing the
cutaneous toxicity induced by CS

Model type Cell type | Exposure | Biomarkers Main observations Reference
condition (Year)
In vitro HaCaT CSC GSH, ROS, Increase of protein carbonyls | 7 (2014)
@D cell prott)eln 1 in a dose-dependent manner
model) carbonyls Increased levels of GSH and
ROS
HaCaT + | CSC 4-HNE Increased levels of 4- 200(2017)
SZ95 HNE/SRB1 adducts
NHDF CSE GPX, SOD, Decrease of GPX and SOD 202(2013)
ROS activity
Increased levels of ROS
NHEK CSE SOD Decrease of SOD activity 209(2016)
In vitro RHE Csc 4-HNE Increased levels of 4-HNE 196 (2016)
(3D cell Protein Increased levels of protein 241(2017)
model) carbonyls carbonyls
FT CSC ROS Increased levels of 242(2010)
intracellular ROS
In vivo SKHI CSC 4-HNE, HO-1 Increased levels of 4-HNE, 245(2012)
mice Protei HO-1, and protein carbonyls,
rotein i rtantly in youn
carbonyls more tmpo y myoung

(vs. old) mice
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Figure A-II-3. CS components inducing a free radical cascade reaction with the cell lipids
leading to excessive oxidative stress that may lead to deleterious lipid peroxidation and protein

carbonylation.

Cross talk inflammation and oxidative stress in skin

Exogenous factors like CS can affect cutaneous homeostasis by inducing a pro-
inflammatory status and modifying tissue redox homeostasis.?*®*’® Failure to control oxidative
stress can stimulate the skin to possibly develop inflammatory-related skin conditions.?*” CS
exposure activates a series of transcription factors, such as AhR, NF-kB, and AP-1 that, in turn,
can induce a combination of inflammatory mediators and contribute to immune dysfunction

and an altered cytokine profile.

The AhR is a cytosolic ligand-activated transcription factor found in various types of skin
cells and widely expressed in the skin response to external environmental signals.?” 28! It plays
a crucial role in skin detoxification and inflammation regulation but is also involved in
epidermal differentiation and attachment. 282283 After exposure to CS, an inflammatory cascade
of cytokines and chemokines has been observed following AhR activation in vitro and in
vivo.??>261 Xenobiotic molecules such as PAHs, contained in CS, transdermally permeate the
skin and form a complex with AhR.?® Activation of AhR results in its translocation from the
cytosol to the nucleus, where it forms a heterodimer with the AhR nuclear translocator (ARNT)

and binds to specific DNA consensus sites known as xenobiotic response element (XRE). DNA
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binding of AhR in keratinocytes induces the generation of cytochrome P450 1A1 (CYP1A1)
and ROS, the production of 8-hydroxydeoxyguanosine (8-OHdG), a well-known DNA damage

marker, and inflammatory cytokines.?®’

NF-«B redox-sensitive transcription factor has been reported to be the common pathway
for the conversion of environmental insults into inflammation in the skin. Perturbations in its
activity such as overactivation or inhibition are linked to the development of skin defects,
inflammatory skin disease, and skin cancer.?®2% NF-kB acts in immune and non-immune cells
to control the maintenance of tissue immune homeostasis which is maintained by an extensive
cross-talk between epidermal keratinocytes and immune cells.?® NF-kB inhibition disturbs the
response of the epidermis to environmental challenges and compromises the communication
between the epidermis and the dermis, triggering an inflammatory response that resembles a
wound-healing reaction®**?! Exposure to CS have been shown to induce NF-kB activation in

keratinocytes via the activation of endogenous sources of ROS.>®

It has been demonstrated that the activation of the NADPH oxidases (NOX) is involved in
both migration and proliferation in extensive cell types such as epithelial cells, fibroblasts, and
vascular endothelial cells, therefore, playing a critical role in skin physiology.?* NOX also
contributes to the pathogenesis associated with impaired immune responses due to
environmental factors.?”> Once activated by an exogenous stimulus, cytoplasmic NOX
components, p67 phox, and p47 phox, translocate to the membrane to form the NOX complex

(NOX2) and induce H2Ox production via the generation of superoxide (02-).2%

Also, ERK1/2 activity in keratinocytes takes part in a homeostatic mechanism regulating

inflammatory responses®” and its phosphorylation is stimulated by CS in fibroblasts,>*

216, 201,229,245,294

keratinocytes” > and mice skin.

In the imbalanced state of oxidative stress, specific transcription factors (i.e. AP-1 and
Nrf2) are known to be activated.?*> >’ The AP-1 transcription factor, mainly composed of Jun
and Fos protein dimers, is a key regulator of epidermal keratinocyte survival and differentiation
and an important driver of cancer development.””® The Nrf2 transcription factor plays an
essential role in maintaining skin redox balance by regulating numerous genes involved in the
defense against environmental stressors. Nrf2 activation promotes repair of a deficient
epidermis and its activation has detrimental effects on the skin, therefore its dysfunction can
be associated with various human skin diseases.””® Although mostly demonstrated on lung

models, both AP-1 and Nrf2 transcription factors are stimulated after CS exposure.?*>% It has
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been demonstrated that CS exposure alters the Nrf2 pathway in a variety of cells and
tissues.?’7391-306 CS-dependent Nrf2 activation is assumed to be based on the interaction of
electrophilic molecules with the cysteine residues of Keapl.>"” Figure A-II-4 presents a

summary of the mechanisms involved in the CS-induced toxicity.
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Figure A-II-5. CS induces lipid peroxidation and alters Nrf2 and Nfkb signaling pathways in

cells resulting in a cell antioxidant and inflammation response.

Although CS has been shown to alter inflammasome in other tissues, its impact still needs
to be investigated in the skin.>®!! We assume that CS could be also be involved in the
inflammasome activation in the skin via a ROS-production-dependent mechanism similar to

other air pollutants. '4?

3. CS in the pathogenesis of inflammatory skin diseases

As seen in the previous sections, CS exposure imbalances skin homeostasis through the
generation of oxidative damage and inflammatory responses leading to the pathogenesis of
several skin disorders. Although the exact mechanism is not identified because of a large

variety of toxins in cigarettes, CS exposure stands as a potential environmental risk factor for
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the development or exacerbation of inflammatory skin pathologies. Figure A-II-5 illustrates
the general mechanism of CS as a risk factor for the development or aggravation of

inflammatory skin conditions such as psoriasis and atopic dermatitis.

Psoriasis

Psoriasis is a multifactorial inflammatory skin disease affecting 3% of the population.3!?
The most common form is chronic plaque psoriasis, accounting for 90% of cases and presenting
with monomorphic lesions that are erythematous and scaly. In the pathogenesis of psoriasis,
there is an interplay between immune cells and keratinocytes.>!® Psoriasis skin pathology is
mainly associated with excessive secretion of inflammatory cytokines by T-cell populations,
infiltration of neutrophils and T cells as well as hyperactivation of the transcription factor
Signal Transducer and Activator of Transcription 3 (STAT3), which is associated with
hyperplasia.3!*3!> Cells of the innate immune system such as dendritic cells and macrophages
facilitate the differentiation of Th17 cells through the production of IL-23 and IL-6, leading to
a Th17-skewed adaptive immunity. Consequently, Th17 cells secrete IL-17A and IL-22 that
stimulate epidermal keratinocytes which in turn produce pro-inflammatory cytokines (e.g. IL-
1, IL-6, and TNF-0) and chemokines (e.g. IL-8 aka CXCLS, interferon-inducible protein 10
aka CXCL10, and macrophage inflammatory protein-3 alpha aka CCL20) that will further
interact with the innate immune system. This crosstalk results in an inflammatory loop or
"vicious circle" involving resident epidermal cells, as well as innate and adaptive immune

cells.31®

In respect to the abnormal epidermal barrier formation, the activation of keratinocytes
leads to an excessive and atypical epidermal differentiation and proliferation (hyperkeratosis
and parakeratosis), the neutrophil influx into the epidermal compartment, production of
antimicrobial peptides (AMPs) including LL-37, B-defensins, and psoriasin (SI00A7) as well
as a deficient synthesis of intercellular lipids in the extracellular space.’'”*'® In addition, in
psoriatic skin, the components of the stratum corneum (SC) are prematurely synthesized in the
stratum spinosum and the expression of the early differentiation markers such as involucrin
(INV) and corneodesmosin (CDSN) is upregulated, while the expression of the late
differentiation markers like loricrin (LOR) and filaggrin (FLG) is downregulated.’!® These
constituting proteins covalently linked together by transglutaminases and located on the inside
of the plasma membrane of terminally differentiated keratinocytes, called corneocytes, form
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the so-called cornified envelope and have an important protective role against trauma,
ultraviolet irradiation, and infections.!”> An altered formation of the cornified envelope, as in
the case of psoriatic lesions, significantly affects the barrier capacity to retain water leading to
the formation of scales or flakes arising from the shedding of SC fragments.*?*32! Keratinocytes
of psoriatic skin have an epidermal turnover of 6-8 days compared to approximately 45 days
in normal skin.*?? In psoriasis lesions, the SC is thicker and disorganized, the granular layer is
almost nonexistent and the hyper-proliferative basal layer appears as a finger-like projection

known as the dermal papillae.

Besides a genetic predisposition and its autoimmunity, psoriasis can also be exacerbated
or triggered by environmental factors such as traumatic injury to the skin, physical and
psychological stress, cold weather, excessive alcohol, and drug intake, nutrition, and
smoking.>*3-?¢ The altered physical barrier and weakened defense mechanism make psoriatic
skin more vulnerable to external aggressors such as CS. Ozden et al. evaluated risk factors
associated with the development of pediatric psoriasis and observed that maternal and
environmental tobacco smoke exposure may influence the development of pediatric
psoriasis.'*¢ Although mostly demonstrated in lung models, CS plays a role in the exacerbation
of psoriasis by enhancing the differentiation of Th17 cells, which play a predominant role in

pathogenesis and production of pro-inflammatory cytokines.?%!-*27-332

Atopic dermatitis (AD)

AD is an intensely pruritic, chronic, inflammatory skin disease affecting 10—20% of
children and 3—5% of adults, therefore representing a growing health concern. AD is clinically
characterized by intense pruritus and erythema and, in its chronic form, by thin scaling, focal
parakeratosis, and lichenification (i.e. thickening of the epidermis).>* Similarly to psoriasis,
the cause of AD is multifactorial, with genetic and environmental factors.!'#14333% Both
diseases share common pathogenetic processes involving an impaired immune response, a T-
cell mediated skin barrier function deficiency, and a similar STAT3 hyperactivation involved
in hyperplasia. However, AD epidermal disruption is not only driven by the secretion of IL-17,
IL-22, and interferon-gamma (IFNy) proteins, which are produced by Th17, Th22, and Thl
cells, respectively. It is also induced by the secretion of IL-4 and IL-13 following Th2
activation.!” These two cytokines can suppress FLG expression resulting in a reduced

keratinocyte terminal differentiation and epidermal barrier defect.>* Recently, loss-of-function
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mutations in the FLG gene have been identified in AD patients, therefore suggesting skin

barrier deficiency as a major cause of the disease.**¢3%% As

a consequence, the prevalence of
the null allele for the FLG gene has been correlated with a decreased levels of natural
moisturizing factor (NMF) molecules and a dry skin phenotype.®**34® AD is also characterized
by an overproduction of immunoglobulin E (IgE) by B-cells, allergies, and asthma-associated
features as well as a distinguishable overexpression of the thymic stromal lymphopoietin
(TSLP) receptor.>***? The role of TSLP was found to induce itch by acting directly on nerve
fibers.>** Itching and pruritus provoke in turn scratching and hence aggravate barrier disruption.
This vicious cycle is called the “itch-scratch cycle”.>** Chronic itching and subsequent
dysbiosis with predominant colonization by Staphylococcus aureus contribute to the
maintenance of AD.>* AD affect differently the populations according to their racial skin type;
for instance, the disease is more prevalent in Black and mixed-race individuals compared to
Whites.**¢ Furthermore, Asian AD demonstrates closer patterns to psoriasis than European-

American such as more epidermal acanthosis, neutrophil infiltration, and co-expression of IL-

17 and TFNy. 195347

An incomplete skin barrier repair after an injury might facilitate the penetration of
environmental antigens or stimuli and as a result, trigger an enhanced inflammatory process.
Exposure to CS has been associated with AD symptoms, acting as risk factors for its
development or aggravation.**® Indeed, AD was significantly associated with active and
passive smoking in Korean adolescents and children and adults, and even dogs according to

recent studies.>** 31 A

study involving 7030 children aged between 6 to 13 years demonstrated
a positive correlation between AD and maternal smoking during pregnancy and/or in the first
year after birth.>>> Prenatal exposure to CS is likely to be linked to the development of AD

through immune dysregulation.!#’
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Figure A-II-5. CS acts as a potential environmental trigger of oxidative stress and
inflammation in normal, psoriatic, and AD skin, negatively impacting the skin barrier function.
PMs: Particulate Matters; PAHs: Polycyclic Aromatic Hydrocarbons; ROS: Reactive Oxygen

Species.
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Other skin disorders

Vitiligo is a depigmenting disorder in which epidermal melanocytes are destroyed. While
the pathogenesis of vitiligo remains unclear, oxidative stress has been considered to be one
predominant factor in the initiation of the disease through melanocyte destruction caused by
ROS accumulation.®>*%* In vitiligo, melanocytes are particularly vulnerable to oxidative stress
due to the pro-oxidant state generated during melanin synthesis and to the genetic antioxidant

defects. This could suggest a potential role of CS exposure as a trigger of the disease.’>

Acne vulgaris, a chronic inflammatory disorder involving sebaceous glands, ducts, and
hair follicles, is caused by a combination of genetic, environmental, and hormonal factors.
Acne affects mostly children and adolescents and is clinically characterized by comedones,
papules, pustules, and cysts.**® CS is a potential environmental risk factor in the development
or exacerbation of acne vulgaris. Epidemiological studies on the German population by Schéfer
et al. showed that smoking was a clinically important contributory factor to acne prevalence
and severity.'® In addition, Capitanio et al. reported a positive correlation between cigarette
smoking habits and adult women with acne. Nicotine, an agonist of acetylcholine (ACh) is
suspected of inducing hyperkeratinization and comedogenesis via the stimulation of nicotinic

acetylcholine receptors (nAChRs) on epidermal keratinocytes.*>’

CS exposure impacts the closure of cutaneous wounds via upregulation of genes involved
in cell migration and downregulation of genes involved in inflammatory and immune
responses, as demonstrated in vivo in dorsum excisional wound assay.’**->® Nicotine was
shown to promote wound healing, to induce angiogenesis, and to increase cutaneous blood
flow by activating nAChRs.>*3%? Obviously, the risk of developing poor wound healing
properties is not only limited to smokers but also to the non-smokers exposed to secondhand

smoke.239’246

Finally, CS has been associated with increased incidence and production of basal and
squamous cell carcinomas. Due to its high content in PAHs, CS may cause DNA damage, DNA
repair system damage, as well as an upregulation of cell proliferation via AhR binding

activation, generation of ROS, and pro-inflammatory cytokines.>®

Figure A-II-6 highlights the deleterious effects of cigarette smoking on the skin when

comparing two individuals with the same genetic background, i.e. twins.
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Smoker Non-smoker

Figure A-II-6. Clinical observations between smoker and non-smoker twins. The so-called

“smoker's face” is characterized by signs of premature skin aging and pigmentation.'?*-3¢4
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B. RESULTS AND DISCUSSION

I. Mimicking CS exposure to assess cutaneous responses

1. Development and characterization of an in-house reconstructed skin model
Objective

As a first approach, the establishment and characterization of the 3D in vitro skin model
of interest remains crucial. To allow cross-comparison studies between different laboratories,
it is important to establish a reliable and standardized procedure. We selected the reconstructed
human epidermis as a biological target for its physiological relevance and simplicity based on
the air-liquid culture of a single cell type, foreskin human neonatal primary keratinocytes. 3D
models based on cells of human origin mimic more closely the native human skin and its
response to exogenous chemicals. To validate our in-house reconstructed human epidermal
(RHE) model, important parameters such as cytotoxic responses, barrier permeability and
resistance, morphology, ultrastructure, and biomolecular composition will be assessed and
compared with commercialized RHE models such as EpiDerm™ (MatTek Corporation) or

EpiSkin™ (L’Oréal).

