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Abstract
The human body is exposed to a variety of hazards during life, which is why
all sorts of repair mechanisms were developed and rened through evolution.

Es-

pecially the skin, the largest organ of the human body, is the rst line of defense
against pathogens, physical irritants like heat, cold, radiation, or pressure, chemical irritants, loss of water, and imbalances of body temperature. Other important
characteristics of the human skin are the exchange of a range of substances with the
environment as well as its task as sensory organ due to various skin resident sensors. Thus, skin damage needs to be repaired immediately and eectively. Besides
physical damages like abrasions, cuts, sunburns, burns, stab wounds, lacerations,
and others, also chemical substances can damage the skin, for example acids, bases,
or toxic substances such as the chemical warfare agent sulfur mustard (SM). After
a symptom-free latency period, SM causes erythema, skin blisters and eventually
chronic wounds. Although chemical weapons are banned by the Chemical Weapons
Convention, SM was repeatedly used for example in Syria in the last years.

The

simple chemical synthesis and undestroyed stockpiles emphasize the current terroristic threat. The development of causal countermeasures is highly relevant since no
antidote or prophylaxis is available today. The disturbed wound healing is the main
obstacle and may be derived from a damage to the regenerative stem cell pool, most
probably mesenchymal stem cells (MSCs) because of their essential role in wound
healing. The aim of this thesis was to investigate eects of SM exposure in MSCs
and put them into the context of wound healing.
Earlier studies showed the signicant reduction of MSC migration after SM exposure.
Thus, in Schreier, Rothmiller et al., Toxicol. Lett. 2018, the change in secreted factors after SM exposure was determined. Out of these up- or downregulated factors,
some were already known to be important for MSC migration. Adding these factors
after SM exposure, the eect on migration was observed and bFGF, GCP-2, IL-6,
IL-8 (m and e), and MCP-1 were able to increase the SM-decient migration.

In

Schmidt, [. . . ], Rothmiller et al., Toxicol. Lett. 2018, further eects of SM onto MSCs
were characterized. Time course studies revealed that SM-DNA adducts peaked af-

µ

ter 1 to 4 h of SM exposure and a concentration dependent increase was observed
from 40 to 1000

M SM, demonstrating DNA damage but also eective DNA repair

in MSCs. Loss of cells with normal nuclear pattern was concentration and time de-

µ

pendent and proliferation of MSCs was reduced concentration dependent resulting in
almost abolished normal nuclear pattern and proliferation after 40

M SM exposure.

While at the same time no increase in apoptosis related proteins could be shown, the
induction of senescence was a plausible alternative taken together all these eects. In
fact, acute senescence was observed after 5 days. Senescent MSCs, which are replication and migration disabled, secrete proinammatory factors, and are not eliminated
by the immune system, might contribute to the chronic wound healing disorder after
SM exposure.

This hypothesis was investigated in Rothmiller et al., Arch.

µ

Toxi-

col. 2021, demonstrating chronic senescence in MSCs after single dose SM exposure
for the rst time.

µ

SM concentrations from 10 to 40

senescence, while 62.5 to 500

M preferentially resulted in

M SM mainly induced apoptosis, which is in line with

the previously shown high SM resistance of MSCs. Loss of proliferation and various
senescence markers such as senescence-associated

β-galactosidase, p16INK4a , p21, and

persistent DNA damage response were shown. SM induced senescence shifted MSC
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secretion pattern to more proinammatory cytokines and chemokines. The three factors sTNF-R1, CXCL12, and Eotaxin-3 were identied to be specic for SM induced
senescence.

Migration was even further reduced in senescence compared to acute

exposure, which also aected their scratch closure potential. Underlying deregulated
genes were identied and conditioned medium of senescent cells attracted healthy
MSCs. Following all these detrimental properties of SM induced senescent MSCs,
selective removal using senolytic drugs might improve wound healing.

This study

showed initial potential for the anti-apoptotic protein inhibitor ABT-263.
In conclusion, the results of this thesis demonstrate the direct impairment of tissue
regenerative MSCs by SM exposure.

Further, this enhances the knowledge of SM

pathomechanisms and will facilitate the identication of possible drug targets. Ultimately, this new knowledge will contribute to an urgently needed causal therapy for
SM induced chronic ulcers.
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Zusammenfassung
Der menschliche Körper ist im Laufe seines Lebens einer Vielzahl von Gefahren
ausgesetzt, weshalb evolutionär etliche Reparaturmechanismen entwickelt und verfeinert wurden. Die Haut, das gröÿte Organ des menschlichen Körpers, ist die erste
Verteidigungslinie gegenüber Krankheitserregern, physikalischen Reizen wie Hitze,
Kälte, Strahlung oder Druck, chemischen Reizen, Wasserverlust und Schwankungen
der Körpertemperatur. Weitere wichtige Eigenschaften der menschlichen Haut sind
der Austausch von Substanzen mit der Umwelt sowie die Tatsache, dass sie aufgrund
verschiedener hauteigener Sensoren ein Sinnesorgan ist. Daher müssen Hautschäden
sofort und eektiv repariert werden können. Neben physikalisch-induzierten Schäden, z.B. Schürfwunden, Schnittwunden, Sonnenbrand, Verbrennungen, Stich- und
Platzwunden, können auch chemische Substanzen, z.B. Säuren, Laugen oder toxische
Substanzen wie der chemische Kampfsto Schwefellost (S-Lost), die Haut schädigen.
Nach einer symptomfreien Latenzzeit verursacht S-Lost Erytheme, Hautblasen und
schlieÿlich chronische Wunden. Obwohl chemische Waen durch das Chemiewaenübereinkommen verboten sind, wurde S-Lost in den letzten Jahren beispielsweise
in Syrien wiederholt eingesetzt. Die einfache chemische Synthese und unzerstörte
Vorräte unterstreichen die gegenwärtige terroristische Bedrohung. Die Entwicklung
einer kausalen Therapie ist von hoher Relevanz, da bis heute kein Gegenmittel und
keine Prophylaxe zur Verfügung stehen. Die gestörte Wundheilung ist das Hauptproblem und sie kann von einer Schädigung des regenerativ wirkenden Stammzellpools
herrühren, höchstwahrscheinlich aufgrund der Beeinträchtigung von mesenchymalen
Stammzellen (MSC), die eine wesentliche Rolle bei der Wundheilung spielen. Ziel
dieser Arbeit war es, die Auswirkungen der S-Lost Exposition bei MSC zu untersuchen und sie in einen Kontext mit der Wundheilung zu bringen.
Frühere Studien zeigten eine signikante Reduktion der MSC-Migration nach S-Lost
Exposition. So wurde in der Publikation Schreier, Rothmiller et al., Toxicol. Lett.
2018, die Veränderung der sezernierten Faktoren nach S-Lost Exposition beschrieben. Von diesen auf- oder abregulierten Faktoren waren einige bereits bekannt dafür,
wichtig für die MSC-Migration zu sein. Der Eekt der Zugabe dieser Faktoren nach
S-Lost Exposition auf die Migration wurde untersucht, und bFGF, GCP-2, IL-6,
IL-8 (m und e) sowie MCP-1 konnten die durch S-Lost-Einwirkung gestörte Migration erhöhen. In Schmidt, [...], Rothmiller et al., Toxicol. Lett. 2018, wurden weitere

µ

Eekte von S-Lost auf MSC charakterisiert. Ein konzentrationsabhängiger Anstieg
von S-Lost-DNA-Addukten wurde zwischen 40 und 1000

M S-Lost beobachtet, und

Zeitverlaufsstudien zeigten, dass diese Addukte 1 bis 4 h nach Exposition ihren Peak
erreichten, was die zelluläre DNA als wichtige Zielstruktur für S-Lost-induzierte Schäden bestätigt, aber auch auf eine eektive DNA-Reparatur bei MSC hinweist. Der
Verlust von Zellen mit normaler Zellkernstruktur war konzentrations- und zeitabhängig und die Proliferation von MSC war konzentrationsabhängig reduziert, was zu

µ

einem fast vollständigen Verlust an normaler Kernstruktur und Proliferation nach
40

M S-Lost Exposition führte. Während gleichzeitig kein Anstieg der Apoptose-

assoziierten Proteine nachgewiesen werden konnte, war die Induktion von Seneszenz
eine plausible Alternative, wenn man alle diese Eekte zusammen betrachtet. Tatsächlich wurde eine akute Seneszenz nach 5 Tagen beobachtet. Seneszente MSC, die
replikations- und migrationsunfähig sind, proinammatorische Faktoren sezernieren
und vom Immunsystem nicht eliminiert werden, könnten zur chronischen Wundheilungsstörung nach S-Lost Exposition beitragen. Diese Hypothese wurde in Rothmiller

V

et al., Arch. Toxicol. 2021, untersucht, und zum ersten Mal konnte eine chronische

µ

Seneszenz bei MSC nach einmaliger S-Lost Exposition gezeigt werden. S-Lost Kon-

µ

zentrationen von 10 bis 40
500

M führten bevorzugt zur Seneszenz, während 62,5 bis

M S-Lost hauptsächlich Apoptose induzierten, was mit der zuvor gezeigten ho-

hen S-Lost Resistenz von MSC übereinstimmt. Proliferationsverlust und verschiedene
Seneszenzmarker wie die Seneszenz-assoziierte

β-Galactosidase,

INK4a ,

p16

p21 und

eine persistente DNA-Schadensantwort wurden gezeigt. Die durch S-Lost induzierte
Seneszenz verlagerte das Sekretionsmuster zu mehr proinammatorischen Zytokinen
und Chemokinen. Die drei Faktoren sTNF-R1, CXCL12 und Eotaxin-3 wurden als
spezisch für die S-Lost-induzierte Seneszenz identiziert. Die Migration war bei Seneszenz im Vergleich zur akuten Exposition sogar noch weiter reduziert, was sich auch
auf das Wundschlusspotential auswirkte. Die zugrundeliegenden deregulierten Gene
wurden identiziert, und das konditionierte Medium der seneszenten Zellen zeigte
Attraktionspotential für gesunde MSC. Aufgrund all dieser schädlichen Eigenschaften von S-Lost-induzierten seneszenten MSC könnte deren selektive Eliminierung
mit senolytischen Medikamenten die Wundheilung verbessern. Die genannte Studie
zeigte ein initiales Potenzial für den Inhibitor antiapoptotischer Proteine ABT-263.
Zusammenfassend zeigen die Ergebnisse dieser Arbeit die direkte Beeinträchtigung
von geweberegenerativ wirkenden MSC durch S-Lost Exposition. Darüber hinaus
verbessert dies das Wissen über den Pathomechanismus von S-Lost und führt zur
Identizierung möglicher Angrispunkte für Medikamente. Perspektivisch trägt dies
zu einer dringend benötigten kausalen Therapie von S-Lost-induzierten chronischen
Wunden bei.
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CHAPTER 1.

INTRODUCTION

1 Introduction
Sulfur mustard (SM) is an alkylating chemical warfare agent. It is still threatening
soldiers and civilians worldwide, since its easy, inexpensive synthesis and deployment
as liquid or aerosol combined with a high toxicity and settledness make it accessible
for the use in terroristic attacks, as recently veried in Syria.

With no available

causal therapy so far, victims suer from skin blisters that turn into chronic ulcers.
Thus, the development of specic countermeasures is of utmost importance.
Since mesenchymal stem cells (MSCs) are essential for wound healing, a direct or
indirect impairment by SM seems plausible. Reduced migration and the induction
of senescence in MSCs might be part of the problem because of their longevity, since
they are not eliminated by the immune system and promote inammation by the
secretion of various proinammatory cytokines.

The inuence of SM onto MSCs

needs to be tested, and unraveled mechanisms might result in new targets for an
innovative SM therapy.

1.1 Sulfur mustard
1.1.1 From the past to the present
The alkylating chemical warfare agent sulfur mustard (SM; 2,2'-dichlorodiethyl sulde) was rst synthesized and described 1820 by the chemist César-Mansuète Despretz [Maynard, 2007].

Only many years later, it was rediscovered during World

War I. The German chemists Wilhelm Lommel and Wilhelm Steinkopf developed a
method to synthesize SM at a large scale and it was proposed as a chemical warfare
agent. The rst use in combat was by the German army close to Ypres, Belgium,

th , 1917, where it caused 20,000 casualties within three weeks [Joy, 1997].

on July 12

Almost 400,000 persons were SM victims during World War I and hence the majority
of injuries within chemical weapons were caused by SM [Pechura and Rall, 1993]. In
contrast to chlorine gas, SM did not only aect the airways but also the skin, and
therefore protection solely with gas masks became insucient. Moreover, SM was
not only used to expose soldiers and their equipment but also to contaminate large
areas where it was present for days and made the area inaccessible [Joy, 1997]. Overall, SM was only lethal in 2-3 % of cases but was eective as an incapacitating agent,
resulting in an overburden of the entire medical system [Rice, 2003]. After World
War I, SM was further used in combats,

i.e., during the Iran-Iraq war 1981-1988 with

40,000 Iranians still suering from late symptoms [Darchini-Maragheh et al., 2015].
During World War II, many nations produced large stockpiles of chemical weapons,
but no intended deployment was executed. SM may even be the most abundantly
produced and stockpiled vesicant worldwide [Kehe et al., 2008]. After the war, large
amounts of chemical weapons were simply dumped into the sea, for example the
Baltic Sea [Maynard, 2007].
Since SM mostly aects rapidly dividing tissues, it was also considered as a chemotherapeutic agent against cancer. Due to its high toxicity, the less toxic nitrogen mustards were further used. Even until today, nitrogen mustard itself is still being used,
e.g., to treat T-cell lymphoma in skin, but because of its narrow therapeutic index, mainly its derivatives, e.g., melphalan and chlorambucil, are preferred in cancer
treatment [Ghorani-Azam and Balali-Mood, 2015].
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Major steps were already taken with the Chemical Weapons Convention (CWC) in
1993 supervised by the Organization of the Prohibition of Chemical Weapons. The
CWC prohibits the use, development, production, acquisition, stockpiling, retention,
or transfer of chemical weapons and also regulates their destruction. SM is classied
as a Schedule 1 substance and thus it belongs to the chemicals with the highest abuse
risk and least industrial importance. Until now, 193 State Parties already joined the
CWC, and over 97 % of over 70,000 metric tons declared chemical weapon stockpiles
were destroyed by the end of 2019 [Organization for the Prohibition of Chemical
Weapons, ].
The remaining stockpiles in various countries as well as the dumped chemical weapons
in the sea of up to 700,000 tons toxic waste [Steinritz et al., 2016c] are still posing
threats to our society and the environment. One example is the leakage of SM from
dumped and now corroding artillery shells lying on the sea oor, with SM clumps
being washed ashore, where still mainly active SM is mistaken for amber by visitors.
Moreover, the simple and cost-eective direct synthesis from ethylene and sulfur
dichloride with over 70 % yield [Pechura and Rall, 1993] presents SM as a substance
susceptible for terroristic attacks. In recent years, SM was deployed in military conicts or civil wars, for example in a crisis region in the Middle East in 2015 [John
et al., 2019] and in the region of Al-Bab, Syria, in 2016 [Kilic et al., 2018]. As of
today, neither a specic antidote or prophylaxis nor a rapid test for the detection of
an exposure is available for SM.

1.1.2 Physico-chemical properties
Pure SM is an oily, color- and odor-less liquid at room temperature. Even small impurities result in yellow to brown discoloration and a characteristic odor like mustard,
garlic, or horseradish (Figure 1.1A). Because of its hydrophobicity, the solubility in
water is poor but high in common organic solvents or fats. SM hydrolyzes rapidly
after contact with water, but the hydrolysis is suppressed by saltwater. Under such
conditions, SM forms polymers with increased viscosity and density resulting in sinking of non-hydrolyzed SM to the ground of lakes or oceans. It has a high stability in

°

the environment, especially at low temperatures and humidity. The boiling temperature is low (217 C) resulting in a high volatility. Decontamination can be achieved
by bleaching agents and chloramines [Maynard, 2007, Gupta, 2015].

