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ABSTRACT OF THE DISSERTATION

Nitrogen Mustard Induces Early Changes in Skin Protein Expression:

Potential Targets for Therapeutic Intervention

By GABRIELLA WAHLER

Dissertation Directors:

Jeffrey D. Laskin, PhD; Laurie B. Joseph, PhD

Exposure to mustard gas is a current issue. Recently there has been resurgence in
chemical warfare attacks, specifically in the Middle East. In August 2015, artillery shells
were fired at Isnibil, a village east of Marea, Syria leaving 23 individuals hospitalized with
signs of poisonous mustard gas exposure. Mustard gas attacks in Iraq and Syria
resulted in victims presenting with respiratory problems, irritation to the eyes, vomiting,
and damage to the skin which included blisters and burns. Skin barrier integrity is
essential to human health and wellbeing. The stratum corneum, the outermost layer of
the skin, is crucial for the body’s defense against environmental toxins. Disruptions,
which occur following chemical exposures, are associated with delayed wound healing
and chronic wounds. Nitrogen mustard (NM, bis (2-chloroethyl) methylamine,
mechlorethamine), an analog of the chemical warfare agent sulfur mustard (SM, bis (2-
chloroethyl) sulfide), is a bifunctional alkylating agent that can induce oxidative stress,
DNA damage and inflammation resulting in extensive skin damage. Since sulfur
mustard is both lipophilic and volatile, dermal exposure can be localized using vapor cup
models. In contrast, NM is hydrophilic; thus, direct application in solvents results in

spreading over a relatively large area of skin. This makes quantification of tissue



damage difficult to assess. Key to elucidating the mechanism of action of mustards and
testing potential countermeasures is the ability to generate reproducible injury in
localized areas of the skin in experimental animal models. Despite extensive research,
mechanisms underlying the chronological events of NM induced skin injury are not
clearly understood, which makes it difficult to develop effective treatments for mitigating
vesicant induced damage to the skin. Further understanding the effects of mustards on
the skin will help determine potential therapies that can be used to mitigate toxicity. My
proposed project focuses on chemical warfare agents and how alterations in oxidative
stress and DNA damage proteins can alter skin re-generation following exposure. More
specifically, it aims to examine the early chronology of NM damage on skin epithelium.
The proposed studies will use a modified semi-occlusive patch test model developed in
our laboratory to study skin injury following NM exposure to elucidate the underlying

mechanism of action for the development of potential therapeutics.
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CHAPTER 1: INTRODUCTION

1.1 Vesicating Agents

Sulfur mustard (bis (2-chloroethyl) sulfide; SM) and its structural analog nitrogen
mustard (bis (2-chloroethyl) methylamine; NM) are blistering agents which cause
extensive damage to various tissues and organs including the skin, eyes and lungs
following exposure (Graham et al., 2013; Kehe et al., 2005). Although NM has never
been used in warfare it was developed as a chemical warfare agent in the 1940s by
Germany and the United States and poses a similar threat as SM for use as a warfare
agent (Inturi et al., 2014). As a bifunctional alkylating agent, SM induces tissue injury by
reacting with a variety of cellular macromolecules including nucleic acids, proteins and
lipids (Joseph et al., 2018; Papirmeister et al., 1985). In aqueous solutions both SM and
NM spontaneously lose a chloride ion and undergo nucleophilic substitution to form a
cyclic aziridinium ring (Fig. 1.1) (Inturi, et al., 2014; Mann, 2010). This intermediate is
reactive, forming a second aziridinium ion which reacts with nearby nucleophilic sites
resulting in adducts and crosslinks (Inturi, et al., 2014). This results in alterations in
tissue structure and function, erythema and pruritis which are among the first signs of
vesicant-induced dermal injury (Joseph, et al., 2018; Laskin et al., 2010). Subsequently,
degradation of the epidermis can result in the formation of fluid filled blisters and necrotic
lesions (Graham, et al., 2013; Joseph, et al., 2018; Kehe et al., 2008; Rice, 2003). Like
SM, cutaneous exposure to NM causes toxicity to the dividing basal epidermal cells
leading to cell death and delayed vesication, prolonged healing with chronic

inflammation, tissue remodeling and scarring (Inturi, et al., 2014; Joseph, et al., 2018).



1.1.1 Skin Structure and Function

The skin is the largest organ of the body providing a physical barrier to foreign
substances (Blattner et al., 2014). The skin is composed of three primary layers, the
epidermis, dermis and subcutaneous fat (Richardson, 2003) (Fig. 1.2). The outermost
layer of the epidermis, the stratum corneum (SC), contains corneocytes embedded in a
lipid matrix held together by corneodesmosomes (Elias, 2014; Murphrey et al., 2019).
Ceramides, cholesterol, and free fatty acids in an equimolar ratio provide the
permeability barrier which contributes to the hydrophobic nature of the skin (Blattner, et
al., 2014; Elias, 2014; Menon et al., 2012). Lipolytic and proteolytic enzymes and anti-
microbial peptides contribute to the ongoing biochemical activities in the SC (Barrett et
al., 1964; Dutagaci et al., 2014; Menon, et al.,, 2012; Raymond et al., 2008). The
epidermis is divided into several layers the SC, the uppermost layer, followed by the
stratum lucidum, granulosum, spinosum and basale (Fig. 1.2). Cells of the stratum
basale, or basal layer of the skin, move upward through the spiny and granular layers to
the top layer, the SC (Wickett et al., 2006; Yousef et al., 2019). The predominant cell
type of the epidermis is the keratinocyte which transforms into corneocytes at the SC
(Raymond, et al., 2008; Wickett, et al., 2006). Additional cell types in the epidermis
include melanocytes, Langerhans, and Merkle cells. Melanocytes are the pigment-
producing cells of the skin and hair and Langerhans cells are dendritic immune cells of
the skin which play an important role in immune barrier of the epidermis and in contact
allergy (Yousef, et al., 2019). Merkel cells are important in sensory function for fine
touch. The basement membrane is a thin layer of protein fibers and glycosaminoglycans
which separates the epithelium from the underlying dermis. The dermis varies in
thickness and is made up of two components, the thin papillary region (the upper most

layer), composed of fine and loosely arranged collagen fibers. The thick reticular layer is



the lower layer of the dermis and is composed of dense irregular connective tissue and
is the primary location of dermal elastic fibers (Rissmann et al., 2009) (Fig. 1.2).
Embedded within the fibrous tissue of the dermis are the dermal vasculature, lymphatics,
and nerve cells (Zhu et al., 2015). These components of the dermis allow for waste
removal aiding in the defense system of the skin (Stenn et al., 2010). The hypodermis
or subcutaneous tissue is the deepest layer of skin and contains adipose lobules along
with some skin appendages (hair follicles), sensory neurons, and blood vessels
providing anchorage (Yousef, et al., 2019) (Fig. 1.2). Together, these components of

the skin help to maintain the SC barrier and integrity of the skin.

1.1.2 Skin Barrier Disruption

When functioning properly, the skin prevents water loss providing a barrier to epidermal
invasion of allergens and bacteria. Interfering with or altering the functional properties of
the skin can weaken the barrier, decreasing an individual’s protection from
environmental insult. Changes in skin barrier leads to imbalances in epidermal lipids and
result in water loss from the SC (Elias, 2008; Hogan et al., 2012; Rosso et al., 2016). It is
considered that the rate of trans epidermal water loss (TEWL) correlates with skin barrier
function which can provide quantitative measurements of skin damage caused by
exposure to chemical agents such as NM and SM (Blattner, et al., 2014; Lee et al.,
2012). In-vivo measurements of TEWL were conducted in our laboratory to provide a
guantitative assessment of gross skin damage as a direct result of NM exposure. The
severity and progression of the resulting skin lesions were quantified daily for three days,
beginning on day 0, 1 hour following exposure. These studies employed the use of the

GPower Skin Barrier Light® by GPOWER Inc. (Seoul, South Korea) (Ye et al., 2019).



In these studies, skin barrier strength (SBS), moisture level (ML), stratum corneum
hydration (SCH), temperature (T) and humidity (H) in addition to TEWL were measured.
Following damage, readings were taken to obtain an overall barrier score (OBS) to
determine the strength of the skin barrier. Initially, 1 hour post-NM exposure (day 0)
SBS decreased by 88% while TEWL rates increased by 90%, compared to control (Fig.
1.3; A). Twenty-four hours after damage (day 1), ML and SCH were increased by 80%
and 45%, respectively. Forty-eight hours (day 2) revealed a 20% decrease in OBS and
a 2.5-fold increase in punch biopsy weight (Fig. 1.3; A & B). Histological staining on
day 2 revealed decreased SC integrity and a 42% decrease in epidermal thickness,
compared to control (Fig. 1.3; C). These data represent the damage that occurs to the
skin barrier following vesicant exposure. Understanding skin sensitivity to various toxins
is important in protecting human health and for evaluating dermal toxicants to determine
their mechanism of action for the preclinical testing of drugs as treatments. For this
reason, development of a suitable in-vivo model is essential in studying dermal

toxicants.

1.1.3 Model Development

Multiple animal models have been developed in order to test the sensitivity of the skin to
different toxicants that alter the defense system (El Maghraby et al., 2015; Fischer et al.,
1989; Ogiso et al., 2001). Dermal toxicants range from sensitizers and irritants to
mutagens and carcinogens with the ability to cause adverse events in humans and
animals via skin contact (Farage et al., 2011). Due to its nature, the skin is permeable to
lipid-soluble substances and gases, but impermeable to water making it difficult for
dermal toxicants solubilized in hydrophilic formulations to penetrate the skin (Anishkin et

al., 2014; Notman et al., 2008).



Toxic compounds with varying physical and chemical properties have different affinities
to the SC affecting their absorption through the skin (Barrett, et al., 1964). Absorption is
dependent on the integrity of the skin, and the anatomical site exposed (lbrahim et al.,
2010). SC thickness varies depending on location being about 0.5 mm on the eyelid and
about 2 mm on the back (Sandby-Moller et al., 2003). These changes in thickness
predispose certain areas to increased penetration of topical products (Chantasart et al.,

2012; Vieille-Petit et al., 2015).

Mice, rats, guinea pigs and swine have proven to be adequate animal models when
determining skin toxicity (Surh et al., 2012). These animal models have helped to
develop direct and indirect methods that test and recapitulate the effects of dermal
toxicants. Direct skin contact models rely on the solubility of toxicants for penetration
through the skin, while indirect models rely on the use of physical supports for dermal
application. Direct skin contact models include topical application, and vapor cups
(Anderson et al., 2002; Casillas et al., 2000; Singer et al., 2011). Indirect skin contact
models employ the use of gauze pads and filter paper for toxicant application (Hojer et

al., 2002; Hulten et al., 2004).

1.2. Direct Contact Models

1.2.1 Topical Application

The mouse ear vesicant model (MEVM) of induced dermal toxicity allows for analysis of
chemical agents on the skin of animals. The MEVM has been used to study a range of
toxicants such as 2-chloroethyl ethyl sulfide (CEES), a blistering agent, 12-O-
tetradecanoylphorbol-13-acetate (TPA), a common topical irritant, SM and NM (Casillas,

et al., 2000; Chang et al., 2009; Chang et al., 2013; Ricketts et al., 2000). The MEVM is



recognized for its effectiveness in studying skin responses and damage following
exposure to chemical irritants (Casillas, et al., 2000; Monteiro-Riviere et al., 1999;
Ricketts, et al., 2000). Casillas et al., 2000 exposed rats to a single 5 pl dose of varying
concentrations of SM in dichloromethane on the outer surface of the ear. This method of
application allowed for evaluation of edema as an index of inflammation and
histopathologic response to SM following exposure. A comparative evaluation of the
results indicated which dose was optimal for future studies, and how the inflammatory
response proved to be an early indicator of SM induced skin damage. Studies
investigating the mouse ear allow for further examination of dermal edema and the
inflammatory response. Rodent ear skin has comparable permeability with that of
human skin demonstrating that the ear is a reasonable model for studying the transport
of drugs (King et al., 2015). A drawback in evaluation of toxicants on the ear is that mice
can easily reach and groom this region, and the area (cm?) is limiting (Jung et al., 2015).
Methods to reduce these limitations include use of the dorsal or ventral region of the
mouse for dermal application (Chaquour et al., 1995; Goswami et al., 2015; Joseph et

al., 2011).

The dorsal and ventral regions of the mouse provide a larger area for application and the
dorsum is in a location that is difficult for the mouse to reach (Jung, et al., 2015; Singer
et al., 2015). The hairless mouse model is a method that exposes the dorsal region of
mice to dermal toxicants (Goswami, et al., 2015; Kligman, 1996; Zhaorigetu et al., 2003).
With this model dermal toxicants can be analyzed following exposure on SKH1-Hr
hairless mice (Chaquour, et al., 1995; Goswami, et al., 2015; Joseph, et al., 2011).
Application of a toxicant on the dorsum allows for easy entry to internal organs and an
examination of penetration range (Batal et al., 2014; Pan et al., 2015). This type of

application is ideal for toxicants that are not hydrophilic, however for those that are



application can prove to be difficult. When applied directly to the skin these hydrophilic
substances may spread laterally leading to unpredictable penetration dynamics and
increased skin surface area exposure (Fig. 1.4) (Saunders et al., 1999; Vieille-Petit, et
al., 2015). To avoid lateral spreading a barrier can be created around the application

area (Wormser et al., 2002). One such barrier can be the creation of a well.

Wells can be constructed out of open-ended plastic cylindrical tubes adhered onto the
dorsal region through a silicone sealing ointment placed along the edge ensuring no
leakage (Wormser, et al., 2002). Such a study would be effective in containing the toxic
solution in a defined area (Wormser, et al., 2002). A limitation to such a design is the
skin irritation that occurs with the addition of extra adhesive material leading to variability
in results. Some studies mark the damage site with a tattoo adding increased variability
and skin injury (Gopee et al., 2005; Graham et al., 2000; Graham et al., 2002). One way
to analyze skin damage following direct toxicant exposure while still controlling for area
exposed and additional irritation is the use of a vapor cup (Anderson, et al., 2002;

Mershon et al., 1990).

1.2.2 Vapor Cup Model

The vapor cup model was originally developed in order to create an experimental model
that reflected real world SM exposure (Anderson, et al., 2002; Joseph, et al., 2011; Kehe
et al., 2009; Mershon, et al., 1990). In this model SM is delivered via a closed cup vapor
system to the skin surface of the animal (Ricketts, et al., 2000). A vapor cup is prepared
by fitting it with Whatman filter paper discs, fixed above the rim and saturated with SM.
The volume of SM should be enough to thoroughly wet the filter paper without running
down the inside of the (Anderson, et al., 2002; Joseph, et al., 2011; Ricketts, et al.,

2000). This model has been used to analyze SM-induced skin injury in several animal



species including guinea pigs, hairless guinea pigs, haired neonatal mice, hairless mice
and pigs (Anderson, et al., 2002; Joseph, et al., 2011; Mershon, et al., 1990; Wormser,
et al., 2002). Variations in this method occur between species but overall the vapor cup
model is aimed at exposing the dorsal area of the skin to dermal toxicants for a
controlled delivery comparable to human exposure (Graham, et al., 2000; Graham, et

al., 2002).

The SM vapor cup model is one of the most successful and utilized forms of exposure
for chemical vapors (Anderson, et al., 2002; Mershon, et al., 1990; Snider et al., 2014).
When the production of a vapor is not possible or recommended, other forms of skin

exposures must be investigated.

1.3 Indirect Skin Contact Models

1.3.1 Patch Test Models

The patch test as we know it today was popularized by Ladassohn in 1895 (Fischer, et
al., 1989). This test has been refined from its simple origins, in which a substance was
placed under an adhesive bandage and left on the skin for several days (Fischer, et al.,
1989; Rietschel, 1989). More recently test substances are suspended in a matrix and
applied to the back or volar surface of the arm under occlusive or semi-occlusive tape
(Fischer, et al., 1989). This procedure has been modified for animal use by the Buehler
Method (Buehler, 1994). The occlusive patch test to analyze hypersensitivity reactions
in guinea pigs and more recent modifications employ gauze pads and filter paper as

supports (Buehler, 1994; Hojer, et al., 2002; Wu et al., 2012).

In these models, which have been used in both humans and animals, test chemicals are

suspended in a matrix which is adhered to a designated area of the skin with occlusive



or semi-occlusive tape (Buehler, 1994; Farage, et al.,, 2011; Fischer, et al., 1989;
Nicholson et al., 1999). Patch models have also been used to evaluate treatments for
chemical burns, and as a method for delivering hydrophilic substances to the skin (Hojer,

et al., 2002; Hulten, et al., 2004).