Evaluation of the RHE response to cytotoxicity

As an essential prerequisite, cytotoxicity response was checked by evaluating lactate
dehydrogenase (LDH) release in the supernatant upon topical application of a common toxic
substance, Triton-X 100, on top of the reconstructed human epidermal (RHE) model. The

cytotoxicity response was then internally compared with RHE commercialized models.

LDH results presented in Figure B-I-1 demonstrate that the size of the insert did not affect
the LDH release significantly. Triton X-100 treatments, either topical at 0.1% or systemic at
0.2%, appear as good positive controls to define a threshold of cytotoxicity with a similar
response to commercialized RHE models (data are provided in our manuscript, Dijkhoff I. et
al., "A Reliable Procedure to Cultivate Three-dimensional Human Epidermal Equivalents at
Large Scale", JoVE journal). To run mechanistic studies, CS exposure must not induce more

than 30% cytotoxicity in our reconstructed human epidermal (RHE) model.
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Figure B-I-1. LDH release in the culture medium of untreated RHE and RHE treated with
Triton X-100 for 24h. In the 24-well plate, twelve tissues of 0.47 cm? were used as untreated
and three tissues per positive controls. In the 12-well plate, four tissues of 1.13 cm? were used
as untreated controls and one sample per positive control. Data are presented as mean £ SEM
relatively to the most cytotoxic positive control (0.1% Triton X-100 topical treatment).
Statistical analysis was carried out using GraphPad 8.0 (GraphPad Software Inc., San Diego,
CA, USA) by two-way analysis of variance (ANOVA) and Turkey’s multiple comparison test
to compare the 24-well versus 12-well plate; ns = non-significant, *p < 0.05 vs control; ****

p<0.0001.

Evaluation of the RHE barrier integrity

One of the most important criteria for evaluating the performance of any in vitro skin
culture system is the formation of a competent permeability barrier since the stratum corneum
(SC), the uppermost layer of the epidermis, is directly exposed to pollutants before affecting
the viable cells. To monitor the formation of the skin barrier (related to the tightness of cell
layers), the trans epidermal electrical resistance (TEER) was determined. TEER values around
4000-6000 Ohm.cm? translate to a strong barrier function. As a comparison, commercial
models such as EpiDerm™ (MatTek Corporation's Reconstructed Human Epidermal model)
have a barrier function around 3000-5000 Ohm.cm?.>!*%> Kandarova et al. have demonstrated
that high content of water in the in vitro 3D skin model increases the ion exchange and thus
decreases the overall TEER value*®® TEER is temperature dependent, therefore it is
recommended to wait for an equilibration time of 30 minutes before TEER measurement.*¢’

Our preliminary studies showed a “plate effect”: tissues cultured at the edges of the plate

exhibiting lower TEER values than tissues located in the center of the plate. Those results were
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attributed to an uneven temperature distribution over the plate. To counteract this effect, a
special configuration was used with the tissues centered in the plate and PBS dispensed in the
wells at the plate periphery. Despite this precaution, the tissues in the center of the plate still

exhibited higher TEER values than those from the surrounding area (data not shown).

TEER was measured at different stages of the air-liquid interface (ALI) culture of the RHE
tissues: at days 7, 10, and 13. As shown in Figure B-I-2, TEER values increase with the age
of the RHE tissues with a rise from 1000 Ohm.cm? at day 7 to 6000 Ohm.cm? at day 13 and
translate an increased differentiation of the tissues over time and the formation of a

permeability barrier and a functional multilayered epithelium.

Using the same protocol and culture conditions, the reconstruction of epidermal tissue in
a large insert (1.13 cm?) in a 12-well plate was found to be more challenging than in the smaller
insert (0.47 cm?) in the 24-well plate using the same seeding density. Indeed, the TEER values
measured for the larger tissues were very low translating a defect in the epidermal barrier
formation (Figure B-I-3) that would require adjustments in the protocol. For this reason, it has

been decided to focus our research activities only on 0.47cm? RHE tissues.

To conclude, TEER measurement is a rapid and reliable indicator to characterize the
barrier function of the reconstructed human skin models. These TEER data demonstrate normal

overall barrier integrity of our in-house RHE models, similar to commercial skin models.

8000 ns
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£ |
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0 I I

ALID7  ALIDI0  ALIDI3
Figure B-I-2. TEER measured at different stages of the air-liquid culture of the reconstructed
human epidermis at air-liquid days 7, 10, and 13. Data are presented as mean TEER + SEM;
ALI D7 n=2; ALI D10 n=2; ALI D13 n=5. Statistical analysis was carried out using GraphPad
8.0 (GraphPad Software Inc., San Diego, CA, USA). Data were analyzed by one-way analysis
of variance (ANOVA); * p<0.05.
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Figure B-I-2. TEER values were compared between two different insert sizes (1.13 cm? vs.
0.47 cm?). In the 24-well plate, twelve tissues of 0.47 cm? were used as untreated and three as
positive controls. In the 12-well plate, four tissues of 1.13 cm? were used as untreated controls
and one sample per positive control. Data are presented as mean TEER + SEM. Tissues treated
with Triton X-100 values are compared vs. untreated tissues. Statistical analysis was carried
out using GraphPad 8.0 (GraphPad Software Inc., San Diego, CA, USA). Data were analyzed
by two-way analysis of variance (ANOVA) and Turkey’s multiple comparison test to compare

the 24-well versus 12-well plate; ns= non-significant, **** p<(0.0001.

Evaluation of the RHE barrier permeability

Our data showed that the Lucifer yellow fluorescent dye is not able to penetrate the RHE barrier
from Day 7 (Figure B-I-4) confirming the existence of an impermeable layer of corneocytes.

These results are consistent with previous TEER measurements (Figure B-1-2).
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ALI D10 ALI D13

Figure B-I-4. Visual analysis of the barrier permeability using Lucifer fluorescent yellow dye
at ALI days 7, 10, and 13. Magnification 10x and 40x; Nikon Microphot FXA microscope

(Nikon Instruments).

Morphology evaluation of the RHE

Tissue morphology was analyzed for the cell shape, the number of both viable and non-
viable cell layers, and associated thickness. As shown in Figure B-I-5, the Hematoxylin &
Eosin (H&E) staining presents all epidermal layers: the stratum basale, stratum spinosum,
stratum granulosum, and anuclear stratum corneum. In addition, the transition from
perpendicular oriented basal cells to flattened granular cells is observed in the histology image.
The comparison of the morphology of the in-house RHE model, the EpiDerm™ model
(MatTek Corporation), and the native human skin is displayed in Table B-I-1.

Basal cells of cubical shape migrate to the stratum spinosum. The stratum granulosum is
clearly observed by the flattened cells and visible keratohyalin granules stained in purple
hematoxylin, but appear thinner than for the EpiDerm™ model.**® The SC is relatively thin
(12-15 pm) and presents well organized and packed corneocyte layers. The number of viable
cell layers is estimated to 6-7 in the RHE model, which is lower than for the EpiDerm™ model
(8-12) and human skin (7-14).2%® Intercellular space is more predominant in the in vitro 3D

models than in native human skin.

Overall, the RHE model demonstrates a similar architecture to that of the native human

epidermis.
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Figure B-I-5. The tissue morphology of the RHE was evaluated by H&E staining. Basal,

spinous, granular, and cornified epidermal layers are represented. Magnification 40x; Nikon

Microphot FXA microscope (Nikon Instruments)

Table B-I-1. Tissue morphology comparison between the RHE model, the EpiDerm™ model

and native human skin.>®®

cell layers

- 1 ™
In-house RHE EpiDerm Human Skin
model model
Epidermis Nmmmlber aif melble 6-7 8-12 7-14

1-2 layers of

Columnar to

Columnar to

Stratum basale Celll gz cubical cells round cells round cells
Stratum Spinosum Number of layers 5-6 5-6 5-6
Stratum Granulosum il Visible Visible Visible
granules
Stratum Corneum thickness 12-15 um 15-30 um 10-12 um

As a next approach, our in-house RHE was compared to the epidermal compartment of an

in-house full-thickness (FT) skin model represented in Figure B-I-6. The FT skin model

development consists of adding the dermal compartment, a fibroblast embedded matrix with

keratinocytes seeded on top and cultured at ALI to form the epidermis. The presence of a

dermal matrix influences the epidermal morphogenesis and barrier due to additional fibroblast-

keratinocyte interactions making them more relevant skin models.
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To compare with our well-characterized RHE, the tissue morphology of the FT skin model
was analyzed by H&E staining for the cell shape, the number of both viable and non-viable

cell layers, and associated thickness.

- Epidermis
. . = « Keratinocytes cultured
L -k A N
A e | at Air Liquid Interface
i :
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€ - >
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= b O
% . -
Dermis

Fibroblasts cultured
in a collagen matrix

Figure B-I-6. The tissue morphology of the FT skin model was evaluated by H&E staining.
Basal, spinous, granular, and cornified epidermal layers are represented. Magnification 40x;

Nikon Microphot FXA microscope (Nikon Instruments).

A comparison between the morphology of the RHE model and the FT model is displayed
in Table B-I-2. As shown in Figure B-I-7, the FT model presents a comparable SC thickness
(around 15 pm) made of well-organized and packed corneocyte layers to the RHE as well as
all epidermal layers: the stratum basale, stratum spinosum, stratum granulosum, and anuclear
stratum corneum. However, the transition from perpendicular oriented basal cells to flattened
granular cells is not clearly observed on the FT model. This might be explained by the different
strengths in cell attachment between the polycarbonate membrane in the RHE and the dermal
collagen matrix in the FT model. The FT model shows more visible keratohyalin granules
stained in purple hematoxylin in the stratum granulosum and a higher number of viable cell

layers estimated to 8-10 compared to the RHE model.

Overall, the RHE model demonstrates a similar architecture to the epidermal compartment

of the FT model.
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Figure B-I-7. H&E staining of both RHE and FT model tissue morphology. Basal, spinous,

granular, and cornified epidermal layers are represented. Magnification 40x; Nikon Microphot

FXA microscope (Nikon Instruments).

Table B-I-2 Tissue morphology comparison between the RHE model and the FT model.

RHE model FT model
Epidermis Numberlz}f; e\;isable cell 6.7 210
Stratum basale Cell shape 1-2 layers of cubical cells round cells
Stratum Spinosum Number of layers 5-6 5-6
Stratum Granulosum | Keratohyalin granules Visible Visible
Stratum Corneum thickness 12-15 pm 15-20 pum

Evaluation of the localization and expression of typical epidermal proteins in my in-house

RHE

Figure B-I-8 presents the immunostaining pictures for filaggrin, loricrin, involucrin, and

cytokeratin 10 stainings. The expression of involucrin and filaggrin, which are considered as

later markers of epidermal differentiation, is observed within the upper layers of the RHE.

Involucrin staining appears more predominant in the stratum granulosum since its expression

is initiated earlier during the differentiation process, whereas the expression of filaggrin and

loricrin 1s found only in the upper layers. To conclude, all three markers are expressed in the

appropriate epidermal layers and translate into a normal epidermal differentiation process.
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Filaggrin (FLG) Loricrin (LOR)

Involucrin (IVL) Cytokeratin 10 (K10)

Figure B-I-8. Analysis of localization of differentiation markers via immunofluorescent
staining of histological sections: filaggrin (top left), loricrin (top right), involucrin (bottom left),
and cytokeratin 10 (bottom right). Nuclei (blue) were stained with DAPI. Magnification 40x;
Nikon Microphot FXA microscope (Nikon Instruments).

Evaluation of the RHE ultrastructure and surface

The RHE model was further characterized using the transmission electron microscopy
(TEM) and the scanning electron microscopy (SEM) techniques. The following analysis has
been done in analogy with the work published by Ponec ef al. on commercial models.**® In the
electron micrographs in Figure B-I-9, the SC is clearly visible and made from approximately
15 densely packed layers of corneocytes. As seen also for the EpiDerm™ model, the SC of the
RHE model exhibits the normal basket-weave pattern. The stratum granulosum exhibits round
and stellar-shaped keratohyalin granules (KG) (as depicted by the white arrows in Figure B-I-
9.

Characteristic features of the basal cell layer such as nuclei chromatin clumping (N),
vacuoles (V), and tonofilaments (T) are shown in Figure B-I-10. Intracellular lipid droplets

were seen in the stratum basale and cells appear rounder with less intercellular space over time
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cultured at the air-liquid interface (Figure B-I-9). Visible hemidesmosomes appear to have

fine anchoring filaments on polycarbonate membranes.
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Figure B-I-3. Transmission electron micrographs showing the ultrastructure of the RHE model
at different stages of differentiation (Day 7, 10, and 13) with an increased number of layers for
the SC and a typical SG layer with keratohyalin granules (KG; white arrows). Hitachi H100
transmission electron microscope, magnification used as indicated on each picture (5k, 6.3k,
and 20k x). The scale bar is 2000 nm for the images on the left column and 1000, 2000, and
5000 nm for the images on the right column respectively from the top to the bottom.
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Figure B-I-4. Transmission electron micrograph of RHE at ALI D13 showing normal stratum
basale cells containing a nucleus (N), tonofilaments (T), desmosomes (D), vacuoles (V), lipid
droplets (blue arrows), and numerous hemidesmosomes (red arrows) along the basement
membrane. Hitachi H100 transmission electron microscope, magnification used 5k x. Scale bar

corresponds to 2000 nm.

Table B-I-3 summarizes all ultrastructural features of the RHE model at different stages
of differentiation in comparison with the EpiDerm™ model (MatTek Corporation) and native
human skin. In general, the overall ultrastructure of the RHE model is similar to that of the
EpiDerm™ commercial model. All major epidermal strata, including stratum basale, stratum
spinosum, stratum granulosum, and stratum corneum, were present (Table I-3). Differences to

the native human skin include the presence of lipid droplets in basal cells.>*’
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Table B-I-3. Morphological epidermal characteristics of the RHE model at different stages of

the differentiation process (Day 7, 10, and 13), the EpiDerm™ model (MatTek Corporation),

and the native human skin.