1.1.3 Toxicokinetics
Main target organs for a local exposure are eyes, skin, and lung. Systemic absorption of SM is mostly possible via the skin and respiratory tract, while it is clinically
negligibly via the gastrointestinal tract or eyes. Thickness and humidity of the skin
and hair density play important roles in the resorption rate.

80 % of local, non-

occlusive application evaporates and only 20 % are resorbed, from which 20 % react
with biomacromolecules in the skin and the remaining part reaches the blood circulation [Cullumbine, 1947, John et al., 2015]. An occlusion can increase the resorption
dramatically up to 100-fold [Chilcott et al., 2002]. Pulmonary absorption is mainly
relevant for SM aerosols. Due to its high reactivity, SM is already resorbed in the
upper airways but can also reach the lower airways at high concentrations due to its
high lipophilicity where it causes drastic tissue damage [Weber et al., 2010, DarchiniMaragheh et al., 2015].
The distribution was assessed after a deadly SM exposure, and thereby the accumulation in lipophilic tissues like adipose tissue, skin, brain, kidney and liver was
shown [Drasch et al., 1987]. The SM accumulation in adipose tissues was also de-
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scribed by other studies [Xu et al., 2017].

After absorption and distribution, SM

mainly inhibits the hematopoietic system and suppresses bone marrow regeneration [Balali-Mood and Hefazi, 2005].
Biotransformation in physiological environment occurs by hydrolysis of SM into its
main product thiodiglycol (TDG). Oxidation results in thiodiglycol-sulfoxide, which
is conjugated with glutathione to 1,1'-sulfonylbis[2-S-(N-acetylcysteinyl)ethane]. Following the

β-lyase

pathway, the products 1,1'-sulfonylbis[2-(methylsulnyl)ethane]

(SBMSE) and 1-methylsulnyl-2-[2-(methylthio)ethylsulfonyl]ethane (MSMTESE)
are formed.

Besides the biotransformation, SM alkylates nucleic acids and vari-

ous proteins, such as serum albumin and hemoglobin [John et al., 2015].

The es-

tablished biomarkers TDG, SBMSE, MSMTESE, and peptides derived from SMalbumin adducts can be used for diagnostic evidence of SM exposures as shown by
the verication of SM exposure in the Middle East in 2015 [Steinritz et al., 2016c,John
et al., 2019].
SM biotransformation products are eliminated through renal ltration and can be
detected in urine [John et al., 2015].

1.1.4 Clinical symptoms
SM causes damage in eyes, airways, skin, and inner organs after a characteristic clinical latency period without any symptoms, which is why the exposure is usually not
recognized immediately, and failure of rapid decontamination worsens the outcome.
This latency is dose and exposure time dependent and lasts from a few hours up to
days.

The symptoms develop slowly and reach their maximum after 2 to 3 days.

In general, SM shows a low lethality, but an exposure may result in severe acute,
chronic, or delayed health problems [Kehe and Szinicz, 2005].

1.1.4.1 Skin
Typical symptoms of SM induced skin lesions, which are observed in more than
90 % of exposed patients [Emadi et al., 2012], are initial itching and an inammatory erythema, mainly in moist skin areas (e.g., axilla).

With suciently high

exposure doses, subepidermal skin blisters lled with colorless to yellowish liquid are
developed, which is mostly combined with severe pain. Frequently, the skin blisters
develop into deep ulcerations even reaching into the dermis, which can be accompanied by extensive necroses (Figure 1.1C, D) [Smith et al., 1997]. SM-induced deep
skin ulcers are associated with wound healing disorders, which may necessitate hospitalization of patients for several months [Ghorani-Azam and Balali-Mood, 2015].
The current medical treatment is comparable to any conventional burn including
alleviation of symptoms, prevention of infections and promotion of healing.

Skin

grafts, for example split skin grafts, are often needed because of these chronic skin
lesions [Graham et al., 2002]. Additionally, an extended inammation of the aected
skin areas is regularly observed and hyper- and hypopigmentation around the exposed skin are typical, sometimes resulting in poikiloderma. Some patients also have
skin dryness within the initial exposure area which can be accompanied by paresthesia, a therapy-resistant, persistent pruritus, or an angiomatous alteration of the
vascular system [Ghorani-Azam and Balali-Mood, 2015].
Another complex phenomenon, still not understood, was already discovered during World War I. The skin of individuals who had previously been exposed to SM
once displayed a much more intense reaction to subsequent SM exposure.

More-

over, sites of the body with previous SM exposure, which had already partially or
entirely healed, became active again in some patients, when the same individual
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Figure 1.1: Sulfur mustard and its eects on the skin. SM in dierent purities show clearly
visible color dierences (courtesy of PD Dr. Dirk Steinritz; A). Alkylating mechanism of SM at the N7 position of guanine; adapted from [Kehe and Szinicz, 2005]
(B). Skin lesion and wound healing after low dose (C; adapted from [Schmidt
et al., 2018b]) and high dose (D; adapted from [Kilic et al., 2018]) SM exposure.
Flare ups at 4 distant sites of old lesions, previously completely healed, after
following exposure at the forearms; adapted from [Sulzberger et al., 1947] (E).

was exposed to SM up to years later at other, distant skin sites (are-ups, Figure 1.1E) [Sulzberger et al., 1947].

Accordingly, there needs to be some kind of

memory mechanism for SM exposure.

1.1.4.2 Eyes
The eyes are very sensitive and aected in almost all cases of SM aerosol exposure
with symptoms already emerging within 30 min. Acute symptoms like conjunctivitis,
enhanced lacrimation, photophobia, edema of eyelids, pain, up to corneal damage
with ulcerations are possible depending on the exposure dose and time.

Chronic

symptoms can be mild like itching, stinging, lacrimation or foreign body sensation
but also severe like pain and reduction or loss of vision [Ghorani-Azam and BalaliMood, 2015].

1.1.4.3 Airways
The airway system is also more sensitive than the skin. Acute symptoms develop
after a latency period comparable to skin exposure, and rst symptoms are irritations of the mucosa, hoarseness, and tickle of the throat.

Afterwards, rhinorrhea,

increased mucus production, and coughing t with acute dyspnea develop. In very
severe cases, the formation of pseudomembranes is possible, which can result in the
acute respiratory distress syndrome associated with high fatality.

Moreover, SM

causes severe inammation which enables bacterial super infections. The mortality,
mainly caused by SM-induced lung injuries, is only 2-3 % [Maynard, 2007, Ghabili
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et al., 2010]. Acute airway symptoms often turn into chronic symptoms, which can
also appear years after exposure and convalescence and are comparable to chronic
obstructive pulmonary disease [Ghorani-Azam and Balali-Mood, 2015].

1.1.4.4 Systemic eects
SM-induced systemic symptoms are comparable to symptoms after radio- or chemotherapy.

The latter is not surprising, since alkylating cytostatic drugs are deriva-

tives from SM as discussed above. The clinical symptoms are unspecic and show
headache, nausea, vomiting and loss of appetite. Severe intoxications mainly lead
to lesions of the gastrointestinal tract but also of the bone marrow, where an initial
leukocytosis followed by a rapid drop in leukocytes is described [Kehe and Szinicz,
2005, Ghabili et al., 2010]. The damage of the hematopoietic system results in immunosuppression, hemorrhages through thrombocytopenia, and anemia [Kehe and
Szinicz, 2005].

Besides the inhibition of the hematopoietic system, suppression of

bone marrow regeneration has been proposed [Balali-Mood and Hefazi, 2005]. An

in vivo

rat study veried a direct eect of SM in marrow by showing a time- and

dose-dependent formation of three DNA adducts only 10 min after cutaneous SM
exposure. Interestingly, bone marrow was besides spleen and lung the most sensitive
tissue in terms of DNA crosslinks. A positive correlation between micronucleus rate
and SM dose suggests a genetic toxicity to marrow cells [Yue et al., 2015].

1.1.4.5 Carcinogenesis
The International Agency for Research on Cancer classies SM as carcinogen group 1
[IARC Publications Website - Chemical Agents and Related Occupations, ].
eral

in vitro

and

in vivo

Sev-

studies prove the carcinogenic potential of SM, and human

victims showed higher tumor rates [Kehe and Szinicz, 2005]. Besides its direct mutagenic eect, the elevated carcinogenic potential may be partly caused by epigenetic
modications [Steinritz et al., 2016b].

1.1.5 Molecular mechanisms of action
The pathomechanism of SM is highly complex with pleiotropic eects at multiple
target sites and cell types. Therefore, various physiological processes are aected,
which can even have opposite functions and eects. Despite the intensive research of
the last years, several molecular aspects remain mostly unclear. Further research is
needed to understand the mechanisms in detail and thus to nd specic targets for
a causal therapy [Steinritz et al., 2016a].

1.1.5.1 DNA alkylation
DNA damage via alkylation is proposed to be the main cause for SM toxicity [Kehe
et al., 2009]. SM is a bifunctional agent and can induce monoalkylation as well as
intra- and interstrand crosslinks (Figure 1.1B). Four major types of DNA adducts

N7 -(2-hydroxyethylthioethyl)
N3 -(2-hydroxyethylthioethyl) adenine (∼16 %),
6
6
and O -(2-hydroxyethylthioethyl) guanine (O -HETE-G) (∼0.1 %) as well as the
6
crosslinked bis[2-(guanine-7-yl)ethyl] sulde (∼17 %) [Zubel et al., 2019]. O -HETEwere identied after SM exposure: The monoalkylated
guanine (

N7 -HETE-G) (∼61

%),

G adducts are formed very rarely, but this modication has a high biological relevance, since it has a high mutagenic potential.

Repair can be performed by

O6 -

methylguanine-DNA methyltransferase (MGMT), which transfers the alkyl group of

O6 -alkylguanine to a cysteine within its active site.

5
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and fast, MGMT, a so-called suicide enzyme, is consumed during the stoichiometric reaction.

Depending on the expression and activity of MGMT in the specic

cells or tissues, saturation or deciency leads to

O6 -alkylguanine:thymine mispairs,

which either require mismatch repair or result in point mutations due to GC to AT
transitions [Thomas et al., 2015]. In addition to mass spectrometry,

N7 -HETE-G

adducts can also be determined using the 2F8 antibody [van der Schans et al., 1994].
A linear correlation between exposure dose and DNA adduct formation was even
shown

in vivo

[Yue et al., 2014]. SM-induced DNA adducts were still detected sev-

eral days after exposure suggesting an insucient repair. Alkylated DNA bases can
be repaired by base excision repair or nucleotide excision repair, for which single
strand breaks are formed transiently [Jowsey et al., 2012]. DNA repair mechanisms,
e.g., of crosslinks, can further result in double strand breaks, which require homologous recombination, single strand annealing, microhomology-mediated end joining
or non-homologous end joining [Huertas, 2010]. After serious damage, the original
DNA sequence cannot be restored by cellular repair mechanisms usually resulting
in apoptosis or necrosis of the aected cells [Kehe et al., 2009]. In contrast, maximal levels of DNA adducts were determined one hour after SM exposure, which may
open the possibility for a therapeutic window for example by using scavengers [Zubel
et al., 2019].

1.1.5.2 Alkylation of proteins and RNAs
Besides DNA, other biomacromolecules can be alkylated by SM. The alkylation of
free cysteines in serum albumin or the N-terminal valine in hemoglobin results in
protein adducts, which are used as forensic markers of SM exposure [Noort et al.,
2008,John et al., 2019], although they are not considered as relevant causative factors
for SM-induced toxicity [Zubel et al., 2018]. Further, alkylation of various structural
proteins like cytokeratins or actin have also been described [Dillman et al., 2003, Mol
et al., 2008]. Moreover, alkylation of RNA with time-dependent stabilities could be
observed similar to, but 2-10 times lower than DNA. Despite the transient nature of
RNA, this might be crucial because only a limited number of RNA repair enzymes are
present in cells, and RNAs play very important roles in almost all cellular processes
[Zubel et al., 2019].

1.1.5.3 Oxidative stress
The role of oxidative stress via reactive oxygen species (ROS) after SM exposure is
widely accepted and determined by various studies, for example by electron paramagnetic resonance spin trapping [Brimeld et al., 2012]. The depletion of intracellular
glutathione (GSH), an essential step in SM biotransformation, reduces the antioxidative capacity and results in oxidative damage [Laskin et al., 2010]. Moreover,
ROS produced by SM are able to induce peroxidation of membrane lipids, resulting
in further cell damage [Kehe and Szinicz, 2005, Pal et al., 2009]. GSH or N-acetyl
cysteine supplementation reduced apoptosis, interleukin 6 (IL-6) and IL-8 levels and
the SM-induced defects in angiogenesis and vascularization signicantly [Balszuweit
et al., 2016].

Besides ROS, also reactive nitrogen species (RNS) seem to play an

important role in the pathomechanism of SM [Steinritz et al., 2009]. ROS and RNS
produce reduced, oxidized, or fragmented DNA bases, for example thymine glycols
or 8-oxo-2'-deoxyguanosine [Behboudi et al., 2018].
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1.1.5.4 Role of poly(ADP-ribose) polymerase
Poly(ADP-ribose) polymerase 1 (PARP1) is activated especially by single- and double strand breaks to coordinate down-stream DNA repair processes. The covalent
attachment of an ADP-ribose polymer (up to 200 units) to a protein by PARP1
is a post-translational modication, called PARylation, and its synthesis requires

+

nicotinamide adenine dinucleotide (NAD ). Several DNA repair and cell cycle control proteins contain a PAR-binding motif, and the polymer structure of PAR has
an impact on protein interactions depending on chain length and branching frequency [Mangerich and Bürkle, 2012]. After SM exposure, a biphasic PARylation

+

pattern was determined with peaks at 2-5 min and 60 min, which resulted in NAD

depletion and secondary adenosine triphosphate (ATP) depletion followed by necrosis and inammation.
it would prevent NAD

Initially, PARP1 inhibition was considered benecial, since

+

depletion and thus necrosis and inammation.

However,

it was refrained from because the inhibition had no direct eect on the excision of
DNA adducts, and the treatment might impair DNA repair followed by a potentiated

+

SM-induced genotoxicity and carcinogenicity [Mangerich et al., 2016]. NAD

sup-

plementation, e.g., by niacin, may overcome the drawbacks of PARP1 inhibition but

+

help maintain cellular NAD

levels and prevent necrosis [Ruszkiewicz et al., 2020].

Besides its role in DNA repair, PARP1 also plays important roles in telomere length,
chromatin remodeling, re-initiation of stalled replication forks, cell cycle, cell death,
inammation, and aging [Schreiber et al., 2006, Debiak et al., 2009, Mangerich and
Bürkle, 2012].

1.1.5.5 Apoptosis and necrosis
Apoptosis can be triggered by intrinsic or extrinsic factors, and is an energy-consuming,
active process of cell death, which leads to a controlled clearance of cell debris by
formation of apoptotic bodies. These cell remnants are taken up by phagocytic cells,
which prevents the release of cytoplasmic particles into the extracellular space and
an inammation of the surrounding tissue.

In contrast, necrosis results in loss of

cell membrane integrity and uncontrolled release of cytoplasmic particles, and inammation occurs. There is a smooth transition between both forms, especially if
ATP or cofactor depletion results during apoptosis [Elmore, 2007].

Both are key

processes during SM-induced cell and tissue damage. High SM doses are associated
with vast DNA damage and necrosis due to PARP1 overactivation [Kehe and Szinicz,
2005,Mangerich et al., 2016]. Extrinsic activation of apoptosis after SM exposure was
determined by the induction of Fas ligand and receptor, and Fas receptor blockers
or antibodies against Fas ligands showed increased cell viability and reduced apoptosis [Rosenthal et al., 2003, Keyser et al., 2013].

Moreover, the potent apoptosis

inducer tumor necrosis factor-alpha (TNF-α) may play a role, since an increased release was shown after SM exposure [Wagner et al., 2019]. Apoptosis is closely linked
to mitochondrial function due to the important role of B-cell lymphoma 2 (Bcl-2)
protein family members in the maintenance of mitochondrial homeostasis and control
of mitochondrial outer membrane permeabilization. A direct inuence of alkylating
agents on the mitochondrial homeostasis was determined [Steinritz et al., 2014], but
more data are needed to unravel the mitochondrial role in SM-induced apoptosis.