Although many patch models can be extrapolated to human skin, there are limitations in
skin permeability of test agents between humans and animals, as well as their ability to

induce irritation reactions (Chew et al., 2003; Simon et al., 1998).

1.4 Discussion

The SC functions in host protection from foreign chemicals and bacteria, water loss
prevention, and body temperature regulation (Blattner, et al., 2014; Richardson, 2003;
Talreja et al., 2001). Epidermal barrier perturbation is a consequence of various
environmental factors (Hosnuter et al.,, 2015; Pan, et al., 2015). Correctly designed
exposure models are needed to evaluate skin damage due to dermal toxicants (Joseph,
et al., 2011; Jung, et al., 2015; Zhu, et al., 2015). In order to develop a reliable model for
skin barrier disruption we need to be familiar with each animal model's characteristics as
well as experimental methods (Talreja, et al., 2001). Absorption of chemicals through
the skin varies depending upon the composition and solubility of the chemical (Barrett, et
al., 1964; Notman, et al., 2008). Many dermal toxicants are soluble in water and prove
difficult to study due to the hydrophobic nature of the skin (Anishkin, et al.,, 2014;
Dutagaci, et al., 2014). Methods to drive toxicants through the skin barrier include direct
and indirect contact models and are successful in causing skin irritation allowing for
dermal toxicity testing. Among the animal models developed some prove better in their
ability for controlled application and enhanced SC permeability (Casillas, et al., 2000;
Hojer, et al., 2002). Modification of these animal models helps to better evaluate skin

damage, chemical toxicity and subsequent skin resolution (Avci et al., 2013; King, et al.,
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2015). Vapor cup studies in general have demonstrated that hair follicles and sebaceous
glands are targets for induced toxicity in the skin and that basal cell damage resembled
lesions of vesicant injury in man (Mershon, et al., 1990). The development and use of
direct skin contact models such as the vapor cup model, and indirect skin contact
models such as the patch test are invaluable in understanding the consequences of
chemical exposures on the skin and for delivering hydrophilic substances through the
hydrophobic SC (Buehler, 1994; Fischer, et al., 1989; Hadebe et al., 2014; Hulten, et al.,

2004).

The patch test model was modified in our laboratory to study the effects of NM on the
skin. Preliminary studies with NM revealed the dorsal lumbar region of the mice as an
ideal location for evaluating dermal injury and providing reproducibility in wound

development (Fig 1.5).

1.5 Research Objective and Hypothesis

A central hypothesis was developed from the information presented in this introduction:
Vesicant exposures lead to excessive skin damage through alterations in early markers
of damage and repair. Three specific aims were developed to evaluate the hypothesis

presented in this thesis:

Aim 1. Characterize tissue damage induced by NM with the use of a cutaneous mouse

model.

Aim 2. Identify macromolecules that mediate DNA damage and oxidative stress in

isolated mouse skin epithelium exposed to NM.
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Aim 3. Analyze kinetics of DNA damage and oxidative stress in mouse and human

keratinocytes exposed to NM in relation to the cell cycle.

The prevalence of chemical warfare and lack of effective countermeasures make the risk
of exposure a significant concern. This work is aimed at identifying the mechanisms
underlying the function of mustard agents, toxins used in chemical warfare, through the
development of suitable in-vivo and in-vitro models to ameliorate skin injury following
exposure for the development of countermeasures. This research fills knowledge gaps in

the fields of skin biology, dermal toxicology, and environmental exposure science.
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Figure 1.1 Aziridinium Ring Formation.

Both NM and SM form reactive aziridinium rings by intramolecular displacement of the
chloride by the amine nitrogen. These aziridinium ions react with two bases on opposite
strands of a DNA duplex to form a covalent linkage yielding adducts called DNA
interstrand cross-links (ICLs). This prevents helix unwinding, blocking essential

processes such as replication and transcription.
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Figure 1.2 Figure Basic Skin Structure.

The image shows a simplified version of skin structure. The skin is divided into three
main layers. The outermost layer, the epidermis, is composed of the stratum corneum,
stratum lucidum, stratum granulosum, stratum spinosum and stratum basale. A
basement membrane connects the epidermis and dermis. The dermis is composed of
fine and loosely arranged collagen fibers which contain the dermal vasculature,
lymphatics, and nerve cells (not depicted). Below the dermis is the hypodermis or

adipose layer which contains adipose lobules (Wahler, 2019).
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Figure 1.3 Changes in Skin Characteristics Following Treatment with Nitrogen

Mustard.

The dorsal skin of female CD-1 mice was shaved and 20 pumol of NM in 20% deionized
water/80% acetone (v/v) or vehicle control (CTL) was applied to the filters which were
then covered with PARAFILM®. After 6 minutes, the filter discs were removed, and the
skin analyzed for tissue damage 0-2 days following exposure using the GPower Skin
Barrier Light® by GPOWER Inc. (Seoul, South Korea). A. The graphs show the relative
levels of skin characteristics following exposure. B. The graph shows the average
punch biopsy weight 2 days post-NM exposure. C. The graph shows the average
epidermal thickness 2 days post-NM exposure. Comparison of the multiple groups was
performed using one-way analysis of variance (ANOVA). The result is considered
significant with p-value < 0.05. *Significant from CTL (n = 3), the data are expressed as
mean + standard deviation (SD). OBS, overall barrier score; SBS, skin barrier strength;
ML, moisture level; TEWL, trans epidermal water loss; SCH, stratum corneum hydration;

T, temperature; H, humidity.
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Figure 1.4 Limitations of the Hydrophobic Skin Barrier.

The diagram illustrates the difficulties of NM penetration through the hydrophobic skin
barrier. The hydrophilic properties of NM results in diminished dermal penetration and

lateral spreading resulting in excessive skin damage that is difficult to characterize.
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Figure 1.5 Mouse Model Results.
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The dorsal skin of female CD-1 mice was shaved and exposed to 20 pmol of NM in 20%

deionized water/80% acetone (v/v) or vehicle control (CTL). NM was applied to the

filters which were then covered with PARAFILM®. After 6 minutes, the filter discs were

removed, and the skin was analyzed for tissue damage 1-5 days following exposure.

The patch test model was modified in our laboratory to study the effects of NM on the

skin. The progression of wound development following NM exposure is depicted (top

panel) along with filter placement and the punch biopsy obtained from the wound site

(lower right image).
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2.1 Abstract

In the present studies, a modified cutaneous patch test model was developed in mice to
characterize NM-induced injury and to evaluate the efficacy of an indomethacin pro-drug
in mitigating toxicity. NM (20 umol) or vehicle control was applied onto 6 mm glass
microfiber filters affixed to the shaved dorsal skin of CD-1 mice for 6 minutes. This
resulted in dermal absorption of approximately 4 pmol of NM. NM caused localized skin
damage within 1 day, progressing to an eschar within 2-3 days, followed by wound
healing after 4-5 days. NM-induced injury was associated with increases in skin
thickness, inflammatory cell infiltration, reduced numbers of sebocytes, basal
keratinocyte double strand DNA breaks, as measured by phosphorylated histone 2A.X
(phospho-H2A.X) expression, mast cell degranulation and increases in inducible nitric
oxide synthase (INOS) and cyclooxygenase-2 (COX-2). Wound healing was
characterized by epidermal hyperplasia and marked increases in basal cells expressing
proliferating cell nuclear antigen (PCNA). A novel indomethacin-anticholinergic prodrug
NDH4338 (AIDNX) designed to target cyclooxygenases and acetylcholinesterase
(AChE), was found to markedly suppress NM toxicity, decreasing wound thickness and
eschar formation. The prodrug also inhibited mast cell degranulation, suppressed
keratinocyte expression of INOS and COX-2, as well as markers of epidermal
proliferation. These findings indicate that a novel bifunctional pro-drug is effective in
limiting NM mediated dermal injury. Moreover, our newly developed cutaneous patch
test model is a sensitive and reproducible method to assess the mechanism of action of

countermeasures.

Abbreviations
AChE, acetylcholinesterase; CEES, 2-chloroethyl ethyl sulfide; COX, cyclooxygenases;

D/E, dermal/epidermal; DSB, double strand breaks; H&E, hematoxylin & eosin; iNOS,
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inducible nitric oxide synthase; MCs, mast cells; MEVM, mouse ear vesicant model; NM,
nitrogen mustard (bis (2-chloroethyl) methylamine); PBS, phosphate buffered saline;
PCNA, proliferating cell nuclear antigen; PGD2, prostaglandin D2; PGE2, prostaglandin
E2; phospho-H2A.X, phosphorylated histone H2A.X; SC, stratum corneum; SM, sulfur

mustard (bis (2-chloroethyl) sulfide); SSB, single strand breaks

2.2 Introduction

SM and NM are highly toxic bifunctional alkylating agents causing epidermal and dermal
damage (Shakarjian et al., 2010). In humans, depending on the dose and duration of
exposure, mustards can cause acute injury, inflammation, the formation of ulcerative
wounds, and blistering (Arck et al., 2006; Ghabili et al., 2010; Vogt et al., 1984).
Generally similar responses are observed in rodent models of cutaneous exposure to

SM or NM (Tewari-Singh et al., 2013).

Since SM is both lipophilic and volatile, dermal exposure can be localized using vapor
cup models (Anderson, et al., 2002; Mershon, et al.,, 1990). In contrast, NM is
hydrophilic; thus, direct application in solvents results in spreading over a relatively large
area of skin. This makes quantification of tissue damage difficult to assess (Tewari-

Singh, et al., 2013; Tewari-Singh et al., 2014, Vieille-Petit, et al., 2015).

In the present studies, a modified semi-occlusive patch test model employing a glass
microfiber filter delivery system was developed for cutaneous NM delivery in mice; our
goal was to characterize skin injury and wound healing, and to assess the efficacy of a
novel bifunctional anti-inflammatory prodrug, AIDNX, as a potential countermeasure.
The advantage of microfiber dosing is that it provides an effective method of applying
NM over defined areas of the skin, making it easier to quantify tissue damage. AIDNX

was designed to target cyclooxygenases (COX), enzymes that generate proinflammatory
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eicosanoids, and also to target acetylcholinesterase, an enzyme mediating hydrolysis of
acetylcholine (Fig. 2.1) (Kurzen et al., 2007). The advantage of the prodrug is that it
provides a simple dosage form for two drug targets in the skin and a facilitated
mechanism for onsite controlled release of the individual therapeutic components. This
provides an opportunity for therapeutic properties on the skin that exceed those of the
component parts. In earlier studies we showed that AIDNX was effective in reducing
sulfur mustard-induced edema, as well as degradation of the dermal-epidermal
basement membrane; it also reduced expression of COX-2 and promoted wound re-
epithelialization (Chang et al., 2014). The present studies demonstrate that our modified
cutaneous patch test model is highly reproducible and can be used to effectively
evaluate candidate therapeutics with the potential to mitigate vesicant-induced skin

injury.

2.2 Materials and Methods

Chemicals

Polyethylene glycol 400 and lanolin (C10-30 cholesterol/lanosterol esters) were
from Croda Inc., Edison, NJ. Unless otherwise indicated NM (mechlorethamine HCI)
and all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). AIDNX

was synthesized as previously described (Young et al., 2010).

Animals and Treatments

Female CD-1 mice (8 weeks; Charles River Laboratories, Wilmington, MA) were housed
in filter-top micro isolation cages and maintained on food and water ad libitum. Mice
received humane care in compliance with the Rutgers University guidelines, as outlined
in the Guide for the Care and Use of Laboratory Animals published by the National
Institutes of Health. Mice were anesthetized by intraperitoneal injection of ketamine (80

mg/kg) and xylazine (12 mg/kg), and randomly assigned to treatment groups. The
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dorsal skin of the mice was shaved and then cleaned with deionized water. Six mm
glass microfiber filter discs (GE Healthcare, Buckinghampshire, UK) were placed on the
lumbar region of the shaved skin equidistant from the spine and adhered with 10 pl of
acetone (Fig. 2.2; A). Twenty pl of freshly prepared 1 M NM (20 umol) in 20% deionized
water/80% acetone, v/v, was then applied to the filters and immediately covered with
PARAFILM® (Pechiney, Menasha, WI). Control mice received the solvent without NM.
After 6 minutes, the filter discs were removed. In some experiments, mice were treated
topically with AIDNX four times per day beginning 1 hour after NM. For these
experiments, 20 pl of AIDNX (1% in a mixture of 49.5% lanolin and 49.5% polyethylene
glycol 400 (PEG400)) or vehicle control was applied directly to the skin and massaged in
using a finger cot (Thermo Fisher Scientific, Waltham, MA). Mice were euthanized 1-5
days post-NM and 12 mm full thickness biopsies of the exposure site and surrounding
tissue were immediately collected using a skin punch (Acuderm Inc., Ft. Lauderdale,
FL). Punch biopsies were trimmed and stored in ice cold phosphate buffered saline
(PBS) containing 3% paraformaldehyde/2% sucrose. The tissue was embedded in
paraffin and 6 um sections prepared and stained with hematoxylin and eosin (H&E) or
Gomori's trichrome containing methyl (aniline) blue, for analysis of collagen I/lll (Goode
Histolabs, New Brunswick, NJ). H&E stained tissue was scanned using a VS120-L100
Olympus virtual slide microscope (Waltham, MA). In some experiments, histological
sections were stained with toluidine blue O (Sigma Chemical, St. Louis MO) to visualize
metachromatic/basophilic granules in mast cells (MCs). Extrusion of basophilic toluidine
blue stained granules was evidence of MC degranulation (j). To quantify wound
thickness and nuclear size, measurements were performed on tissue sections using the
OlyVIA 2.7 viewer software (Olympus). Skin sections were divided into 4 equal parts
and measurements taken perpendicular from wound edge through the dermis, to the top

surface of the hypodermis. For nuclear size, wounds were divided in half, 10 random
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nuclei from each half were measured by drawing a major axis (a) and minor axis (b)
through each nuclei and calculating the area of an ellipse (area =T x 2a x Y2 b). To
estimate absorption of NM from the filter discs, NM was applied to 6 weighed control
discs and allowed to dry. The filters were then weighed again to determine filter bound
NM. Twelve weighed discs treated with NM that had been applied to mice (treatment
discs) were removed and dried. These filters were also weighed again to determine filter
bound NM post-exposure. NM absorbed was based on the difference in the weight of
NM on control discs and treatment discs. In these experiments, control discs were found
to contain 3.93 = 0.35 mg NM (mean £ SD, n = 6) while treatment discs contained 3.18 £
0.37 mg NM (mean + SD, n = 12). Differences in NM weight between control and
treatment discs was 0.75 mg, thus approximately 20% of the NM applied to the skin was

absorbed (~4 pmol or ~0.14 pmol NM/mm? of the filters discs).

Immunostaining

For immunohistochemistry, tissue sections (6 um) were deparaffinized, and blocked with
25%-100% normal goat serum (Invitrogen, Grand Island, NY) at room temperature for 2
hours. Sections were then incubated overnight at 4°C with rabbit affinity purified
polyclonal antibodies against phosphorylated histone 2A.X (phospho-H2A.X; Serl39,
Cell Signaling, 1:50, Boston, MA), cyclooxygenase-2 (COX-2, Abcam, 1:200,
Cambridge, MA), inducible nitric oxide synthase (iINOS, Abcam, 1:150), proliferating cell
nuclear antigen (PCNA, Abcam, 1:500), or control rabbit IgG (Prosci, Atlanta, GA). After
washing, the sections were incubated at room temperature for 30 minutes with
biotinylated goat anti-rabbit secondary antibody (Vector Labs, Burlingame, CA).
Antibody binding was visualized using a diaminobenzidine (DAB) Peroxidase Substrate

Kit (Vector Labs).
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Statistical analysis
Data are presented as mean + SD (nh = 6). A two-way analysis of variance was used to

assess statistical significance (p < 0.05).

2.3 Results

Effects of NM on mouse skin

Gross examination of the tissue revealed development of an indurated crusty wound 3
days post-NM exposure (Fig. 2.2; B). Histologically, control skin consisted of a relatively
thin epidermis 2-3 cell layers thick, with a contiguous stratum corneum (SC) (Fig. 2.3;
left panels). Loss of the SC was evident 1-2 days post-NM, along with an inflammatory
cell infiltrate (Fig. 2.3; left panels). Two-three days post-NM, an eschar developed over
the wound site, accompanied by a general loss of dermal appendages including
sebaceous glands and hair follicles. This was associated with an increase in wound and
epidermal thickness (Fig. 2.4), as well as an increase in nuclear size within the
thickened neo-epidermis (Fig. 2.5). A thickened hyperplastic wound persisted in the
skin 3-5 days post-NM. At this time, the eschar sloughed off leaving an acanthotic
epidermis (Fig. 2.3; left panels). Trichrome staining showed that NM exposure resulted
in collagen deposition in the papillary dermis within 2 days (Fig. 2.6; left panels). Three
to four days post-NM, hemorrhage was evident within the thickened reticular dermis with
hyperkeratosis superior to the hyperplastic epidermis. Three-five days post-NM,
epidermal hyperplasia was also observed (Fig. 2.6; left panels). After 5 days,
hyperkeratosis was still evident, along with increased collagen deposition in both the

reticular and papillary dermis (Fig. 2.6; left panels).