Stratum corneum Numberof coreocytes layers

SCthickness
Arrangement of SC layers

Lamellarbody extrusion at SG/SC interface

Transformation of KCs at SG/SC interface

Transformation of desmosomes in lower SC

Intracorneocyte lipid droplets
Intercellularlipid organization

Repeatdistance oflamellarphase

Lateral packing

Basementmembrane Hemidesmosomes

Lamina densa/Lucida

Stratum basale Cell shape

Intracellularlipid droplets

Stratum spinosum Cell shape

Intracellular lipid droplets

Stratum granulosum Lammelarbodies

Keratohyalingranules

ALI D7
7-8
1.3 pm
Loosely packed
Non visible

Incomplete

ALID10
9-10
6.7 pm
Loosely packed
Non visible

Incomplete

Y
organelles presenf)

Desmosome-like
structures persist
Absent

Regular lamellar

Mainly hexagonal

Patchy

Present
Columnar to round
Present
Upper layers: cell
flattening
Occasionally present

Mormal, numerous

Stellate and rounded

¥
organelles present)

Abrupt
Absent

Regular lamellar

Mainly hexagonal

Patchy

Present
Columnar to round
Present
Upper layers: cell
flattening
Occasionally present

Mormal, numerous

Stellate and rounded

ALID13
12-15
10.9 pm
Loosely packed
Non visible

Complete

Anrupt

Absent

Regular lamellar

Mainly
hexagonal

Pafchy

Present

Columnar to
round

Present

Upper layers:
cell flattening

Occasionally
present

MNormal,
numerous.

Stellate and
rounded

EpiDerm, MatTek
16-25
12-28 pm
Loosely packed
Complete, rapid
Complete, rapid

Abrupt
Present in low
numbers.
Regular lamellar

Only long 12 nm
phase present

Mainly hexagonal
Orthorombic rarely

Patchy

Present in about 50%
cultures

Columnar to round
Present
Upper layers: cell
flattening
Occasionally present

Normal, numerous

Stellate and rounded

Native skin
15-20
10-12 pm
Loosely packed
Complete, rapid
Complete

Abrupt

Absent

Regular lamellar

6.4 and 13.4 nm

Continuous

Present
Columnar
Absent
Upper layers: cell
flattening
Absent

Normal, numerous

Stellate

Figure B-I-11 consists of a scanning electron micrograph where the flat and packed layers of

corneocytes are clearly observable on top of the viable layers. The thickness of the SC and

overall epidermis was evaluated to around 15um and 40pum, respectively.
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Figure B-I-5. Scanning electron micrograph of a section of the RHE model showing the packed

flat layers of corneocytes and the overall arrangement of the epidermis. Hitachi H100

transmission electron microscope, magnification used was 3.19k x. The scale bar is 10 um.

Evaluation of biomolecular structure of the RHE

The characterization of the RHE model was performed by comparing its Raman spectrum
with data generated on the EpiSkin™ RHE model and published by Tfaily et al. (Table B-I-
4)37% As shown in Figure B-I-12, the Raman spectrum of the RHE model closely resembles

the EpiSkin™ RHE model.

Identification of epidermal amino acids

The Raman spectrum gives some information about the amino acid composition in the
reconstructed skin epidermis. Amino acids are essential molecules, involved in protein
synthesis and can serve as biomarkers of skin homeostasis.*’! The presence of Phenylalanine

(Phe), Tryptophan (Trp), Tyrosine (Tyr), and Cysteine (Cys) is confirmed in the RHE model.

Phenylalanine (Phe) is a precursor of Tyrosine (Tyr) and plays a role in skin protection
and skin hydration.’”!¥7? Its vibrational bands (highlighted in purple on spectrum) are identified
at 619 cm™ (ring breathing), 1003 cm™ (ring breathing), 1032 cm™ (C-H), 1175 cm™ (C-H) and
1340 cm™ (C-C).
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Tyrosine (Tyr) is a stimulator of melanin synthesis in the skin.’”* This amino acid is
characterized by the 643 cm™ bands (ring breathing) and the Raman doublet at 829 and 851
cm’! (highlighted in red on the spectrum). It has been demonstrated that this Fermi doublet can
indicate the conformation of Tyrosine whether it “exposed” or not to the environment. A
positive ratio of 851/829 cm™ has been associated with weak H bonding between the COO
group and the phenolic hydroxyl in the molecule.?”*>7¢ It will be interesting to compare the

intensity of this Fermi doublet in the RHE model after CS exposure.

392 and skin

Tryptophan metabolic pathway plays a regulatory role in skin microbiota
disease.>”’"® Its characteristic vibrational bands (highlighted in light blue) are present at 758,

1340, and 1555 cm™.

Cysteine (highlighted in light blue) is the amino acid providing strength and rigidity in
keratin fibers via the disulfide bonds.>” Cysteine also plays a role in melanogenesis.*®° Its
characteristic Raman bands are all affiliated with the disulfide vibration at 671, 699, and 721
cm’! (stretching C-S).

Identification of epidermal protein structure
The Raman spectrum of the RHE model reveals the secondary structure of proteins. Raman
vibrational bands at 1650 cm™ (Amide I, keratin), 1283 cm™ (Amide III), and 935 cm™ reflect

the predominance of an a-helix structure of the proteins, such as keratin, 8382

Identification of epidermal lipids
The major lipid classes in SC are non-polar lipids such as ceramides, free fatty acids, and
cholesterol whereas in the underlying skin layers, there is a majority of polar lipids such as

phospholipids, glycosphingolipids, and free sterols.*

Ceramides (highlighted in orange on the spectrum) are the most predominant epidermal
lipids with four peaks at 1062, 1086, 1102, and 1127 cm™!. The presence of higher intensity
peaks at 1062 and 1127 cm™ associated with a trans conformation of lipids suggest a lipid

organization. This reflects the ordered lipid bilayers typically observed in the SC.3843%>

Cholesterol is one of the key skin lipids forming the SC barrier.** Its presence is indicated

by the vibrations at 699 and 882 cm™.
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Phospholipids (highlighted in green on the spectrum) are cell membrane components
They play an important role in the synthesis of free fatty acids which are essential for skin

permeability homeostasis.*®® They are characterized by Raman vibrational bands at 721, 758
and 1296 cm™.
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Figure B-I-12. Matching Raman bands between the spectrum of the RHE model (top) and
the spectrum of the EpiSkin™ RHE model extracted from literature (bottom).>”
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Table B-I-4. Assignment of the characteristic peaks of the typical Raman spectrum of a RHE

model. 6, deformation; t, twisting; p, rocking; v, stretching.

Raman shift Assignment Components at the origin Ref
(em™) of the vibration
619 C—C twisting Phenylalanine 387
643 C—C twisting Tyrosine 388
671 C-S Cysteine 388
699 C-S gauche; cholesterol ring deformation Cysteine; cholesterol 388,389
722/721 C-S trans; v sym N"(CH3)s Cystine; phospholipids 388,389
746 Aromatic ring puckering, p (CHz) 387,388
758 Sym. O-P-O of Lipids; Ethanolamine Tryptophan; Phospholipids | *%7-3%
788 O-P-O DNA 390
813 O-P-O DNA 390
829 Fermi doublet (ring) Tyrosine 375,388,391
851 Fermi doublet (ring) Tyrosine 375,388,391
882 3 (CHy), v (CC), v (CN) Tryptophan cholesterol 388
935 p CH; terminal, v CC a helix (secondary Proteins, phospholipids | 37388392
structure) 394
1003 v (C-C) aromatic symmetric ring Phenylalanine 387,388,391,3
breathing 95-399
1032 v (C-C) skeletal cis conformation Ceramide 388,391,392
1062 v (C-C) skeletal trans conformation Ceramides 388,391,392,3
95,400,401
1086 v (C-C) skeletal gauche conformation; O- Ceramides; DNA 388,390~
P-O 392,395,400,4
01
1102 v (C-C) skeletal gauche conformation Ceramides 388
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1127 v (C-C) skeletal trans conformation Ceramides 388,391,392,3
95,400,401
1175 v (CH) C-O-C Lipids Tryptophan, Phenylalanine 388
1254 DNA guanine, cytosine 390
1284 Amide T a-helix Proteins 388
1296 | & (CHa); t(CHz) Phospholipid 388,380,392
95,397,401,40
2
1319 v (C-C), CH bend Phe, Trp Tryptophan, 388,390
Phenylalanine; DNA
1340 v (C-C), CH bend Phe, Trp, Adenine Proteins; DNA 388,403
guanine
1443 8 (CH,) proteins and lipids Proteins and Lipids 388,391,394
396,401,404
1555 8 (NH), v (CN) amide 1T Tryptophan 388,392
1651 v (C-0O) amide I a-helix Keratin 388,391

394,405

Empty Modelling analysis

The Empty Modelling™ 1is a patented chemometric method for extracting chemical
information from Raman data. The Empty Modelling™ analysis of the RHE model
demonstrates the presence of two major components: component 1 and component 2. The
chemical composition of components 1 and 2 is displayed in Figure B-I-13 with the
distribution of bands from phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp), ceramides,
lipids, and proteins. The chemical image indicates that component 2 is present in higher
amounts than component 1.

According to Figure B-I-13, component 2 is predominantly composed of phospholipids
and tryptophan (Trp) while component 1 is richer in ceramides, keratin, tyrosine (Tyr), and
phenylalanine (Phe). Regarding the four main bands in the ceramide region (1000-1150 cm™),
component 1 shows a reduced intensity of the 1062 and 1127 cm™! bands simultaneously with

a dominating intensity of the 1086 and 1102 cm™ bands, indicating a preponderance of
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disorganized lipids.*’® The opposite trend is observed in component 2, suggesting domination

of organized lipids.

Component 1:
oL i Component 2:

1086 cm' band (Lipids 1102 cm' band (Lipids: 1266 e (Armide L G 1127 em"* band (Lipids: 1062 e band (Lipids: skeletal
hydrocarbon chain, gauche hydrocarbon chain, gauche - g hydrocarbon chain, trans e
d ramides

trans conformati
pho: conforn mides)

jon Ceral
C-O DNA)

1003 cm* (sym. Ring breathing

Phe. Trp.)

Figure B-I-6. The chemical distribution of components 1 and 2 and associated chemical
distributions for the prevalent bands. In the intensity scale, the red color corresponds to high

intensity and black color to the low-intensity regions.

The Raman spectrum of component 2, shown in red in Figure B-I-14, contains more bands
of the DNA such as 722 cm™! (cystine, phospholipids), 746 cm™ (aromatic ring), 757 cm!
(tryptophan; phospholipids), 1175 cm™ (tryptophan, Phenylalanine), 1254 cm™' (DNA guanine
cytosine), 1284 cm™! (Amide III band a-helix of proteins), 1296 cm™ (phospholipids), 1319
cm’! (tryptophan, phenylalanine; DNA) and 1340 cm™ (proteins, DNA). The rest of the
vibrational bands were significantly higher in component 1, for example in the ceramide region
(1000-1140 cm™), for the vibrations associated to tyrosine (643 cm™'; 829/851 cm™), at 1443
and 1651 cm! (keratin).
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Figure B-I-7. Baseline corrected and normalized spectra of components 1 and 2 highlights the
difference between the two components. The normalization was performed w.r.t the band at

937 cm™ (CHj3 rocking of phospholipids). Lower intensity indicates lower amounts.

To conclude, component 2 is a typical epidermal skin layer containing living cells features
such as phospholipids from the cell membrane and DNA bands as well as an increased lipid
chain order. Furthermore, the predominance of polar lipids indicates similarities with the
stratum basal-spinosum layer composition. However, the organization of lipids should
normally be random in the deeper epidermal layers compared to the upper layers. As for
component 1, the Raman spectrum shows the domination of keratin, ceramides, and a lipid
chain disorder. Therefore, the analysis of components 1 and 2 indicates that the RHE model is
a very heterogeneous tissue with a mixture of organized and disorganized lipids, nonetheless,

the predominance of organized lipids demonstrates a well-formed SC.

This work demonstrated that Raman spectroscopy is a promising tool to assess skin
damage/composition before and after challenging with CS. It has been shown that this
technique can provide information regarding molecular changes in human skin models upon
interaction with external aggressors such as solar radiation.>*® This non-invasive approach is
more sensitive in detecting structural changes and DNA damage concerning toxicology and
histology assays. Although in vitro skin models have the advantage of not exhibiting
autofluorescence due to the absence of melanin, this makes them more vulnerable to external

aggressors compared to real human skin.
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Conclusion to the RHE characterization study

A reliable procedure has been established to reproduce standardized RHE models in
different laboratories. Characterizing in vitro models to compare it with the in vivo models
improves our understanding of the skin, from the cellular components to its mechanisms of
differentiation and proliferation. Here, the foregoing data demonstrated similar structural-
functional properties as native human skin. This standard protocol appears useful for a broad
range of research projects from toxicological data generation, cosmetic application to skin
disorders treatment?®*4%41% Indeed, with the recent ban of animal testing in the cosmetic
industry standardized RHE represent necessary tools to test cosmetic ingredients as well as
finished products*'!. To some extent, they have proved to be helpful to test the efficacy of
protective and/or curative solutions against environmental stressors such as UV and air
pollution?!*12413 Moreover, this RHE reconstruction protocol enables us to simulate acute as

well as chronic exposure conditions.

To go further in complexing the model, this simple procedure can be tuned by varying the
type of skin cells used, for example, neonatal NHEKSs are optimal candidates to study the effect
of external stressors for their lack of environmental exposure. To enhance the physiological
relevance of the skin model, some researchers have included other skin types in the epidermal
compartment such as melanocytes to run phototoxicity studies or immune cells to create more
immune-competent models*##!>, Another option is the development of models based on cells

416 Moreover, the

derived from patients with skin disorders to mimic some disease features
culture medium composition can be modulated to reproduce some skin pathological
characteristics, for instance challenging the model with a specific cocktail of cytokines
reproduces the abnormal morphology, such as epidermal hyperplasia*'’, and altered
expressions of genes and proteins typically observed in Atopic Dermatitis and Psoriasis*!84%°,
Silencing specific genes before build the RHE is another approach used to reproduce some
alterations in skin disorders and investigate new therapeutic solutions**!. Finally, a dermal
compartment made of fibroblasts embedded in collagen matrix can be generated a few days
before the RHE reconstruction. Keratinocytes are seeded on top of this dermal compartment to

generate a FT-model**?

. Adding fibroblasts in the model is essential for aging-related studies,
for instance, to study the mechanism of premature skin aging upon external aggressors and test

anti-aging solutions*?.
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To conclude, the RHE represents a modulable and valuable tool that provides knowledge
in skin homeostasis and its defense mechanism upon exposure to exogenous substances.
Furthermore, such a model enables a better understanding of the pathways involved in several

skin disorders, thus helps towards therapeutic advances.