1.1.5.6 Inammation
Histopathology shows vast inammation reactions after experimental SM exposure.
On the molecular level, an induction of proinammatory cytokines like IL-1, IL-6, IL8, and TNF-α could be shown

in vitro and in vivo [Steinritz et al., 2016a].
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hibit chemotactic eects on inammatory cells, especially neutrophilic granulocytes
and macrophages, which invade into the damaged area and result in a prolonged inammation. The protein biosynthesis of proinammatory cytokines underlies nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB) and mitogen-activated
protein kinase (MAPK) signaling pathways [Rebholz et al., 2008]. Moreover, SM induces also proinammatory protein production, e.g., cyclooxygenase-2 (COX-2) and
cytokine-inducible nitric oxide synthases that contribute to inammation [TewariSingh et al., 2012]. The application of the COX-2 specic inhibitor celecoxib after
SM exposure could reduce IL-6, IL-8, and TNF-α levels, but without improving cell
viability [Wagner et al., 2019].

Additionally, treatments with silibinin [Balszuweit

et al., 2013], berberine [Lang et al., 2018], diclofenac [Menacher et al., 2018], and
necrosulfonamide [Menacher et al., 2019] showed anti-inammatory eects.

1.1.5.7 Transient receptor potential channels
The hypothesis that SM damages the airways in an unspecic manner was rejected
because an interaction of SM with transient receptor potential (TRP) channels was
identied. Especially the TRPA1 channel, which was already previously described
to sense for example mustard oil, was determined to be expressed in human alveolar
epithelial cells as well as human lung tissues and could be activated by SM in a doseand concentration-dependent manner.

The subsequent calcium inux was solely

TRPA1-dependent, since it could be inhibited by the TRPA1-specic channel blocker
AP18. Overexpression of TRPA1 resulted in higher sensitivity to alkylating agents
compared to wild type cells, and AP18 was able to reduce this eect [Stenger et al.,
2015].

Recent studies also investigate the inuence of SM on other channels like

TRPV4, which is important for osmoregulation and maintenance of the extracellular
matrix [Liedtke et al., 2000, Gilchrist et al., 2019].

1.1.5.8 Epigenetic modication
Neoplasia as a long-term problem of SM exposure is only partly understood, and
besides a direct mutagenic eect of SM, epigenetic modications are discussed as
possible causes. In early endothelial cells, SM exposure induced complex dierences
in many relevant epigenetic modulator proteins, which were even more pronounced
after low dose treatment. It was hypothesized that because these concentrations only
slightly reduced cell viability, the cells could survive, and these epigenetic modications may have a high biological relevance [Steinritz et al., 2016b]. Moreover, an
increase in global DNA methylation at CpG sites could be determined

in vitro, and

the analysis of a patient skin sample showed up to 15-fold increased DNA methylation levels even one year after SM exposure within and around the original exposed
area [Steinritz et al., 2016b]. Predominantly, DNA methylation was observed over
histone modications and a treatment option with DNA methyltransferase inhibitors
may be benecial [Simons et al., 2018].

1.1.5.9 Wound healing disorder
The delayed or even inhibited wound healing after SM exposure and the resulting
chronic wounds are still not completely understood, but many dierent aspects have
already been investigated and contribute to the overall picture.
Blister formation may evolve from an increased extracellular proteolytic activity, which disrupts the epidermal basal membrane and results in the separation of
epidermis and dermis. This could recently be linked to a paracrine regulatory mechanism that keratinocytes induce an increased secretion of matrix metallopeptidase 9
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(MMP-9) in broblasts after SM exposure. This contributes to the blister formation
due to the ability of MMP-9 to degrade collagen type IV, the main component of the
basal membrane [Ries et al., 2009]. MMP-9 inhibitors as a possible substance can
inhibit the blister formation [Mol et al., 2009] but should be used only transiently,
since long-term application resulted in prolonged wound closure times [Ågren et al.,
2001].
The basal cell layer of the epidermis comprises immature keratinocytes, also described as epidermal stem or progenitor cells, which can proliferate but also undergo
terminal dierentiation when migrating to the exterior of the epidermis [Morasso and
Tomic-Canic, 2005]. SM exposure results in strongly upregulated activity of MAPK
p38, a kinase that is essential for the maturation of keratinocytes, and expression
of dierentiation markers. Thus, SM exposure results in a premature terminal differentiation of keratinocytes, which decreases their migration and may contribute to
the disturbed wound healing [Popp et al., 2011, Popp et al., 2014].

Selective p38

inhibitors can possibly improve wound healing with positive eects on wound contraction, formation of granulation tissue, and re-epithelialization, which has been
shown before in diabetic ulcers [Medicherla et al., 2009].
A locally and temporally regulated lack of oxygen (hypoxia) in the tissue is important for growth and mobilization of cells during wound healing. Hypoxia-inducible
factor 1-alpha (HIF-1α) is the most important oxygen sensor and is central in the regeneration process. HIF-1α is degraded under normoxic conditions by prolyl hydroxylases (PHDs). Hypoxia inhibits PHDs, thus HIF-1α accumulates and translocates
into the nucleus resulting in vascularization and angiogenesis by inuencing the transcription of more than 100 genes [Sen, 2009]. In keratinocytes and broblasts, SM
inhibits hypoxia-mediated stabilization of HIF-1α and thus blocks the expression
of target genes relevant for wound healing, probably by inuencing PHDs [Deppe
et al., 2016a]. Additionally, hypoxia also increases levels of miR-210, a microRNA
that inhibits the expression of its target E2F3 and thus blocks the dierentiation of
keratinocytes. Both miR-210 and miR-203 were shown to be involved in SM-induced
eects on proliferation and dierentiation of keratinocytes, and selective inhibitors
showed higher viability, proliferation, and normalization in expression of dierentiation markers [Deppe et al., 2016b].

PHD-2 inhibitors like IOX2 were shown to

improve premature dierentiation of keratinocytes induced by SM exposure, and thus
PHD-2 inhibitors may be possible drug candidates to improve wound healing [Deppe
et al., 2016a], which may be also true for inhibitors for miR-210 and miR-203 [Deppe
et al., 2016b].
Eects of SM exposure on the vascularization and angiogenesis were analyzed using
an embryoid body (EB) model based on mouse embryonic stem cells. SM exposure
resulted in a collapse of the developing vessels [Schmidt et al., 2009].

Moreover,

even very small doses of SM resulted in a reduced migration of early endothelial cells
(EECs), which were isolated from EBs. As a possible mechanism, it was found that
alkylating nitrogen mustard disturbed the cell polarity, which led to undirected cell
migration and insucient wound closure [Steinritz et al., 2014]. Since angiogenesis
and vascularization as well as the dierentiation of stem cells are ROS-mediated
[Bigarella et al., 2014], the ROS scavenger

α-linolenic

acid was tested.

Indeed, it

could increase the development of endothelial structures in the EB model short-term
but not persistently [Steinritz et al., 2010], enhance migration as well as restore the
cell polarity of EECs [Steinritz et al., 2014].
The observed poikiloderma,

i.e., regions of hyper- and hypopigmentation, after SM

exposure may be a result from increased or decreased melanogenesis, respectively.
A recent study showed that high SM concentrations decreased melanin content, cell
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viability of melanocytes, and levels of melanogenesis-associated proteins, whereas
low SM concentrations resulted in increased melanin content and increased levels of
enzymes involved in melanin synthesis. These ndings provide a basic understanding
of SM eects on melanogenesis and the associated pigmentation disorder [Müller-Dott
et al., 2020].
Moreover, SM was veried as a skin sensitizer following the guidelines of the Organization for Economic Cooperation and Development, in line with typical symptoms
present in SM patients like hypersensitivity and are-ups. Thus, SM results in a covalent modication of epidermal proteins and the activation of epidermal keratinocytes
and dendritic cells [Steinritz et al., 2019]. Disturbed wound healing may also be derived from impaired MSCs, which are important for wound healing and reside in
bone marrow niches. Interestingly, the latter have been shown as an important SM
target tissue.

Until now, SM eects on MSCs are largely unknown.

ies showed that they are highly resistant against SM,
concentration (LC

50 )

i.e.,

Recent stud-

the half-maximal lethal

was more than 40-fold higher compared to keratinocytes. By

contrast, already very low concentrations signicantly decreased the migration without disturbing their dierentiation potential [Schmidt et al., 2013].

1.2 Skin wound healing and chronic wounds
1.2.1 Physiological wound healing
Wound healing is a dynamic and complex process, whose initial task is to stop the
bleeding, and subsequently the reconstruction of the structural and functional barrier
of the skin to protect from infections and dehydration as well as to regulate body
temperature.

Tissue injury triggers acute wound healing, which consists of four

overlapping and highly coordinated phases: (1) hemostasis, (2) inammation, (3)
proliferation, and (4) remodeling. Inammatory cells, growth factors, proteases such
as MMPs, and cellular and extracellular elements play important roles in the wound
healing process (Figure 1.2) [Thiruvoth et al., 2015].

1.2.1.1 Hemostasis
Hemostasis is initiated after skin injury to immediately prevent blood loss and provide a rst defense against microbes by vasoconstriction and formation of a blood
clot to seal the damaged vessel. This process is triggered by the exposure of blood
components to the subendothelial vessel wall layers. Platelets adhere, aggregate, and
form the initial hemostatic plug and the coagulation cascade is set in motion. Thus,
prothrombin is activated to thrombin, which then converts brinogen to brin, and a
brin clot is established containing platelets and plasma bronectin. The blood clot
contains cross-linked brin, erythrocytes, platelets, and other extracellular matrix
(ECM) proteins like bronectin, vitronectin, and thrombospondin and also provides
a matrix for the homing of inammatory cells.

The platelets undergo degranula-

tion and release mediators to attract macrophages and broblasts to the site of the
injury [Singer and Clark, 1999, Thiruvoth et al., 2015].

1.2.1.2 Inammation
The inammatory phase is characterized by the inltration of neutrophils, later by
macrophages and lymphocytes.

After hemostasis, eects of coagulation and com-

plement cascades result in local vessel dilation. Within the wound, neutrophils kill
bacteria and decontaminate the wound by secretion of proteases and antimicrobial
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peptides as well as generation of ROS intermediates [Eming et al., 2007]. Monocytes
become the predominant inammatory cell type within 2 to 3 days, and they differentiate into macrophages within the wound. Afterwards, they remove apoptotic
neutrophils and other cells, and secrete cytokines and peptide growth factors while
functioning as antigen-presenting cells. Removal of chemokines in the inammation
area by phagocytosis of neutrophils prevents further leukocyte inux [Martins-Green
et al., 2013]. The secreted factors activate and attract local endothelial cells, broblasts, and keratinocytes to cause cell proliferation, synthesis of ECM, and angiogenesis. Macrophages play a crucial role in wound healing and their depletion impairs
wound closure [Eming et al., 2007]. Lymphocytes, the last type of leukocytes arriving
at the wound site, respond against microbes and other foreign material by release of
antibodies (B-lymphocytes), or production of cytokines and stimulation of cytolytic
activity (T-lymphocytes). Afterwards, this inammation is resolved by apoptosis of
the lymphocytes. Mast cells appear later in this phase, but their function remains
unclear [Singer and Clark, 1999, Thiruvoth et al., 2015].

1.2.1.3 Proliferation
The proliferative phase, starting around 2 days after injury and lasting up to 3 weeks,
consists of angiogenesis, synthesis of ECM components, and re-epithelialization [Thiruvoth et al., 2015]. This phase overlaps with the previous one and begins with the
degradation of the initial brin-platelet matrix, invasion of broblasts and endothelial cells. Growth factors released by macrophages and mast cells trigger broblast
activation [Martins-Green et al., 2013]. They proliferate and produce the ECM components bronectin, hyaluronic acid, collagen, and proteoglycans as a platform for
keratinocyte migration [Singer and Clark, 1999]. Part of this broblast cell population is composed by MSCs from the bone marrow and dermis, which contribute
to the wound healing by their immunomodulation and dierentiation [Sasaki et al.,
2008, Wang et al., 2014].

Therefore, the provisional brin matrix is replaced, in

a stepwise fashion, by granulation tissue, which is a conglomeration of blood vessels, macrophages and broblasts embedded in a loose ECM matrix of bronectin,
hyaluronic acid, and collagen. During this process, new blood vessels develop from
preexisting vessels, which provides sucient oxygen and nutrients for the wound,
and the brin is replaced by type III collagen.

Fibroblasts dierentiate into my-

obroblasts, which link their intracellular cytoskeleton to the ECM, and thereby
exert their contractile forces to bring the wound edges closer together. During reepithelialization, platelets stimulate keratinocytes at the wound edge to proliferate
and migrate, for which the provisional ECM is necessary, to cover the wound. After
the re-establishment of the epithelial layer, keratinocytes secrete collagen type IV
to form the basement membrane, undergo division, and become columnar to restore
the epidermal layer [Singer and Clark, 1999, Thiruvoth et al., 2015].

1.2.1.4 Remodeling
The remodeling phase begins with collagen remodeling combined with vascular maturity and regression.

This process typically lasts 6 to 24 months after injury.

A

decline in cellularity results from apoptosis of residual inammatory cells and myobroblasts as well as regression of the neovasculature. This phase is characterized by
wound contraction and collagen remodeling. Collagen type III is replaced by type I,
through which wounds gradually become stronger and the tensile strength correlates
with collagen cross-linking [Singer and Clark, 1999, Thiruvoth et al., 2015].

Scar

formation is the outcome of wound repair in adults and children, while fetal wound
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Figure 1.2: Four phases of acute wound healing. Would healing comprises hemostasis, inammatory, proliferative, and remodeling phase; adapted from [Thiruvoth et al.,
2015].

healing is scar-less with a proposed central role of the anti-inammatory IL-10 (King
et al. 2014). Scar tissue may inhibit body movement and prevents it from cooling
o because of the lack of sweat glands, which is especially a problem, when large or
important areas, such as joints, are aected. Scar tissue is thicker but weaker than
normal skin [Eming et al., 2007, Willyard, 2018].

1.2.2 Chronic wounds
Alterations in one or more of the components mentioned above may lead to impaired
wound healing. Chronic wounds are dened as a failure of progression through the
normal phases of wound healing in a timely and orderly manner. Despite etiological
dierences between dierent types of chronic wounds, they share common features
like ROS, proinammatory cytokines, proteases, senescent cells, persistent infection,
and decient, often dysfunctional stem cells [Frykberg and Banks, 2015]. In addition
to intrinsic factors, many exogenous factors or diseases, such as diabetes, smoking,
radiation exposure, immunodeciencies, or infection, can also result in chronic wound
formation [Guo and DiPietro, 2010]. Not only do they reduce the patients' quality
of life but they also create a substantial nancial burden on the healthcare system
[Augustin and Maier, 2003]. On the other hand, overshooting wound healing, mainly
by a dysregulation of the proliferative phase, can result in the formation of scar-like
keloids by excessive broblast growth and hypertrophic scars by overproduction of
connective tissue bers [Singer and Clark, 1999, Thiruvoth et al., 2015].
Typical examples for chronic wounds are diabetic ulcers, which originate from various physiological and biochemical defects. Disturbed angiogenesis with subsequent
reduced oxygen and nutrient supply prolongs the inammatory phase, impairs migration and cell proliferation as well as increases the expression of proteases [Singer
and Clark, 1999]. Prolonged inammation may also worsen scar outcomes [Thiruvoth et al., 2015].

Chronic wounds are also described for example after radiation
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therapy or exposure to SM [Schmidt et al., 2013, Schmidt et al., 2016, Singh et al.,
2016], and underlying pathomechanisms may be similar.