As a bifunctional alkylating agent, NM is known to induce double strand DNA breaks
(Clingen et al.,, 2008). Phosphorylation of histone H2A.X, a variant of histone H2A,

creates a recognition domain critical for DNA repair and is a marker of DNA damage
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(Jowsey et al.,, 2009; Mah et al., 2010). Little or no phospho-H2A.X was evident in
control skin (Fig. 2.7; left panels). NM caused a marked increase in phospho-H2A.X
expression in the nuclei of basal and suprabasal cells of the interfollicular epidermis and
the outer root sheath of hair follicles within 1-3 days (Fig. 2.7; left panels). Two-three
days post-NM, phospho-H2A.X was also evident in infiltrating inflammatory cells beneath
the eschar extending into the underlying dermis (Fig. 2.7; left panels). Interestingly,
phospho-H2A.X persisted in the skin, primarily in the basal and suprabasal cells of the

neo-epidermis, for at least 5 days post-NM (Fig. 2.7; left panels).

Nitric oxide is a reactive proinflammatory mediator generated in skin cells via an
inducible isoform of nitric oxide synthase (iINOS) (Cals-Grierson et al., 2004; Heck et al.,
1992). In control skin, INOS expression was only noted in sebaceous glands (Fig. 2.8);
1-2 days following NM, iINOS was evident in interfollicular epidermis and outer root
sheath cells (Fig. 2.8; left panels). After 3-5 days, INOS appeared in both the
hyperplastic neo-epidermis and outer root sheath cells (Fig. 2.8; left panels). COX-2 is
an enzyme that generates pro-inflammatory prostaglandins (Lee et al., 2003). Low level
COX-2 expression was detected in basal cells of the epidermis, outer root sheath cells
and sebaceous glands in control tissue (Fig. 2.9). COX-2 increased in basal cells and
dermal inflammatory cells 1-2 days post-NM (Fig. 2.9; left panels). After 2 days, COX-2
expression was also increased in the epidermis and inflammatory cell infiltrate at the
wound edge (Fig. 2.9; left panels). Three-five days post-NM, COX-2 was evident in the

hyperplastic neo-epidermis (Fig. 2.9; left panels).

Evidence suggests that MCs in the skin play a role in the release of mediators important
in inflammation and wound repair (Joseph, et al., 2011; Tewari-Singh et al., 2009). In
control skin MCs were identified in the dermis, adjacent to dermal appendages and at

the dermal/epidermal (D/E) junction (Fig. 2.10; upper panels). Approximately 23-36%
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of the MCs were found to be degranulated. NM treatment had no effect on the number
of MCs in the skin at the D/E junction (Fig. 2.10; left graph). However, a marked
increase in degranulated MCs (50-75%) was noted after NM treatment (Fig. 2.10; right
graph). PCNA, a marker of cellular proliferation and wound repair (Moldovan et al.,
2007; Park et al., 2015) was expressed in basal cells in control mouse skin (Fig. 2.11).
NM treatment resulted in increased expression of PCNA in basal keratinocytes, as well
as in inflammatory cells in the dermis within 1 day (Fig. 2.11; left panels). Two-three
days post-NM, PCNA was detected in infiltrating inflammatory cells beneath the eschar
at the D/E junction; after 4-5 days, PCNA expression was evident within basal

keratinocyte nuclei of the neo-epidermis (Fig. 2.11; left panels).

Effects of AIDNX on NM-induced skin damage and inflammation

Treatment of mice with AIDNX beginning one hour after NM was found to mitigate tissue
damage; thus, 1-3 days post-NM, the size and magnitude of the wound was reduced,
along with inflammation (Fig. 2.2; B & Fig. 2.3; right panels). AIDNX also prevented
the formation of an eschar and decreased overall wound thickness, epidermal
hyperplasia and nuclear enlargement (Fig. 2.3; right panels, & Figs. 2.4-2.5).
Additionally, AIDNX prevented the loss of sebaceous glands, as well as collagen
deposition within both the reticular and papillary dermis, and hyperkeratosis and
hemorrhage within the dermis (Fig. 2.6; right panels). This was associated with a
marked reduction in INOS and COX-2 expression as well as MC degranulation (Figs.
2.8-2.9; right panels & Fig. 2.10). In contrast, AIDNX had no effect on PCNA
expression in basal keratinocytes (Fig. 2.11; right panels), or on NM-induced

expression of phospho-H2A.X (Fig. 2.7; right panels).
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2.4 Discussion

Using a newly developed modified cutaneous patch test model, we characterized the
progression of injury and wound healing on the dorsal skin of mice following NM
exposure. |Initially, an inflammatory response was evident which included edema and
leukocyte infiltration. This was associated with alterations in skin structure including
degradation of the SC, hyperkeratosis and acanthosis, along with increased collagen
deposition and hemorrhage within the dermis followed by the formation of an eschar.
Subsequently, increased proliferation of keratinocytes was observed at the wound
margins, which extended under the eschar initiating the formation of a neo-epidermis.
This generated a hyperplastic epidermis which replaced the eschar during the wound
healing process. These data are consistent with earlier findings on the dermal
responses of mice to SM, as well as NM (Au et al., 2015; Casillas, et al., 2000; Joseph,
et al.,, 2011; Smith et al., 1997; Wormser, et al., 2002). However, in earlier studies NM
was applied to the dorsal skin in large volumes of either acetone or PBS over wide areas
which limited the ability to evaluate candidate therapeutics. Our studies showing that
NM-induced skin injury can be localized is important, not only for characterizing the
wound response, but also for quantifying the efficacy of potential mustard
countermeasures. NM is known to damage DNA causing both single (SSB) and double
strand (DSB) breaks (Clingen, et al., 2008). Excessive DNA damage can suppress
keratinocyte proliferation resulting in persistent tissue injury (Barnes et al., 2010; Inturi,
et al.,, 2014; Shahin et al., 2001). Phosphorylation of the histone H2A variant, H2A.X,
which recruits DNA damage response proteins, is critical for the repair of DNA DSBs
(Mah, et al., 2010; Scully et al., 2013). Consistent with previous findings, we found that
NM caused a rapid increase in phospho-H2A.X in the nuclei of basal and supra-basal

cells of the interfollicular epidermis and the outer root sheath of hair follicles, presumably
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a response to DNA damage. Two-three days post-NM, phospho-H2A.X was also
evident in infiltrating neutrophils and macrophages, which are known to undergo
apoptosis. High molecular weight DNA fragmentation occurs during apoptosis and this
is associated with the phosphorylation of H2A.X (Rogakou et al., 2000). Of interest were
our findings that phospho-H2A.X persisted in basal cells of the neo-epidermis for at least
5 days post-NM. This suggests that despite extensive keratinocyte proliferation, DNA
damage persists, which may contribute to aberrant or delayed wound repair. In this
regard, SM has been shown to prolong wound healing in human skin (Ghabili, et al.,
2010; Rice, 2003). It is also possible that phospho-H2A.X is generated during DNA
replication, and it may be that rapidly dividing/differentiating keratinocytes express this
modified histone during the wound healing process (Mejia-Ramirez et al., 2015; Sharma
et al.,, 2012; Williams et al.,, 2010). iINOS and COX-2, are important in generating
cytotoxic pro-inflammatory mediators in the skin (Lee, et al., 2003; Moncada, 1999).
Constitutive expression of both enzymes was noted in sebocytes of control skin, which is
consistent with a role of reactive nitrogen species and eicosanoids generated from iINOS
and COX-2, respectively, in regulating sebaceous gland function including lipid
biosynthesis (Alestas et al., 2006). Low constitutive levels of COX-2 were also noted in
basal cells of the epidermis and outer root sheath cells in hair follicles in control skin
where it also likely functions in epidermal homeostasis (Lee, et al., 2003; Mitchell et al.,
1995; Williams et al., 1999). NM exposure resulted in upregulation of iINOS and COX-2
in basal and suprabasal cells after 1-3 days. Increases in COX-2 expression are
consistent with previous findings that SM, and the related half mustard, 2-chloroethyl
ethyl sulfide (CEES), stimulate the release of prostaglandins from human and mouse
keratinocytes, and that in mouse skin, SM-induced injury is associated with increased
COX-2 (Black et al., 2010; Joseph, et al., 2011; Lefkowitz et al., 2002). While sebocytes

continued to express INOS and COX-2 for 1 day post-NM, subsequently they
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degenerated. The contribution of INOS- and COX-2-derived mediators to sebaceous
gland degeneration following mustard exposure remains to be determined. Four-five
days post-NM, INOS and COX-2 were localized throughout the hyperplastic neo-
epidermis. These data are consistent with earlier findings that iINOS is upregulated in
mouse skin after exposure to CEES (Jain et al., 2014). Early increases in COX-2 and
the generation of eicosanoids in the skin are thought to be important in initiating
inflammation (Lefkowitz, et al., 2002; Vane et al., 1994). This is supported by findings
that COX-2 inhibitors reduce SM induced inflammation in the mouse ear vesicant model
(MEVM), and that SM-induced inflammation is reduced in COX-2 deficient mice
(Casillas, et al., 2000; Wormser et al., 2004). Eicosanoids have been reported to
stimulate keratinocyte growth, and it may be that elevated COX-2 in hyperplastic neo-
epidermis is important in wound repair (Lee, et al., 2003; Nyska et al., 2001; Pentland et
al., 1986). This is supported by findings that the initial stages of acute inflammation in a
full thickness incisional model of wound healing in mice are associated with the
generation of proinflammatory prostaglandin PGE2, while wound repair is associated
with production of anti-inflammatory prostaglandin PGD2 and its metabolites (Kapoor et
al., 2007). Our observation that iINOS is increased during wound healing are consistent
with earlier studies showing that proliferating keratinocytes strongly express iNOS (Frank
et al., 2002; Jain, et al., 2014). Findings that wound healing is also reduced in mice
treated with INOS inhibitors and in INOS-deficient mice are in accord with the notion that
nitric oxide contributes to the regulation of wound healing (Au, et al., 2015; Frank, et al.,
2002; Heck, et al., 1992). This may be due to nitric oxide-induced stimulation of growth

factor and cytokine release by keratinocytes (Frank, et al., 2002).

Degranulation of MCs is associated with the release of mediators important in

inflammation and wound repair including histamine, cytokines, growth factors,
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chemokines and bioactive lipids (Rao et al., 2008; Shiota et al., 2010; Weller et al.,
2006). MCs have been identified in the dermis, particularly in areas surrounding dermal
appendages and at the basement membrane (Joseph, et al., 2011; Weller, et al., 2006).
We found that NM induced injury in mouse skin is associated with significant and
persistent MC degranulation without increases in the number of MCs in the tissue.
Thus, whereas in control mouse skin only 23-36% of MCs were degranulated, 50-85%
were degranulated after NM treatment for at least 5 days. This may contribute to
propagating the inflammatory response to NM-induced injury. The fact that
degranulated MCs persist at the wound site is consistent with the idea that they also
contribute to the resolution of inflammation and the wound healing process (Ng, 2010;
Noli et al., 2001; Oehmichen et al., 2009). Our data are in accord with earlier studies
showing both increases in numbers of MCs and MC activation in mouse skin following
SM and CEES induced skin injury in hairless mice (Joseph, et al., 2011; Tewari-Singh,

et al., 2009).

PCNA is a nuclear protein and DNA polymerase cofactor important in controlling DNA
replication and repair (Moldovan, et al.,, 2007; Park, et al., 2015). PCNA was
constitutively expressed in basal cells in the interfollicular epidermis and in hair follicles,
consistent with the fact that proliferation of these cells is required to replace cells lost
during the epidermal differentiation process. Increases in the number of cells expressing
PCNA in the epidermis was evident within 1-2 days after NM exposure, during the
formation of an eschar, and in the neo-epidermis and hyperplastic epidermis during
wound healing. These data are reflective of keratinocyte proliferation during wound
repair (Laplante et al., 2001; Patel et al., 2006). Similar increases in PCNA expression
during epidermal wound repair have been described in mouse skin following exposure to

SM (Joseph, et al., 2011; Joseph et al., 2014).
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Recent studies from our laboratory have demonstrated that a prodrug consisting of
indomethacin, which targets cyclooxygenases, and an AChE inhibitor, which targets
non-neuronal cholinergic anti-inflammatory signaling is effective in reducing SM-induced
mouse skin inflammation and injury (Chang, et al., 2014; Young, et al., 2010; Young et
al.,, 2012). It is well known that the neurotransmitter, acetylcholine is produced by
epithelial cells and immune cells. In the skin, acetylcholine participates in inflammation
and the control of keratinocyte proliferation and differentiation (Grando et al., 1993;
Schlereth et al.,, 2006; Wessler et al., 2015). The present studies show that our
bifunctional drug, AIDNX, is also effective in reducing NM-induced tissue injury. Thus,
AIDNX reduced inflammation and wounding, as indicated by the lack of eschar formation
in NM treated skin. This was associated with decreased epidermal hyperplasia and skin
thickness, number of cells expressing PCNA, and reduced numbers of degranulated
MCs and expression of INOS and COX-2. Of interest was the fact that AIDNX did not
alter NM-induced DNA damage, as reflected by expression of phospho-H2A.X. NM is
known to directly damage DNA, these data indicate that DNA damage is not essential for
inflammation and skin injury, and that strategies designed to interfere with inflammatory
signaling pathways are sufficient to mitigate, at least in part, vesicant-induced skin injury.
It should be noted that the precise role of indomethacin released from AIDNX in
inhibiting cyclooxygenase activity in the skin is not known. Whereas COX-2 is important
in regulating inflammation, COX-1 plays a role in skin homeostasis. The effects of COX-

1 inhibition on wound healing in vesicant-treated skin remain to be determined.

2.5 Conclusion

In summary, the present studies characterize a semi-occlusive patch test model
employing a glass microfiber filter delivery system to evaluate skin injury induced by

vesicants. This highly reproducible model allowed us to evaluate the progression of NM-
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induced inflammation, expression of inflammatory proteins, tissue damage, the formation
of an eschar, and wound healing. Moreover, using this model, a novel bifunctional
agent, AIDNX, was shown to be effective in reducing skin inflammation and injury. In
subsequent experiments this model was useful in testing the efficacy of additional
bifunctional agents that may be used as potential therapeutics (Fig. 2.12). These data
have potential clinical relevance as this prodrug may be further developed into an

effective NM and SM countermeasure (Shakarjian, et al., 2010).

The structural changes in the skin induced by NM in our patch model are consistent with
the pathophysiology of SM-induced skin injury in humans. These data indicate that our
patch model can be used to investigate mechanisms of action of vesicants, and to

screen for potential candidate therapeutics that can be used to mitigate vesicant toxicity.

Although full thickness skin studies are important in understanding vesicant induced
dermal damage, the addition of epidermal isolation studies can help to identify key

factors that play a role in the early damage seen following vesicant exposures.



32

aromatic ester— choline
indomethacin carbonate linkage  bioisostere
A A A
[ | i \
MeO OTO\ A~
o) O T
N o)
o)
Cl

Figure 2.1 Chemical Structure of AIDNX.

AIDNX consists of an anti-inflammatory moiety, indomethacin (blue), and a choline

bioisostere 3,3-dimethyl-1-butanol (red), linked via an aromatic ester-carbonate (black).
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Figure 2.2 Modified Dorsal Skin Patch Model.

A. The dorsal skin of CD-1 mice was shaved and 6 mm glass microfiber filter discs were
placed on the lumbar region of the skin equidistant from the spine (upper panel). Twenty
microliters of a 1 M solution of NM in 20% deionized water/80% acetone (v/v) or vehicle
control (CTL) was applied to the filters which were then covered with PARAFILM®. After
6 minutes, the filter discs were removed, and the skin analyzed for tissue damage 1-5
days post exposure. Mice were treated with AIDNX four times per day beginning 1 hour
post-NM exposure. B. Panel shows the skin from CTL, NM and NM + AIDNX exposed

skin 3 days post-NM.
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Figure 2.3 Hematoxylin and Eosin Staining of Mouse Skin Following NM Exposure.