2. Optimization of the in vitro CS exposure conditions

Objective

This part of the thesis will focus on the implementation and optimization of the exposure
conditions of a main environmental aggressor, CS. To reproduce human skin exposure to CS
in vitro in the most realistic way possible, an in-house CS generating box was designed to
mimic the whole smoke. Several parameters such as the number of cigarettes and the exposure
duration require optimization to achieve conditions that do not significantly affect tissue
viability. To determine optimal exposure conditions on RHEs, TEER and LDH were used as

biomarkers of CS-induced toxicity.

Evaluation of CS-induced toxicity

To select the exposure conditions, it is important to evaluate the viability of the tissues
after exposure. As previously mentioned, the exposure conditions should be strong enough to
induce a response in our biological model but not too strong to avoid inducing a toxic effect.
Samples allowing a survival above 90% evaluated with LDH cytotoxicity assay will be
considered as acceptable. The following data obtained upon exposure to CS have oriented
towards the selection of certain exposure parameters such as the exposure duration and number
of cigarettes used. The results displayed on the left graph in Figure B-I-15 show that a one-
hour exposure to two cigarettes induces high cytotoxicity in the RHE model. Based on these
data, a lower dose of exposure was generated, i.e. 15 and 30 minutes with one or two cigarettes
(right graph in Figure B-I-15), which resulted in no cytotoxicity. An exposure time of 30

minutes with two cigarettes was therefore selected for the rest of the experiments.
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Figure B-I-8. Cytotoxicity was evaluated by lactate dehydrogenase (LDH) release in 1.5 ml of
RHE maintenance media after 24h Air/CS post-exposure incubation. A 24h Triton-X treatment
(0.2% systemic) was used as a positive control. A kinetic measurement was performed for 30
minutes every 30 seconds at A=495nm. Data are presented as mean + SEM respectively to an
average mean of negative control; n=3/conditions; One-way ANOVA and Dunnett's multiple
comparison test were performed in comparison to the average mean of the negative control

(unexposed); ns= non-significant, **** p<(0.0001.

TEER as a marker to determine optimal in vitro CS exposure condition

The barrier function of the RHE model was evaluated by TEER before and after exposure
to CS/Air for different durations: the first set of RHEs was exposed to 1, 2, 3, 4h with two
cigarettes and the second set to 15 and 30 minutes with one cigarette. TEER data on Figure B-
I-16 correlate with the release content of LDH in the RHE model. Samples releasing high LDH
content exhibit a very weak barrier resistance, i.e. a TEER value around 200 Ohm.cm?. When
using a lower CS exposure dose (15 and 30 minutes with one cigarette), no significant
difference between unexposed and exposed RHEs was observed, suggesting that 30 minutes

with one cigarette does not compromise the skin barrier.
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Figure B-I-9. TEER measured in RHE before and after CS/Air exposure. Data are presented
as mean + SEM respectively to an average mean of negative control; n=18 before exposure and
n=3 for other conditions; One-way ANOVA and Dunnett's multiple comparison test were
performed in comparison to the average mean of the negative control (unexposed); ns = non-

significant, ** p<0.01, **** p<0.0001.

Harsh CS exposure conditions lead to tissue necrosis

Tissues exposed to strong CS exposure, i.e. 4h exposure with 2 cigarettes, were submitted
to ultrastructural and morphological analysis. Compared to a healthy skin ultrastructure,
characteristics features of necrotic tissues were observed in TEM in Figure B-I-17, such as
intercellular spaces, cytoplasmic vacuoles, nuclear chromatin condensation, and disruption of

the cell membrane.
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intercellular space

- nuclear chromatin condensation
nucleoliin the pyknotic nucleus
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disruption of cell membrane

Figure B-I-10. Characteristic features of necrotic tissues were observed with TEM after strong

CS exposure (4h exposure with 2 cigarettes). Two samples were examined per condition.
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Hitachi H100 transmission electron microscope, magnification 5k X. Scale bar is 5000 nm (top

picture) and 2000 nm (middle and bottom pictures).

Regarding the morphology analysis, CS exposed samples appeared more vulnerable and
softer during the process of microtome sectioning, resulting in a damaged morphology (Figure
B-1-18). Despite the presence of a protective Teflon lid on top of the carrier plate during the
exposure, we assume that a long duration of CS exposure of a minimum of 1h would result in
the direct dissolution of CS components into the medium generating a systemic toxic effect

and leading to necrosis.
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Figure B-I-18. Tissue morphology comparison of the morphology of RHE tissues after 4h
exposure to Air/CS (w 2 cigarettes) using H&E staining. Magnification 40x; Nikon Microphot

FXA microscope (Nikon Instruments).

Conclusion to the optimization study of CS exposure conditions

To conclude, we have selected the exposure conditions to study the impact of CS on the
skin as follows, two successive cycles of CS exposure for the RHE, one cycle is defined as a
duration of 15 minutes with one cigarette (Figure B-1-19). To simulate a realistic exposure to
CS, a CS exposure chamber was designed allowing us to study the effect of the whole smoke
on skin. The generation of fresh CS was preferred over the use of CS extract to take into
consideration the interactions between all CS components and more importantly not to exclude

the exposure to short-lived reactive species coming to the gas phase.

Once set up and optimized, the exposure chamber is a promising device that enables access
to numerous investigation studies as well as in-vitro toxicological data. It can be easily adapted
to evaluate the effect of cigarette alternatives such as IQOS cigarette and e-cigarette vaporizer.

To go further, the chamber enables the combination of CS exposure and UV lamps to mimic
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the photochemical components generated by the interaction of atmospheric pollutants and solar

radiation.

125¢cm
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Figure B-I-11. Summary of the in vitro culture and exposure conditions selected for the
RHE.
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II. Evaluation of the impact of CS exposure on cutaneous responses in
vitro

Objective

The combination of optimized CS exposure conditions combined with a well-characterized 3D
reconstructed human epidermis (RHE) model allows us to identify cellular responses and
molecular pathways activated by skin keratinocytes in response to CS exposure. Using this
reliable and standardized in vitro protocol, the impact of CS on the tissue morphology, barrier
integrity as well as oxidative stress and pro-inflammatory responses will be investigated in a

RHE model.

1. CS-induced pro-inflammatory responses in a RHE

CS exposure causes the pro-inflammatory mediators IL-8 and IL-1a

To confirm the reported CS-induced cytokine release in our 3D in vitro skin model with
our CS exposure conditions, IL-8 and IL-1a release were measured with the ELISA assay from
the culture medium of RHEs that were incubated for 24H post-CS/Air-exposure.! 6249245 Based
on the literature data, we assume the release of IL-8 in response to CS is time-dependent and
accumulates for a higher detection 24h after exposure. TNF-a is reported as a potent stimulus
of IL-8 production and was used as a positive control for IL-8 release induction in both skin
models and resulted in a 6-fold increase (Figure B-II-1A).*>* In our experiments, an
enhancement of IL-8 release upon CS exposure was detected via ELISA assay in our RHE
models. This increase was significant with a 4-fold increase when RHEs remain incubated in
the exposed medium (Figure B-II-1A) However, when the medium was refreshed after
exposure, there was no significant IL-8 secretion. It is supposed that this enhanced release
reflects a systemic effect induced by CS components that have been diluted in the supernatant
during the 30 minutes of exposure, although the wells were protected by a Teflon cover. As
previously described in the literature, aqueous CS components acting as IL-8 stimulus might

include small aldehydes like acrolein.*?>4?

IL-1a was detected at a 2-fold increase after three cycles of CS exposure at air-liquid day

9, day 11, and day 14 (Figure B-II-1B). Contrary to previous findings from Lecas et al. on
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SkinEthic™ RHE models exposed through a VitroCell exposure chamber, IL-10. was not
produced using our RHE models harvested 24h after CS exposure, with only one cycle.'?® this
discrepancy between our results and the literature could be explained from the lack of
standardization and the interlaboratory variability of the CS exposure conditions, making a

comparison between our RHE and this commercialized model impractical.

Finally, IL-6 was also measured as often described as a cytokine released from CS-induced
inflammation in various cells.?*"**7*? However, no IL-6 release was detected in vitro in RHE
models, even though other groups were able to observe and IL-6 overexpression and production

in mice skin.?*

To conclude, our data confirm that CS initiates an inflammatory response by inducing the

release of IL-8 and IL-1a in our 3D skin models.

A. B.

10+

ek

IL-8 release
(relative to control)
*

IL-1a release
relative to Control

Figure B-II-1. Release of CXCLS8/IL-8 measured in the cell culture medium after 24h of RHEs
post-exposure to Air/CS and treatment with TNF-a (50 uM) as a positive control. The Grey
column represents data for tissues incubated for 24h in the exposed medium while the striped
pattern column represents data for CS-exposed RHEs incubated in a fresh post-exposure
medium. Data are presented as mean fold increase respective to control £ SEM; n=3 for each
condition; One-way ANOVA and Dunnett's multiple comparison test were performed in
comparison to the average mean of the negative control (unexposed) using GraphPad software;
* p <0.05. B. Release of IL-1a measured in the cell culture medium after 24h of RHEs post-
exposure to one cycle or three cycles of CS; CS x1 corresponds to a cycle of CS exposure at
ALI D14 (light grey column) and CS x3 corresponds to three cycles of CS exposure at ALI
D10, D12, and D14 (dark grey column). Data are presented as mean fold increase respective
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to control + SEM; n=5 for each condition; One-way ANOVA and Dunnett's multiple
comparison test were performed in comparison to the average mean of the negative control

(unexposed) using GraphPad software; **p < 0.01.

2. CS impact on the skin barrier and morphology in a RHE

CS exposure directly affects the transepithelial electrical barrier resistance

TEER values in the range of 4000-6000 Ohm.cm? reflect a healthy and normal strong
barrier function, our control RHEs exposed to Air typically provide TEER between these
bounds, as shown in Figure B-II-2. During the air-liquid culture of the RHE, the rising
thickness of the stratum corneum and the tight junction formation both contribute to a
progressive climb of TEER, as observed in Figure B-II-2A. Therefore, at the early stages of
ALI the SC is thinner hence more vulnerable to the deleterious effect of toxic substances. To
investigate whether exposure to CS and CS components would have a higher impact on the
barrier resistance, the epidermal models were exposed to 1, 2, and 3 cycles of Air or CS
respectively at air-liquid days 7, 8, and 9, and TEER was assessed 24h post-exposure. After
one cycle of CS exposure, a 2-fold increase in TEER is noticed. Surprisingly, in response to
the second cycle of CS exposure, the skin tissues initiate an adaptive response translated by a

recovery of TEER value similar to the Air exposed tissues.

The barrier resistance of RHEs treated with CS components (H20., Acrolein) and
Nigericin topically applied at air-liquid day 7 was assessed after a 24h treatment. While
Nigericin-treated RHE remained intact, exposure to CS single components H>0O2 and Acrolein

resulted in a 2-fold drop in TEER (Figure B-11-2B).

The graph Figure B-II-2C and D show the impact of CS exposure at air-liquid day 14,
i.e. with a more mature and well-formed protective SC. TEER was analyzed 24h post-exposure
to Air/CS with and without medium refresh after exposure, respectively represented in Figure
B-II-2C and D. Graph C represents the difference in TEER which was evaluated before and
after exposure to Air/CS and resulted in a decrease of ATEER of 2000 Ohm.cm2 in barrier
strength in response to CS exposure. Interestingly, TEER was also significantly reduced by

approx. 4-fold decrease after exposure to CS and 24h incubation in the exposed medium. This
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drop-in barrier resistance suggests an additional systemic effect exerted by the CS components

that might dissolve in the cell culture medium during the 30 minutes of exposure.

To conclude, CS exposure negatively impacts the skin barrier integrity of the reconstructed
human skin model at the early stage of the ALI culture during which the SC layer appears to
be more vulnerable and weaker as well as at later stages when the protective SC layer is more
mature and fully developed. The impact is even more pronounced when the medium is not
refreshed after exposure. Interestingly, a repetitive CS exposure triggers an adaptive response

in the exposed RHEs, this is indicated by a barrier resistance restoration similar to the TEER

of unexposed RHE:s.
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Figure II-2. A). TEER measured after 1, 2, and 3 cycles of Air/CS exposure respectively at
air-liquid day 7, 8, and 9 and subsequently harvested 24h after exposure, at respectively ALI
D7, D8, and D9. Data are presented as mean TEER = SEM; n=2 tissues per condition. B).
TEER measured 24h after Air/CS exposure or treatment with H>O> (200 uM), Acrolein (30
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uM), and Nigericin (5 pM). Data are presented as mean TEER = SEM; n=2 tissues per
condition. C). ATEER calculated between TEER values measured before and after exposure to
Air/CS at the air-liquid day 14. Data are presented as mean ATEER + SEM and were analyzed
by t-test and n=3 tissues per conditions; * p<0.05. D). TEER measured 24h after exposure to
Air/CS and TNF-a (50 uM) at air-liquid day 14 with no medium refresh after exposure. Data
are presented as mean TEER + SEM and were analyzed by two-way ANOV A with n=3 tissues

per conditions; * p<0.01.

Effect of whole CS and single CS components on the RHE morphology at early stages of
ALI

Tissue morphology was analyzed for the cell shape and observations in all skin layers via
Hematoxylin (nuclei stained in purple) and eosin staining (cytoplasm stained in pink-red). It is
important to take into account that the RHEs can come out curled and folded following tissue
fixation, processing, and dehydration. Non-transversal sectioning may influence the tissue
morphology, hence results in a wrong interpretation in terms of thickness or number of viable

layers, therefore a qualitative analysis of the morphology was preferred.**

H&E staining of RHEs exposed to Air and CS at air-liquid day 14 Figure B-II-3A reveals
a similar morphology with all epidermal layers from the proliferating basal cells attached to
the polycarbonate membrane up to the cornified cells. As no difference in morphology was
noted at air-liquid day 14, RHEs were then exposed at earlier stages of the epidermal
reconstruction, i.e. at ALI day 7, 8, and 9, in order to evaluate any potential morphological
changes. The H&E images on Figure B-II-3B show the evolution of the RHE exposed to 1, 2,
and 3 cycles of Air/CS and harvested 24h after exposure. No drastic morphological alterations
were observed, tissues exposed to Air and CS exhibit a similar and normal skin epidermal
morphology with an increase of the SC thickness over time cultured at ALI. Lecas et al. were
able to observe morphological impairment after two expositions to a VitroCell cloud chamber
mimicking tobacco smoke (TS) such as a damaged stratum spinosum and stratum granulosum

compared to tissue exposed to air under the same conditions.'®

Following these results, the effect of CS components Acrolein and H>O; on the RHE
morphology were also evaluated after a topical treatment at air-liquid interface day 7. In
addition, the effect of Nigericin was also assessed as a positive control for inflammasome
activation. A detailed analysis of the morphology is described in Table B-II-1 offering a
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comparison between RHEs exposed to Air, CS and treated with Acrolein, H>O», and Nigericin

at air-liquid day 7 and incubated for 24h to be subsequently harvested at ALI D8.