1.2.3 Therapies to increase wound healing
Standard wound care includes thorough assessment with nutritional and medical
optimization, debridement, ooading, ischemia, and infection management as well as
wound bed preparation, but are often not sucient for complete wound healing, and
advanced wound care therapies are needed, especially for chronic wounds [Frykberg
and Banks, 2015].
Eorts to increase wound healing are of great interest. One approach is the use
of biodegradable scaolds, for example composed of collagen and glycosaminoglycans, which are structurally similar to ECM and provide the support for broblasts
and endothelial cells but also inhibit wound contraction [Frykberg and Banks, 2015].
Other approaches investigate wound healing pathways to identify specic molecular target structures.

As mentioned above, the use of a PHD inhibitor increased

the expression of HIF-1α protein and increased regenerative wound healing [Zhang
et al., 2015]. Other possible targets for the promotion of wound healing include soluble factors such as broblast growth factors (FGF) or vascular endothelial growth
factor (VEGF) [Barrientos et al., 2014]. Moreover, non-healing human wound uid
and tissue was shown to have increased protease activity, which rapidly degrades
exogenously applied peptide growth factors. Therefore, protease-scavengers, selective inhibitors, or specic antibodies that target the excessive protease activity may
improve wound healing [Thiruvoth et al., 2015]. Further innovative approaches try
to result in complete tissue regeneration instead of scarring. Scar-less wound healing
is a concept to reduce the scar tissue, whereas scar-free healing results in absolutely
no scar.

Scar-less healing occurs in fetal tissues, while scar-free healing is limited

to lower vertebrates [Ud-Din et al., 2014]. In mammals, the speed was favored over
perfection by evolution to improve survival [Willyard, 2018].
healing is delayed with age, but the scarring is reduced.

Interestingly, wound

Scar-free wound healing

was achieved by the suppression of CXCL12 (stromal cell-derived factor 1, SDF1)
activity in a mouse model [Nishiguchi et al., 2018]. Plerixafor, which interferes with
SDF1 pathway and therefore may minimize scarring, is already on the market and
is used to mobilize stem cells from the bone marrow in people with certain cancer
types [Willyard, 2018]. Therapies to increase wound healing are needed for people
with burns or chronic wounds like diabetes or bedsores, but also after SM exposure.

1.2.4 Role of mesenchymal stem cells
Multipotent adult stem cells have the capacity for self-renewal and dierentiation
into diverse cell types. They give rise to progenitor cells, which are not self-renewing
but generate several cell types. The extent of stem cell involvement in wound healing
is still not fully understood, but multiple studies already showed that MSCs are able
to enhance wound healing by accelerating wound closure, increasing angiogenesis,
modulating inammation, enhancing re-epithelialization, dierentiation, promoting
granulation tissue formation, and regulating ECM remodeling [Walter et al., 2010,Nie
et al., 2011, Wang et al., 2014, Rodriguez-Menocal et al., 2015]. It was shown that
MSCs home to damaged tissue, such as infarcted myocardium, brotic liver, chemically damaged lungs, traumatic brain injury, and various types of tumors [Ren
et al., 2012]. MSCs have signicant anti-inammatory and immunomodulatory effects, which are important in the inammation phase of wound healing. During the
proliferative phase, they stimulate broblasts, keratinocytes, and endothelial cells.
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Figure 1.3: Role of mesenchymal stem cells in wound healing. MSCs migrate to the site of the
tissue injury and promote wound healing by cell `empowerment' and replacement;
adapted from [Wang et al., 2014].

MSCs also respond to a hypoxic environment and release VEGF to induce angiogenesis. In the remodeling phase, production of growth factors can limit excessive
scarring and modulate the balance between MMPs and tissue inhibitors of metalloproteinases (TIMPs) to regulate collagen deposition [Frykberg and Banks, 2015].
Taken together, MSCs play an essential role in wound healing (Figure 1.3).
MSCs are only able to exert these important functions if they are healthy, but
it was shown that stem cells from patients with diabetes or chronic wounds are
both decient and defective. Such patients may require direct delivery of functional
MSCs from healthy donors to overcome this deciency [Rodriguez-Menocal et al.,
2015, Frykberg and Banks, 2015]. Initially, MSCs were applied either topically, by
local or peripheral injection [Rogers et al., 2008, Wolf et al., 2009]. Advanced topical
application of MSCs together with brinogen or thrombin as a spray was applied to
chronic wounds, which converts into a gel formed over the wound and helps retain the
stem cells over the wound [Falanga et al., 2007]. This retention is further improved
when they were applied on skin substitutes, such as scaold-like collagen, which
maintains their viability and facilitates the migration into the wound bed [Sorrell

®

and Caplan, 2010, Thiruvoth et al., 2015].
product Grax

The cryopreserved amniotic membrane

is a human wound matrix containing viable MSCs, broblasts, and

epithelial cells as well as natural ECM. Its application on chronic wounds improved
the complete healing as well as the median healing time signicantly with an outstanding margin eect compared to the control group [Lavery et al., 2014, Frykberg
and Banks, 2015].

1.3 Human mesenchymal stem cells
1.3.1 Properties
MSCs, sometimes also called mesenchymal stromal cells, were rst isolated and characterized in 1974 [Friedenstein et al., 1974]. They are multipotent, undierentiated,
and unspecialized adult stem cells with a high proliferation and dierentiation potential [Pittenger et al., 1999].

MSCs are mostly isolated from bone marrow but

also from adipose tissue, umbilical cord blood, placenta, skeletal muscle, connective
tissue of dermis, dental pulp, circulating in blood, amniotic uid, synovial membrane, menstrual blood, and breast milk [Keating, 2012, Ma et al., 2014, Lee et al.,
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Viewed together, MSCs can be isolated from neonatal, such as umbilical

cord, or adult tissues like bone marrow [Naji et al., 2019]. For preclinical research
purposes, the isolation process of human MSCs from bone marrow of femoral heads
obtained during orthopedic surgery with femur head and neck osteotomy involves a
density gradient centrifugation, after which mononuclear cells can be collected from
the interphase. These are plated onto cell culture dishes, whereby MSCs adhere to
the plastic surface. Non-adherent hematopoietic cells are removed by medium ex-

µ

change [Pittenger et al., 1999]. MSCs are broblast-like, spindle-shaped cells with
cell diameters of 15 to 30

m [Krueger et al., 2018], and are involved in many phys-

iological and pathological processes like cellular homeostasis maintenance, wound
healing, tissue damage as well as regeneration, organ development, inammatory
diseases, and aging [Uccelli et al., 2008, Ma et al., 2014, Wang et al., 2014, Li et al.,
2017].
MSCs are able to dierentiate into cells from the same cotyledon such as adipocytes,
osteoblasts, chondrocytes, myocytes, and bone marrow stroma cells but also into the
lineages of the other germ layers like nerve cells, cardiomyocytes, or hepatocytes [Pittenger et al., 1999, Uccelli et al., 2008, Caplan, 2017, Andrzejewska et al., 2019].
Further dierentiation of MSCs even beyond their mesoderm lineage remains not
well substantiated and data on their signaling pathways are still lacking [Naji et al.,
2019]. The dierentiated cells can transform into another tissue and adapt to their
new environment [Caplan, 2009]. In addition to their huge dierentiation potential,
MSCs secrete various proteins like bronectin, laminin, collagens, and proteoglycans
to build up or inuence the ECM, which is, for example, important for the function
and proliferation of hematopoietic stem cells in the bone marrow. Furthermore, their
secreted cytokines, chemokines, and growth factors exert paracrine eects, which are
important for their immunomodulatory eects [Uccelli et al., 2008, Ma et al., 2014].
Both properties, dierentiation and secretion prole, in combination with a simple

in vitro

propagation without loss of their potential [Bruder et al., 1998] raised big

hopes for their use in regenerative medicine [Naji et al., 2019].
The term MSC was confusingly used in the 1990s and 2000s, which made comparisons between studies problematic, and the following minimal criteria for a denition
were proposed by the International Society for Cellular Therapy (Figure 1.4): plastic adherence,

in vitro

tri-lineage dierentiation to adipogenic, chondrogenic and

osteogenic cells as well as the cell surface expression of CD105, CD73, and CD90 but
the absence of CD45, CD34, CD14 or CD11b, CD79α or CD19, and HLA-DR [Dominici et al., 2006]. The absence of a specic marker makes it challenging to dene
MSCs [Keating, 2012].

1.3.2 Homing and migration
Homing is dened as a passive or active arrest of MSCs within the vasculature
followed by transmigration across the endothelium [Karp and Leng Teo, 2009]. In
addition to this non-mechanistic denition, systemic homing is considered to be composed of three phases: (1) direct administration or cell recruitment, e.g., from the
bone marrow, and their ingress into the circulation, (2) extravasation in the vicinity
of the lesion, and (3) migration interstitially towards the target site. The two latter phases are guided by chemokine gradients with further roles of expression and
functionality of adhesion molecules, chemokine receptors, and matrix metalloproteinases [Nitzsche et al., 2017]. This homing capability allows MSCs to navigate to
sites of injury and inammation even in distant body parts [Kidd et al., 2009], and enables minimally invasive system delivery strategies for clinical applications [Nitzsche
et al., 2017]. After injection, MSCs home into niches where they naturally reside or
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Figure 1.4: Sources of MSCs and their properties. MSCs can be derived from dierent
sources such as bone marrow or adipose tissue, and they are characterized by
their broblast-like shape, specic cell surface markers, and three-lineage dierentiation potential; adapted from [Ma et al., 2014].

further migrate into tissues that are damaged or diseased. The homing behavior was
described in numerous scenarios but detailed knowledge of the MSC migration is still
missing [Karp and Leng Teo, 2009, Chavakis and Dimmeler, 2011]. Migration can be
enhanced by addition of growth factors like basic broblast growth factor (bFGF),
also called FGF-2 [Schmidt et al., 2006a], but also TNF-α, SDF-1, platelet-derived
growth factor (PDGF) and VEGF [Schmidt et al., 2006a, Ball et al., 2007, Naaldijk
et al., 2015]. Migration ability of human MSCs was not found to be reduced with
donor age [Naaldijk et al., 2015], but when isolated from chronic wound patients in
comparison to normal donors [Rodriguez-Menocal et al., 2012].

1.3.3 Secretion prole for paracrine eects
Injured tissue microenvironment can stimulate MSCs to release endothelial growth
factor, FGF, PDGF, transforming growth factor beta, VEGF, hepatocyte growth
factor, insulin-like growth factor 1, angiopoietin 1, keratinocyte growth factor, and
SDF-1 [Aguilar et al., 2009,Shi et al., 2012,Ma et al., 2013,Ma et al., 2014,Hung et al.,
2013]. These growth factors promote the development of endothelial cells, broblasts,
and tissue progenitor cells, which execute tissue regeneration and repair. Moreover,
these factors are potentially important for promoting angiogenesis through their
ability to regulate endothelial cell proliferation and ECM production, maintaining
endothelial integrity, reduce endothelial permeability, or prevent interactions between
endothelial cells with leukocytes. Secreted factors may also inuence broblasts to
maintain tissue integrity and promote wound healing by secretion of ECM and MMPs
[Ma et al., 2014]. They also interact and regulate cells of both the innate and adaptive
immune system, and the behavior of cancer cells is aected by MSCs, that are
actively recruited into a tumor-associated stromal niche. Especially, MSCs suppress
natural killer (NK), T, and B lymphocytes and aect functions of dendritic cells,
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monocytes, and macrophages. This suppression is mostly achieved by production of
soluble factors and, following, their paracrine actions on immune cells [Naji et al.,
2019]. Even in the absence of local engraftment, the multitude of factors produced
by MSCs may explain the remarkable benecial eect on tissue repair [Ma et al.,
2014].

1.3.4 Therapeutic applications
To overcome the tumorigenic potential, allogenic rejection, and ethical issues of
pluripotent embryonic or induced pluripotent stem cells used earlier [Ren et al.,
2012], MSCs are now in the focus of current stem cell therapies. Hundreds of clinical trials are using MSCs in numerous diseases, alone or in combination with other
drugs, for treatments in orthopedics, degenerative diseases, autoimmunity, inammatory diseases, and immune rejection in allogeneic transplantation (Figure 1.5). More
than 40 % of these clinical trials use MSCs isolated from bone marrow, but adipose
tissues as source would be favored in clinical use because of its natural abundance
of MSCs and the less invasive surgical measures [Naji et al., 2019]. Placental tissue
is also a rich source of MSCs, without ethical concerns, and since it is a neonatal
instead of an adult source, these MSCs do not show age-related eects or decreased
cell counts [Frykberg and Banks, 2015]. Expanded

in vitro, MSCs are hypoimmuno-

genic because lack expression of HLA-class II or costimulatory molecules including
CD40, CD80, CD83, CD86, and CD154, and inammation even enhances the immunosuppression function of MSCs [Ma et al., 2014, Naji et al., 2019]. The already
available data support the safety of both autologous and allogeneic MSC therapy,
but they are often preliminary. Nevertheless, MSCs are barely immunogenic, safe,
and of direct applicability in diseases [Naji et al., 2019].
Their immunomodulatory properties were shown to prevent transplant rejection
by the immune system and opened the possible use in autoimmune diseases [Zhao
et al., 2010]. The co-transplantation of hematopoietic stem cells (HSCs) with MSCs
suggested an increase in transplantation eciency, amelioration of HSCs engraftment, and improvement in hematopoietic function recovery [Koç et al., 2000]. Other
studies investigated the potential of bone marrow derived MSCs after injection into
damaged heart tissue, e.g., after myocardial infarction.

Therein, MSCs promoted

healing by their secreted factors and this microenvironment enhanced cell dierentiation, although MSCs had a low survival rate after injection [Caplan and Dennis,
2006]. In the repair of bone or cartilage damages, the approach of tissue engineering
can be used. Therefore, MSCs are subcultivated

in vitro, embedded in biocompatible

materials, and injected into damaged bone or cartilage tissue [Zhang et al., 2019].
Challenges for the ecient use of MSCs in clinical settings are still the application
route, their subcultivation

in vitro, and cryopreservation methods [Naji et al., 2019].

Diculties, especially for autologous stem cell therapies, are the decline of colony
forming units of bone marrow derived MSCs, the decline of therapeutic ecacy and
of functionality of MSCs with donor age [Caplan, 2009, Bustos et al., 2014] as well
as compromised immunological responses due to age-related deciencies [Signer and
Morrison, 2013].

1.4 Cellular senescence
1.4.1 Denition
Cellular senescence was rst formally described nearly 60 years ago in cultured human broblasts, which lost their replicative function after several passages [Hayick
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Figure 1.5: Possible diseases treatable with MSCs and inuences of pretreatment. The pretreatment of MSCs inuences their properties, which are important for their
application in various diseases; adapted from [Nitkin and Boneld, 2017].

and Moorhead, 1961] due to critical telomere shortening, and this form is now termed
replicative senescence [van Deursen, 2014]. Telomeres are repetitive sequences at
the ends of chromosomes, which are progressively shortened with each cell cycle division during the life span because of the inability of DNA polymerases to synthesize
DNA without a template [Campisi and d'Adda di Fagagna, 2007]. In contrast, in embryonic tissues telomerase is constitutively expressed, a ribonucleoprotein complex
serving to add single-stranded repetitive telomeric DNA to the 5' ended-strand at
chromosome ends [McHugh and Gil, 2018] in order to compensate for previous loss of
telomeric sequences. Telomerase expression results in rejuvenation of adult tissues,
but it is also found in many cancer cells [Suzuki and Boothman, 2008, McHugh and
Gil, 2018].
Recently, senescence was dened as the phenomenon wherein a proliferation-competent
cell undergoes permanent growth arrest with resistance to oncogenic and mitogenic
stimuli induced by stressors [Sharpless and Sherr, 2015]. This form is called premature senescence because it appears before the onset of replicative senescence and is
independent of telomere length [Toussaint et al., 2000]. Despite being hyporeplicative, senescent cells are viable, metabolically active [Dörr et al., 2013], and often
capable of performing functions of their replication-competent precursors [He and
Sharpless, 2017]. Additionally, senescent cells show phenotypic alterations, for example chromatin remodeling, increased autophagy, metabolic reprogramming, and
the complex proinammatory secretome called senescence-associated secretory phenotype (SASP) or less common senescence-messaging secretome [Kuilman et al.,
2010, Salama et al., 2014, McHugh and Gil, 2018]. Senescence is established within
several weeks after exposure to a senescence-inducing stressor, nonetheless senescent
cells remain viable for months afterwards [De Cecco et al., 2013] and can even exist
throughout a lifetime, which was described in skin naevi [Michaloglou et al., 2005].
Senescence is dierent from other forms of cell cycle or growth arrests [He and
Sharpless, 2017].