Histological sections, prepared from control (CTL) mouse skin and mouse skin 1-5 days
post-NM exposure, were stained with hematoxylin and eosin (H&E), which stains nuclei
blue/black, and keratin and cytoplasm red. One representative section from 3
mice/treatment group is shown (original magnification, x400). E, epidermis; D, dermis;
S, sebaceous gland; HF, hair follicle; asterisk, eschar, Ac, acanthosis, black arrow,
loss of SC; black arrowhead, inflammatory cell infiltrate. Left panels, mouse skin

exposed to NM; right panels, mouse skin exposed to NM + AIDNX post-treatment.



35

oCTL
mNM
BNM + AIDNX
450
* * * 45
3 E
g‘ + M =
e + + o
3 300 g 30
c <
S ©
= =
= =
-] 150 = 15 -
5 =
=
o o
= o
o
o U oo
1 2 3 4 5 1 2 3 4 5
Days Days

Figure 2.4 Effects of NM on Mouse Skin Wound and Epidermal Thickness.

Histological sections, prepared from control (CTL) mouse skin and mouse skin collected
1-5 days post-NM, were stained with hematoxylin and eosin (H&E) and wound (left
graph) and epidermal (right graph) thickness assessed as described in the Materials and
Methods Section. Each point represents the mean + SD (n = 6). *Significantly different

from CTL mouse skin (p < 0.05); “significantly different from NM exposed mouse skin.
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Figure 2.5 Effects of NM on Nuclear size.

A. Histological sections, prepared from control (CTL) mouse skin and mouse skin 3
days post-NM or NM + AIDNX, were stained with hematoxylin and eosin (H&E) and
nuclear enlargement assessed as described in the Materials and Methods Section
(original magnification, x400). B. Graph represents the average nuclei size; each point
represents the mean + SD (n = 3). *Significantly different from CTL mouse skin;

*significantly different from NM exposed mouse skin (p < 0.05). Black arrows, nuclei.
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Figure 2.6 Trichrome Staining of Mouse Skin Following Exposure to NM.

Histological sections, prepared from control (CTL) mouse skin and mouse skin 1-5 days
post-NM exposure, were stained with Gomori's trichrome containing hematoxylin, which
stains nuclei blue/black, eosin which stains keratin and cytoplasm red, and aniline blue
which stains collagen I/11l royal blue. One representative section from 3 mice/treatment
group is shown (original magnification, x400). E, epidermis; D, dermis; S, sebaceous
gland; HF, hair follicle; asterisk, eschar; star, collagen deposition. Left panels, mouse

skin exposed to NM; right panels, mouse skin exposed to NM + AIDNX post-treatment.
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Figure 2.7 Effects of NM on Phospho-H2A.X Expression in Mouse Skin.

Histological sections, prepared from control (CTL) mouse skin and mouse skin 1-5 days
post-NM exposure, were stained with an antibody to phospho-H2A.X. Antibody binding
was visualized using a Vectastain Elite ABC kit. One representative section from 3
mice/treatment group is shown (original magnification, x400). E, epidermis; D, dermis;
S, sebaceous gland; HF, hair follicle; asterisk, eschar; black arrow, keratinocytes
expressing phospho-H2A.X; black arrowhead, inflammatory cell infiltrate. Left panels,
mouse skin exposed to NM; right panels, mouse skin exposed to NM + AIDNX post-

treatment.
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Figure 2.8 Effects of NM on iNOS Expression in Mouse Skin.

Histological sections, prepared from control (CTL) mouse skin and mouse skin 1-5 days
post-NM exposure, were stained with an antibody to INOS. Antibody binding was
visualized using a Vectastain Elite ABC kit. One representative section from 3
mice/treatment group is shown (original magnification, x400). E, epidermis; D, dermis;
S, sebaceous gland; HF, hair follicle; asterisk, eschar; black arrows, keratinocyte
expression of INOS. Left panels, mouse skin exposed to NM; right panels, mouse skin

exposed to NM + AIDNX post-treatment.



40

NM + AIDNX

Figure 2.9 Effects of NM on COX-2 Expression in Mouse Skin.

Histological sections, prepared from control (CTL) mouse skin and mouse skin 1-5 days
post-NM exposure, were stained with an antibody to COX-2. Antibody binding was
visualized using a Vectastain Elite ABC kit. One representative section from 3
mice/treatment group is shown (original magnification, x400). E, epidermis; D, dermis;
S, sebaceous gland; HF, hair follicle; asterisk, eschar; black arrows, keratinocyte
expression of COX-2. Left panels, mouse skin exposed to NM; right panels, mouse skin

exposed to NM + AIDNX post-treatment.
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Figure 2.10 Effects of NM on Mast Cell Degranulation.

A. Histologic sections prepared from control (CTL) mouse skin and mouse skin 3 days
post-NM or NM + AIDNX were stained for mast cells (MCs) using toluidine blue (original
magnification, x400). Insets show intact and degranulated MCs in CTL skin and NM
treated skin; ND, no degranulation; D, degranulation. B. Shows the number of MCs at
the D/E junction in CTL, NM and NM + AIDNX treated skin (left graph) and the
percentage of MCs that were degranulated (right graph). Each bar is the mean £ SD (n
= 3) of 10 fields at 40x magnification. *Significantly different from CTL (p < 0.05);

*significantly different from NM treatment.
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NM + AIDNX

Figure 2.11 Effects of NM on PCNA Expression in Mouse Skin.

Histological sections, prepared from control (CTL) skin and skin 1-5 days post-NM, were
stained with an antibody to PCNA. Antibody binding was visualized using a Vectastain
Elite ABC kit (original magnification, x400). One representative section from 3
mice/treatment group is shown. E, epidermis; D, dermis; HF, hair follicle; asterisk,
eschar; black arrows, keratinocyte expression of PCNA. Left panels, mouse skin

treated with NM; right panels, mouse skin treated with NM + AIDNX post-treatment.
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Figure 2.12 Effects of Various Multi-Functional Anti-Inflammatory Combination

Drugs on NM Induced Skin Damage.

Punch biopsies from control (CTL) mouse skin and mouse skin 3 days post-NM
exposure or NM + NDH compounds were weighed to assess edema. NDH compounds:
Olvanils: 4343, 4417, 4496; NSAIDs: 4374, 4496; Caffeic acids: 4667, 4668, 4669, 4670,
4671, 4684; Flavanoids: 4674; Dodecyl Carbamates: 4680; Terpenes: 4694; Ferulic
acids: 4700; N-As: 4762, 4781, 4784, 4787, 4789, 4796, 4797, 4800; Polyamines: 4801.
All NDH compounds were received from Dr. Ned Heindel at Lehigh University. Each
point represents the mean + SD (n = 3-6). *Significantly different from CTL mouse skin;

*significantly different from NM exposed mouse skin (p < 0.05).
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3.1 Abstract

The ability of SM to induce inflammation, edema and blistering is cause for
concern. Although many studies investigating the damaging effects of SM have been
conducted, the precise mechanism of SM-induced skin damage is still largely unknown.
The present studies use a patch-test model to analyze early alterations in oxidative
stress and DNA damage markers in isolated mouse epidermis post-exposure to the SM
surrogate NM. NM (20 umol in 80% acetone/20% water) or vehicle control was applied
onto 24 mm filters affixed to the shaved dorsal skin of CD-1 mice for 6 minutes. Mice
were sacrificed and epidermis removed and analyzed 0-24 hours post-NM exposure by
western blot analysis and immunohistochemistry. Post-exposure, phospho-H2A.X, a
marker of double strand DNA breaks was up-regulated 4-fold by 0.25 h along with the
DNA damage marker phospho-p53 (pp53; 3-fold by 0.25 h). This was associated with a
3-fold increase in poly (ADP) ribose (pADPr), a polymer synthesized by enzymes
necessary for DNA repair, and a 3-8 fold increase in markers of oxidative stress
including hemeoxygenase-1 (HO-1), thioredoxin reductase (TrxR), an antioxidant
important in cell growth and survival, proteins modified by 4-hydroxynonenal (4-HNE), a
lipid peroxidation end product, and expression of 8-o0x0-2'-deoxyguanosine (8-oxo-2’-
dG), a product of DNA oxidation. Alterations in DNA replication and subsequent cell
cycle progression were investigated following NM exposure. An upregulation (10-fold) of
the nucleoside bromodeoxyuridine (BrdU) 12 hours post-NM was evident along with a
decrease in the cell cycle protein cyclin D2 by 0.5-fold at 1 hour. Infiltration of
macrophages, neutrophils and mast cell (MC) degranulation suggested that cytokines,
chemokines and lipid mediators released post-NM exposure contributed to oxidative

stress. These data indicate that NM-induced epidermal injury is associated with
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oxidative stress and DNA repair. Antioxidants as well as agents that enhance DNA

repair may be important countermeasures to mitigate mustard-induced epidermal injury.

Abbreviations

BCA, bicinchoninic acid; BrdU, bromodeoxyuridine; DAB, diaminobenzidine; D/E,
dermal/epidermal; HO-1, hemeoxygenase-1; 4-HNE, 4-hydroxynonenal; ICLs,
interstrand crosslinks; MC, mast cell; NM, nitrogen mustard (bis (2-chloroethyl)
methylamine); pADPr, poly ADP ribose; phospho-H2A.X, phosphorylated histone H2A.X;
pp53, phosphorylated p53; ROS, reactive oxygen species; SC, stratum corneum; SM,

sulfur mustard (bis (2-chloroethyl) sulfide); TrxR, thioredoxin reductase

3.2 Introduction

NM and SM are bifunctional alkylating agents that can induce oxidative stress, DNA
damage and inflammation resulting in extensive skin damage (Arck, et al., 2006;
Composto et al., 2016; Ghabili, et al., 2010; Shakarjian, et al., 2010; Vogt, et al., 1984).
The stratum corneum (SC), the outermost layer of the skin, is crucial for the body’s
defense against environmental toxins. Disruptions, which occur following chemical
exposures, are associated with delayed wound healing and chronic wounds (Kondo et
al., 2010; Sandoval et al., 2007; Shakarjian, et al., 2010). Despite extensive research,
mechanisms underlying the chronological events of mustard induced skin injury are not
clearly understood, which makes it difficult to develop effective therapies for mitigating
vesicant induced skin damage. The prevalence of mustard gas exposures in the Middle
East are cause for concern due to the lack of effective countermeasures (Barnard et al.,
2017; Murdock, 2017; Shoumali et al., 2015). Further understanding the effects of
mustards on the skin will help develop candidate therapeutics that can be used to

mitigate toxicity.
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There is evidence that oxidative stress and DNA damage are key events in vesicant
induced skin damage (Inturi, et al., 2014; Jain et al., 2011; Joseph, et al., 2011; Jowsey,
et al., 2009). In particular, the formation of reactive oxygen species (ROS) in response
to oxidative stress is a naturally occurring intracellular metabolic process which results
when the production of ROS exceeds the capacity of antioxidant defense mechanisms
(Paromov et al., 2007). The production of ROS is altered following vesicant exposure
resulting in damage to membrane lipids, proteins, and nucleic acids (Jafari, 2007; Kumar
et al.,, 2015; Zhang et al., 2017). DNA damage occurs from alkylation by vesicants
causing interstrand crosslinks (ICLs) which contributes to the epithelial toxicity of both
SM and NM (Debiak et al., 2016; Huang et al., 2013; Kehe, et al., 2008; Liu et al., 2016).
Vesicant induced DNA damage leads to the induction of cell cycle arrest, inhibition of
DNA synthesis and cell replication in turn affecting the intracellular signaling pathway,
PI3K/Akt, important in regulating the cell cycle (Inturi, et al., 2014; Inturi et al., 2013; Liu,
et al., 2016). The PI3K/Akt pathway is important in the regulation of transcription,
proliferation, cell growth and apoptosis (Inturi, et al., 2014). In-vitro studies
demonstrating the role of mustard agents in alterations to the PI3K/Akt pathway have
shown that the DNA chain break-activated nuclear protein, Poly (ADP) Ribose
Polymerase (PARP), is activated in response to vesicant exposure in keratinocytes
inducing apoptosis through PI3K/Akt pathway inhibition (Debiak, et al., 2016; Kehe, et
al., 2008; Liu, et al., 2016; Yamaguchi et al., 2016). To develop mechanism-based
therapies it is necessary to understand cellular injury and repair in detail, for this reason
the use of in-vivo vesicant-exposed excised epidermis was studied to uncover potential

mechanisms of vesicant induced skin injury.

The patch test model, as previously described, has shown to be a successful method for

localized delivery of NM forming reproducible wounds on mouse skin (Composto, et al.,
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2016). A modified version of this patch test model (Fig. 3.1; A) was used in these
studies to examine the effects of in-vivo NM on skin epithelium isolated 0-24 hours post-
exposure. Examining the early chronological events following topical NM exposure will
elucidate the mechanisms of NM-induced skin damage that result in prolonged

inflammation, delayed wound repair, cell cycle arrest and apoptosis.

3.3 Materials and Methods

Chemicals and Reagents

Unless otherwise indicated NM (mechlorethamine HCI) and all other chemicals were

purchased from Sigma-Aldrich (St. Louis, MO).

Animals and Treatments

Treatment of mouse skin with NM was previously described with some modifications
(Composto, et al., 2016). Female CD-1 mice 8 weeks of age (Charles River
Laboratories, Wilmington, MA) were anesthetized by intraperitoneal injection of ketamine
(80 mg/kg) and xylazine (12 mg/kg) randomly assigned to treatment groups and housed
individually. The dorsal skin of the mice was shaved and washed with deionized water.
One 24 mm glass microfiber filter disc (GE Healthcare, Buckinghampshire, UK) was
placed on the lumbar region of the shaved skin and adhered with acetone (Fig. 3.1 A).
Freshly prepared NM solution (20 pmol) in 20% deionized water/80% acetone, v/v, was
then applied to the filter and immediately covered with PARAFILM® (Pechiney,
Menasha, WI). All control mice received the solvent without NM. After 6 minutes, the
filter disc was removed. At appropriate times post-NM exposure, mice were euthanized,
skin removed, and the epidermis isolated as previously described with modifications
(Sternberg, 1999). Mouse skin is removed and placed on Parafim® on dry ice and

frozen for ~3 seconds and epithelium scraped off using a scalpel blade (Fig. 3.2).
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Isolated epithelium was lysed in cold RIPA buffer (50 mM Tris—HCI pH 7.4, 150 mM
NaCl, 1% NP-40, 0.5% deoxycholic acid and 0.1% SDS) containing protease inhibitors
and sonicated twice for 7 seconds on ice. Protein concentration was determined by
bicinchoninic acid (BCA) assay (Pierce Biotechnology, Rockford, IL) using a bovine
serum albumin standard. In some experiment’s mice were treated topically with AIDNX
once immediately following exposure to determine the benefits of the anti-inflammatory
agent on the early damage induced by NM. For these experiments, 40 ul of AIDNX (1%
in a mixture of 49.5% lanolin and 49.5% polyethylene glycol 400 (PEG400)) or vehicle

control was applied directly to the skin.

In additional studies mice were euthanized 0-24 post-NM and 12 mm full thickness
biopsies of the exposure site were immediately collected using a skin punch (Acuderm
Inc., Ft. Lauderdale, FL). In some experiment’'s mice were injected i.p. with 200 pl of
bromodeoxyuridine (BrdU; BD Biosceinces, San Jose, CA) 2 hours prior to NM exposure

to determine the effects of NM on cellular division and cell cycle arrest.

Histology & Immunohistochemistry

Punch biopsies were trimmed and stored in ice cold phosphate buffered saline (PBS)
containing 3% paraformaldehyde/2% sucrose. The tissue was embedded in paraffin and
6 um sections prepared and stained with hematoxylin and eosin (H&E) (Histopathology
Core Facility, Piscataway, NJ). H&E stained tissue was scanned using a VS120-L100
Olympus virtual slide microscope (Waltham, MA). In some experiments, histological
sections were stained with toluidine blue O (Sigma Chemical, St. Louis MO) to visualize
metachromatic/basophilic granules in mast cells (MCs). Extrusion of basophilic toluidine
blue stained granules was evidence of MC degranulation (Joseph, et al., 2011). To

guantify wound thickness and nuclear size, measurements were performed on tissue



50

sections using the OlyVIA 2.7 viewer software (Olympus). Skin sections were divided
into 4 equal parts and measurements taken perpendicular from wound edge through the
dermis, to the top surface of the hypodermis. For nuclear size, wounds were divided in
half, 10 random nuclei from each half were measured by drawing a major axis (a) and
minor axis (b) through each nucleus and calculating the area of an ellipse (area = 1T x %
a x ¥ b). For immunohistochemistry, tissue sections (6 um) were deparaffinized, and
blocked with 100% normal horse serum (Invitrogen, Grand Island, NY) at room
temperature for 2 hours. Sections were then incubated overnight at 4 °C with a mouse
monoclonal antibody against 8-oxo-2'-deoxyguanosine (8-oxo-2’-dG, 1:200, Abcam), or
control mouse IgG (Prosci, Atlanta, GA). After washing, the sections were incubated at
room temperature for 30 minutes with biotinylated horse anti-mouse secondary antibody
(Vector Labs, Burlingame, CA). Antibody binding was visualized using a

diaminobenzidine (DAB) Peroxidase Substrate Kit (Vector Labs).