As shown in Figure B-II-3B and C, all the tissues present distinct epidermal layers: the
stratum basale, stratum spinosum, stratum granulosum, and anuclear stratum corneum. Overall,
all SC is relatively thin and the epidermal number of viable cell layers is estimated to 5-6 in all
RHEs. The SC layers from the H>O»- and Acrolein- treated RHEs appear more packed
compared to RHEs exposed to Air, CS, and Nigericin.

Interestingly, a major impact on the morphology was observed upon topical treatment with
Nigericin, a potent microbial toxin inducing a drop in intracellular levels of potassium that was
used here as an inflammasome inducer*?’. The effect of Nigericin on top of a reconstructed
skin model was not described yet in the literature. Its toxic effect is well perceived on the H&E
pictures Figure B-II-3B and C and is characterized by the detrimental morphologic alterations
that mainly affecting the upper viable skin layers. The presence of necrotic cells with pyknotic
nuclei and large empty vacuoles due to cytoplasm depletion is revealed in both the stratum
granulosum and the stratum spinosum layers. The cells from the stratum basale are abnormally

round.

Acrolein-treated RHE also presents a large number of cells with abnormally dilated
cytoplasm appearing in white in the SG and SS. The stratum basale of Acrolein, H>Ozand CS-

treated RHE contains cells with more intercellular space than in the Air-exposed RHE section.
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Table B-II-1. Comparative analysis of the morphology of RHEs harvested at air-liquid day 8

after exposure to AIR/CS or treatment with H>O,, Nigericin, and Acrolein.

Treatment

AIR

CS

H20:

NIGERICIN

ACROLEIN

Stratum Corneum

Presence of a thin
SC with few loosed
corneocyte layers
slightly

Presence of a thin
SC with few loosed
corneocyte layers

Presence of a thin
SC with few packed
corneocyte layers

Presence of a thin
SC with few loosed
corneocyte layers

Presence of a thin
SC with few packed
corneocyte layers

Stratum Basale

Basal cells of the
cubical shape

Basal cells of cubical
shape with
intercellular space

Basal cells of cubical
shape with
intercellular space

Basal cells of round
shape

Basal cells of cubical
shape with
intercellular space
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Stratum Spinosum

presence of normal
round cells

presence of normal
round cells

presence of normal
round cells

Presence of
abnormal necrotic
cells, small pyknotic
nuclei with dilated
cytoplasm (appears
white)

Presence of cells
with dilated
cytoplasm

Stratum
Granulosum

presence of normal

elongated cells with

visible keratohyalin
granules

presence of normal

elongated cells with

visible keratohyalin
granules

presence of normal

elongated cells with

visible keratohyalin
granules

Presence of necrotic
cells, small pyknotic
nuclei with dilated
cytoplasm (appears
white)

presence of normal

elongated cells with

visible keratohyalin
granules



A)

ALI D15

B) ALI D8 ALI D9 ALI D10

Figure B-1I-3. A). Tissue morphology evaluated by H&E staining of RHE exposed to only
one cycle of Air/CS and harvested at air-liquid interface day 14. Magnification 40x; Nikon
Microphot FXA microscope (Nikon Instruments). B). Tissue morphology evaluated by H&E
staining of RHE exposed to respectively 1,2 or 3 cycles of Air/CS and harvested at different
stages of air-liquid interface ALI D8, ALI D9, and ALI D10. B). Tissue morphology evaluated
by H&E staining of RHE topically treated with H.O2 (200 uM), Acrolein (30 uM), and
Nigericin (5 pM) and harvested at ALI D8. Red arrows indicate empty vacuoles. Magnification
20x; Nikon Microphot FXA microscope (Nikon Instruments).

Effect of whole CS and single CS components on the RHE ultrastructure at early stages of
ALI

A qualitative analysis of the ultrastructure was performed with TEM images of RHE
exposed to CS, Air, or treated with Acrolein, H>O», and Nigericin. A detailed description of

each skin compartment per treatment condition is summarized in Table B-11-2.
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Overall, all tissues exposed to CS and Air and tissues treated with Acrolein, H,O>, and
Nigericin exhibit a normal ultrastructure in the upper skin layers with a normal number of
packed corneocyte layers in the SC of approximately 10-15 layers. All tissues present
keratohyalin granules in the SG except for Nigericin-treated tissues which display a vast
number of empty vacuoles all over the SG due to cytoplasm loss, this reflects a clear sign of

necrosis induced by a direct toxic effect of Nigericin topically applied.

At the level of the SB, some differences were observed between all tissues. RHE exposed
to Air is inducing cell detachment characterized by visible tight junction proteins stained in
darker grey. Moreover, the first signs of apoptosis are noticed with the presence of apoptotic

bodies, this might be due to cell turnover.

The SB of CS exposed RHE clearly shows an increased autophagy flux respectively to the
other conditions with the vast presence of permeabilized lysosomes that appear as black as
electron-dense and digested vacuoles. In addition, perinuclear chromatin condensation that
appears stained as darker and cell shrinkage characterize the signs of regulated necrosis.
Damaged cells are more vulnerable and start to detach, this can be visualized by the reduction

of tight junctions and a consequent increase of intercellular space.

The SB morphology of acrolein-treated tissues was not strongly affected. Nonetheless, SC

layers are more loosely packed respectively to other treated tissues.

Similar to CS exposed tissues, the SB of H2O: topically treated RHEs present signs of
increased autophagic flux with a vast presence of lysosomes. Cell detachment was also
observed with the reduction of tight junctions and large intercellular space. Damaged cells are
characterized by cytoplasm loss, loss of cell components, digested bodies, cell shrinkage due

to the oxidative effect of H,O» treatment.

The SB cells of nigericin-treated RHE cells present vast vacuoles, damaged cell
components such as ER, Golgi apparatus, mitochondria, large intercellular space, and nuclear
shape alteration. All of these observations reflect the necrosis induced by the toxic effect of

Nigericin from the top layers reaching the bottom layers.
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Table B-II-2. Ultrastructure qualitative analysis of RHE exposed to AIR/CS or treated with

Acrolein, H>O», and Nigericin. SC: Stratum Corneum, SG: Stratum Granulosum, SP: Stratum

Spinosum

STRATUM
CORNEUM

STRATUM
GRANULOSUM

STRATUM
BASALE

AIR

10-15 of
packed SC
layers

Presence of
keratohyalin
granules

Initiation of
cell apoptosis
due to the
presence of an
apoptotic body.

Cell
detachment
signs are
characterized
by visible tight
junctions and
large
intercellular
space.

CS Acrolein
10-15 of 10-15 of slightly
packed SC detached SC
layers layers

Presence of Presence of

keratohyalin keratohyalin
granules granules
Autodigestion

of cells due to a

large number Presence of

cubical cells

of lysosomes. )
. with degraded
Signs Qf cell components
_ hecrosis dissociated by
include nuclear large
chromatlln intercellular
condensation space.
and cell
shrinkage.
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H20:2 Nigericin
10-15 of 10-15 of packed
packed SC SC layers
layers

A vast amount of

Presence of empty vacuoles

keratohyalin | present in SG and
granules SP due to
cytoplasm loss
Autodigestion

of cells due to

a large number | Signs of necrosis

include cell

of lysosomes. )
. shrinkage,
Signs C}f vacuoles, nuclear
necrosis chromatin

include cell
shrinkage and

condensation, the
presence of

the presence of damaged
vacuoles.
cell components
Cell (ER, Golgi). Cell
detachment | getachment signs
S1gns are are characterized
characterized by visible tight
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Figure B-11-4. TEM micrographs of RHE exposed to AIR/CS or treated with Acrolein, H>O»,
and Nigericin. Red arrows indicate empty vacuoles, red arrowheads indicate lysosomes stained
in darker intensity. Hitachi H100 transmission electron microscope, magnification used was 5k
X. Scale bar is 2000 nm. ER: Endoplasmic Reticulum; N: nucleus; IS: intercellular space; SC:

Stratum Corneum, SG: Stratum Granulosum, SP: Stratum Spinosum, SB: Stratum Basale.

Visualization of CS particles on top of RHE

Small CS particles adhering at the surface of the RHE were visually detected on the
transmission electron micrograph (Figure B-1I-5). Although some studies have demonstrated
a transcutaneous penetration of PM into the skin layers of a commercial RHE model
(EpiDerm™, MatTek Corporation), highlighting the physiological weakness of the model, this
was not perceived with the RHE model.?”> We can conclude that the barrier of the RHE model
is a strong permeable barrier resembling the human skin. In addition, a SEM analysis could be

useful to identify and visualize potential heavy metals at the surface of the RHE model.
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Figure B-II-5. Transmission electron micrograph of the RHE model with detection of CS
particles adhering at the surface of the SC after 30 minutes exposure with two cigarettes. Two
samples were examined per condition. Hitachi H100 transmission electron microscope,

magnification used was 80K.

Effect of whole CS on the RHE surface at early stages of ALI

Based on preliminary SEM analysis results showing no change between the surface of
RHE exposed to Air/CS at air-liquid day 14, RHEs were analyzed at an earlier stage of ALI
(D8, D9, D10) after 1, 2, and 3 cycles of Air/CS exposure respectively. Figure B-I1-6 displays
scanning electron images of RHE sample exposed to Air or CS subjected to a comparative
evaluation. The left images show the epidermis cross-section while the right images display
the surface topography of the skin. The surface of Air-exposed RHEs appears rougher with a
vast number of blisters whereas CS-exposed RHEs surface contains smoother areas. The
boundaries between corneocytes are more visible in the air-exposed RHEs. The surface of
RHEs exposed to 3 cycles of CS consists of larger spherules and ridges compared to the other

samples.
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The epidermis cross-section images all present resembling packed scaly corneocytes of
the horny layer. Although the thickness of the CS-exposed RHE seems greater, the thickness
was preferably not compared since the skin orientation during tissue processing and sectioning

strongly influence may lead to a wrong interpretation.

Overall, the surface arrangement of flat corneocytes in the SC was comparable. We were

unable to detect CS particles adhered on top of the RHE models.
AIR
ALl

D8

ALI
D9

10 ym
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Figure B-1I-6. Scanning electron micrograph showing both the cross-section (left images) and

surface topography (right images) of RHEs exposed to 1, 2, or 3 cycles AIR/CS and harvested
24h after exposure at a different stage of the air-liquid interface: ALI D8, ALI D9, and ALI
D10 respectively. Hitachi H100 transmission electron microscope, magnification used was

2.5k X. Scale bar is 10 um.
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CS exposure does not affect the expression of epidermal proteins cytokeratin 10,
involucrin, and loricrin

To further investigate the impact of CS on the skin epidermal barrier, the expression of
epidermal proteins cytokeratin 10 (K10), loricrin (LOR), and involucrin (IVL) was evaluated
post-CS exposure. These proteins all play an important role in the different stages of epidermal
barrier formation. Dysfunction or mutation of these proteins has been associated with several

skin diseases.*3°

Cytokeratin 10 (K10) is considered as an early differentiation marker, whereas late

differentiation proteins involucrin and loricrin are expressed in the upper layers* 432,

Figure B-II-7A presents the immunostaining pictures for loricrin and involucrin staining
after exposure to Air, CS with or without a medium switch. As confirmed by quantification in
Figure B-II-7B, no difference was measured between the protein staining intensity between
all conditions. Although incubating the RHEs in the exposed medium reduced the barrier

resistance, the expression of epidermal proteins was not affected.

We, therefore, measured the effect of CS exposure at an earlier stage of the ALI (Figure
B-II-8) on the early differentiation marker cytokeratin 10 (K10), and a comparable K10

expression following exposure to Air, CS, and H2O> was detected.

To conclude, CS did not alter the expression of all three markers which are localized in
the appropriate epidermal layers. Even though previous studies reported changes in expression,
on one hand, loricrin expression was considerably reduced upon tobacco smoke exposure in a
commercial RHE model, and on the other hand, an increase in filaggrin expression was noted
in RHE treated with CSE for a longer period from an earlier differentiation stage.'®%%!
Impacting the proteins involved in the skin barrier formation most likely requires a chronic
treatment throughout the ALI culture, such as feeding the skin models with a conditioned
medium containing cytokines or chemicals, as it was previously demonstrated to reproduce

impaired skin conditions in vitro.*!341
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Figure B-II-7 Immunohistochemical staining for A). loricrin (left) and involucrin (right)
proteins in RHE after exposure to Air (Control) or CS at air-liquid day 14 with and without
post-exposure medium refresh. Nuclei (blue) were stained with DAPI. Magnification 20x;
Nikon Microphot FXA microscope (Nikon Instruments). B). Quantification of fluorescence in
total RHE of loricrin and involucrin proteins is calculated with ImageJ software and plotted
using Graph Pad software. Data were normalized to the highest fluorescence intensity (“CS

exposed”) and expressed as % protein expression £ SD; n=3 tissues per condition.
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Cytokeratin 10 (K10)

AIR

Figure B-II-8. Inmunohistochemical staining for cytokeratin 10 (K10) in RHE after exposure
to Air (Control), CS, or treatment with H>O» at air-liquid day 7 and harvested 24h after
exposure/treatment. Nuclei (blue) were stained with DAPI. Magnification 20x; Nikon

Microphot FXA microscope (Nikon Instruments).

3. CS-induced oxidative stress responses in a RHE

CS exposure increases the formation of 4-HNE protein adducts

Our experiments demonstrate an increase in 4-HNE-protein adducts was observed in
RHESs exposed to CS for 30 minutes and incubated for 24h with or without medium switch
after exposure. A slightly more increased 4-HNE protein adducts level is observed when the
skin tissues were incubated in an exposed medium, this might be the consequence of CS diluted

components exerting a systemic effect from the basal compartment (Figure B-II-9A)

4-HNE half-life has been shown to differ from cell types and tissues which might
metabolize it more efficiently or more quickly.**** Therefore, the determination of an
appropriate time point to measure 4-HNE is essential since it might be rapidly detoxified by

enzymes to avoid its detrimental accumulation within the cells. However, here we were able to
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detect it 24h after exposure, this reflects a longer half-life than other ROS making it a valuable

marker of oxidative stress.

In an additional experiment, 4-HNE expression was evaluated after exposure to Air/CS
and treatment with H>O»/Acrolein/Nigericin at earlier stages of the air-liquid culture (day 7).
Figure B-1I-10B shows the IF images and quantification revealing a slightly higher 4-HNE
stained in the H>O»/Acrolein/Nigericin treated sections, however, a similar intensity was

measured in both Air- and CS-exposed RHEs.

It was also noticed that the 4-HNE intensity measuring the level of oxidative damage faded
over time culturing from ALI D8 to ALI D10 (Figure B-II-10A), this could translate to an

increase in the strength and resistance against oxidative stress.