Quiescence is a reversible cell-cycle arrest in the G0 phase in
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response to, for example, mitogen deprivation or contact inhibition, where cells can
re-enter the cell cycle, when favorable growth conditions are restored.

Most cells

of an adult organism are in this form of cell cycle arrest [Borodkina et al., 2018].
Terminal dierentiation is also a permanent withdrawal from the cell cycle, but the
cells exhibit morphological and functional changes in line with loss of their original
cellular identity.

This developmentally programmed process generates specialized

eector cells from undierentiated precursors. Exhaustion can be observed in two
dierent cell types. In T lymphocytes, a growth arrest is established after prolonged
antigenic stimulation, which is reversible [He and Sharpless, 2017]. In somatic stem
cells, it occurs after excessive proliferation following stress or physiological aging
[Ruzankina and Brown, 2007], in which they remain capable of self-renewal and
proliferation but exhibit reduced ability to generate progeny or defective lineage
specication [He and Sharpless, 2017].

Previously, it was hypothesized that only

replicating cells are able to undergo senescence, whereas recent studies showed that
also some post-mitotic, terminally dierentiated cells such as neurons or adipocytes
can be aected [van Deursen, 2014].
Originally, senescence was described as a static endpoint. Recently, senescence is
proposed to be a highly dynamic, multi-step process, during which senescent cells
diversify and evolve, progressing into a deep or late senescence [van Deursen,
2014].

The onset of irreversible senescence requires a prolonged period of stimuli

(> 4 days) and senescence induction can be reversed when the precipitating stress is
transient [Sharpless and Sherr, 2015]. The change from intermittent to continuous
p53 expression seems critical for the transition from a temporal to a persistent growth
arrest [Purvis et al., 2012], and SASP factors reinforce senescence in an autocrine
fashion [Acosta et al., 2008]. In senescent cells, continued genomic and epigenomic
remodeling seems to appear randomly resulting in diversity among senescent cells,
even when resulting from a common stressor [van Deursen, 2014].
Initially, senescence was described as a benecial tumor suppressor mechanism
to prevent cancer in mammals [He and Sharpless, 2017].

New insights suggest

that senescence is part of many cellular mechanisms including aging [Baker et al.,
2008, Baker et al., 2011, Baker et al., 2016], epithelial-mesenchymal transition (EMT)
[Laberge et al., 2012], immunity [Kearney et al., 2015], inammation [Freund et al.,
2010], wound healing [Jun and Lau, 2010], tissue remodeling [Krizhanovsky et al.,
2008], and embryonic development [Storer et al., 2013, Sharpless and Sherr, 2015].
Therefore, senescence also has detrimental eects [Campisi and d'Adda di Fagagna,
2007] and hence is a concept of antagonistic pleiotropy [Borodkina et al., 2018].

1.4.2 Involvement in dierent processes
1.4.2.1 Aging
Tissue renewal is essential for complex organisms such as humans, but renewable tissues are at risk of developing cancers as cell proliferation is crucial for tumorigenesis.
The danger to longevity was mitigated by tumor-suppressor mechanisms. Earlier in
evolution, life expectancy was shorter due to extrinsic hazards like infection, predation, and starvation. Therefore, tumor-suppressor mechanisms only needed to be
eective for a short time,

i.e., a few decades in humans, while their deleterious eects

later in life had little selective pressure. This is hypothesized to be the origin of the
antagonistic pleiotropy of senescence [Campisi and d'Adda di Fagagna, 2007].
Aging is a gradual functional decline, which occurs heterogeneously across the
organ systems, eventually results in tissue dysfunction, and is a risk factor for many
diseases, so called age-related diseases. The understanding of the aging process is
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still limited but senescence is identied as one of the aging hallmarks. Thus, chronic
tissue inammation, at least in part resulting from SASP factors, is proposed as
the causal role of age-related pathologies [McHugh and Gil, 2018]. The number of
senescent cells increases with age in mammalian species such as humans [He and
Sharpless, 2017], and the estimated ratios are < 1 % up to > 15 % of senescent
cells in aged organisms depending on the study, species, and tissue [Campisi and
d'Adda di Fagagna, 2007]. This exponential accumulation may result from increased
senescent cell production or decreased clearance. Senescent cells can be cleared under
physiological conditions through an immune response; therefore, the accumulation
with age might result from a decline in immune function and further clearance of
senescent cells [Muñoz-Espín and Serrano, 2014, He and Sharpless, 2017]. In addition
to reduced clearance, senescent stimuli increase with age [van Deursen, 2014].
Senescence is also linked to other hallmarks of aging like metabolic dysfunction,
which may result from decreased mitophagy and, therefore, a defective mitochondrial network in senescent cells. Moreover, senescence in stem cells abrogates their
renewal capacity resulting in tissue deterioration [McHugh and Gil, 2018]. Senescence
in MSCs for example may explain reduced wound healing or age-related osteoporosis
and osteoarthritis [Raggi and Berardi, 2012].

Age-related hematopoietic stem cell

dysfunction might cause immunodeciency and thus the reduced clearance of senes-

INK4a -

cent cells [van Deursen, 2014]. Age-dependent rise of senescence marker p16

positive stem and progenitor cells may partly explain the age-related decline in brain
and bone marrow function and even the development of type II diabetes [Campisi and
d'Adda di Fagagna, 2007]. Despite the biological signicance of senescence in stem
cells, the molecular mechanisms in these cells are still poorly understood [Borodkina
et al., 2018].
Since aging inuences various disease etiologies, targeting this underlying mechanism may provide broad protection against age-related diseases [McHugh and Gil,
2018].

Following this potential therapy, the gene inactivation of p16

INK4a

[Baker

et al., 2008] as well as the life-long elimination of senescent cells prevented the devel-

INK4a knock-out
did not prolong the life span due to increased tumor formation in vivo [Sharpless and
opment of some age-related pathologies [Baker et al., 2011], while p16

Sherr, 2015].

Late-life clearance attenuated the progression of already established

disorders but was unable to revert them [Baker et al., 2011]. Moreover, parabiotic
pairing improved the regenerative potential of old stem cells by the young systemic
environment [Conboy et al., 2005].

1.4.2.2 Wound healing and tissue renewal
On the one hand, the persistent presence of senescent cells in aged or chronically
damaged tissues has deleterious roles [Campisi and d'Adda di Fagagna, 2007]. On the
other hand, as mentioned above, senescence plays important roles in tissue renewal
and therefore also in wound healing. This shows the benecial role of SASP factors
to attract immune cells, facilitate their entry, and stimulate neighboring cells to
proliferate resulting in tissue renewal as well as the acute senescence in limiting
brosis after tissue injury [Krizhanovsky et al., 2008, Jun and Lau, 2010, Demaria

INK4a was rapidly and strongly activated

et al., 2014]. The senescence-associated p16

after tissue injury within 2 to 3 days, and the levels peaked after 4 to 7 days and
resolved over 2 to 3 weeks [Demaria et al., 2014, He and Sharpless, 2017].
clearance of p16

INK4a -expressing

The

cells delayed healing [Demaria et al., 2014, Baker

INK4a did not result in decient wound healing,
INK4a
p16
-expressing cells but not itself to play a

et al., 2016], but sole knock-out of p16
suggesting important features of

part in tissue remodeling [He and Sharpless, 2017]. This may be achieved by SASP
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Figure 1.6: Dierence between acute and chronic senescence. Acute senescence occurs
mainly in development and injury, while chronic senescence is associated with
aging and age-related diseases; OIS: oncogene-induced senescence; adapted from
[van Deursen, 2014].

components like PDGF-AA, which is secreted very early by senescent endothelial
cells and broblasts to induce myobroblast dierentiation and optimal granulation
tissue formation [Demaria et al., 2014]. Myobroblasts undergo acute senescence to
limit excessive brosis and promote the degradation of matrix components by their
secreted SASP factors [Jun and Lau, 2010]. These senescent myobroblasts also play
a role in damaged organs and thus this seems to be a more common mechanism to
limit brosis [Krizhanovsky et al., 2008, Jun and Lau, 2010, van Deursen, 2014].
Senescent cells can be cleared under physiological conditions from a cutaneous
wound [Demaria et al., 2014]. Immune clearance of senescent cells is performed by
the cytotoxic action of NK cells [Krizhanovsky et al., 2008].

Macrophages and T

cells are also involved in the clearance, and thus both innate and adaptive immune
response are triggered [van Deursen, 2014]. Senescence in young healthy organisms
is tightly regulated, but with age or lesions, their removal may be impaired resulting
in an accumulation of senescent cells, prolonged SASP secretion, and chronic inammation (Figure 1.6) [Borodkina et al., 2018]. It is still uncertain how some senescent
cells escape the immune clearance.

One mechanism triggered by paracrine SASP

signaling is a response of the innate and adaptive immune system called senescence
surveillance [Krizhanovsky et al., 2008, Acosta et al., 2013, Salama et al., 2014]. In
this, CCL2 may have a central role because its removal prevents NK cell-mediated
senescent cell removal [Krizhanovsky et al., 2008].

1.4.2.3 Cancer
There are examples for long-living senescent cells

in vivo

not only in the context of

aging but also cancer. For example, DNA damaging agents increase senescent cell
burden in young mammals [Chang et al., 2016, Demaria et al., 2017], and a longterm accumulation of senescent cells induced by radiation was found [Le et al., 2010].
Young adult woman after treatment with cytotoxic chemotherapy to target breast
cancer exhibited increased expression of cellular senescence markers for decades after
chemotherapy [Sano et al., 2014].
As already mentioned above, senescence is a tumor-suppressor mechanism by dis-
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abling the replication of abnormal cells and eventually inducing clearance by the
immune system.

The potential threat by activated oncogenes to promote tumori-

genesis can be limited by senescence induction,

i.e.,

oncogene-induced senescence

(OIS). This suppression is eective since cancer development requires cell proliferation. Thus, cancer cells have to acquire mutations that allow them to avoid OIS and

INK4a -

replicative senescence, and such mutations typically occur in the p53 and p16
pRB pathways [Campisi and d'Adda di Fagagna, 2007].

On the one hand, the so called therapy-induced senescence (TIS) is an example
of cytostatic cancer therapy, which has less adverse eects than cytotoxic therapies
because the latter often results in therapy resistance and recurrence or progression of
the tumors [Ewald et al., 2010]. TIS has been identied after genotoxic chemotherapy
or radiation, but only in a subset of the treated cells [Ewald et al., 2010].

Some-

times TIS also contributes to the toxicity of certain anticancer drugs, mainly by the
senescence-associated immune clearance [Krizhanovsky et al., 2008]. TIS is suggested
as an alternative and eective cancer therapy alternative, a promising approach to
selectively induce senescence in cancer cells [Acosta and Gil, 2012] and an alternative for apoptosis-resistant cancer cells [Schmitt et al., 2002]. Nevertheless, this
pro-senescence therapy should be applied with caution since it has opposing eects
on cell proliferation and tumorigenesis [Lee and Lee, 2019].
On the other hand, accumulation of senescent cells may promote the proliferation
and transformation of damaged cells leading to cancer [Krizhanovsky et al., 2008].
SASP components create a tissue microenvironment that promotes proliferation, survival, and dissemination of neoplastic cells [van Deursen, 2014], and secreted factors
of senescent cells can stimulate the angiogenic and growth activity of premalignant
cells nearby [Campisi and d'Adda di Fagagna, 2007]. The protumorigenic eects of
SASP include the promotion of EMT and invasion, abnormal tissue morphology, and
tumor vascularization [Salama et al., 2014]. MSCs also help tumors to evade immune
surveillance by locking immunocompetent cells in a quiescent, non-proliferative state,
further favoring tumor neovascularization and metastasis [Shi et al., 2012, Pelizzo
et al., 2018]. Therefore, TIS may contribute to accelerated deterioration of tissues
and organs in cancer survivors [van Deursen, 2014].

1.4.3 Inducers
Senescence inducers can be categorized into dierent groups, which overlap at least
partly:

(1) DNA damage:

telomere shortening, unresolved DNA damage, telom-

ere dysfunction, changes in chromatic architecture, mitotic stress, epigenomic damage; (2) oxygen stressors: ROS, oxidative stress, mitochondria dysfunction; (3) protein metabolism:

lysosomal stress, unfolded protein response, proteotoxicity; (4)

oncogene activation, and (5) tissue injury [von Zglinicki, 2002, Sedelnikova et al.,
2004, Duan et al., 2005, Shamma et al., 2009, Campisi, 2013, van Deursen, 2014, Demaria et al., 2014, Sharpless and Sherr, 2015, He and Sharpless, 2017].
In addition to replicative senescence induced by short telomers, also telomere damage results in senescence, for example through lacking components of shelterin, which
is a multiprotein complex that protects the ends of the chromosomes from degradation or fusion [McHugh and Gil, 2018].

Moreover, the promotion of euchromatin

but also heterochromatin formation induces senescence. The mechanisms are poorly
understood, but it is clear that the chromatin state is important and both eects
may be cell-type specic [Campisi and d'Adda di Fagagna, 2007].

It is still not

fully understood whether dierent stressors induce senescence through a common
biochemical structure or distinct mechanisms and if dierent senescent inducers or
cell types result in dierences in their senescence phenotype.
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1.4.4 Pathway and molecular mechanisms
1.4.4.1 Initiation

INK4a -pRB pathways act

After senescence initiation by various stressors, p53 and p16

in parallel to promote senescence, but the relative contribution is cell type and species
dependent (Figure 1.7). Stimuli that generate a DNA damage response (DDR), e.g.,
ionizing radiation and telomere dysfunction, induce senescence primarily through
the p53 pathway.

It is regulated at multiple points by proteins like E3 ubiquitin-

protein ligase HDM2, which facilitates p53 degradation, and alternate-reading-frame
protein (ARF), which inhibits HDM2 activity.

The protein p21 is a crucial tran-

scriptional p53 target and mediates senescence. It can also mediate transient DNA
damage-induced growth arrest. The mechanism is still unknown, but rapid repair
may terminate p53-p21 signaling while slow, faulty, or incomplete repair result in
senescence [Campisi and d'Adda di Fagagna, 2007].

Thus, DNA damage initially

halts cell cycle progression by induction of p21 through p53 mediation.
sions persist, p16

INK4a

If the le-

is activated by ROS production and MAPK p38-mediated

mitochondrial dysfunction [van Deursen, 2014]. Alternatively, some stimuli primarily act through the p16

INK4a -pRB pathway, for example oncogenic Ras [Campisi and

d'Adda di Fagagna, 2007] or MAPK p38 hyperactivation [Campisi, 2013].

While

p53 and p21 are important for the initiation of senescence, they are not required
for the durable nature in contrast to p16

INK4a

[He and Sharpless, 2017]. p16

INK4a

stops cell cycle progression from G1 to S phase by inhibiting the cyclin-dependent
kinases 4 (CDK4) and CDK6 [Demaria et al., 2014].

Also CDK2 and CDK4 pre-

vent pRB phosphorylation, promoting a repressive heterochromatin environment to
silence proliferation-associated genes [Krizhanovsky et al., 2008].

Less commonly,

oncogenes can also result in senescent cells with DNA content typical of G2 phase
and tumor cells, e.g., after anti-cancer therapies, of G2- or S-phase [Campisi and
d'Adda di Fagagna, 2007].