All animals received humane care in compliance with the Rutgers University guidelines,
as outlined in the Guide for the Care and Use of Laboratory Animals published by the

National Institutes of Health.

Western Blot Analysis

Proteins were reduced and separated on a 4-15% Tris-HCI gel (BioRad Laboratories,
Hercules, CA). After transferring protein to nitrocellulose (Thermo Fisher Scientific,
Waltham, MA), membranes were blocked with 5% nonfat dry milk in 0.1% TPBS for 30
minutes at 37 °C. Blots were incubated with primary antibodies against cyclooxygenase-
2 (COX-2, 1:1,000, Abcam, Cambridge, MA), cyclin D2 (1:1,000, Cell Signaling
Technologies, Danvers, MA), hemeoxygenase-1 (HO-1, 1:1000, Enzo Life Science Inc.,

Burlington, NC), 4-hydroxynonenal (4-HNE, 1:1,000, R&D systems, Minneapolis, MN),
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phosphorylated histone H2A.X (phospho-H2A.X, 1:1000, Cell Signaling Technologies),
phosphorylated p53 (pp53, 1:1,000, Cell Signaling Technologies), poly (ADP-ribose)
(pADPr, 1:500, Abcam), and thioredoxin reductase (TrxR, 1:1,000, Santa Cruz
Biotechnology, Dallas, TX). B-Actin (1:1,000, Cell Signaling Technologies), Histone H4
(H4, 1:1,000, Cell Signaling Technologies), and p53 (1:1,000, Cell Signaling
Technologies) were used as loading controls. Proteins were visualized using HRP-
linked secondary antibodies (anti-rabbit, or anti-mouse, 1:5,000, Cell Signaling
Technologies) and Luminata Forte Western HRP substrate (Millipore, Billerica, MA)
which forms chemiluminescent protein-antibody complexes visualized using a
Fluorchem Imager (ProteinSimple, Santa Clara, CA). Semi-quantitative analysis of

protein bands was performed using ImageJ Software version 1.5.

BrdU Assay

Histological sections were deparaffinized, and blocked with 100% normal goat serum
(Invitrogen, Grand Island, NY) at room temperature for 2 hours. Sections were then
incubated overnight at 4 °C with rabbit affinity purified polyclonal antibody against
bromodeoxyuridine (BrdU, BD Biosciences, 1:50, San Jose, CA) or control rabbit or
mouse IgG (Prosci, Atlanta, GA). After washing, the sections were incubated at room
temperature for 30 minutes with biotinylated goat anti-rabbit secondary antibody (Vector
Labs, Burlingame, CA). Antibody binding was visualized using a DAB Peroxidase
Substrate Kit (Vector Labs). Photographs were taken at 400x magnification using a
VS120 Olympus microscope (Waltham, MA). Calculation of percent positive BrdU nuclei

were performed on tissue sections using the OlyVIA 2.7 viewer software (Olympus).
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Statistical analysis

The data are expressed as mean = SD (n = 3). Comparison of the multiple treatment
groups was performed using one-way analysis of variance. The result is considered

significant with p-value < 0.05.

3.4 Results

Effects of NM on Full Thickness Mouse Skin

Histologic examination of full thickness skin biopsies from a time course of mice topically
exposed to NM was analyzed. Control skin contained a 1-2 cell layer thick epidermis,
with a contiguous SC (Fig. 3.1; B). No changes were observed in NM exposed skin until
12 hours post-exposure where an inflammatory cell infiltrate was noted at the
dermal/epidermal (D/E) junction (Fig. 3.1; B). By 24 hours epidermal hyperplasia and
dermal edema were evident (Fig. 3.1; B). An 83% increase in biopsy weight (edema)
was observed 12 hours post-NM exposure when compared to CTL, increasing to twice
the CTL weight by 24 hours (Fig. 3.3; upper graph). Epidermal thickness was doubled

by 24 hours when compared to CTL (Fig. 3.3; lower graph).

Mast Cell Degranulation in Mouse Skin Following Exposure to NM

MC degranulation is associated with the release of histamine, cytokines and growth
factors, which induce inflammation and subsequent wound repair (Ng, 2010; Rao, et al.,
2008; Weller, et al., 2006). Previous studies from our laboratory have shown an
increase in MC degranulation following vesicant exposure by 24 hours (Composto, et al.,
2016; Joseph, et al., 2018; Joseph, et al., 2011). The present studies investigated MC
degranulation 0-24 hours post-NM exposure. MCs were observed in the dermis,
adjacent to the dermal appendages and at the D/E junction (Fig. 3.4; A). In general, the

number of MCs in the skin remained constant (Fig. 3.4 B; left graph). Approximately
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30-40% of MCs in control skin were degranulated; the percentage of degranulated MCs
increased to 55-75%, 3-24 hours post-NM exposure (Fig. 3.4 B; right graph). From our
previous studies using SM it was determined that MC degranulation persists for at least
14 days (Joseph, et al., 2018; Joseph, et al., 2011), together these data indicate that NM
readily increased MC degranulation, suggesting a role for MCs in both the early and late

stages of vesicant induced skin injury and repair.

NM Associated DNA and Protein Damage in Mouse Epidermis is Time Dependent

DNA damage is a known consequence of exposure to vesicating agents such as NM
and is associated with an increased production of inflammatory cytokines and mediators
of oxidative stress (Graham et al., 2005; Kehe, et al., 2009; Paromov, et al., 2007,
Shakatrjian, et al., 2010; Tewari-Singh et al., 2016). Because of its ability to induce DNA
damage, NM is able to activate the DNA repair protein, PARP, which synthesizes the
DNA-repair signal pADPr (Liu, et al., 2016). PARP activation and subsequent pADPr
initiation can occur following activation of the PI3K-Akt pathway, an intracellular signaling
element important in cell cycle regulation and apoptosis, a regulator of vesicant induced

skin damage (Aredia et al., 2014, Liu, et al., 2016).

In the current studies we analyzed downstream targets of the PI3K/Akt signaling
pathway following NM exposure in isolated mouse skin epidermis over 24 hour time
course. NM was found to increase the expression of pADPr by 8-fold 0.75 hours post-
exposure (Fig. 3.5). The pADPr response to NM was found to be biphasic, reaching a
peak at 3 and 24 hours (Fig. 3.5). NM was also found to induce biphasic response
patterns in pp53 expression, a tumor suppressor and cell cycle regulator, along with the
cell cycle protein cyclin D2 (Meyyappan et al., 1998; Wang et al., 2012). NM induced a
3-fold increase in pp53 at 0.25 hours and 1 hour increasing to 3.5-fold at 2 hours.

Interestingly, cyclin D2 was down regulated 1 hour by 0.5-fold, increasing to control
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levels by 2 hours (Fig. 3.5). Additionally, the expression of pp53 decreased to control
levels at 3 hours but was induced again by 2.5-fold at 6 hours when compared to control
(Fig. 3.5). Expression of the double strand DNA break marker phospho-H2A. X was
upregulated 4-fold by 0.25 hours increasing 6-8-fold by 3-12 hours (Fig. 3.5). In
addition, nuclear expression of BrdU increased 12 hours post-NM exposure (a 10-fold
increase in the percent of BrdU positive nuclei) indicating an increase in DNA replication.
The percent of BrdU positive nuclei decreased by 24 hours to 5-fold indicating a

decrease in DNA replication (Fig. 3.6; B).

NM Induced 4-HNE Adduct Formation and Oxidative Stress in Mouse Epidermis

In the current studies oxidative stress in response to NM exposure in isolated epidermis
was investigated. Due to increased stress events quantities of the lipid peroxidation end
product, 4-HNE, are higher during oxidative stress. Western blot analysis of isolated
epidermis revealed a 3-4 fold increase in 4-HNE protein adducts by 0.25 hours following
exposure (Fig. 3.7). In control epidermis, low levels of 4-HNE-protein adducts were
detected (Fig. 3.7). NM induced 4-HNE-protein adducts were associated with a marked
increase in the expression of the antioxidant HO-1 (4.5 fold by 0.25 hours), a stress
protein important in protecting the skin from oxidative stress induced injury (Gozzelino et
al., 2010; Park et al., 2017). Like the DNA damage markers, 4-HNE elicited a biphasic
response indicating a persistence of NM within the epidermis throughout the duration of
the experiment (Fig. 3.7). Concordant with 4-HNE and HO-1, TrxR, an antioxidant
defense enzyme, was upregulated 8-fold within 0.25 hours following NM exposure (Fig.
3.7). Basal cells of the epidermis expressing 8-oxo-2’-dG, an oxidized nucleoside of
DNA and commonly studied DNA lesion following oxidative stress, was upregulated

0.25-24 hours post-exposure (Fig. 3.8) (Akasaka et al., 2010; Emanuele et al., 2014).
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AIDNX Post NM Treatment Resulted in Reduced Epidermal Damage

To determine the role of AIDNX in resolving and reducing epidermal damage additional
studies analyzed the effects of a single treatment of AIDNX applied to the dorsal region
of the mouse immediately following exposure to NM. These studies observed the effects
of the bifunctional NSAID on early NM damage. Interestingly, the addition of the one-
time treatment with AIDNX resulted in a significant decrease in skin thickness, and MC
degranulation (Figs. 3.9 & 3.10). In addition, post-treatment with AIDNX resulted in a
significant decrease in DNA damage, lipid peroxidation, and oxidative stress markers
0.25 hours post-NM (Fig. 3.11). Although this decrease was significant, damage was
still noted at later time points in the treatment group (Fig. 3.11). This indicates the ability
of AIDNX to diminish skin damage following NM exposure. This one-time treatment of
AIDNX may not however, be enough to combat the damaging effects of the vesicating

agent.

3.5 Discussion

Due to the latent nature of vesicant induced skin injury, studies investigating its effects
have focused on lesions 24 hours following exposure. Previous in-vitro studies and in-
vivo skin models revealed inflammation, oxidative stress and DNA damage as the major
contributors to vesicant induced skin injury while the cellular mechanisms affected are
still poorly understood (Inturi, et al., 2014; Kumar, et al., 2015; Povirk et al., 1994). Early
events in NM induced skin injury need to be elucidated to uncover the mechanisms
involved in skin damage following vesicant exposures for the study and development of
therapeutics. Our laboratory has initiated characterization of the effects of in-vivo
exposure of epidermis to NM followed by removal of the exposed epidermis isolated
beginning 0.25 hours post-exposure. Using a version of our modified cutaneous patch

test model Isolated full thickness skin revealed an inflammatory response 12 hours post-
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exposure which included leukocyte infiltration and edema associated with alterations in
skin structure (Composto et al., 2016). Previous studies from our laboratory have found
increases in enzymes generating pro-inflammatory mediators including COX-2 and iNOS
following vesicant exposures (Joseph, et al., 2011). These findings correlated with
extensive MC degranulation observed in the pathogenic response to vesicating agents
(Joseph, et al, 2011). MCs are known to release a variety of mediators that
control hemostasis and inflammation during the early stages of tissue injury (Rao, et al.,
2008; Shiota, et al., 2010; Weller, et al., 2006). The observation that degranulated MCs
were found as early as 3 hours following NM exposure in isolated mouse skin epidermis
and persisted at the wound site throughout the time course demonstrate their
importance in both the acute inflammatory phase as well as the wound healing process

following exposure to vesicating agents.

Oxidative stress was observed as an initial event following exposure to NM. As a highly
reactive aldehyde 4-HNE, in response to increased levels of ROS, induces cytotoxicity
and modifies cellular components forming stable protein adducts with nucleophilic sites
in both DNA and the side chains of histidine, lysine, and cysteine (Gutteridge, 1995;
Zheng et al., 2013). The observed upregulation of 4-HNE at 0.25 hours followed by HO-
1 at 12 hours post-exposure is consistent with earlier findings which showed that stress
resulting from the reaction of lipid peroxidation products with cellular components
upregulates HO-1 (Huang et al., 2012; Zheng et al., 2014; Zheng, et al., 2013). Future
studies will identify specific proteins modified by 4-HNE in the isolated epidermis and
determine their role in mediating adaptive responses following exposure to mustard
agents. Protection against oxidative stress can occur through the thioredoxin system
which consists of TrxR, thioredoxin and NADPH. This system is a redox regulator and is

targeted by vesicating agents resulting in an oxidative stress response 24 hours post-
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exposure (Jan et al.,, 2010; Jan et al., 2014). In the present studies, the antioxidant
enzyme TrxR was studied and was found to be upregulated by 0.25 hours, reaching its
peak by 3-6 hours post-NM. The ability of NM to modulate epithelial cell expression of
antioxidants such as HO-1 and TrxR suggests a possible role for antioxidants in

protecting the skin from vesicant exposures.

DNA damage activates tyrosine kinases in cells and in turn activates signal transduction
networks required to restore cellular homeostasis (Mahajan et al., 2015; Valerie et al.,
2007). These signaling pathways are comprised of proteins critical for DNA repair and
control of cell cycle checkpoints (Barnum et al.,, 2014; Langerak et al.,, 2011).
The PI3K/Akt signaling pathway stimulates DNA double strand break repair through
tyrosine kinase initiation and has been implicated in p53 phosphorylation in response to
environmental stressors and DNA damage inducers through PARP activation (Elkholi et
al., 2014; Liu, et al., 2016; Sandoval, et al., 2007). Therefore, we investigated the
effects of NM on the DNA repair protein pADPr, the cell cycle dependent proteins cyclin
D2 and p53, and the marker of DNA double strand breaks phospho-H2A.X.
Upregulation of pADPr was observed by 0.75 hours post-NM exposure, this was
associated with a downregulation of phospho-H2A.X and pp53 in the isolated epithelium.
Early increases in pp53 are likely important in DNA repair processes while later
increases in pp53 are important in controlling cell cycle regulatory proteins (Jowsey et
al., 2015; Strozyk et al., 2013). These responses indicate a role for PARP activation in
modulating DNA replication and repair. In addition, cyclin D2 was downregulated
following NM-exposure. Cyclin D2, a subunit of cyclin dependent kinases, regulates the
cell cycle through the phosphorylation of proteins critical for cell cycle progression

(Meyyappan, et al., 1998; Wang, et al., 2012). The decrease in cyclin D2 observed
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following NM exposure indicates a decrease in DNA replication and an increase in DNA

damage and subsequent repair.

Of interest were our findings that oxidative stress and lipid peroxidation preceded NM-
induced inflammation in the skin (Table 3.1). Oxidative stress may stimulate initial NM
injury accelerating the pro-inflammatory response through transcription factor
activation. Understanding the complex system of signaling pathways involved in
mustard-induced skin damage is critical. Use of our patch test model allows for
clarification and insight into possible mechanisms of vesicants, such as a role of
oxidative stress in these toxic consequences. In addition, a one-time AIDNX post-
treatment aided in the reduction of initial NM induced skin injuries. Results suggest that
repetitive treatment with AIDNX may be beneficial in combating the damaging effects of

vesicating agents such as NM.

Taken together, these data suggest a role for oxidative stress in the early events
following vesicant-induced skin injury. The mechanisms by which NM induces oxidative
stress in isolated epithelium need to be further elucidated as does the role of

antioxidants in protecting against tissue injury.

Currently, there are no effective therapies to mitigate the damage of vesicating agents.
Studying the early chronological events following NM exposure will help to elucidate the
mechanisms behind vesicant induced skin injury. These data contain new observations
which are consistent with the effects of NM on the skin and demonstrate the utility of the
patch test model for mechanistic studies on the action of vesicants (Composto, et al.,

2016; Goswami, et al., 2015; Tewari-Singh, et al., 2013; Tewari-Singh, et al., 2014).
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Figure 3.1 Modified Semi-occlusive Patch Test Model.

A. The dorsal skin of female CD-1 mice was shaved and one 24 mm glass microfiber
filter disc was placed on the lumbar region of the skin, 120 pl of NM (20 umol) in 20%
deionized water/80% acetone (v/v) was applied to the filters which were then covered
with PARAFILM® (right figure) - an updated version of our original patch test model (left
figure). After 6 minutes, the filter discs were removed, and the excised epidermis
analyzed for tissue damage 0-24 hours post exposure. B. Hematoxylin and eosin
(H&E) staining of NM exposed tissue or matched control. One representative section
from 4 micel/treatment group is shown (original magnification, x 400) black star,

inflammation; bracket, epidermal thickening.
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Figure 3.2 Epidermal Isolation Model.