To conclude, CS can enhance 4-HNE production in a 3D in vitro skin model, this provides

insights into the mechanisms involved in the CS-induced cutaneous toxicity.
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Figure B-II-9. A). Immunohistochemistry of 4-HNE protein adducts of RHEs exposed for 30
minutes to Air/CS with and without medium switch after exposure. Discontinued white lines
dissociate the cell viable layers from the membrane (bottom line) and the SC (upper line).
Nuclei (blue) were stained with DAPI. Magnification 20x; Nikon Microphot FXA microscope
(Nikon Instruments). B). Quantification of fluorescence in total RHE of 4-HNE protein adducts
is calculated with Image] software and plotted using Graph Pad software. Data were
normalized to the highest fluorescence intensity (“CS exposed”) and expressed as % protein

expression = SD from n=3 tissues per condition.
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Figure B-II-10. Immunohistochemical analysis of 3D-cultured RHEs. A). RHEs cultured at
the air-liquid interface were exposed to Air/CS on ALI day 7, 8, and 9 and post-exposure
incubated for 24h before being fixed and immunostained with the anti-4-HNE antibody. B).
RHE cultured at the air-liquid interface were topically treated with Acrolein/ HoO»/Nigericin
at ALI day 7 and incubated for 24h before being fixed and immunostained with the anti-4-HNE
antibody. Nuclei (blue) were stained with DAPI. Magnification 20x; Nikon Microphot FXA
microscope (Nikon Instruments). C). Quantification of immunofluorescence staining for 4-

HNE intensity for tissues treated or exposed at air-liquid interface 7 with Air, CS, H>O,
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Acrolein, Nigericin and harvested 24h later. Quantification has been performed using Imagel
software and plotted with GraphPad software. Data were normalized to the highest intensity
sample (Acrolein) and expressed as % intensity relative to Acrolein £ SD; n=2

tissues/condition.

Nrf2 translocates to the nucleus in response to CS, Acrolein, and H>0; exposure in a RHE

Since Nrf2 is the key transcription factor regulating the antioxidant defense response,
twenty-four hours after exposure to Air/CS, we have assessed its expression in reconstructed
skin models cultured at the air-liquid interface (ALI) for 14 days, presenting a mature stratum
corneum layer. RHEs exposed to CS present a more abundant Nrf2 protein signal especially in
the stratum granulosum compared to the Air exposed RHEs. Nuclear translocation of Nrf2 is
clearly observed in the bottom cell layers respectively to the Air exposed RHEs where nucleus

are not stained and appears empty in Figure B-1I-11a.

To evaluate the impact of CS on RHEs with a thinner SC, Nrf2 expression was also
measured at earlier stages of reconstruction at day 8, 9, 10 of the air-liquid interface (ALI) after
one, two, or three cycles of Air/CS exposure respectively (Figure B-II-11¢). A more abundant
Nrf2 expression was observed in the SG and SB layers of the CS-exposed RHEs, in both the
cytoplasm and nucleus of cells, highlighting a nuclear translocation. However, the RHE
exposed to Air only exhibits cytoplasmic Nrf2 staining while cell nuclei appear black. On day
10 of ALI, the Nrf2 signal was similarly distributed after Air and CS exposure with a higher
intensity in the SG layer. It has been assumed that after the second cycle of CS exposure at day
8, the tissues react by triggering an adaptive response and restores unstimulated Nrf2 signaling.
This immunocytochemical data are correlated with the transepithelial electrical resistance
(TEER) measured at days 8, 9, 10 of the air-liquid interface (ALI), reflecting a barrier resistance

recovery already after two cycles of CS exposure.

On day 8, some RHEs were topically treated with two CS components, Acrolein at 30 uM
and H»O; at 200 uM and also checked for Nrf2 expression (Figure B-II-11b). Upon both
treatments, Nrf2 signaling is highly abundant and overall distributed in the skin viable layers.
As expected, Nrf2 nuclear translocation was particularly visible in the tissues treated with
Acrolein, directly interacting with the Keap1 cysteine moieties which fail Nrf2 inhibition and

its subsequent nuclear translocation.

87



These observations suggest that Nrf2 signaling is increased in case of oxidative stress
triggered by CS exposure or treatment with CS components, H>O» and Acrolein. To conclude,
CS-induced oxidative injury to the outermost layers of the skin results in Nrf2 nuclear

translocation, an important protective response by skin epithelial cells.
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Figure B-II-11. Immunohistochemical analysis of 3D-cultured RHEs. a). RHEs cultured at the
air-liquid interface were exposed to Air/CS on ALI day 14 and incubated for 24h before being
fixed and immunostained with the anti-Nrf2 antibody. b). RHE cultured at the air-liquid
interface were topically treated with Acrolein/H>O> at ALI day 7 and incubated for 24h before
being fixed and immunostained with the anti-Nrf2 antibody. ¢). RHEs cultured at the air-liquid
interface were exposed to Air/CS on ALI day 7, 8, and 9 and post-exposure incubated for 24h

before being fixed and immunostained with the anti-Nrf2 antibody. Nuclei (blue) were stained
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with DAPI. Magnification 20x; Nikon Microphot FXA microscope (Nikon Instruments). d).
Quantification of immunofluorescence staining for Nrf2 intensity at different days of air-liquid
interface for tissues exposed to Air/CS or treated with H2O2/Acrolein and harvested 24h later.
Quantification has been performed using ImagelJ software and plotted with GraphPad software.
Data were normalized to the highest intensity sample (“CS ALI D9”) and expressed as %
intensity relative to “CS ALI D9” + SD.

4. Using the RHE as a valuable tool to screen protective antioxidant solutions

The stratum corneum is the main skin barrier and represents a major obstacle for the
penetration and delivery of active substances. To tackle this issue, ethosome vesicular
structures have been developed to specifically enhance active permeation into the lower skin
layers by acting mainly on the solubility of the SC lipids and cell permeation
enhancement*>*®_ The objective of this investigation was to test some designed and well-
characterized ethosome vesicular systems for antioxidant topical delivery into the skin and test
their efficiency in our RHE model. Ethosomes vesicles were used as percutaneous delivery
systems for coenzyme Q10 active, a known endogenous antioxidant commonly used for skin

care applications. The following data have been drawn from Sguizatto et al.*’

Evaluation of 4-HNE Protein Adducts Levels in RHE Treated with ETHO-CoQ10

Since 4-HNE immunostaining was among the most reliable marker to evaluate the level
of oxidative stress on our RHE, it was selected as the endpoint to investigate the efficiency of
ethosomes as an active delivery system in our RHE models treated or not with a known
oxidative CS component, H>O>. Based on previous studies, 90 minutes with H»O, at a
concentration of 200 M was defined as our oxidative stress-inducing treatment. It is essential
to test various ethosome pre-treatment duration to identify the optimal efficiency of the active.
Indeed, a too-short pre-treatment might be insufficient to observe an anti-oxidant effect while
a too-long treatment could lead to metabolic degradation or instability of the active. In this
way, 6h and 24h of pretreatment were selected for the study as the shortest and longest time

points.

90



Immunofluorescence analysis highlights an increased level of 4-HNE protein adducts in
the H>O» treated RHE compared to the untreated one. This intensity enhancement was reduced
by the pretreatment with CoQ10 loaded in ethosomes suggesting a protective effect from
oxidative damage (Figure B-1I-12). The decrease in 4-HNE intensity was noted all over the
skin layers including the stratum corneum (SC) with a 24h ETHO-CoQ10 pre-treatment
whereas the staining persists in the SC after a 6h pre-treatment diminishing only in the viable
layers (Figure B-II-13). It is assumed that a longer pre-treatment influences the mode of action

of the coenzyme Q10 resulting in an overall protecting effect.

To conclude, ethosome pre-treatment of 6 and 24h were both able to prevent partly H>O»
induced 4-HNE protein adducts formation in a RHE model. Nonetheless, it is important to
point out that this in vifro skin model lacks physiological relevance about the realistic
penetration rate and efficiency of the active which is overestimated compared to the case of
native human skin. Therefore, these promising results in vitro require further validation in vivo

to claim the “anti-oxidant” properties in a cosmetic formulation.
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Figure B-II-12. Representative immunocytochemical images for 4-HNE protein adducts in
portions of RHE pretreated for 24h with ETHO-CoQ10 (ETHO-CoQ10- H>0,-RHE) and
compared to control RHE treated with ETHO-CoQ10 not exposed to H2O> (ETHO-CoQ10-
RHE), or RHE exposed to H>2O2 200 pM of H>0O» for 90 min (CTRL- H>O2-RHE) (published
data from Sguizatto et al). Images were taken at 40x. (b) Quantification of immunofluorescence
staining for 4-HNE after H2O2 exposure. Data were normalized to CTRL- H202-RHE and
expressed as arbitrary units = SD. **** p <(.0001 vs. CTRL.
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Figure B-II-13. Representative immunocytochemical images for 4-HNE protein adducts in
portions of RHE pretreated for 6h with ETHO-CoQ10 (ETHO-CoQ10- H>O>-RHE) and
compared to control RHE treated with ETHO-CoQ10 not exposed to H2O> (ETHO-CoQ10-
RHE), or RHE exposed to H202 200 uM of H>O> for 90 min (CTRL- H202-RHE). Nuclei (blue)
were stained with DAPIL. Magnification 40x; Nikon Microphot FXA microscope (Nikon

Instruments).

Conclusion on the assessment of cutaneous responses upon CS exposure

The previous results indicate that our in-house RHE model is responsive to external
stressors, hence represents an appropriate model to analyze their impact on a barrier of
differentiated keratinocytes. Our in vitro study have highlighted altered oxidative stress and
pro-inflammatory markers involved in the skin defense mechanism to the detrimental CS
exposure. In addition, the morphology and barrier integrity of RHE was also negatively
impacted upon CS exposure. Considering the complexity of CS composition, exposure to
individual CS components (Acrolein and H>O») helps provide further insight on the exact
cellular and molecular mechanisms involved in its toxicity. These components mainly act as
oxidative stress inducers through direct oxidative damage of biological molecules but are also

able to alter the skin barrier integrity when topically applied. Although we have demonstrated
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that CS can generate a pro-inflammatory environment in a ROS-formation dependent manner,
the exact mechanisms are still under investigation. Complementary data obtained on 2D skin
models could help to identify markers of interest involved in CS-induced toxicity quickly and

efficiently.

The use of in vitro studies to screen molecular pathways implicated in the toxicity of CS
simplifies the experiment by limiting the number of variables, hence represent an essential
investigative tool. Besides, the reconstructed epidermal model appears as a pragmatic tool to
test the efficiency of antioxidant solutions against oxidative stressors. In the first instance, using
this RHE could help to find a correlation between external stressors and epidermal barrier
disruption observed in the pathogenesis or exacerbation of skin diseases. Subsequently, testing
the efficacy of protective and curative solutions to counteract these negative effects becomes
possible. Nonetheless, the use of a 3D skin model adds complexity to the data interpretation.
For instance, simulating a chronic exposure to CS can lead to an adaptive response over time
making it challenging to correlate with an in vivo exposure scenario. A RHE model lacks
important skin components such as the immune environment, melanocytes, and hair follicles,
thus appear more sensitive and vulnerable to environmental stressors than physiological in vivo
skin. The RHE model mainly focuses on investigating the causes of epidermal barrier
disruption challenged upon exposure to environmental aggressors, therefore only takes into
consideration the impact on keratinocyte, the first line of skin defense. Consequently, caution
should be taken in extrapolating the results of these in vitro studies to more complex in vivo
conditions. Regarding drug development, the use of in vivo skin models cannot be entirely
replaced by in vitro models especially in the context of treating multigenic skin diseases like

psoriasis.
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C. MATERIALS AND METHODS

Human primary keratinocytes culture

Human primary keratinocytes extracted from the foreskin were purchased from Lonza
(Lonza, Walkersville, MD, USA). Neonatal cells have been selected for their lack of
environmental exposure, furthermore, cells from donors of Caucasian ethnicity were preferable
to limit the production of melanin. The culture of primary keratinocytes was initiated in a
complete KGM-Gold medium (Lonza). Before reaching confluency, proliferating

keratinocytes were harvested by trypsinization, frozen, and preserved in liquid nitrogen.

Reconstruction of the RHE

The protocol used to build the RHE model was based on the published protocol from
Frankart et al.**® Briefly, third passage proliferating keratinocytes were used for the
reconstruction of the epidermis. Cell suspensions containing approximately 1 million cells,
thawed after preservation in liquid nitrogen, were diluted in complete KGM™ Gold medium
in two 75 cm? culture flask for 10 hours and then in a complete EpiLife™ basal medium
(Gibco™, Life Technologies, Carlsbad, CA, USA) which was renewed after 2 days. When
keratinocytes were subconfluent (usually on the 5 day after thawing), cells were harvested by
trypsinization and centrifuged for 5 minutes. The pellet was resuspended in EpiLife™
submerged medium containing 1.5 mM CaCl,. Polycarbonate culture inserts (0.47 cm? of
diffusion area and 0.4 pum pore size) (Nunc™, ThermoFisher Scientific, Tustin, CA) were
placed in a 24-well plate containing 1.5 ml of a pre-warmed submerged medium using a
specific carrier system (Nunc™, ThermoFisher Scientific, Tustin, CA). Each inserts received
about 500 pl of keratinocyte suspension to reach a cell density of 350.000 cells/cm?. After
three-day incubation at 37°C in a humidified atmosphere containing 5% CO., cells were
exposed to the air-liquid interface by removal of the medium in the upper compartment of the
insert. The 1.5 ml of submerged medium in the lower compartment were replaced by 1.5 ml of
complete EpiLife™ ALI medium and renewed every 2-3 days. A table of the medium

composition for each step of the process is shown in the supplementary information section.
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RHE medium recipes

The basal medium for the culture of primary keratinocytes, KGM™ Gold (Lonza,
Walkersville, MD, USA), was supplemented with SingleQuot KGM™ Gold (Lonza,
Walkersville, MD, USA) according to the manufacturer’s instructions to contain as final
concentrations 50 pg/ml bovine pituitary extract, 10 ng/ml EGF, 5 ug/ml insulin, 5.107 M
hydrocortisone, 5 pg/ml transferrin and 0.15 mM Ca®'. EpiLife medium (Gibco™, Life
Technologies, Carlsbad, CA, USA) supplemented with HKGS (Gibco™, Life Technologies,
Carlsbad, CA, USA) was used according to the manufacturer’s instructions for the proliferation
of keratinocytes and contains 0.2% bovine pituitary extract, 0.2 ng/ml EGF, 5 pg/ml insulin,
5.10" M hydrocortisone, 5 pg/ml transferrin and 0.06 mM of Ca?*. The medium used on the
first day of tissue reconstruction is composed of the complete EpiLife™ medium supplemented
by CaCl, to reach 1.5 mM Ca®'. After exposure to the air-liquid interface, the complete
EpiLife™ culture medium supplemented with 1.5 mM Ca?*, 50 pg/ml ascorbic acid (Sigma-
Aldrich, Saint Louis, MO, USA), and 10 ng/ml keratinocyte growth factor (KGF; R&D

Systems, Minneapolis, MN, USA) was used to culture the growing tissues.
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Figure C-1. [llustration of the experimental process to build the RHE model

Reconstruction of the FT skin model

Third passage proliferating keratinocytes and third passage fibroblasts were thawed on the
same day respectively in KGM-Gold and FGM-Gold medium. For the dermal matrix
formation, primary human fibroblasts suspension in FBS at a concentration of 10° cells/ml was

mixed carefully with the collagen mix to form a dermal matrix solution containing 80%
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collagen G 4mg/mL (cat., PureCol), 10% HBSS 10X with phenol red (cat., Gibco), 10% of
fibroblasts suspension in FBS and NaOH dropwise until the color turns from yellow to red as
an indicator of the pH above 8. A volume of 2,5 ml of Collagen mix was transferred in the
center of each insert, corresponding to 250 000 cells per FT skin model. The inserts were
incubated for 2 hours at 37°C with no CO2 supply and after 2h, 2 ml of KGM-2 media was
added on top of the insert containing collagen matrix and 14 ml KGM-Gold medium in the

wells below the inserts and plates were incubated at 37°C, 5% CO?2.