1.4.4.2 Persistence
After senescence initiation, there are many cellular processes involved in its maintaining.

INK4a -pRB

This is executed by constitutive activation of p16

and/or p53

pathways, and pRB is kept in a hypophosphorylated and active state [Campisi,
2013, Muñoz-Espín and Serrano, 2014, Childs et al., 2015, He and Sharpless, 2017].
Senescent cells, e.g., induced by a genotoxic stressor, harbor senescence-associated
DNA-damage foci (SDFs) [Campisi and d'Adda di Fagagna, 2007], also called DNA
segments with chromatin alterations reinforcing senescence (DNA-SCARS), and can
also include telomere dysfunction-induced foci [Rodier and Campisi, 2011].
contain proteins associated with DNA damage like

γH2AX

They

(H2AX phosphorylated

at Ser139) and p53-binding protein-1 as well as activated DDR proteins like phosphoCHK2. In the persistent DDR, many protein kinases, adaptor proteins, and chromatin modiers participate, and many of those localize to the SDFs. Cells that fully
engage the p16

INK4a -pRB

pathway for several days are usually not able to resume

INK4a

growth even after p53, pRB, or p16

inactivation. This pathway is crucial for

the silencing of genes needed for proliferation, and it can establish self-maintaining
senescence-associated heterochromatin [Campisi and d'Adda di Fagagna, 2007].

1.4.4.3 Enforcement
This persistence can also be enforced by eects of SASP cytokines, heterochromatinization of E2F targets, self-inicting DNA damage signaling, or degradation of
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Figure 1.7: Pathway of senescence initiation. Various senescence signals are described and
act primarily via the p53 or p16INK4a pathways. Active pRb results in cellular
senescence; adapted from [van Deursen, 2014].

nuclear lamina and chromatin [He and Sharpless, 2017].

One of the most impor-

tant enforcing mechanisms are senescence-associated heterochromatin foci (SAHFs).
These are regions of highly condensed chromatin, maybe triggered by lamin B1 downregulation, which results in local and global chromatin methylation modications,

i.e., epigenetic modications.

Chromatin modications like macroH2A,

γH2AX, and

H3K9me3 are enriched and impair genes involved in the cell-cycle control, which reinforces the senescence-associated growth arrest and results in profound transcriptional
changes such as SASP upregulation. In certain cases, SASP is dependent on persistent DDR by a positive feedback loop between ROS and DDR signaling. Moreover,
a dramatically increased transcription of transposable elements several months after
senescence onset is associated with the opening of these elements containing genepoor heterochromatic regions [van Deursen, 2014]. Senescent cells may also contain
cytoplasmic chromatin fragments, which are strongly positive for H3K27me3 and

γH2AX,

contain DNA, and result in overall histone loss [Salama et al., 2014, van

Deursen, 2014].

1.4.5 Apoptosis resistance
It is still not completely understood what determines if a cell undergoes apoptosis
or senescence. This may depend on the cell type but also the nature and intensity
of the stress or damage [Campisi and d'Adda di Fagagna, 2007]. Similar stresses can
induce either apoptosis or senescence. The block of apoptosis by Bcl-2 overexpression
or inhibition of caspases results in senescence.

Lower damage levels may trigger

senescence without activation of caspase cascades [Ewald et al., 2010].

Most cells

are capable of both, possibly with p53 as common regulator [Campisi and d'Adda di
Fagagna, 2007]. Very dynamic tissues with high rates of renewal like the epithelium
favor apoptosis, while stromal cells forming the framework of internal organs enter
senescence. Additionally, various stress factors were also able to induce premature
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senescence in adult stem cells resulting in a loss of proliferation as well as reduced
migration and dierentiation following a decrease in number and cease to respond
properly to external stimuli [Borodkina et al., 2018]. Senescent cells actively suppress
apoptosis [Childs et al., 2014], which partly explains their stability in culture or their
increase with age [Campisi and d'Adda di Fagagna, 2007].

1.4.6 Cell metabolism
Senescent cells are metabolically highly active, and the observed increase in cell size
might be due to an uncoupling between cellular proliferation and growth during
senescence [Salama et al., 2014]. The SASP overwhelms the cellular synthesis and
processing capacity leading to proteotoxic stress. This is attempted to be attenuated by simultaneous activation of autophagy [Dörr et al., 2013] resulting in increased
oxygen and ATP consumption [Salama et al., 2014]. In addition to the increased autophagy [Lee and Lee, 2019], the more selective proteasomal protein degradation also
plays important roles in senescence [Salama et al., 2014]. Furthermore, mitochondrial oxidative metabolism is upregulated by increased glycolysis and tricarboxylic
acid cycle activity, and therefore high oxygen consumption and increase in ATP
production, ultimately upregulating ROS [Kaplon et al., 2013, Dörr et al., 2013]. In
contrast, a link between dysfunction of mitochondrial metabolism and senescence was
proposed. The cellular ATP levels are decreased through this dysfunction, maybe
resulting from a partial uncoupling of oxidative phosphorylation, which leads to high
oxygen consumption but inecient ATP production [Salama et al., 2014].

1.4.7 Senescence-associated secretory phenotype
SASP was dened as a term for the senescence specic secretome investigated

vitro

and

in vivo.

in

Despite quantitative and qualitative dierences among dierent

cell strains and lines as well as senescence inducers and time after induction, a conserved `SASP core' consisting of IL-6, IL-8, growth-regulated oncogene-alpha (GRO-

α, CXCL1), monocyte chemoattractant protein 1 (MCP-1, CCL2), and granulocytemacrophage colony-stimulating factor (GM-CSF) for any cell undergoing senescence
was proposed [Coppé et al., 2008]. These factors are described to attract immune
cells and induce local inammation as their common properties [Borodkina et al.,
2018].

Typical for SASP is also the lack of upregulation of anti-inammatory cy-

tokines like IL-4, IL-10, IL-13, or IL-35 [Byun et al., 2015]. The secretome alterations
are also a key contribution to the senescent phenotype [Salama et al., 2014].
Later on, the SASP factors were divided into three categories:

(1) receptor-

requiring factors: soluble cytokines (interleukins), chemokines and growth factors,
(2) direct-acting factors: matrix metalloproteinases and serine proteases as well as
non-protein small molecules such as ROS or RNS, transported ions, and metabolites,
and (3) regulatory factors: TIMPs, plasminogen activator inhibitors and insulin-like
growth factor binding proteins with no enzymatic or signal triggering function themselves, but with the ability to regulate factors of the other two groups [Byun et al.,
2015].

Senescence itself, but also the SASP, is assumed to be a dynamic process

divided into three phases:

(1) acute factors are secreted immediately after stress

exposure and within 36 h, (2) early phase begins with the onset of senescence and
most of the SASP factors intensify over 4 to 10 days as well as the autocrine eect
is established with a dynamic balance of the secretome leading to (3) the chronic
phase (mature SASP) after 2 to 3 weeks, which is inuenced by positive feedback
loops and various complex regulatory mechanisms like NF-κB, mammalian target of
rapamycin, and MAPK p38 signaling [Malaquin et al., 2016, Borodkina et al., 2018].
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In fact, suppression of MAPK p38 expression prevented the secretion of most SASP
components, and maintaining its active state for a long time initiates SASP without
other senescence-inducing stimuli [Borodkina et al., 2018]. The control of the secretome is achieved at many levels, but persistent DDR appears to be critical for SASP
regulation [Coppé et al., 2010].
SASP factors have autocrine eects by reinforcing senescence as well as paracrine
eects to reinforce senescence in their neighborhood [Nelson et al., 2012,Acosta et al.,
2013]. They show protumorigenic properties, immunomodulation, and modulation
of tissue microenvironment [Hoare and Narita, 2013]. Moreover, a transmission of
senescence was described as a further paracrine SASP mechanism. While IL-6 and
IL-8 reinforce senescence rather than spread the phenotype [Acosta et al., 2008, Kuilman et al., 2008], IL-1β for example can induce senescence in untransformed, normal
neighboring cells [Hubackova et al., 2012, Acosta et al., 2013]. The transmission of
senescence seems to be controlled, since it wanes during serial transmission [Acosta
et al., 2013].

Additionally, it was revealed that SASP factors inuence the dier-

entiation and signaling of stem cells [Borodkina et al., 2018], and the secretion of
SASP promotes reprogramming of microenvironment cells

in vivo

[Mosteiro et al.,

2016, Mosteiro et al., 2018]. This theory is called senescence stem-lock [de Keizer,
2017] and it is facilitated for example by IL-6, which promotes induction and maintenance of pluripotency by regulating Nanog expression [Cahu et al., 2012, Chang
et al., 2015].

1.4.8 Biomarkers
None of the already established biomarkers is exclusive to the senescent state and
they require several days to develop.

Thus, a combination of various markers is

used to dene senescent cells. These biomarkers are associated with the senescence
pathway, their morphological dierences, secretome, and chromatin changes as described above. Lack of proliferation and thus DNA replication may be seen by less
incorporation of 5-bromodeoxyuridine or loss of proliferating cell nuclear antigen
and Ki-67, but this is not able to distinguish between senescent, quiescent, or differentiated cells [Campisi and d'Adda di Fagagna, 2007]. The senescence-associated

β-galactosidase

(SA-β-gal), probably reecting the increased lysosomal biogenesis,

may be detected by histochemical staining at suboptimal pH of 6.0 [Dimri et al.,
1995].

INK4a ,

From the senescent signaling, high levels of p16

p21, phosphorylated

MAPK p38, p53, and pRB are described as senescence markers [van Deursen, 2014],

INK4a may probably be the best functional biomarker out of all [Salama et al.,

and p16

2014]. DNA damage-associated markers include macroH2A, double strand breaks,
short or/and dysfunctional telomers, persistent DDR, loss of lamin B1, and SAHFs,
which can be detected by preferential binding of DNA dyes and presence of histone
modications like H3K9me3 [van Deursen, 2014, He and Sharpless, 2017]. Another
important biomarker is the SASP [Campisi, 2013, Sharpless and Sherr, 2015]. Senescent cells in tissues or organs are still dicult to identify due to the lack of unique
biomarkers, and thus the current knowledge is mainly based on cell culture experiments [van Deursen, 2019].

1.4.9 Senolytics
The clearance of senescent cells can delay age-related pathologies [Baker et al., 2011],
and targeting senescent cells might be an eective therapeutic strategy to treat
these or expand the healthy life span [van Deursen, 2014]. Dierent approaches are
senolytic (killing senescent cells), senomorphic (reversing senescence) or senostatic
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(suppressing SASP) therapies [Fuhrmann-Stroissnigg et al., 2017, Lewinska et al.,
2020]. For the biotherapeutic approach to activate or reinforce senescent cell clearance by the immune system, the major obstacle is that SASP components provide
resistance.

Problems of drug resistance are unlikely because remaining senescent

cells after senolytic treatment cannot be amplied by cell division [van Deursen,
2014], and thus short intermittent treatments will have low to no risk of adverse
eects [Tchkonia et al., 2013, Zhu et al., 2015]. There are many unknowns and potential pitfalls since the knowledge of senescence is still limited and thus benecial
eects are maybe disturbed, e.g., tissue renewal or cancer prevention. Additionally,
the diversity of senescent cells (acute vs.

chronic, and within both due to SASP

heterogeneity) is challenging but also bears opportunities to target specic subpopulations.

Moreover, the applicability of mouse models for this kind of research is

limited since telomere attrition, a prominent senescence inducer, is human specic
and may result in higher senescence baseline levels, and they dierentially rely on
p53 and p16

INK4a

pathway [van Deursen, 2014].

The research of the last years resulted in various senolytic drugs,

i.e., natural prod-

ucts or small synthetic molecules that selectively eliminate senescent cells. The rst
studies to target senescent cells were exploiting dierences in cell metabolism leading to the use of antimycin A, inhibitor of cytochrome c reductase, and etomoxir, an
inhibitor of carnitine palmitoyltransferase-1 [Dörr et al., 2013]. Moreover, senescent
cells showed increased expression of pro-survival networks combined with resistance
to apoptosis and could be eliminated by dasatinib and quercetin. The combination
of both kinase inhibitors already showed a reduced senescent cell burden in dierent mice models [Zhu et al., 2015]. In a next step, the antiapoptotic Bcl-2 protein
family was investigated for their contribution to senescence, and the small molecule
ABT-737, which inhibits Bcl-2, Bcl-w and Bcl-xL proteins, was identied to induce
apoptosis preferentially in senescent cells

in vitro

and

in vivo

[Yosef et al., 2016].

Almost at the same time, ABT-263, a specic inhibitor of Bcl-2 and Bcl-xL proteins,
was identied by showing a senolytic eect independent of cell type and species in
cell culture and in mice [Chang et al., 2016]. The transcription factor forkhead box
protein O4 (FOXO4) linked to apoptosis was identied, and a synthetic peptide
FOXO4-DRI was designed to perturb the interaction between FOXO4 and p53, resulting in p53 nuclear exclusion and cell-intrinsic apoptosis selectively in senescent
cells [Baar et al., 2017]. Another novel class of senolytics was identied by a small
library of autophagy regulating compounds. This approach led to the identication
of the HSP90 inhibitor 17-DMAG with senolytic activity in mouse and human cells
as well as

in vivo [Fuhrmann-Stroissnigg et al., 2017].

Recently, the eect of the four

senolytic drugs ABT-263, quercetin, nicotinamide riboside, and danazol were tested
after replicative senescence in human MSCs, and only ABT-263 revealed a senolytic
eect [Grezella et al., 2018].
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2 Aim of the study
Sulfur mustard, an alkylating chemical warfare agent, has been known for about
200 years. Despite the eort over the last years, the knowledge about the molecular
pathomechanism and thus resulting symptoms are still incomplete.

Although the

production and use of SM is banned by the CWC, the threat of terroristic attacks
is increasing as shown by recent events in Syria. The easy synthesis and remaining
stockpiles in various countries combined with emerging conicts all over the world are
highlighting this risk. SM alkylates DNA nucleotides resulting in crosslinks, followed
by breaks or disturbed RNA synthesis. Skin is one of the main target organs and
after a characteristic latency period, SM exposure results in erythema, blistering, inammation, and ulceration. Especially the chronic wound healing disorder is a major
problem long term and further knowledge is needed to develop countermeasures.
Mesenchymal stem cells, adult multipotent stem cells, are essential for wound
healing mainly due to their paracrine signaling. After homing to the damaged tissue
and by secretion of immunosuppressive, dierentiation, and growth factors as well as
cytokines, chemokines, proteases, and extracellular matrix components, MSCs regulate immune and skin cells such as broblasts and keratinocytes. Since MSCs show
many important properties in wound healing, they may be aected by SM exposure.
Initial studies already showed that SM exposure decreased their migration. Direct
damage of MSCs might be a possible cause for the chronic wounds resulting from
SM exposure. These chronic wounds could have a durable underlying cause, which
might be senescent cells because of their longevity. These senescent cells would not
be eliminated by the immune system, persist up to years and secrete proinammatory factors known as the senescent associated secretory phenotype. Thus, senescent
MSCs might contribute to the SM induced wound healing disorder.
Following this hypothesis, the aim of this study was to further characterize the
direct eects of SM exposure in MSCs in order to obtain possible targets for therapeutic approaches. The decreased migration might be accompanied or even caused
by variations in factors secreted by MSCs.

First, the changes in their secretome

should be addressed, and after identifying deregulations in migration associated factors, their supplementation should be evaluated regarding MSCs migration. Then,
SM-DNA adducts should be determined in relation to SM concentration and in the
time course in order to gain information about proliferation, apoptosis, DAPI staining pattern, and senescence.

Especially senescence is the main objective of this

thesis. First, the time and concentration dependence should be determined to get
fully,

i.e., chronic, senescent MSCs for further experiments.