The dorsal skin of female CD-1 mice was shaved and one 24 mm glass microfiber filter
disc was placed on the lumbar region of the skin, 120 pl of NM (20 pmol) in 20%
deionized water/80% acetone (v/v) was applied to the filters which were then covered
with PARAFILM®. After 6 minutes, the filter disc and back skin was removed. The back
skin was quickly laid out onto a piece of PARAFILM® and placed on a block of dry ice
and allowed to freeze for ~3 seconds. The frozen skin had the epidermis gently scraped
off using a scalpel blade. The excised epidermis was placed into a 1.5 ml Eppendorf

tube containing protease inhibitors and stored at -80 °C until further processing.
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Figure 3.3 Effects of NM on Edema and Epidermal Thickness.

Punch biopsies from control (CTL) mouse skin and mouse skin collected 0-24 hours
post-NM exposure, were weighed prior to embedding/sectioning and staining with
hematoxylin and eosin (H&E). The epidermal thickness was measured from the H&E
stained tissue sections. Wound weights (upper panel) and epidermal thickness (lower
panel) were assessed as described in the Materials and Methods section. Data are

presented as mean = SD (n = 4). *Significantly different from CTL mouse skin (p < 0.05).
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Figure 3.4 Effects of NM on Mast Cell Degranulation.

Histological sections, prepared from control (CTL) mouse skin and mouse skin collected
0-24 hours post-NM exposure, were stained for MCs using toluidine blue (upper panels,
original magnification, x400). Insets show intact and degranulated MCs in CTL skin and
NM treated skin, ND, no degranulation; SD, slight degranulation; MD, major
degranulation. Lower panels show the nhumber of MCs at the D/E junction in CTL and
NM treated skin (lower left graph) and the percentage of MCs that were degranulated
(lower right graph). Data are presented as mean + SD (n = 4) of 10 fields at 40x mag.

*Significantly different from CTL (p < 0.05).
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Figure 3.5 Effects of NM on Proteins Involved in DNA Damage Pathways.

Western blot analysis was performed on epidermis isolated from control (CTL) mice and
mice exposed to 20 umol NM 0-24 hours post exposure. Western blots show phospho-
H2A.X, pADPr, cyclin D2 and pp53 expression from 1 representative experiment. H4
served as a loading control for phospho-H2A.X, B-Actin served as a loading control for
pADPr and cyclin D2, and p53 served as a loading control for pp53. Protein expression
was semi-quantified using densitometry of western blots from 3 independent

experiments. Data are presented as mean + SD (n = 3). *Significant from CTL; p < 0.05.
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Figure 3.6 BrdU Incorporation Assay.

CD-1 mice were injected with 200 pl of BrdU. 2 hours after injection mice were exposed
to 20 umol NM in 20% deionized water/80% acetone (v/v) via the patch model.
Histological sections prepared from mouse skin collected 0-24 hours post-NM exposure,
were stained with an antibody to BrdU. Antibody binding was visualized using a
Vectastain Elite ABC kit. One representative section from 3 mice/treatment group is
shown for 12- and 24-hours post-NM exposure (upper panels; original magnification,
x400). The brown colored diaminobenzidine (DAB) positive nuclei were BrdU positive
and were counted in 10 randomly selected fields at 40x magnification (Graph). Data are
presented as mean £ SD (n = 3). *Significantly different from CTL (p < 0.05). Black

arrows, BrdU positive cells.
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Figure 3.7 Effects of NM on Oxidative Stress Proteins.

Western blot analysis was performed on epidermis isolated from control (CTL) mice and
mice exposed to 20 umol NM 0-24 hours post exposure. Western blots show 4-HNE
adducts of histidine residues (black bars represent higher molecular weight adducts,
gray bars represent lower molecular weight adducts), HO-1, and TrxR expression from 1
representative experiment. [-Actin was used as a loading control. Protein expression
was semi-quantified using densitometry of western blots from 3 independent
experiments. Data are presented as mean + SD (n = 3-4). *Significant; p < 0.05

compared to CTL.
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Figure 3.8 Effects of NM on 8-o0x0-2’-deoxyguanosine in Mouse Skin.

Histological sections, prepared from control (CTL) mouse skin and mouse skin collected
0-24 hours post-NM exposure, were stained with an antibody to 8-oxo-2'-
deoxyguanosine. Antibody binding was visualized using a Vectastain Elite ABC kit. One
representative section from 4 mice/treatment group is shown (Upper panels; original
magnification, x400). The brown colored diaminobenzidine (DAB) positive nuclei were
8-0x0-2’-dG positive and were counted in 10 randomly selected fields at 40x
magnification (Graph). Data are presented as mean = SD (n = 4). *Significantly different

from CTL (p < 0.05); black arrows, 8-o0x0-2’-dG positive cells.



Table 3.1 Events Following NM-Induced Skin Injury

Time Post-NM

Events

025h

DNA Damage/Repair; Lipid
Peroxidation; Oxidative Stress

0.5h

DNA Damage/Repair; Oxidative Stress

l1h

Lipid Peroxidation; Cell Cycle
Modifications

2h

DNA Damage/Repair;
Lipid Peroxidation; Cell Cycle
Modifications

3h

DNA Damage/Repair;
Lipid Peroxidation; Oxidative Stress;
Cell Cycle Modifications; Mast Cell
Degranulation

6h

DNA Damage/Repair; Oxidative Stress;
Cell Cycle Modifications; Mast Cell
Degranulation

12 h

DNA Damage/Repair; Oxidative Stress;
Mast Cell Degranulation; Inflammation;
Edema; Apoptosis

24 h

DNA Damage/Repair; Oxidative Stress;
Cell Cycle Modifications; Mast Cell
Degranulation; Inflammation; Edema
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Figure 3.9 Effects of AIDNX on Mouse Skin Post-NM Exposure.

Histological sections prepared from control (CTL) mouse skin and mouse skin exposed
to NM and NM + AIDNX were stained with hematoxylin & eosin (H&E) and punch biopsy
weight and epidermal thickness measured 0-24 hours post exposure.  White
arrowhead, inflammatory cell infiltrate; black arrow, thickened neo-epidermis. One
representative section from 3 mice/treatment group is shown (original magnification,
x400). Data are presented as mean = SD (n = 3-5) *Significantly different from CTL;

*significantly different from NM (p < 0.05).
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Figure 3.10 Effects of AIDNX on Mast Cell Degranulation Post-NM Exposure.

Histologic sections prepared from control (CTL) mouse skin and mouse skin 0-24 hours
post-NM or NM + AIDNX were stained for MCs using toluidine blue. The graphs show
the number of MCs at the D/E junction in CTL, NM and NM + AIDNX exposed skin (left
graph) and the percentage of MCs that were degranulated (right graph). Data are
presented as mean = SD (n = 3) of 10 fields at 40x magnification. *Significantly different
from CTL; *significantly different from NM (p < 0.05). ND, no degranulation; D,

degranulation.
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Figure 3.11 Effects of AIDNX on DNA Damage and Oxidative Stress Proteins in

Isolated Mouse Skin Epithelium.

Western blot analysis was performed on epidermis isolated from CTL mice and mice
exposed to 20 pmol NM and NM + AIDNX 0-24 hours post exposure. Western blots
show phospho-H2A.X, 4-HNE, and HO-1 expression from 1 representative experiment.
Protein expression was semi-quantified using densitometry of western blots from 3
independent experiments. Data are presented as mean + SD (n = 3). *Significantly

different from CTL; *significantly different from NM (p < 0.05).
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4.1 Abstract

Both SM and NM are bifunctional alkylating agents that target DNA, RNA, proteins and
lipids forming adducts and crosslinks. In the present studies DNA damage and repair
pathways following NM exposure were investigated to determine the rate of DNA
damage and the major pathway involved in repair. In-vitro studies analyzing the effects
of NM exposure on both mouse (PAM212) and human (HaCaT) keratinocytes were
performed. NM was found to cause S phase arrest 16-24 hours post exposure which
were associated with DNA double strand breaks (DSB). Increased comet tail extent was
observed 24 hours post-NM exposure which was associated with increased levels of
DNA DSB repair molecules phospho-H2A.X and pp53. Exposure to NM resulted in a 3-
fold increase in pp53 by 1 hour increasing to 6-fold by 6 hours. Phospho-H2A.X
expression increased 2-fold by 2 hours reaching its peak at 6 hours (3-fold). To further
analyze DNA damage and repair following exposure to NM two pathways involved in
DNA DSB repair, nonhomologous end joining (NHEJ) and homologous recombination
(HRR) were studied. The DNA-PK inhibitor Nu7026 and the Rad51 inhibitor BO2 were
used to determine the role of NHEJ and HRR in DNA repair following NM exposure,
respectively. Inhibition of NHEJ did not affect the amount of DNA damage occurring
following exposure to NM. However, inhibition of the HRR pathway caused a significant
increase in DNA damage indicating HRR as the key pathway involved in the repair of
NM-induced DNA DSBs. Understanding the pathways involved in DNA repair could aid
in the development of therapeutic strategies for the mitigation of vesicant-induced skin

damage.
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Abbreviations

B02, Rad51 inhibitor; DSB, double strand breaks; HaCaT, human keratinocyte cell line;
HO-1, hemeoxygenase-1; HRR, homologous recombination repair; ICL, interstrand
crosslinks; NHEJ, non-homologous end joining; Nu7026, DNA-PK inhibitor; PAM212,
mouse keratinocyte cell line; phospho-H2A.X, phosphorylated histone H2A.X; PI,

propidium iodide; pp53, phosphorylated p53; SSB, single strand breaks

4.2 Introduction

The genotoxic effects of chemical agents makes understanding the pathways involved in
vesicant-induced DNA damage a major study of interest. As discussed in previous
chapters, interstrand crosslinks (ICL) contribute to cytotoxicity and the induction of cell
cycle arrest inhibiting DNA synthesis and cell replication. Following vesicant induced
injury, DNA damage activates cell signaling pathways which promotes DNA repair and
apoptosis by activating cell cycle checkpoints and inhibiting cell cycle progression.
Molecules important in cell cycle regulation include the tumor suppressor protein, p53
and cyclin dependent kinases (CDKs). Both proteins are activated following DNA
damage and play roles in ensuring DNA replication is halted so repair can take place
(Senturk et al., 2013). Repair involves DNA incision resulting in the formation of DNA
DSBs. DNA DSBs can be repaired by the NHEJ or HRR pathway, among others (Inturi,
et al.,, 2014; Jasin et al., 2013; Lieber, 2010; Mao et al., 2008). The NHEJ pathway
recruits the DNA-dependent protein kinase (DNA-PK) catalytic subunit forming DNA-PK
holoenzyme. DNA-PK, when bound to the broken ends, becomes activated and
undergoes auto-phosphorylation to repair the DNA (Lieber, 2010; Mao, et al., 2008).
Nu7026, a competitive inhibitor of DNA-PK, prevents Ku70 binding to strand breaks and
recruiting DNA-PK catalytic subunit to facilitate rejoining of the DNA strands (Alagpulinsa

et al., 2014; Veuger et al., 2003). In the HRR pathway, the tumor suppressor gene
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BRCAZ2 interacts with the DNA repair protein, Rad51, and coordinates the binding of the
Rad51 filament to the 3’'ss DNA tails leading to DNA strand separation (Jasin, et al.,
2013; Mao, et al., 2008). Annealing is catalyzed by BRCA2 and Rad51, completing the
DNA DSB repair process (Jasin, et al., 2013; Mao, et al., 2008). The inhibitor used to
block the HRR pathway is the specific Rad51 inhibitor known as B02. B02 prevents
Rad51 from polymerizing onto single-stranded overhangs of DSBs, preventing reciprocal
and nonreciprocal DNA strand exchange by homologous duplexes (Alagpulinsa, et al.,

2014; Veuger, et al., 2003).

The use of specific DSB repair pathways inhibitors helped to uncover the major repair

pathway involved in NM induced DNA damage in mouse and human keratinocytes.

4.3 Materials and Methods

Cell Culture and Treatments

PAM212 and HaCaT cells were obtained from the American Type Culture Collection
(Manassas, VA) and cultured in Dulbecco’s Modified Eagle’s Medium, with 4.5 g/L
Glucose, without L-Glutamine (DMEM, Lonza, Walkersville, MD) containing 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. Cells were grown under standard
culture conditions at 37 °C in a humidified 5% CO, incubator. NM (mechlorethamine
hydrochloride; 98%) was obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO) and
the stock solution of NM was prepared fresh in DMEM for the exposures. For inhibitor
studies, Nu7026 and B0O2 were obtained from Sigma, and the stocks were prepared in
dimethyl sulfoxide (DMSO). Cells were treated with either 10 pmol Nu7026 or B02 1
hour before NM exposure. Desired assays were carried out 24 hours following these
treatments. Unless stated otherwise, the final concentration of DMSO in the culture

medium during treatments did not exceed 0.1% (v/v). All NM preparations were carried
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out in a continuously operated chemical and biological safety hood, and exposures were
initiated under a safety laminar hood using all required and approved personal protective

equipment.

Flow Cytometry

For cell cycle distribution studies cells were exposed to 1 umol NM and harvested 8, 16,
and 24 hours post exposure after trypsinization, washed with PBS and fixed in 3 ml ice-
cold 70% ethanol drop-wise while vortexing. Cells were incubated in ethanol for 1 hour
on ice then resuspended in PBS containing propidium iodide (PI, 1:100) and RNAse A
(1:30) and incubated at 37 °C in a water bath with shaking for 1 hour prior to analysis.
For inhibitor studies cells were harvested 24 hours post-treatments after trypsinization,
washed twice with PBS and fixed in 1 ml ice-cold 70% methanol drop-wise while
vortexing. Cells were incubated in methanol for 20 minutes at -20 °C. Cells were then
washed twice with PBS and incubated in 100 pl of 0.5% IGEPAL in PBS. Cells were
blocked in normal horse serum for 15 minutes at room temperature, washed twice with
PBS and incubated with phospho-H2A.X antibody (1:300) for 1 hour at room
temperature. Cells were washed twice with PBS and incubated in Alexa fluor-488
conjugated antibody (1:400) for 1 hour at room temperature in the dark. After incubation
cells from all experiments were analyzed at the Rutgers University FACS core laboratory

to determine cell cycle progression and intercellular phospho-H2A.X accumulation.

Western Blot Analysis

Following exposures, cell lysates were prepared, and protein concentration was
determined by bicinchoninic acid (BCA) assay (Pierce Biotechnology, Rockford, IL)
using a bovine serum albumin standard. Proteins were separated on a 4-15% Tris-HCI
gel (BioRad). After transferring protein to nitrocellulose (Thermo Fisher Scientific,

Waltham, MA), membranes were blocked with 5% nonfat dry milk in 0.1% TPBS for 30
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minutes at 37 °C. Membranes were then incubated with primary antibodies against p53
(1:1,000, Cell Signaling Technologies, Danvers, MA), pp53 (1:1,000, Cell Signaling
Technologies), HO-1 (1:1,000, Cell Signaling Technologies), phospho-H2A.X (1:1,000,
Cell Signaling Technologies), and B-Actin (1:1,000, Cell Signaling Technologies) at 4 °C
overnight. Membranes were then incubated in appropriate secondary antibody either
rabbit or mouse (1:2,500; Cell Signaling Technologies). Luminata Forte Western HRP
substrate (Millipore, Billerica, MA) which forms chemiluminescent protein-antibody
complexes was used to visualize protein bands using a Fluorchem Imager
(ProteinSimple, Santa Clara, CA). Semi-quantitative analysis of protein bands was

performed using ImageJ Software version 1.5.