To form the epidermal compartment, a volume of 2 mL of keratinocyte suspension at
1x10° of cells/mL was seeded on top of each FT skin model and incubated overnight to allow
the cells to settle down and attach to the collagen matrix. After 24h, the matrix was detached
carefully from the insert sides and bottom using a p200 sterile tip. On the next day, the medium
was discarded from the wells and the inserts and 10 mL of ALI medium were added in the
basal compartment under the inserts and refreshed every two days for 7 days. The medium

composition was detailed in the supplementary information section.
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Figure C-2. [llustration of the experimental process to build the FT model

CS exposure system

Biological samples are placed in the exposure chamber that is sealed tightly to avoid any
leakage of the smoke during the exposure. The chamber is built with two electrical fans to
allow the extraction of the smoke into the chamber and to provide an appropriate distribution
of the smoke inside the chamber. The cigarette (without the filter) is inserted into a cigarette
holder at the outside of the exposure chamber and lighted up allowing full consumption to
occur. During the whole exposure, the cigarette is kept in a closed environment to allow both

the primary and the secondary smoke to be extracted into the chamber thanks to an electrical
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fan. Once the cigarette is entirely consumed (after approximately 8 minutes), the aspiration and

ventilation inside the chamber are interrupted.

Several parameters (number of cigarettes used, time of exposure, medium switch, and
post-exposure incubation time) need to be optimized before and during the exposure to achieve
conditions that do not affect significantly tissue viability. The design and dimension of the CS

exposure chamber are presented in Figure C-3.

Figure C-3. Picture and schematic illustration of the CS chamber (volume: 41.25 dm?)

placed under a chemical hood.

CS exposure on Reconstructed Human Epidermis (RHE)

Before exposure, tissues were transferred into the submerged EpiLife™ medium, without
ascorbic acid and KGF supplements to stop the differentiation process in keratinocytes. A
Teflon cover was applied on top of the carrier plate to avoid any potential CS substances
dissolution in the medium during the exposure. Tissues were exposed to two 3R4F research
cigarettes or ambient air for different duration of exposure ranging from 15 minutes to 4 hours,
in the conditions previously described. After the exposure (air or CS), tissues were fed with
fresh EpiLife™ submerged medium and incubated for 24h at 37°C, 98% humidity, and 5%
CO». Negative controls consisting of non-exposed tissues were left incubated at 37°C, 98%
humidity, 5% CO> during the exposure time. Any difference observed between the non-
exposed and air-exposed samples will indicate the potential toxicity induced by the change of

environment (temperature, humidity, and sterility). Based on the cytotoxicity results, duration
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of exposure of 30 minutes with two cigarettes replaced every 15 minutes were the selected

conditions for the endpoint measurements.

N cigarette: 1 or 2
Exposure duration: from 15’ to 4h
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sarasnsaca

ALI D15
Growth Medium: Submerged Medium: ALl Medium: Submerged Medium: Submerged Medium:
EPILIFE EPILIFE EPILIFE EPILIFE EPILIFE
1% HKGS 1% HKGS 1% HKGS 1% HKGS 1% HKGS
1% P/S 1% P/S 1% P/S 1% P/S 1% PIS
w CaCl2 w CaCl2 w CaCl2 w CaCl2

Ascorbic acid
KGF

Figure C-4. Illustration of the experimental protocol of exposure on a RHE model

Lactate dehydrogenase (LDH) Assay

After 14 days at the air-liquid interface, the reconstructed epidermis tissues were switched
to a submerged medium for 24h. Positive control RHEs were treated with Triton X-100, a
nonionic surfactant, either topically (0.1%) or systemically (0.2%). Cytotoxicity was evaluated
by the release of lactate dehydrogenase (LDH) in 1.5 ml of the reconstructed human epidermis
(RHE) maintenance media 24h after CS exposure. LDH measurement was taken after 30

minutes of incubation in the dark at room temperature.

Treatment of positive controls

A volume of 30 pL of the following chemicals was applied on top of the RHEs or dissolved
in the cell culture medium of 2D cells. For the RHEs, the selected doses were dissolved in PBS:
200 uM of Hydrogen peroxide (cat. H1009, Sigma Aldrich), 5 pM Nigericin (cat. N7143-5MG,
Sigma Aldrich) and 30 uM of Acrolein (cat. 89116, Sigma Aldrich).
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Transepithelial Electrical Resistance (TEER)

TEER was determined using the Millicell® ERS-2 Voltohmmeter (Merck KGaA,
Darmstadt, Germany). RHE tissues were placed in a 24-well plate and 0.5 ml of PBS was
dispensed in both the basal and apical compartments of the tissue inserts for the time required

to measure electrical resistance.

Lucifer yellow permeability assay

The barrier function of 3D skin models can be characterized by determining their
permeability to the Lucifer yellow fluorescent dye. In this test, 30 ul of a ImM Lucifer yellow
solution diluted in PBS was topically applied on the tissues for 6h at 37°C. After the incubation
period with the dye, tissues were fixed in a 10% formalin solution and subsequently embedded
in paraffin. 4 um thick slices were cut from the paraffin blocks using a manual microtome
(Leica RM 2245, Leica Microsystems GmbH Wetzlar) and then analyzed using a fluorescence

microscope equipped with a fluorescein isothiocyanate (FITC) filter.

Hematoxylin & Eosin staining

The morphology of the RHE model was analyzed by H&E staining. Tissues were fixed in
a 10% formalin solution, progressively dehydrated, and vertically embedded in paraffin. 6 pum
thick slices were cut from the paraffin blocks and laid over microscopic slides before staining

with H&E.

Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) sections were used to quantify involucrin
expression in the RHE model while optimum cutting temperature (OCT) embedded
cryosections with a thickness of 4 um were used for assessing the expression of filaggrin and
loricrin. FFPE sections were deparaffinized, rehydrated, and rinsed with water. An antigen
retrieval step was performed by incubating the FFPE sections in a 10 mM citrate buffer pH 6
at 90°C for 20 min. OCT cryosections were fixed in methanol for 15 minutes. All FFPE and
OCT sections were then washed twice in PBS, blocked for 1h in PBS containing 0.2% bovine

100



serum albumin and 0.02% Triton X-100 and incubated overnight at 4°C with the appropriate
antibodies. Primary antibodies were used to label involucrin (dilution 1:250; Novus
Biologicals, Milan, Italy), filaggrin (dilution 1:100; Novus Biologicals, Milan, Italy), loricrin
(dilution 1:100; Novus Biologicals, Milan, Italy), Nrf2 (cat. ab31163, Abcam, USA) 1:100,
Cytokeratin 10 (NBP2-32962, Novus Biologicals, USA) 1:100 and 4-HNE (AB5605, Merck,
USA) 1:200.

For immunofluorescence staining, tissue sections were washed twice for 10 minutes in
PBS containing 0.2% bovine serum albumin and 0.02% Triton X-100 before incubation with
Goat Anti-Rabbit IgG (Catalog # NL006; Biotechne) 1:200 and Goat Anti-Mouse (Catalog #
NLO020, Biotechne) 1:200 for 2h. After several washes, sections were finally stained with a
300mM DAPI (Tocris Biosciences, Bristol, UK) solution for 5 minutes then washed three times
in PBS-T. Coverslips were subsequently mounted in an aqueous mounting medium (R&D
Systems, Minneapolis, USA) and tissue sections were observed under a fluorescence
microscope (Nikon Microphot FXA microscope; Nikon Instruments) equipped with DAPI,
FITC, and ROD filters. DAPI, FITC, and ROD pictures were finally overlapped with ImageJ

software.

Transmission electron microscopy (TEM)

For ultrastructural analysis, RHE tissues were fixed at different stages of the differentiation
process (Day 7, 10, and 13) in 2.5% glutaraldehyde in cacodylate buffer for 3h at 4°C. Tissues
were then post-fixed in 1% osmium tetroxide for 2h at 4°C, dehydrated in a graded series of
alcohol, embedded in Araldite resins, and polymerized in an oven for 48h at 60°C. Ultrathin
sections of 60 nm were cut with an ultramicrotome (Ultratome Reichert SuperNova Leica,
Wien, Austria), stained with uranyl acetate and lead citrate, and examined in a Hitachi H100

transmission electron microscope.

Surface electron microscopy (SEM)

At high resolution and magnification, scanning electron microscopy (SEM) gives information
on the arrangement of the corneocytes in the SC.*° Tissues were fixed with 2.5%

glutaraldehyde in cacodylate buffer (pH 7.0) and dehydrated with increasing gradients of ethyl
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alcohol up to 100% concentration. The cell surface was metalized with a 100% thick layer of
gold-platinum, using a sputter coater Reichard 100. Samples were observed with a scanning
electron microscope (Zeiss EVO 140) source LaB6, at 20 KV accelerating voltage, equipped
with a computerized microanalysis system (ISIS Link), with the possibility to operate both
conventionally in high vacuum and variable pressure (SEM XVP), maximum pressure 6 torr.

Images were captured at 3190 X in variable pressure.

Raman spectroscopy

As a preliminary analysis, RHE tissues (surface area of 0.47 cm?) were washed in PBS,
detached from the polycarbonate membrane, and transferred to aluminum capsules for Raman
measurements. A small region on the samples was selected. Raman spectra and images were
acquired using a Renishaw inVia Qontor confocal Raman microscope. The sample was put
under the microscope and the measurements were performed at ambient conditions.

The excitation source was a variable power diode laser (300 mW) emitting at 785 nm. The
power of the laser source was kept at 30 mW (which is non-destructive for biological samples).
Typical point measurements took 1-2 minutes. The spectrum was collected using 10s exposure

time and 2 accumulations over the 100 to 3200 cm ™ spectral range. The objective used was

x50 LD (Leica N Plan, NA 0.5, WD 8.2 mm). All measurements were performed in a standard

confocal mode using 1200 lines/mm grating, giving a resolution of 4 cm™!.

For 2D imaging measurements, 9075 spectra were accumulated with an exposure time of

! spectral range. The typical

0.5s and a step size of 1 x 1 pm over the 614 to 1722 cm’
measurement time was 90 min for an area of 100 x 100 um. An automatic focus tracking feature
in the software was selected throughout the measurement to maintain optimum focus during

data collection.

To create Raman images, cosmic ray removal, noise filtering, and baseline subtraction
were performed on the spectra using the Renishaw Wire software. Empty modeling component
analysis was used to analyze the Raman image dataset of the tissue sample. It is an ideal method
when the chemistry of the different components present in a sample is unknown. The generated
image revealed information regarding the chemical composition and distribution of various

components within the sample.
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Detection of IL-1a, IL-1p, IL-18, and IL-8 using ELISA assay

The levels of interleukins were measured in the medium of RHEs, using the IL-13 ELISA
kit (cat. AB100562, Abcam), IL-18 ELISA kit (cat. AB215539, Abcam), IL-8 Human uncoated
ELISA kit (cat. 88-8086-88, Invitrogen) and IL-1a Human coated ELISA kit (cat. BMS243-2,
Invitrogen), according to the manufacturer's instructions. Supernatants were harvested at
specific time points after CS/Air exposure. Absorbance was measured at 450 nm using a plate
reader (Tecan-infinite M200) and a four-parameter logistic (4PL) curve was the regression
model used to analyze the results. Data were analyzed with GraphPad Prism software

(GraphPad Software Inc, La Jolla, CA, USA).
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OVERALL CONCLUSION

CS exposure has been associated with cutaneous toxicity by its ability to induce oxidative
damage and inflammatory responses disrupting the skin barrier function which can lead to the
development or exacerbation of inflammatory skin diseases, premature skin aging, and possibly
skin cancer. Considering the large and complex composition of CS, it is highly challenging to
establish a correlation between CS and smoke-related skin diseases. Another challenge is to
dissociate clinically the effect of smoking from the impact of environmental CS exposure.
Cigarette smoking surely contributes to premature skin aging. The route of exposure by CS
inhalation directly engages the delivery of toxic chemicals by the biological fluids to the dermal
capillaries, this does not only affect the skin biophysical parameters, thickness, and elasticity

but also depletes the levels of essential vitamins in the plasma and delays wound healing.

While a long-term systemic effect of smoking is more likely to be predominant in
unbalancing the skin homeostasis, CS environmental exposure has been shown to alter the skin
barrier function. Long-term CS exposure dysregulates the oxidants-antioxidants balance as
reflected by increased products of lipid peroxidation and depleted levels of skin antioxidants.
Assessing the impact of CS in vitro could help provide further knowledge in the mechanisms

and endpoints that come into play.

As there 1s no perfect in vitro skin model to mimic human real exposure to CS, the first
challenge is to select the appropriate biological target according to the research application.
Although animal models remain essential for risk analysis and genetic manipulation,
alternatives should be used whenever non-animal-based experimental set up with similar
relevance are available. Being comparable and consistent, in vitro skin models, especially the
3D reconstituted model is considered a valuable and powerful tool for a wide range of
applications such as cosmetic product evaluation and irritation testing. Indeed, the RHE model
enables the researcher to explain and predict the behavior of skin after exposure to
environmental aggressors. Future data generated from this simple and reliable RHE model
could help lead to an overall understanding of a toxicological response. Moreover, the RHE
might be modulated to reproduce some skin disease features, i.e. hyperkeratosis or a disrupted

barrier.
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Another important challenge remains to mimic the CS exposure in vitro as realistically as
possible. For this purpose, it is necessary to establish standardized exposure conditions to allow
cross-comparison studies between laboratories, however, most of them cannot afford the high

costs of commercial exposure chamber systems.

Thus far, in vitro studies have proved themselves useful and will continue to help to
identify and screen the cellular responses and molecular pathways involved in CS toxicity.
Along with the generation of toxicological data, they provide guidance towards a preventive or
a curative treatment such as topical anti-inflammatory technologies, receptor antagonists, and
barrier enhancers. However, special caution must be taken in extrapolating in vitro results to
real-life conditions. In any case, congruence between in vitro studies and in vivo studies is

critical before clinical trials.