The following main aims

should be addressed: Validation by dierent senescence markers, increased secretion
of proinammatory factors, eects of senescence on migration and wound healing
abilities, and their possible elimination by senolytic drugs.
In summary, eects of SM on the wound healing relevant MSCs should be determined to gain further insight into the molecular pathomechanism of SM induced
chronic ulcers and to unravel new targets, which may be suitable for therapeutic
intervention.
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3 Results
3.1 Mobilization of human mesenchymal stem cells
through dierent cytokines and growth factors after
their immobilization by sulfur mustard
Cassandra Schreier*,

Simone Rothmiller*, Michael Scherer, Christoph Rummel,

Dirk Steinritz, Horst Thiermann and Annette Schmidt

* equal contribution
Toxicology Letters, Volume 293, 1 September 2018, pages 105-111

3.1.1 Abstract
Introduction :

The chemical warfare agent sulfur mustard (SM), also known as mus-

tard gas, was rst used in World War I. Although prohibited by the chemical warfare
convention, signicant amounts of SM still exist and have still to be regarded as a
threat for military personnel and civilians. After SM exposure, the most prominent
clinical symptom is the development of extensive non-healing skin wounds.

This

chronic wound healing dysfunction is persisting over long time. Mesenchymal stem
cells (MSC) are known to play an important role in wound healing.

Moreover, it

is also known that patients with chronic wound healing diseases have compromised
mesenchymal stem cell functionality.

Based on these observations and the known

relationship between wound healing dysfunction and MSC function we investigated
the impact of sulfur mustard on human MSC.

Material & methods :

Mesenchymal stem cells (MSC) were isolated from femoral

heads of healthy donors. They were cultured for less than four passages. MSC were
exposed towards dierent sulfur mustard concentrations. After exposure we analyzed
the secretome and the migration capacity. The migration capacity under inuence
of SM was analyzed after treatment with various cytokines.

Results :

SM exposure (even at very low concentrations) showed negative eects

on the migration capability. Many cytokines that are necessary for MSC migration
were secreted in a reduced manner. The reduced migratory capacity can be compensated in part by the addition of cytokines. Here especially IL-8 (e and m) and IL-6
signicantly compensated the SM induced migration reduction.

Discussion :

The eect of sulfur mustard on MSC might play an important role

in the persistence of long-term adverse eects; here the reduced migration could
particularly be important. The compensation of the SM-induced migration reduction
by addition of cytokines could possibly solve this problem. Moreover, our current
results will help to understand the relationship between alkylating agents and MSC
and thus will also give guidance in the future perspective for the therapeutic use of
MSC in patients suering from sulfur mustard induced chronic skin wounds.

3.1.2 Introduction
Although research and medicine has intensively been dealing with the diagnosis and
treatment of sulfur mustard (SM) poisoning for over 100 years, no antidote allowing
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The reason for this uncomfortable situation is the

enormous complexity of the toxicological mechanism induced by SM, which proceed
mainly at the molecular level and are still not completely understood [Kehe et al.,
2009].

Thus, therapy of patients with manifest damage is very time and resource

consuming (regularly, it takes at least 4 to 6 weeks) and is essentially directed to the
alleviation of the symptoms.
Wound healing is particularly time-consuming and regeneration of the tissue is
permanently disrupted, which is reected in numerous long-term eects [Hefazi et al.,
2006, Namazi et al., 2009]. Thus it can be assumed that the disturbed generation
of tissue is the result of defective tissue regeneration. Tissue regeneration is usually
performed by human mesenchymal stem cells (MSC) [Fathke et al., 2004].

Bone

marrow-derived MSC play an important role in the healing of skin wounds [Fathke
et al., 2004]. Normally, stem cells from the bone marrow migrate into the damaged
tissue and are involved in its regeneration [Singer and Clark, 1999]. Decient tissue
regeneration might be the consequence of a damaged stem cell pool. Therefore it was
hypothesized that SM has a direct or indirect inuence on the stem cell pool. MSC
showed a very high tolerance against SM compared to other cells. Similarly, their
dierentiation ability was maintained even after high concentrations of SM [Schmidt
et al., 2013].
In contrast, a link to SM toxicity could be established when showing that even
small concentrations of SM (from IC

1 = 1 µM SM) resulted in a signicant reduction

of MSC migration activity [Schmidt et al., 2013]. The reduced migratory activity
could be an explanation for the prolonged wound healing after SM poisoning.
Similarly it was observed that MSC of patients with chronically impaired wound
healing show a signicantly reduced ability to induce migration in broblasts, when
compared to MSC from healthy donors. Such a migration however is essential for
a normal wound healing process [Rodriguez-Menocal et al., 2012]. Therefore, it is
not surprising that high hopes are placed on the application of additional MSC to
chronic wounds [Hanson et al., 2010, Zou et al., 2012, Mara et al., 2015, Lee et al.,
2016].
In addition to their enormous dierentiation capabilities, MSC are characterized by their migration properties [Sohni and Verfaillie, 2013, Kim and Cho, 2013].
This allows MSC to participate in dierentiation processes in more remote body
regions [Duan et al., 2006, Sasaki et al., 2008].

In addition, several studies have

shown that they even have the ability of transendothelial migration [Schmidt et al.,
2006b, Matsushita et al., 2011].

It is known that various receptors and individ-

ual chemokines, cytokines and growth factors are involved in the migration of the
MSC [Spaeth and Marini, 2011, Naaldijk et al., 2015] and help to initiate endogenous repair mechanisms [Sohni and Verfaillie, 2013].

Moreover, there is also the

possibility of increasing the migration activity of the MSC by the addition of growth
factors such as bFGF [Schmidt et al., 2006a]. An improved migratory activity could
also be achieved by treatment with TNF-α, SDF-1, PDGF and VEGF [Ball et al.,
2007, Naaldijk et al., 2015].
Within the scope of this study, it was conrmed that exposure to SM signicantly
aects the migration activity of the MSC even with lowest concentrations.

The

mobility of the MSC could be increased by cytokines. From this point of view, the
question was addressed whether cytokines can compensate SM-induced reduction of
MSC migration.
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3.1.3 Materials and methods
3.1.3.1 Cell culture
MSC of human origin were obtained from bone marrow aspirates, as well as from
bone marrow from femoral head. Material from 10 patients was used. At the time
of sampling, patients were between 49 and 84 years, with a mean age of 66.2 years.
Only patients in good health conditions (except femoral head fracture) were chosen as
donors. Especially patients with severe diseases like cancer and after chemotherapy
were excluded. Before preparing Ficoll-Paque PLUS density gradient centrifugation
(Amersham Biosciences, Uppsala, Sweden), cells were liberated from the bone marrow into medium and ltered (70

µm

mesh). The concentrated cells were washed

several times before plating them in a cell culture dish. First change of medium (αminimal essential medium, 20 % [v/v] fetal calf serum [FCS], 200

µM

l-glutamine,

100 U/ml penicillin, 100 U/ml streptomycin) was performed 2 days after culturing

2

(95 % humidity, 5 % CO ). Cells were used until passage 3. For every passage or

2

experiment, the cells were plated at 2,000 cells per cm . The medium was changed
twice a week. The study was approved by the responsible ethics committee (#229-15)
and was performed in accordance to the Declaration of Helsinki.

3.1.3.2 MSC culture quality control
The quality of cultured MSC was controlled by microscopic assessment of the morphology, ow cytometry, CFU-F assay, and dierentiation assays as described previously [Schmidt et al., 2006a].

3.1.3.3 Exposure to SM
SM (bis-[2-chloroethyl]sulde; purity >99 %, conrmed by NMR) was made available
by the German Ministry of Defense.

Prior the experiments, pure SM (8 M) was

pre-diluted in ethanol. For experimental approaches, SM was diluted in
essential medium, 20 % [v/v] fetal calf serum (FCS), 200

µM

α-minimal

l-glutamine, 100 U/ml

penicillin, 100 U/ml streptomycin. The cells were treated with the vehicle control
(diluted ethanol without SM) or with SM at nal concentrations of 1
10

µM (IC5 ), 70 µM (IC50 ), and 570 µM (IC90 ) under a fume hood.

were incubated at 37

°

µM

1

(IC ),

Afterwards, cells

2

C in a humidied atmosphere with 5 % CO

in an incubator

placed under the extractor hood to for safety reasons.

3.1.3.4 Secretom
The glass slide antibody arrays G2000, G9 and G10 of RayBiotech were used to
analyze the secretion of 275 cytokines. The array was performed as described in the
manufacturer's instructions. Quantication of semi-quantitative amount (sqA) was

µ

µ

performed as described before [Schinköthe et al., 2008]. Cells were incubated with
SM for 8 h in concentrations of 70

50 ) and 570

M (IC

90 ), respectively.

M (IC

After

this time the supernatant of the cells was collected and used immediately for the
array.

3.1.3.5 Migration

µ

µ

µ

The cells were either treated with the vehicle control (diluted ethanol without SM)

µ

M (IC1 ), 10 M (IC5 ), 70 M (IC50 ),
90 ) under a fume hood to allow venting volatile agent and were inh at 37 C / 5 % CO2 / 95 % humidity. To analyze migration of

or exposed towards SM at concentrations of 1
and 570

M (IC

cubated for 1

°
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MSCs, a modied Boyden chamber with 24-well HTS Fluoro Blok insert system containing 8

m pores (Falcon; Becton, Dickinson and Company, Heidelberg, Germany,

4 cells.

http://www.bd.com) was used. Each insert was loaded with 10

During the mi-

gration time of 8 h cells were treated with dierent cytokines (section 3.1.3.6). After
that, cells were xed using 4 % (w/v) paraformaldehyde. Finally, the membrane was
transferred onto a cover slide, and cells were stained using mounting medium containing 4,6-diamidino-2-phenylindole (Vectashield; Vector Laboratories, Burlingame,
CA, http://www.vectorlabs.com).

The number of migrated cells was counted and

calculated as the quotient in relation to the control.

3.1.3.6 Cytokines and nal concentrations
bFGF (Gibco by Life Technologies, Carlsbad, USA), 20 ng/ml
GCP-2 (US Biological, Salem, USA), 20 ng/ml
IL-6 (Gibco by Life Technologies, Carlsbad, USA), 20 ng/ml
IL-8(e) (Gibco by Life Technologies, Carlsbad, USA), 20 ng/ml
IL-8(m) (Gibco by Life Technologies, Carlsbad, USA), 20 ng/ml
MCP-1 (Invitrogen, Carlsbad, USA), 10 ng/ml
MIF (Biomol, Hamburg, Germany), 20 ng/ml
NCAM-1 (Sino Biological by Life Technologies, Carlsbad, USA), 10 ng/ml
TIMP-1 (Invitrogen, Carlsbad, USA), 10 ng/ml
TIMP-2 (Sino Biological by Life Technologies, Carlsbad, USA), 10 ng/ml
VEGF (Gibco by Life Technologies, Carlsbad, USA), 10 ng/ml

3.1.3.7 Data analysis
After testing for normal distribution, the Student's t-test for independent groups
was used for statistical testing.

One-way analysis of variance (ANOVA) followed

by the Dunnett's test was used for comparison of multiple groups.
was assumed at p-levels < 0.05.

Signicance

Statistical analysis was performed using Prism 5

(GraphPad Software, La Jolla, CA, USA).

3.1.4 Results
3.1.4.1 Secretome
The secretion prole of MSC incubated for 8 h with SM was compared to the secretion prole of MSC cultured in absence of SM. To analyze this short-term eect the

50 ,

inhibitory concentrations 50 % and 90 % (IC

90 )

IC

were used. In total 275 cy-

tokines were investigated with a semi-quantitative method and analyzed as described
before [Schinköthe et al., 2008].
In total 49 cytokines showed a signicant changed expression under at least one
of the used conditions (Figure 3.1). Strongest decrease showed VEGF-A (-1.8-fold),

90 test.

GRO-a (-1.3-fold) and AREG (-1.2-fold) within the IC

Highest increases were

obtained for GCP-2 (0.5-fold), LAP (0.2-fold) and TSH-beta (0.2-fold).
For almost all cytokines it has been observed that the direction of regulation is

50

the same under both conditions of the SM exposure (IC
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an up or a down regulation could be recorded. The following exceptions were found

50 : 0.2-fold; IC90 : -0.2-fold),
MMP10 (IC50 : 0.4-fold; IC90 : -0.1-fold), PDGF-BB (IC50 : -0.4-fold; IC90 : 0.1-fold)
and LAP (IC50 : -0.1-fold; IC90 : 0.2-fold).

for VEGF-A (IC

50 :

90 :

0.6-fold; IC

-1.3-fold), uPAR (IC

3.1.4.2 Migration
11 of the cytokines for which a signicant change was observed among SM exposure
had been described in the literature as cytokines which directly or indirectly inuence the migration of MSC. These cytokines (see 3.1.3.6) were used to analyze the
migratory capability in presence of SM.

bFGF: In absence of SM the addition of the cytokine bFGF led to an increase in

migratory activity of 12 %. That level remained unchanged under presence of SM
in the inhibitory concentrations IC

1 and IC5 . Only at IC50 the migratory activity
90 an increase of 71 % was observed. Although a

was decreased by 6 % whereas at IC

large standard deviation of 80 % was found, bFGF increased the migratory activity
signicant under all tested conditions.

GCP-2:

GCP-2 showed a weak but constant eect to increase migratory activity

90 .

under all tested conditions. That eect was signicant for all tests except the IC

IL-6:

IL-6 did not inuence migration in absence of SM. In contrast migration

was increased signicantly in all tests after incubation with SM. Highest increase for
IL-6 was observed with 29 % at IC

IL-8(e):

5

and 35 % at IC

90 .

Highest increase under control conditions were caused by IL-8(e).

In

absence of SM the migratory activity increased by 62 %. This high level was also

1

kept under presence of SM with IC

(80 %), IC

5

(75 %), IC

50

(49 %) and IC

90

(152 %). The increase of 152 % was the highest gain measured in all tests. IL-8(e)
increased the migratory activity signicantly under all tested conditions.

IL-8(m):

The related IL-8(m) showed also an increase under all conditions but

much weaker than IL-8(e). The baseline increase under control conditions was 13 %

5

and reached its maximum by 61 % at IC

90 .

or 84 % at IC

IL-8(m) increased the

migratory activity signicantly under all tested conditions.

MCP-1:

Comparable to GCP-2, MCP-1 showed just a slight but signicant ef-

fect under all tested conditions.

90

Highest increase was found at IC

with 54 %

(Figure 3.2).

MIF:

MIF demonstrated a negative eect with -13 % under control condition.

That eect was equalized in presence of SM.

NCAM-1:

NCAM-1 showed no signicant eect under any of the tested condi-

tions.

TIMP-1:

Comparable to MIF also TIMP-1 showed none or a negative eect on

the migratory activity.

TIMP-2:
50
90

The eect of TIMP-2 was not uniform.

Whereas the activity under

5

IC

and the control was slightly decreased, the migration was increased at IC

IC

but remained unchanged at IC .

1

and

VEGF: VEGF led to a constant and signicant increase of more than 20 % except
50

IC

where the activity remained unchanged (Figure 3.3).

3.1.5 Discussion
Migration is one of the key processes in the function of MSC. Therefore, it is not
surprising that almost every clinical use of MSC is based on their ability to migrate
[Sohni and Verfaillie, 2013, Kim and Cho, 2013]. It is described that the migration
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Figure 3.1: Semi-quantitative analysis of the secretome of MSC 8 h after incubation with
SM in the inhibitory concentrations of 50 % and 90 %. Values are given as
fold-changes compared to control without SM.
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Figure 3.2: Positive eect of treatment. Changes in migratory activity of MSC under inuence of SM and the cytokines bFGF, GCP-2, IL-6, IL-8(e), IL-8(m) and MCP-1.
MSC were incubated for 1 h with and without several concentrations of SM
(1 µM (IC1 ), 10 µM (IC5 ), 70 µM (IC50 ), and 570 µM (IC90 )) and incubated for
8 h in a modied Boyden chamber, before migration was analyzed. All values are
given as relative migratory activity compared to the control test without adding
cytokines.
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Figure 3.3: No eect of treatment. Changes in migratory activity of MSC under inuence
of SM and the cytokines MIF, NCAM-1, TIMP-1, TIMP-2 and VEGF. MSC
were incubated for 1 h with and without several concentrations of SM (1 µM
(IC1 ), 10 µM (IC5 ), 70 µM (IC50 ), and 570 µM (IC90 )) and incubated for 8 h
in a modied Boyden chamber, before migration was analyzed. All values are
given as relative migratory activity compared to the control test without adding
cytokines.
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behavior of the MSC is dependent on a large number of factors, including dierent
cytokines and growth factors.
The cytokines IL-8(e) and IL-8(m) had the most potent eect on the migration
activity of the MSC since they not only achieved a signicant migration increase
under all conditions but also exceeded the level of control even under the inuence
of SM. An increase in migration with the aid of IL-8 was also observed by Ringe
et al. [Ringe et al., 2007].