Comet Assay

About 3x10° HaCaT cells were plated onto 60 mm tissue culture plates. The cells were
serum starved for 48 hours for synchronization. Cells were treated with 1 pmol NM or
CTL (serum free media) for 24 hours. After treatment the cells were trypsinized and
resuspended in PBS at a concentration of 1x10° cells/ml. Cells were pipetted into 1%
low melting agarose on a comet assay slide containing a thin layer of agarose (Trevigen,
Gaithersburg, MD) and incubated at 4 °C for 30 minutes. After incubation cells were
lysed in lysis buffer (Trevigen, Gaithersburg, MD) overnight at 4 °C. The COMET assay
slides were removed from the lysis buffer and immersed in 50 ml of 1x neural
electrophoresis buffer for 30 minutes at 4 °C or in 50 ml of alkaline unwinding solution for
1 hour at 4 °C in the dark to unwind the DNA. The slides were immersed in 1x neutral or
alkaline buffer in the slide tray of the Comet Assay ES unit (Trevigen, Gaithersburg,
MD). The slides were covered with a slide tray overlay and electrophoresed at 21 volts

for 45 minutes at 4 °C for the neutral assay (determination of SSBs and DSBs), or at 21
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volts for 30 minutes at 4 °C for the alkaline assay (determination of SSBs). After
electrophoresis, slides were immersed in DNA precipitation solution for 30 minutes at
room temperature for the neutral assay. The slides were then fixed in 70% ethanol for 30
minutes at room temperature for the neutral assay or immersed twice in deionized water
for 5 minutes to remove residual buffer then fixed in 70% ethanol for 5 minutes at room
temperature for the alkaline assay. The samples were dried on a heat block at 37 °C for
15 minutes in order to bring all the cells to a single plane for observation. Slides were
stained with 100 ul of 1 pug/ml PI diluted 1:100. The samples were incubated at room
temperature for 30 minutes protected from light. After incubation the slides were washed
in water for 5 minutes to remove any background PI. The slides were then dried on a
heat block set to 37 °C and examined under a confocal fluorescent microscope at 10x
magnification. The tail moment is the sum of half the radius of the comet head and half

the length of the comet tail (Singh, 2016).

Statistical analysis

Data are presented as mean = SD. A one-way analysis of variance was used to assess

statistical significance (p < 0.05).

4.4 Results

Cell Cycle Progression Following NM Exposure

Cytograms of both HaCaT and PAM212 cells show a shift of cells into S phase at 16
hours and 24 hours, respectively following 1 pmol of NM treatment (Fig 4.1). Analysis of
the cytograms revealed that approximately 40% of HaCaT cells were arrested in S-
phase by 16 hours, increasing to 50% by 24 hours (Fig 4.2; left graph). Interestingly,
NM didn’t arrest PAM212 cells in S phase until 24 hours post exposure when 40% of the

cells were arrested (Fig 4.2; right graph).
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NM Exposure Induces DNA DSBs in HaCaT Cells

Exposure of HaCaT cells to NM for 24 hours resulted in an increase in DNA DSBs. DNA
breaks were visualized through increased tail moments and levels of the DNA damage
markers phospho-H2A.X and pp53. Tail moments were only found to be significantly
increased in the neutral assay following exposure to NM when compared to control (Fig.
4.3). The neutral COMET assay detects DSBs in DNA while the alkaline COMET assay
detects SSBs, indicating that NM is only causing DNA DSBs and not SSBs (Fig. 4.3).
These results were associated with increases in the levels of DNA DSB markers
phospho-H2A.X and pp53 (Fig. 4.4). NM caused a 3-fold increase in pp53 by 1 hour
post exposure increasing to 6-fold by 6 hours (Fig. 4.4). Phospho-H2A.X expression
increased 2-fold by 2 hours reaching its peak at 6 hours (3-fold) (Fig. 4.4). Taken
together, these results indicate that exposure of HaCaT cells to NM induced DNA

double-strand breaks rather than single-strand breaks.

NM Induced DNA Damage is Increased when Homologous Recombination Repair is
Inhibited

Flow cytometric analysis of phospho-H2A.X was performed to determine the effect of
DNA DSB repair pathways on NM induced DNA damage. Studies analyzed the
percentage of phospho-H2A.X in control and NM exposed cells with or without DNA
repair pathway inhibitors, NHEJ and HRR. NM treatment alone resulted in elevated
phospho-H2A.X levels when compared to control (Fig 4.5), indicating DNA damage
following exposure to NM. Cells pretreated with the specific Rad51 inhibitor, BO2,
resulted in a 4-fold increase in phospho-H2A.X levels when compared to control (Fig.
4.5). Cells pretreated with the competitive DNA-PK inhibitor, Nu7026, resulted in levels
of phospho-H2A.X similar to those seen in the control (Fig. 4.5). The intracellular levels

of phospho-H2A.X correlated with protein levels observed following exposure to NM
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(Fig. 4.6). NM exposure alone caused a 2.5-fold increase in the protein levels of
phospho-H2A.X when compared to control (Fig. 4.6). The addition of Nu7026 resulted in
levels similar to control (Fig. 4.6). Interestingly, the addition of BO2 resulted in a 1.5-fold
increase in phospho-H2A.X levels when compared to control (Fig. 4.6). Taken together,
these findings suggest HRR as the main pathway involved in the repair of NM induced

DNA DSBs in HaCaT cells.

4.5 Discussion

The use of mustard agents in warfare has been a cause for concern since the 1800s
(Jiang et al., 2018). The toxic effects of mustard agents such as SM are well
documented, however treatment for such exposures is lacking. Similar to SM, NM
induces toxicity through adduct formation and crosslinking with DNA, RNA, and proteins.
The major target of NM in the skin are dividing epidermal keratinocytes. Due to their
relevance in NM induced skin damage both mouse and human keratinocytes were used
in our studies to analyze the kinetics of NM-induced cytotoxicity, DNA damage and

repair.

Studies analyzed the effect of NM on cell cycle progression and DNA damage. Specific
inhibitors, Nu7026 and B02, to repair pathways, NHEJ and HRR, necessary for the
repair of DNA damage, respectively, were used to determine the main pathway involved
following NM exposure. Cell cycle analysis demonstrated that HaCaT cells are more
sensitive to NM induced DNA damage indicated by S phase arrest 16 hours following
exposure as compared to PAM212 cells (Fig. 4.2; left graph). The sensitivity of HaCaT
cells to NM made them an ideal model to use for the inhibitor studies. Although both SM
and NM are known to cause DNA SSBs and DSBs, our studies demonstrate that
exposure of HaCaT cells to 1 pmol of NM for 24 hours causes only DSBs. Additional

studies will need to be performed to determine if SSBs occur at higher concentrations
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and longer time points following exposure to NM. The increases in the DNA damage
markers phospho-H2A.X and pp53 observed following NM exposure coincide with the

increases in tail moment measured using the COMET assay.

DNA damage is a major event following exposure to mustard agents. Determining the
repair mechanism involved can help for the development of effective therapeutics for
NM, and possibly SM-induced skin injuries. These results revealed that the HRR
pathway was the major pathway responsible for DNA repair following NM exposure. This
pathway may be a beneficial target for the study of potential therapeutics as

countermeasures.
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Figure 4.1 Effects of NM on Cell Cycle Distribution in HaCaT and PAM212 cells.

Cells were treated with 1 umol NM or control (CTL) in serum-free medium. After 8, 16 or
24 hours, cell cycle distribution was analyzed by flow cytometry using propidium iodide
(PI) DNA staining. The representative cytograms show the cell cycle distribution of CTL

and NM-treated HaCaT (left panels) and PAM212 (right panels) cells.
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Figure 4.2 Effects of NM on Phases of the Cell Cycle in HaCaT and PAM212 cells.

Cells were treated with 1 umol NM or control (CTL) in serum-free medium. After 8, 16 or
24 hours, cell cycle distribution was analyzed by flow cytometry using propidium iodide
(PI) DNA staining. Data are presented as mean + SD, n = 3. The graphs represent the
percentage of HaCaT (left graph) and PAM212 (right graph) cells in each phase of the

cell cycle following exposure to NM. *Significantly different from CTL; p < 0.05.
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Figure 4.3 Effect of NM Exposure on the Formation of DNA Strand Breaks in

HaCaT cells.

Cells were treated with 1 umol NM or control (CTL) in serum-free medium. After 24
hours COMET assay was performed. A. Average tail moments of CTL and NM
exposed cells under alkaline and neutral COMET assay conditions. B. Representative
images of COMET assay tails from CTL and NM exposed cells under alkaline (left
panels) and neutral (right panels) COMET assay conditions. The enlarged images show
the COMET tail length in CTL and NM exposed cells under both assay conditions. Data
are presented as mean + SD, n = 4, *Significantly different from CTL, p < 0.05 (Singh,

2016).
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Figure 4.4 Effect of NM Exposure on the Activation of DNA Damage Response

Molecules

Western blot analysis was performed on HaCaT cells exposed to 1 pmol NM examined
0-6 hours post exposure. Western blots show pp53, and phospho-H2A.X expression
from 1 representative experiment. Total p53 and B-Actin were used as loading controls.
Protein expression was semi-quantified using densitometry of western blots from 3

independent experiments. Data are presented as mean = SD (n = 3). *Significant; p <

0.05.
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Figure 4.5 Flow Cytometric Analysis of DNA DSB Repair Pathways NHEJ and HRR

Post-NM Exposure.

To determine the activation of the NHEJ and HRR pathways, whole cell lysates prepared
from HaCaT cells exposed to 1 umol NM with or without inhibitors to NHEJ (Nu7026) or
HRR (B02) for 24 hours, were analyzed by flow cytometry for phospho-H2A.X

expression. Data are presented as mean + SD (n = 3); *Significant p < 0.05.
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Figure 4.6 Effects of NM Exposure on the Activation of DNA DSB Repair Pathways

NHEJ and HRR.

To determine the activation of the NHEJ and HRR pathways, whole cell lysates prepared
from HaCaT cells exposed to 1 pmol NM with or without inhibitors to NHEJ (Nu7026)
and HRR (B02) for 24 hours, were analyzed by western blot analysis using an antibody

to phospho-H2A.X. Data are presented as mean = SD (n = 3); *Significant p < 0.05.
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5.1 Abstract

Sulfur mustard (SM, bis (2-chloroethyl) sulfide) is a potent skin vesicant which is
recognized as a chemical threat agent. Depending on the dose and time following
exposure, SM causes epidermal erosions, dermal inflammation, edema and blistering. In
the present studies we used a dermal minipig model to characterize the skin wound
healing process following exposure to neat SM vapor. Saturated SM vapor caps were
placed on the dorsal flanks of 3-month-old male Gottingen minipigs and 48 hours post
SM exposure, control and wounded sites were debrided daily for 7 days with wet to wet
saline gauze soaks. After debridement, animals were sacrificed, and full thickness skin
biopsies prepared for histology and immunohistochemistry. Following H&E staining,
control skin contained a 3-4 cell layer thick epidermis with a prominent stratum corneum.
Nine days post-SM, a well-developed eschar covered the skin, however, the epidermis
beneath the eschar displayed significant wound healing with a well differentiated
epidermis. Epidermis from SM-treated skin was hyperplastic (8-12 cell layers thick), a
thick granular layer was evident. Control epidermis ranged from 65 to 75 microns while
the SM treated epidermis ranged from 600 to 980 microns. Stratum corneum shedding,
basal cell karyolysis and elongated rete ridges composed of multilayered columnar cells
were also evident in the neo-epidermis. Expression of proliferating cell nuclear antigen
(PCNA) was contiguous along the basal epidermal layer of both control- and SM-treated
skin. PCNA was also evident in the hyperplastic rete ridges, in dermal fibroblasts, and in
inflammatory cells in SM-treated skin. Trichrome staining of control skin revealed a well-
developed collagen network with no delineation between the papillary and reticular
dermis. A major delineation was observed in the SM-exposed dermis which contained a
web-like papillary dermis composed of filamentous extracellular matrix, while the lower
reticular dermis contained compacted collagen fibrils. These data demonstrate

significant epidermal regeneration following SM exposure in the minipig skin model.
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Further studies analyzing the wound healing process will be important to understand
SM-induced skin damage and to provide a model to evaluate potential vesicant

countermeasures.

Abbreviations

D/E, dermal/epidermal; H&E, hematoxylin & eosin; NM, nitrogen mustard; PCNA,

proliferating cell nuclear antigen; SM, sulfur mustard

5.2 Introduction

Sulfur mustard (SM, bis (2-chloroethyl sulfide) is a potent skin vesicant that has been
used in chemical warfare (Inturi, et al., 2014; Jiang, et al., 2018). Toxicity induced by SM
is both dose- and time-dependent and is noted for its ability to cause epidermal erosions,
dermal inflammation and edema, necrosis and blistering (Arck, et al., 2006; Ghabili, et
al., 2010; Shakarjian, et al., 2010; Vogt, et al., 1984). These skin lesions can be slow to
heal and may require months of intensive care (Alrobaiea et al., 2016; Chilcott et al.,

2007).

Several in-vivo models have been established to characterize SM-induced cutaneous
injury to understand the mechanism of action of SM for the development of therapeutics.
This includes mouse, rat, guinea pig, rabbits and pig skin (Brown et al., 1997; Chilcott, et
al., 2007; Joseph, et al., 2011; Margulis et al., 2007). Responses of human skin to SM
have also been studied using mice grafted with human skin (Greenberg et al., 2006).
Previous variations of this model used biopsied partial thickness human skin as graft

tissue (Alrobaiea, et al., 2016; Chilcott et al., 2002).

The porcine model is widely accepted for chemical injury research because of its close
resemblance both structurally and physiologically to the human skin (Chilcott, et al.,

2007; Margulis, et al.,, 2007). The pig exhibits vesicles in the skin similar to those
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observed after burns in humans (Chilcott, et al., 2007; Margulis, et al., 2007). The wound
healing processes in the pig and human are also very similar. Most rodents heal wounds
through contraction reducing wound surface size, humans and pigs heal wounds by an

outgrowth from the edges of the wounds (Chilcott, et al., 2007; Margulis, et al., 2007).

Previous studies from our laboratory have shown that SM exposure in SKH-1 hairless
mice induces histopathological changes, inflammation and DNA damage 24 hours post-
exposure which persists for at least 7 days. By 14 days, there was epidermal
regeneration with extensive hyperplasia (Joseph, et al., 2011). The current studies use a
dermal minipig model to characterize the skin wound healing process following exposure
to neat SM vapor 9 days post exposure. We are looking at the formation of a neo-
epidermis following exposure to determine the rate of wound healing. These studies will
help examine the effects of SM exposure in pig skin and determine the extent of SM

induced skin injury and repair.

5.3 Materials and Methods

Animals and Treatments

All animal experiments and SM treatments were performed at MRIGlobal Kansas City,
MO. Animals received humane care in compliance with the institution’s guidelines, as
outlined in the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health. The SM vapor cap method was used to induce dermal
injuries using three-month-old male Gottingen minipigs. Minipigs were anesthetized for
induction of SM injuries, saline debridement, and subsequent wound care. Briefly, to
generate dermal injuries, neat liquid SM (10 pl) was applied to the filter paper in the
vapor caps which were then placed onto a glass surface for at least 5 minutes to allow
for the formation of a vapor. Vapor caps were then placed on the dorsal skin of the

animals and removed after 30 minutes. Control caps did not contain SM. After 48 hours,



91

SM- and control-treated skin was debrided using wet-to-wet gauze soaks, debridement
continued daily for 7 days. After each debridement, exposed sites were covered with a
saline gauze dressing (0.9% NacCl, sterile; Hospira, Inc., Lake Forest, IL) which was
changed daily. At the end of the debridement period animals were sacrificed, and 10 mm
punch biopsies of control skin and skin at wound sites were taken and immediately fixed

in 10% formalin and embedded in paraffin.

Histology and Immunostaining

Tissue sections (6 um) were prepared from paraffin embedded tissues and stained with
hematoxylin and eosin (H&E) or Gomori’s trichrome containing methyl (aniline) blue for
analysis of collagen I/lll (Histopathology Core Facility, Rutgers University, Piscataway,
NJ). For immunohistochemistry, tissue sections were deparaffinized, and blocked at
room temperature with either goat serum or 1% horse serum for 2 hours, and then
incubated at room temperature for 30 minutes or overnight at 4 °C with primary rabbit
affinity purified polyclonal antibodies to loricrin (1:400, Abcam, Cambridge, MA), vimentin
(1:1200, LSBio, Seattle, WA) cytokeratin 10 (1:200, Covance, Princeton, NJ) or
monoclonal antibodies against E-cadherin (1:300, Cell Signaling, Danvers, MA) and
PCNA (1:300, Millipore, Burlington, MA). Mouse IgG (ProSci Inc., Poway, CA) or rabbit
IgG (ProSci Inc.) was used as a control. After washing, tissue sections were incubated
for 30 minutes with biotinylated goat anti-rabbit- or goat anti-mouse-secondary
antibodies (Vector Labs, Burlingame, CA). Antibody binding was visualized using a DAB
Peroxidase Substrate Kit (Vector Labs). Images from tissue sections were acquired at
high resolution using an Olympus VS120 Virtual Microscopy System and viewed using

OlyVIA software version 2.9 (Center Valley, PA).
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5.4 Results

SM-induced structural changes in pig skin

In initial studies we analyzed morphological changes in pig skin during wound healing
after SM treatment. H&E and Gomori's trichrome staining of control dorsal skin sections
showed a well-developed laminated stratum corneum overlying a differentiated
epidermis (Figs. 5.1 & 5.3). The differentiated epidermis was composed of a well-
defined basal layer with keratinocytes displaying prominent nuclei. Overlying the basal
layer was a 4-6-cell layer thick stratum spinosum and a distinct 3-4 cell layer thick
granular layer (stratum granulosum) and stratum lucidum. Hair follicles, sebaceous
glands and sweat glands as well as capillaries were scattered throughout the dermis. In
SM treated skin, there was extensive wound healing as evidenced by the presence of a
thickened hyperplastic neo-epidermis (Figs. 5.1 & 5.3). A 2-3 cell layer thick basal layer
was evident which was comprised of disorganized cuboidal and columnar cells. The
epidermis also contained a hyperplastic stratum spinosum with flattened keratinocytes. A
thickened stratum lucidum, and a stratum granulosum containing 4-5 cell layers was also
evident. Numerous birds-eye nuclei were noted in basal and suprabasal keratinocytes.
The epidermis of SM treated skin was also covered by an eschar directly above the
stratum lucidum; despite extensive wound healing, no contiguous stratum corneum was

evident.