As a concluding remark, quit smoking remains the most efficient means to restore the

oxidant/antioxidant balance within the skin.
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ABBREVIATIONS AND UNITS

Abbreviation In full
+ SEM + Standard Error of Mean
4-HNE 4-Hydroxy-2-Nonenal
8-OHdG 8-hydroxy-2' -deoxyguanosine
Ach Acetylcholine
AD Atopic Dermatitis
AGA Androgenetic alopecia
AhR Aryl hydrocarbon receptor
AIM2 inflammasome sensor Absent In Melanoma 2
ALI Air Liquid Interface
ALR Aim2-like receptor
AMPs Antimicrobial Peptides
AP-1 Activator Protein-1
ARNT AhR nuclear translocator
ATP Adenosine Triphosphate
BPE Bovine Pituitary Extract
BSA Bovine Serum Albumin
CAT Catalase
CCL20 Chemokine (C-C motif) ligand 20
CDSN Corneodesmosin
CS Cigarette Smoke
CSC Cigarette Smoke Chamber
CSE Cigarette Smoke Extract
CXCL10 IFN-y-inducible protein 10
CXCLS interleukin-8
CYPIAI Cytochrome P450, family 1, subfamily A, polypeptide 1
DMSO Dimethyl sulfoxide
EDTA ethylene diamine tetraacetic acid
EGF Epidermal Growth Factor
EGR-1 Early growth response protein 1
EPA Environmental Protection Agency
ETS Environmental Tobacco Smoke
FBS Fetal bovine serum
FDA Food and Drug Administration
FFPE Formalin Fixed Paraffin Embedded
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FITC Fluorescein Isothiocyanate filter
FLG Filaggrin
FT Full-thickness
GPX Glutathione peroxidase
GSH Glutathione
GPX Glutathione peroxidase
H&E Hematoxylin & Eosin
H>0O» Hydrogen Peroxide
HKGS Human keratinocyte growth supplement
HO-1 Heme oxygenase-1
HSP Heat Shock Protein
IF Immunofluorescence
IgE Immunoglobulin E
IL-18 interleukin-8
IL-1B interleukin-1[3
INV Involucrin
IFN-y Interferon-y
IR InfraRed
IkBa inhibitor of nuclear factor kappa B
Keapl Kelch-like ECH-associated protein 1
KGF Keratinocyte growth factor
LCO Lipo-chitooligosaccharides
LDH Lactate dehydrogenase
LL-37 Antimicrobial peptide
LNA Local lymph node assay
LOR Loricrin
LPS Lipopolysaccharide
MAPKSs Mitogen-activated protein kinases
MDA Malondialdehyde
MITF Microphtalmia-associated Transcription Factor
MMPs Matrix metalloproteinases
MPO Myeloperoxidase
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
nAChRs Nicotinic acetylcholine receptors
NADPH Nicotinamide adenine dinucleotide phosphate
NALP1 NACHT leucine-rich-repeat protein 1
NF-kB Nuclear factor-kappa B
NHDF Neo natal Human Dermal Fibroblasts
NHEKSs Normal human epidermal keratinocytes
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NLR NOD-like Receptors
NLRC4 NOD-like Receptor Family amino-terminal CARD domain 4
NLRP1 NOD-like Receptor Family Pyrin Domain Containing 1
NLRP3 NOD-like Receptor Family Pyrin Domain Containing 3
NMF Natural moisturizing factor
NO2 Nitrogen dioxide
NOX NADPH oxydase
NOX2 NADPH oxidase 2
Nrf2 Nuclear factor (erythroid-derived 2)-like 2
(0)} Dioxygen
02 Superoxide ion
Os Ozone
OCT Optimal cutting temperature compound
OH- Hydroxyl radical
PAHs Polycyclic Aromatic Hydrocarbons
AMP AMP-activated protein kinase
PBS Phosphate Buffered Saline
PM Particulate Matter
PMo Particles with diameters that are generally 10 micrometers and
smaller.
PM; s Particles with diameters that are generally 2.5 micrometers and
smaller.
RH Relative Humidity
RHE Reconstructed Human Epidermis
RNS Reactive Nitrogen species
ROS Reactive Oxygen Species
SB Stratum Basale
SC Stratum Corneum
SEM Scanning Electron Microscopy
SG Stratum Granulosum
SO Sulfur dioxide
SOD Superoxide Dismutase
SRB1 Scavenger receptor class B type 1
SS Stratum Spinosum
STATS3 Signal transducer and activator of transcription 3
TBS Tris-Buffered Saline
TBS-T Tris-Buffered Saline (TBS) solution with 0.1% v/v of Tween 20
TEER Trans Epithelial Electrical Resistance
TEM Transmission Electron Microscopy
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Th17

T helper 17 cells

TNF-a Tumour necrosis factor-alpha receptor

TS Tobacco Smoke

TSLP Thymic stromal lymphopoietin
TSNA Tobacco-specific nitrosamine
TRR-II Transforming growth factor B-II
UFPs Ultra Fine Particles

uv UltraViolet
VOCs Volatile Organic Compounds

XRE Xenobiotic response element
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SUPPLEMENTARY INFORMATION

4-HNE as an essential marker of oxidative stress

4-hydroxy-2-nonenal (4-HNE) is one of the main indicators of oxidative stress, it is a
product of lipid peroxidation, i.e. derived from the oxidation of Polyunsaturated fatty acids
(PUFAs). This highly reactive small aldehyde can form adducts with proteins (histidine,
cysteine, and lysine moieties) through Michael or Schiff base additions as well as with DNA
by forming a covalent bond with deoxyguanosine nucleoside. Its high reactivity is due to the
presence of three functional groups: one double bond, one carbonyl group, and a hydroxyl
group. This chemical structure makes it amphiphilic and electrophilic and enables an efficient
binding with a vast number of biomolecules like membrane phospholipids, transporter, and

receptor molecules as well as molecules localized inside the cells.

4-HNE increase plays a role in the modulation of enzyme activity, signal transduction, and
gene expression.**** Indeed, its interactions with nucleophilic biomolecules likely alter
response mechanisms to stress such as mitochondrial metabolism, detoxification mechanisms,
inflammatory and redox-sensitive transcription factors including nuclear factor-kappa B
(NFxB), activator protein-1 (AP1), and nuclear factor (erythroid-derived 2)-like 2 (Nrf2).440
These protein alterations may consequently lead to loss of normal cell functions and eventually
to cell death. As a long-term consequence, 4-HNE may influence cell growth, differentiation,
and apoptosis thus may be involved in the pathogenesis of oxidative stress-related diseases.**!
The skin organ is particularly rich in lipid compounds which makes it an attractive target for
4-HNE binding. An increase in 4-HNE production subsequently has been associated with the
generation and/or exacerbation of many cutaneous conditions such as psoriasis, premature

aging, skin yellowing, and AD.** 44

Nrf2 as an essential marker of the antioxidant response

Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a transcription factor that regulates the
expression of antioxidant and cytoprotective enzymes via the antioxidant response element
(ARE)*>*¢ Nrf2 plays an essential role in modulating the cellular redox status and
detoxification mechanism. At a basic state, Nrf2 is localized in the cytoplasm and guarded by

its inhibitor the Kelch-like ECH-associated protein 1 (Keapl). Exposure to electrophilic
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molecules such as 4-HNE causes conformational changes of Keap1 protein thus results in Nrf2
accumulation into the cytoplasm that quickly induces its translocation to the nucleus where it
binds the ARE sequences of antioxidant genes. As a consequence, Nrf2 nuclear translocation
induces the transcription of cytoprotective and antioxidant genes. Nrf2 also influences the
inflammation response by cross-talking with NF-xB and Inflammasomes.**’ Therefore, Nrf2
plays a crucial role in the skin defense mechanism in response to environmental stressors such

as CS providing antioxidant protection.

Epidermal proteins as essential markers of keratinocyte differentiation

Filaggrin (FLG), loricrin (LOR), involucrin (IVL), and cytokeratin 10 (K10) are proteins
that have an important role in the formation of the epidermal barrier. Filaggrin is responsible
for keratin filament aggregation promoting the cytoskeleton formation of the cornified
envelope.**® Loricrin accounts for the majority of the cornified layer protein mass and is
expressed in the granular layer.**! Involucrin is the first cross-linked protein forming the
scaffold for the cornified envelope. Its expression is normally localized early in the stratum
spinosum and persists in the stratum granulosum.*? Cytokeratin 10 (K10) is induced in early
differentiated cells at the stratum spinosum and maintained through all differentiated layers.
Considered as an early differentiation marker, its expression by post-mitotic suprabasal
keratinocytes arises ahead of cornified envelope proteins and late differentiation marker

proteins such as involucrin and loricrin,*%44

A short introduction to Raman Spectroscopy

Raman effect was discovered in 1930 by Nobel prized Indian scientist Chandrasekhara
Venkata Raman, his work has shown that “In every case in which light is scattered by the
molecules in dust-free liquids or gases, the diffuse radiation of the ordinary kind, having the
same wave-length as the incident beam, is accompanied by a modified scattered radiation of
degraded frequency” *° Raman scattering involves inelastic collisions causing energy
changes. If the scattered photons lose energy compared to the incident photons, Stokes
scattering occurs (detected at higher A) and the contrary process is called anti-Stokes scattering
(detected at lower A). Raman spectroscopy is based on the interaction between radiation and
material. The incident light transfers its energy to molecular vibrations, therefore high
polarizability molecules and bonds are more specifically detected. The resulting Raman
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spectrum is like a “fingerprint” of a material allowing the qualitative characterization at the

molecular, spatial, and temporal levels.

Confocal Raman Spectroscopy (CFR) appears as a non-invasive and promising tool in skin
research by providing data such as (i) the skin distribution of lipids, proteins, keratins,
ceramides, nucleic acids, carotenoids, and natural moisturizing factors (NMF), (ii) the
detection of structural changes associated to protein degradation or lipid organization, (iii) the
depth profile of compounds such as drug or water indicating the state of skin hydration, and
(iv) the spatial differentiation of skin layers and their thickness.*"'**'*7 The CFR technique
can be used for a wide range of applications from the identification and characterization of skin
tissues and cells for early diagnosis of pathological states to the kinetic study of
drug/penetration enhancers penetration within skin layers. Figure 5 displays similar spectral

features for an in vivo and an in vitro skin model.**8
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Figure C-5. Characteristic Raman spectrum of skin in vivo and vitro*®

Monitoring the CS chamber humidity and temperature

To be as reproducible as possible, it is important to control the humidity and the
temperature inside and outside the chamber. By monitoring the evolution of the temperature
(°C) and relative humidity (%) every 30 minutes for 4 hours, following the generation of fresh
CS inside the chamber by burning one cigarette, it was observed that CS increases the
temperature by approximately +3°C and the humidity of +20% (Figure C-6). As a result, a
negative control incubated at 37°C, 98% humidity, 5% CO: is required to minimize the effect

of temperature and humidity on our results.
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Figure C-6. Evolution of the temperature (right) and relative humidity (left) in the exposure

chamber and in the surrounding environment following the generation of fresh CS inside the

chamber by burning one cigarette.
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Reconstruction of RHE and FT skin model

Table C-1. Composition of the different culture media used to produce the RHE model

RHE building phase Medium
GROWTH MEDIUM
KGM™ Gold
Keratinocytes 2D culture passage < 3 medium
BASAL MEDIUM

EpiLife™

Keratinocytes 2D culture passage > 3 medium

SUBMERGED MEDIUM o

EpiLife™

Seeding (from D-3 to D0) medium

ALI MEDIUM
1T 1feT™
Air-Liquid Interface (from DO to Ep1L1.fe
medium

D14)
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Supplements

+ SingleQuots:

e 50 pg/ml bovine pituitary
extract

10 ng/ml EGF

5 pg/ml insulin

5.107 M hydrocortisone
5 lg/ml transferrin

0.15 mM Ca*

+ 1% HKGS
+ 1% Pen/Strip

+ 1% HKGS
+ 1% Pen/Strip
+ 1.5 mM CacCl,

+ 1% HKGS

+ 1% Pen/Strip

+ 1.5 mM CaCl,

+ 50 pg/ml vitamin C

+ 10 ng/ml keratinocyte growth
factor



Table C-2. Composition of the different culture media used to produce the FT skin model

Components

Fibroblast culture medium

Keratinocyte culture medium

Epidermal submerged medium

ALI- medium

Preparation of stock solution

FGM-Gold Fibroblast Growth Medium-2 Bullet Kit (Lonza,
Catalog #: CC-4126):

1 x Lilac Cap Vial with Insulin 0.50 mL

1 x Gray Cap Vial with hFGF-B 0.50 mL

1 x Red Cap Vial with GA-1000 0.50 mL - substituted by 100
U/100 pg P/S

1 x Bottle FBS 10.00 mL

KGM-Gold bullet kit (Lonza, Catalog #: 00192060)
1 x Natural Cap Vial with Transferrin, 0.50 mL

1 x Amber Vial with Epinephrine, 0.25 mL

1 x Red Cap Vial with GA-1000, 0.50 mL

1 x Orange Cap Vial with BPE, 2.00 mL

1 x Green Cap Vial with hEGF, 0.50 mL

1 x Lilac Cap Vial with Insulin, 0.50 m

KGM-Gold bullet kit (Lonza, Catalog #: 00192060)
1 x Natural Cap Vial with Transferrin, 0.50 mL

1 x Amber Vial with Epinephrine, 0.25 mL

1 x Red Cap Vial with GA-1000, 0.50 mL

1 x Orange Cap Vial with BPE, 2.00 mL

1 x Green Cap Vial with hEGF, 0.50 mL

1 x Lilac Cap Vial with Insulin, 0.50 m

KGM-Gold bullet kit (Lonza, Catalog #: 00192060)

1 x Natural Cap Vial with Transferrin, 0.50 mL

1 x Red Cap Vial with GA-1000, 0.50 mL

1 x Green Cap Vial with hEGF, 0.50 mL

1 x Lilac Cap Vial with Insulin, 0.50 m

No Epinephrine and BPE

*0.1% BSA: 0,5 g in 500 ml [0.1%]

* 50 pg/mL ascorbic acid: 25 mg in 500 ml [0.005%]

* 1.15 mM calcium chloride: 575 pl in 500 ml [1.15 mM]
if necessary, filtrate the medium using Stericup filters
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Western Blot (WB) buffer recipes for a volume of 1L

RUNNING BUFFER (1X)
TRIS 3g
GLYCINE 14.4g

SDS 1g
H20 1L

TRANSFER BUFFER (1X)
TRIS 3g
GLYCINE 14.4¢g
Dissolve in 800 mL H20
Add 200 mL of MeOH
TBS-T (1X)
NaCl 8g
TRIS 2.4¢g
Dissolve in 500 mL H20
Add HCI 2N to pH 7,4
Add H20 to 1L

Add 1 ml of Tween 20
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Select the percentage of SDS-Polyacrylamide gel according to protein molecular size

Acrylamide concentration (%) | Linear range of separation (KD)
15 12-43
10 16-68
7.5 36-94
5 57-212
STACKING GEL

WB gel recipe (15 mL for 2 gels) (3mL for 2 gels)

Gel components | 8% | 10% | 12% | 15%

H20 4.6 4 33 | 23 2.1

30% Acrylamide | 2.7 | 3.3 4 5 0.5

1.5M TrispH 6.8 | 2.5 | 2.5 | 2.5 | 2.5

10% SDS 0.1 | 0.1 | 0.1 | 0.1 0.03
10% APS 0.1 | 0.1 | 0.1 | 0.1 0.03
TEEMED 0.006|0.004|0.004 | 0.004 0.003
1 M Tris pH 8.8 0.38
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