In control skin, a homogenous dermis was also evident with a filamentous matrix
connecting reticular collagen fibrils to the basement membrane. Following SM exposure,
the reticular dermis appeared to be disorganized and edematous near the basement
membrane; also noted was an influx of inflammatory cells including macrophages and
neutrophils at the dermal/epidermal (D/E) junction. Whereas control skin revealed a well-

developed collagen network with no delineation between the papillary and reticular
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dermis, following SM treatment, there was a marked delineation in the SM treated
dermis (Fig. 5.3). Stratum corneum shedding, basal cell karyolysis and elongated rete
ridges composed of multilayered columnar epithelial cells were also evident in the neo-

epidermis during wound healing following SM treatment (Figs. 5.1 & 5.3).

SM exposure resulted in a significant increase in both epidermal and full thickness skin
(Fig. 5.2). Epidermal thickness increased 25% in skin exposed to SM when compared to
control (Fig. 5.2; left graph). Full skin thickness increased 60% in skin exposed to SM

when compared to control (Fig. 5.2; right graph).

Markers of proliferation, differentiation and wound healing

PCNA, a marker of cellular proliferation, was expressed within the nuclei of basal cells of
the epidermis and hair follicles in control skin (Moldovan, 2007). An increase in the
number of PCNA expressing cells was evident in the basal cell layer following SM
treatment; these cells expressed greater levels of PCNA when compared to control cells
(Fig. 5.4). In both control and SM-treated skin, scattered PCNA expressing cells were

evident in the flattened suprabasal cells.

Cytokeratins are intermediate filaments expressed in keratinocytes and are known to be
important in regulating proliferation, differentiation and wound healing in the skin
(Bragulla et al., 2009; Moll et al., 2008). We found that in both control and SM-treated
pig skin, keratin 10, which is normally expressed in post-mitotic, differentiating
keratinocytes, was selectively expressed in suprabasal epidermal keratinocytes (Fig.
5.5) (Santos et al., 2002). Basal cells expressed no or low levels of keratin 10. Increased
levels of keratin 10 were expressed in keratinocytes in hair follicles following SM

treatment (Fig. 5.5).
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Only low levels of keratin 17, a keratin known to be expressed largely in epidermal
appendages but not interfollicular keratinocytes, were found in the epidermis of control
pig skin (Fig. 5.6) (Mazzalupo et al., 2003; Yang et al., 2019). A marked increase in
keratin 17 was noted in both basal and suprabasal keratinocytes following treatment with
SM. Increased expression of keratin 17 was evident within the cytoplasm of the basal
keratinocytes. Hair follicles from both control and SM treated skin expressed a high level

of keratin 17 in the cytoplasm of outer root sheath cells (Fig. 5.6).

Loricrin, a glycine-serine-cysteine-rich insoluble envelope protein, is known to be highly
enriched in cornified envelopes of keratinocytes (Kim et al., 2008; Nithya et al., 2015)}.
In control and SM-treated pig skin, loricrin was expressed in the granular layer of the
epdiermis (Fig. 5.7). In control skin, loricrin was expressed in a tight band of cells just
below the stratum corneum while in SM-treated skin expression was spread over several
layers just below the eschar. Loricrin was also expressed at the surface of hair follicles in

SM-treated skin (Fig. 5.7).

E-cadherin is an intracellular adhesion protein essential for the formation and
maintenance of epithelial adherens junctions (Bruser et al., 2017; Mendonsa et al.,
2018). In control skin, E-cadherin was primarily expressed in cell-cell junctions of
differentiating suprabasal cells within the epidermis (Fig. 5.8). The protein was also
expressed within the cytoplasm of basal and suprabasal cells, but not in the stratum
corneum. Less E-cadherin was expressed in the epidermis of SM-treated skin. The
protein was largely confined to epithelial adherens junctions of suprabasal cells below
the granular layers (Fig. 5.8). Hair follicles also expressed E-cadherin in epithelial
adherens junctions in the outer root sheath; the protein was expressed in hair follicles

from both control and SM-treated skin (Fig. 5.8).
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5.5 Discussion

Sulfur mustard is a potent vesicant causing severe skin damage (Requena et al. 1988).
The formation of large, fluid-filled blisters and delay in wound healing can result in
increased infection and decreased quality of life. The biochemical basis of the
pathogenesis of SM induced skin injuries is still largely unknown. Observations of
Gottentin minipigs 9 days following challenge with SM vapor revealed ultrastructural
changes in the both the papillary and reticular dermis, as well as basal and suprabasal
keratinocytes of the epidermis. These changes included increased stratification,

parakeratosis, epidermal edema, a disorganized basal layer and dermal vacuolization.

Markers of barrier integrity were studied to determine the degree of wounding and repair
occurring 9 days post-SM exposure. The epidermal cornified cell envelope (CE) is a
complex protein-lipid composite that replaces the plasma membrane of terminally
differentiated keratinocytes (Candi et al., 2005). This lamellar structure is essential for
the barrier function of the skin preventing the loss of water and ions and to protect from
environmental hazards. The major protein of the epidermal CE is loricrin. Loricrin is
expressed in the granular layer of all keratinized epithelial cells of mammals. Disruption
of the loricrin gene can lead to inherited skin diseases. Our studies observed expression
of loricrin in the stratified layer of control skin, which drastically decreased in SM
exposed skin. Similar to loricrin expression, the expression of Keratin 10, a structural
protein found in the suprabasal layers of the epidermis, was decreased in skin exposed
to SM when compared to control. This decrease may be because cells are rapidly
proliferating to cover the wound site, indicated by increased expression of PCNA in the

basal of layer of SM exposed skin.
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The decrease observed in loricrin and keratin 10 expression was associated with
decreases in the tight junction protein E-cadherin following SM exposure. Tight junctions
are important for cell adhesion and integrity of the skin barrier. A decrease in E-cadherin,
along with the other structural proteins found in the epidermis is an indication of

epidermal barrier disruption.

Taken together, these data suggest that exposure of pig skin to SM leads to epidermal
barrier disruption and delayed wound healing associated with increased epidermal
thickness, eschar formation and. The decreased expression of epidermal structural
proteins 9 days post-SM indicates the prevalence of SM in the skin and persistent
epidermal damage. Understanding the mechanisms of SM induced skin injury in not only
mouse models but in the minipig model as well will fill gaps in vesicant induced skin

injury. This will aid in the development of potential therapeutics as treatments.
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Figure 5.1 Structural Changes in Pig Skin Following Exposure to SM.

Histological sections, prepared from control (CTL) pig skin and pig skin 9 days post SM,
were stained with H&E (original magnification, x400). A. Panels show H&E staining in
the epidermal layers of CTL (upper panels) and SM (lower panels) exposed skin at low
(left panels) and high (right panels) magnification. B. Panels show H&E staining in the
hair follicles of CTL (upper panels) and SM (lower panels) exposed skin at low (left
panels) and high (right panels) magnification. Left scale bars = 100 um; right scale bars
= 20 um. E, epidermis; D, dermis; SC, stratum corneum; SL, stratum lucidum; SG,

stratum granulosum; SS, stratum spinosum; SB, stratum basale; HF, hair follicles.
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Figure 5.2 Effect of SM on Skin Thickness in Pig

Hematoxylin & Eosin (H&E) stained sections of control (CTL) pig skin and pig skin 9
days post SM exposure were analyzed and measured for epidermal and full skin
thickness (um). A. Epidermal thickness increased 25% in skin exposed to SM when
compared to CTL. B. Full skin thickness increased 60% in skin exposed to SM when
compared to CTL. Data are presented as mean + SD (n = 3) *Significant from control p <

0.05.
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Figure 5.3 Trichrome Staining of Pig Skin Following Exposure to SM.

Histological sections, prepared from control (CTL) pig skin and pig skin 9 days post SM,
were stained with Gomori's trichrome containing hematoxylin which stains nuclei dark
blue/black, eosin which stains keratin and cytoplasm red, and aniline blue which stains
collagen I/lll royal blue (original magnification, x400). A. Panels show trichrome staining
in the epidermal layers of CTL (upper panels) and SM (lower panels) exposed skin at
low (left panels) and high (right panels) magnification. B. Panels show trichrome staining
in the hair follicles of CTL (upper panels) and SM (lower panels) exposed skin at low (left
panels) and high (right panels) magnification. Left scale bars = 100 um; right scale bars
= 20 pum. HF, hair follicle; Black star, disorganized reticular dermis; black arrow,

elongated rete ridges.
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Figure 5.4 Effects of SM on PCNA Expression in Pig Skin.

Histological sections, prepared from control (CTL) pig skin and pig skin 9 days post SM,
were stained with an antibody to proliferating cell nuclear antigen (PCNA) (original
magnification, x400). Panels show PCNA staining in the epidermal layers of CTL (upper
panels) and SM (lower panels) exposed skin at low (left panels) and high (right panels)
magnification. Left scale bars = 100 um; right scale bars = 20 um. HF, hair follicle; Black

arrows, increased expression of PCNA expressing cells at the basal layer.
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Figure 5.5 Effects of SM on Cytokeratin-10 Expression in Pig Skin.

Histological sections, prepared from control (CTL) pig skin and pig skin 9 days post SM,
were stained with an antibody to cytokeratin-10 (original magnification, x400). A. Panels
show cytokeratin-10 staining in the epidermal layers of CTL (upper panels) and SM
(lower panels) exposed skin at low (left panels) and high (right panels) magnification. B.
Panels show cytokeratin-10 staining in the hair follicles of CTL (upper panels) and SM
(lower panels) exposed skin at low (left panels) and high (right panels) magnification.
Left scale bars = 100 um; right scale bars = 20 um. HF, hair follicle; Black star,

suprabasal keratinocytes expressing cytokeratin-10.
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Figure 5.6 Effects of SM on Cytokeratin-17 Expression in Pig Skin.

Histological sections, prepared from control (CTL) pig skin and pig skin 9 days post SM,
were stained with an antibody to cytokeratin-17 (original magnification, x400). A. Panels
show cytokeratin-17 staining in the epidermal layers of CTL (upper panels) and SM
(lower panels) exposed skin at low (left panels) and high (right panels) magnification. B.
Panels show cytokeratin-17 staining in the hair follicles of CTL (upper panels) and SM
(lower panels) exposed skin at low (left panels) and high (right panels) magnification.
Left scale bars = 100 um; right scale bars = 20 um. HF, hair follicle; Black arrows,
cytokeratin-17 staining in the basal layer; Black star, cytokeratin-17 expression in hair

follicle outer root sheath.
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Figure 5.7 Effects of SM on Loricrin Expression in Pig Skin.

Histological sections, prepared from control (CTL) pig skin and pig skin 9 days post SM,
were stained with an antibody to loricrin (original magnification, x400). A. Panels show
loricrin staining in the epidermal layers of CTL (upper panels) and SM (lower panels)
exposed skin at low (left panels) and high (right panels) magnification. B. Panels show
loricrin staining in the hair follicles of CTL (upper panels) and SM (lower panels) exposed
skin at low (left panels) and high (right panels) magnification. Left scale bars = 100 um;
right scale bars = 20 um. HF, hair follicle; Black arrow, loricrin expression in the stratum

corneum; Black star, loricrin expression in hair follicles.
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Figure 5.8 Effects of SM on E-Cadherin Expression in Pig Skin.

Histological sections, prepared from control (CTL) pig skin and pig skin 9 days post SM,
were stained with an antibody to E-cadherin (original magnification, x400). A. Panels
show E-cadherin staining in the epidermal layers of CTL (upper panels) and SM (lower
panels) exposed skin at low (left panels) and high (right panels) magnification. B. Panels
show E-cadherin staining in the hair follicles of CTL (upper panels) and SM (lower
panels) exposed skin at low (left panels) and high (right panels) magnification. Left scale
bars = 100 um; right scale bars = 20 um. HF, hair follicle; black arrows, adheren

junctions.
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CHAPTER 6: OVERALL DISCUSSION

Summary

Exposure to mustard gas is a current issue. With the recent mustard gas attacks that
have occurred in the Middle East leaving individuals with respiratory problems, irritation
to the eyes and damage to the skin, characterization of these mustard agents is crucial
to protect individuals from future attacks. An increased cause for concern is the lack of
appropriate treatment for mustard induced injuries. The stratum corneum is the skins
first line of defense against such agents, and if damaged the body’s defense against
environmental toxins and bacterial infection is impaired. Disruptions in the skin barrier
results in delayed wound healing and chronic wounds, both of which are associated with
mustard exposures (Kondo, et al., 2010; Sandoval, et al., 2007; Shakarjian, et al., 2010).
Both SM and NM are bifunctional alkylating agents known to induce oxidative stress,
DNA damage and inflammation resulting in extensive skin damage (Arck, et al., 2006;
Ghabili, et al., 2010; Shakarjian, et al., 2010; Vogt, et al., 1984). SM exposure can be
localized using vapor cup models due to its lipophilic properties and countless in-vivo
and in-vitro studies have been performed to better understand its mechanisms of action
for the development of therapeutics. NM however, is hydrophobic and application in
solvents results in spreading over large areas of skin. To better understand the
mechanism of action of NM and for testing potential countermeasures the ability to
generate injury in localized areas of the skin is needed. The use of the modified semi-
occlusive patch test model resulted in localized and controlled NM exposures and
development of wounds that were easily characterized. This allowed for a better
understanding of the events immediately following NM exposure, allowing for the

development and testing of potential therapeutics as countermeasures.
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Vesicating Agents

Chemical agents such as mustard gas have been used in warfare since their
development in the 1940s by Germany and the United States. Although NM has never
been used in warfare it was stockpiled during WWII and may still be in use (Inturi, et al.,
2014). The ability of vesicating agents such as, SM and NM to undergo nucleophilic
substitution forming a cyclic aziridinium ion is what allows them to react with nearby

nucleophilic sites resulting in adduct formation and crosslinking of DNA and proteins.

Multi-Functional Anti-Inflammatory Combination Drugs

Use of a cutaneous in-vivo model in these studies allowed for the testing of a potential
prodrug (AIDNX) as treatment against vesicant-induced skin damage. The advantage of
AIDNX is that it provides a simple dosage form for two drug targets. AIDNX also has a
facilitated mechanism for onsite controlled release of its individual therapeutic
components. Additional prodrugs have been tested in this system and have proved to be

beneficial in reducing edema resulting from NM exposures.

Conclusion

Chemical warfare is a current issue and there are currently no treatments. Because of
the lack of treatment, individuals who have become exposed to mustard agents, either in
warfare or in random chemical attacks can only hope they heal in time before chronic
wounds and infections develop. The lack of treatment relies heavily on the fact that
dermal exposures to mustard agents are hard to study and understand. NM is a
commonly studied mustard agent because of its structural similarity to SM, however its
hydrophobic nature makes it difficult to study in in-vivo models. Use of our patch test
model allows for dermal toxicity studies following exposure to NM leading to wounds that

are reproducible and easily studied. With this model the responses in the skin can be
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observed early following exposure and potential therapeutics can be tested to determine
their ability in speeding up the wound healing process, ultimately decreasing wound

damage and increasing an individual’s quality of life (Fig. 6.1).

The prevalence of chemical warfare and the lack of countermeasures make the risk of
exposure a significant concern. This work aims to shed light on skin injury following
mustard exposure to understand its mode of action. My thesis research fills knowledge
gaps in the fields of skin biology, dermal toxicology, environmental exposure science
and chemical warfare. These studies enlist complementary methods to assess the toxic
response of mustard agents on the skin and the development of countermeasures to
target pathways affected. This work is aimed at identifying the mechanisms underlying
the function of mustard agents, toxins used in chemical warfare, through the
development of suitable in-vivo and in-vitro models to ameliorate skin injury following

exposure.
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