IL-8 stimulates the migration activity of the MSC by

binding to the CXCR1 / CXCR2 receptor, which is expressed by MSC [Ringe et al.,
2007].

Other research teams also demonstrated migration-promoting properties of

IL-8 [Wang et al., 2002, Bi et al., 2014].
No signicant increase in the migration in the control group could be achieved
with cytokine IL-6.

But interestingly, IL-6 showed signicantly higher migration

rates under all four SM conditions, which is why IL-6 can be classied as a very
potent stimulant.
Also the cytokine MCP-1 increased the migration rate of the MSC signicantly under all tested conditions and thus proved to be a strong stimulus. The CCR2 receptor,
which is also expressed by MSC, is activated by MCP-1 to activate migration [Guo
et al., 2013]. Wang et al. [Wang et al., 2002], Boomsma and Geenen [Boomsma and
Geenen, 2012] and Guo et al. [Guo et al., 2013] reported from experiments with mesenchymal stem cells from mice and rats, an increase in migration by MCP-1. Even
with human MSC the results remained reproducible [Rice and Scolding, 2010].
With the cytokine GCP-2 a new migration-promoting factor could be described in
this study. Under control conditions, as well as under 1

µM, 10 µM and 70 µM SM mi-

gration was signicantly enhanced. GCP-2, like IL-8, binds to the CXCR1/CXCR2
receptor [Binger et al., 2009] thereby inducing and activating neutrophil granulocytes. This could also be a possible mechanism for increasing migration.
The growth factor VEGF was demonstrated as a potent stimulus in a study by
Ball et al. [Ball et al., 2007], as well as by Schmidt et al. [Schmidt et al., 2006a].
This is consistent with the observations made in the current study. VEGF led to a
signicant increase in migration in the control group as well as under the inuence
of the sublethal doses 1

µM

and 10

µM

SM. Under 70

µM

SM, a positive trend was

apparent, but this did not reach signicantly. The assumption that VEGF acts via
the VEGF receptors 1-3 to migrate has been shown in various experiments by Ball
et al. [Ball et al., 2007]. He suggested that MSC do not express VEGF receptors,
but acts via the platelet derived growth factor (PDGF) receptor

α and β [Ball et al.,

2007].
The growth factor bFGF was shown to be a potent stimulator of MSC migration in
the current study. This conrm the ndings of Schmidt et al. [Schmidt et al., 2006a]
and Naaldijk et al. [Naaldijk et al., 2015]. Surprisingly, a signicant reduction of the
migration rate could be observed under the inuence of 70

µM

SM. In view of the

fact that positive results were recorded under all other conditions, this cannot be
explained.
The cytokine MIF is known to have a negative eect on the migration of the
MSC [Barrilleaux et al., 2009,Fischer-Valuck et al., 2010]. This observation goes hand
in hand with the results of the current study. Here we observed a signicant reduction
of migration activity under control conditions as well as under 70

µM SM. MIF binds

to CD74 [Leng et al., 2003] and to the receptors CXCR2 and CXCR4 [Bernhagen
et al., 2007], whereby activation of CD74 may be crucial to explain the observed
inhibitory eect of the migration [Barrilleaux et al., 2010].
Changes in the secretion prole after exposure of SM demonstrates that the cells
can react to the exposure.

We observed both increases and decreases of secreted
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cytokines. On both ends of the changes we found with VEGF and GCP-2 cytokines
which do inuence the migratory activity of MSC. We already showed that SM had
a strong eect to the migratory activity of MSC also in low concentrations [Schmidt
et al., 2013].

The current observed changes in secretion prole might be directly

linked to that.
In summary, it can be said that the secretome of MSC changes signicantly under
the inuence of SM. There is a reduced secretion of factors that are necessary for
MSC migration.

Also it was shown that an increased migration of MSC can be

caused by various cytokines. The SM induced migration reduction can be increased
by dierent cytokines, while the cytokines IL-8 and IL-6 signicantly increase the
migration rate after SM treatment. Whether this observation, which was made in
a modied Boyden Chamber, can also be made in a more complex migration model
remains to verify.

3.1.6 Acknowledgement
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3.2 Eects of sulfur mustard on mesenchymal stem cells
Annette Schmidt, Dirk Steinritz,

Simone Rothmiller, Horst Thiermann and
Michael Scherer

Toxicology Letters, Volume 293, 1 September 2018, pages 98-104

3.2.1 Abstract
Chronic wound healing disorders that occur as a result of a sulfur mustard (SM)
exposure present a particular challenge. These chronic wounds are similar to other
chronic wounds. In the past, it has been shown that mesenchymal stem cells (MSC)
play an important role in the healing of chronic wounds. An important property to
support wound healing is their ability to migrate. However, we were able to show that
SM leads to a reduction in MSC migration even at low concentrations. Currently,
exposed MSCs are still able to dierentiate. Further alterations are not known. The
current investigation therefore focused onto the question how SM aects MSC.

Material & methods :

The eect of SM on MSC was investigated. Here, the alky-

lation of DNA was considered, and DNA adducts were quantied over a period of
48 h. The modication of the nuclei under the inuence of SM was analyzed as well
as proliferation of the cells by immunohistochemical staining with Ki-67 and quantication.

For the quantication of the apoptosis rate, antibodies against cleaved

Caspase-3, 8, and apoptosis inducing factor (AIF) were used. The senescence analysis was performed after histological staining against

β-galactosidase.

Quantications

were carried out by using the TissueQuest System and the software TissueFAX.

Results :

SM exposure of MSC results in a dose dependent formation of nuclear

DNA adducts. 4 h after exposure the cells display a decreasing concentration of DNA
adducts. This process is accompanied by a change of nuclei shape but without an
increase of apoptosis induction. In parallel the number of cells undergoing senescence
increases as a function of the SM concentration.

Discussion :

SM exposure of MSC leads to adduct formation on chromosomal DNA.

These DNA adducts can be reduced without MSC are undergoing apoptosis. This
indicates an active DNA damage response (DDR) pathway in combination with the
formation of persistent nuclear DNA damage foci. This process is accompanied by
a reduced capability of proliferation and a transition into the senescent state.

3.2.2 Introduction
Mesenchymal stem cells seem to be a useful tool for the regeneration and healing of
wounded tissue. Various approaches in the eld of tissue engineering have been tested
in recent years using mesenchymal stem cells. MSCs have the ability to dierentiate
into dierent cell types [Pittenger et al., 1999, Muraglia et al., 2000] and rebuild,
for example, bone tissue [Meinel et al., 2004], cartilage tissue [Li et al., 2005], or
vessels [Koike et al., 2004]. MSC are not only able to reconstruct a tissue, they also
have the ability to control or cure other tissues by coordinating the reconstruction
process [Schinköthe et al., 2008]. It is known that normal skin is a target organ for
bone marrowderived cells from both the hematopoietic and the mesenchymal stem
cell pool. Bone marrow derived cells demonstrate a strong contribution to normal
skin and the healing of cutaneous wounds [Fathke et al., 2004].
As a result of tissue injury, hematopoietic and mesenchymal stem cells are mobilized in the bone marrow and enter the circulation. The cells migrate from there into
the injured tissue, where they regulate the proliferation and migration of epithelial
cells and dermal stroma cells during the early inammatory phase [Singer and Clark,
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1999]. Moreover it is known that bone marrow derived MSC of patients with chronic
wounds demonstrate a signicant reduced migratory attraction eect to skin broblasts compared with MSC derived from healthy donors [Rodriguez-Menocal et al.,
2012].
Sulfur mustard (SM) has now a history of hundred years since its rst use as
a chemical warfare agent in World War I 1917 in Ypres [Pechura and Rall, 1993].
After contact with SM, injuries to the skin are likely to occur, but also the eyes and
respiratory tract can be aected. Skin lesions are seen in more than 90 % of patients
exposed to SM [Emadi et al., 2008, Emadi et al., 2009, Emadi et al., 2012].

After

exposure to the skin, clinical symptoms occur with a delay of 2-14 h depending on
dose, temperature, moisture, and the anatomical site of exposure.
The most devastating aspect of SM exposure is that wound healing occurs over a
prolonged time period (chronic wounds) as compared to other blister-forming injuries
resulting from, for example ultraviolet (UV) light exposure [Graham et al., 2005].
MSC are known to be highly resistant against SM. Already very low concentrations
of SM demonstrate a strong eect on the migratory activity, whereas the dierentiation capacity is not aected [Schmidt et al., 2013].
It is therefore very likely that a link between MSC and the impaired wound healing
after SM exposure exists. However, the underlying mechanisms of SM resulting in
MSC dysfunction are unknown and are addressed in the present study.

3.2.3 Material and methods
3.2.3.1 Cell culture
MSC of human origin were obtained from bone marrow aspirates, as well as from
bone marrow from femoral head. Material from 10 patients was used. At the time
of sampling, patients were between 49 and 84 years, with a mean age of 66.2 years.
Only patients in good health conditions (except femoral head fracture) were chosen as
donors. Especially patients with severe diseases like cancer and after chemotherapy
were excluded. Before preparing Ficoll-Paque PLUS density gradient centrifugation
(Amersham Biosciences, Uppsala, Sweden), the bone marrow was diluted with PBS
and ltered (70

µm

mesh). The concentrated cells were washed several times before

plating them in a plastic petri dish. First change of medium (α-minimal essential
medium, 20 % [v/v] fetal calf serum [FCS], 200

µM l-glutamine, 100 U/ml penicillin,

100 U/ml streptomycin) was performed 2 days after culturing (95 % humidity, 5 %

2

CO ). Cells were used until passage 3. For every passage or experiment, the cells

2

were plated at 2,000 cells per cm .

The medium was changed twice a week.

The

study was approved by the ethics committee of the Ludwig-Maximilians-Universität
Munich, Germany and conforms to the Declaration of Helsinki.

3.2.3.2 MSC: culture quality control
The quality of cultured MSC was controlled by microscopic assessment of the morphology, ow cytometry, CFU-F assay, and dierentiation assays as described previously [Schmidt et al., 2006a].

3.2.3.3 Exposure to SM
SM (bis-[2-chloroethyl]sulde; purity >99 %, conrmed by NMR) was made available
by the German Ministry of Defense.

Prior the experiments, pure SM (8 M) was

pre-diluted in ethanol. For experimental approaches, SM was diluted in
essential medium, 20 % [v/v] fetal calf serum (FCS), 200

40

µM

α-minimal

l-glutamine, 100 U/ml

CHAPTER 3.

RESULTS

penicillin, 100 U/ml streptomycin. The cells were treated with the vehicle control
(diluted ethanol without SM) or with SM at nal concentrations of 1
10

µM

5

(IC ), 20

µM

(IC

10 )

cells were incubated at 37

°

or 40

µM

(IC

25 )

µM

1

(IC ),

SM under a fume hood. Afterwards,

C in a humidied atmosphere with 5 % CO

2

in and

incubator placed under the extractor hood to prevent potential contamination of
the laboratory by unhydrolysed residual poison.

At 8, 24 and 48 hours or 5 days

after exposure to SM, cells were used for senescence, proliferation and apoptosis
experiments. For DNA adduct experiments, cells were used 5 minutes to 48 hours
after SM exposure.

3.2.3.4 DAPI Staining
For DAPI staining cells were xed with 4 % PFA in PBS for 30 minutes. After several
washing steps cells were incubated for 5 minutes with 300 nM DAPI (BioLegend) in
aqua dest. After several washing cycles, cells were embedded with ProLongeAntifade
(Invitrogene).

3.2.3.5 Proliferation

°

Cells were treated with SM as described above. After several washing steps cells were
xed with 4 % PFA in PBS at 4

°

C for 30 min. For permabilization, 0.1 % sodium

citrate and 0.3 % triton-X 100 in PBS were used for 10 minutes at 4

C. After Pro-

tein Block (DakoCytomation, Glostrup, Denmark) for 30 min at room temperature,

°

cells were incubated with the primary antibody mouse-anti-Ki67 (DakoCytomation,
1:100) overnight at 4

C. The secondary antibody anti-mouse DyLight549 (Vector,

1:750) was incubated for 1.5 hours at room temperature. Thereafter the nuclei were
stained with DAPI as described above.

Cells were then embedded with ProLon-

gAntifade (Invitrogen). The uorescence intensity in all nuclei were analyzed by the
microscope system of TissueGnostics using the TissueQuest software.

3.2.3.6 Apoptosis
Pretreatment of antibody staining was performed as described in 3.2.3.5. The primary antibodies rabbit-anti-active-Caspase-3 (GeneTex, 1:200), rabbit-anti-cleaved-

°

Caspase-8 (MBL, 1:500), rabbit-anti-AIF (Epitomics, 1:500) were incubated over
night at 4

C. The secondary antibody anti-rabbit DyLight549 (Vector, 1:750) was

incubated for 1.5 hours at room temperature. Thereafter the nuclei were stained with
DAPI as described above. Cells were then embedded with ProLongAntifade (Invitrogen). The uorescence intensity in all nuclei were analyzed by the microscope system
of TissueGnostics using the TissueQuest software (version 4.0.1.0127).

3.2.3.7 Staining of DNA adducts
The staining of the DNA adducts was performed by an immunocytochemistry staining using the 2F8 antibody (TNO, Rijswijk, The Netherlands). This antibody is able
to bind selectively to the SM DNA adducts (N7 HETEG).
First, cells were xed with 5 % acetic acid in methanol at 4

°

°

C for 20 minutes.

For permabilization, 0.1 % sodium citrate and 0.3 % triton-X 100 in PBS was used
for 10 minutes at 4

°

°

C. For denaturation of the DNA, cells were treated with 80 %

formamid in PBS for 30 minutes at 75

C. After cooling to 4

°

C for 5 minutes, the

primary antibody (2F8, 2 mg/ml, 1:7000) was incubated over night at 4

C. The

secondary antibody Dy549anti-mouse (Vector, 1:800) was incubated for 1.5 hours
at room temperature. All steps were performed in an automated manner by using
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the pipetting robot with temperature control (Tecan freedom evo). Thereafter the
nuclei were stained with DAPI as described before. Cells were then embedded with
ProLongAntifade (Invitrogen). The uorescence intensity in all nuclei were analyzed
by the microscope system of TissueGnostics using the TissueQuest software (version
4.0.1.0127).

3.2.3.8 Senescence
For senescence studies the senescence detection kit of PromoCell (PK-CA577-K320)
was used.

First, cells were exposed as described in 3.2.3.3.

was carried out 24 hours after plating.

The exposure of cells

Analysis was conducted according to the

protocol provided by the manufacturer. Cells were embedded with ProLongAntifade
(Invitrogen).

3.2.3.9 Analysis by the TissueGnostics System
Stainings were analyzed using a TissueFAXS microscopic system (version 3.5.5, TissueGnostics, Vienna, Austria). Each tissue section was scanned and automatically
analyzed using TissueQuest software (version 4.0.1.0127, TissueGnostics). For analyzing cells with normal nuclei, results were given as absolute numbers of cells within
a predened gate.

Predened gates were the same in all analysis.

The absolute

numbers were transferred as relative amount compared to control. Cell distribution
of control cells was determined and a change of that distribution under treatment
was assessed respectively.

Results were given as percentage connective tissue per

millimeter squared of total specimen area according to the software used.

3.2.3.10 Data analysis
After testing for normal distribution, the Student's t-test for independent groups
was used for statistical testing.

One-way analysis of variance (ANOVA) followed

by the Dunnett's test was used for comparison of multiple groups.
was assumed at p-levels < 0.05.

Signicance

Statistical analysis was performed using Prism 5

(GraphPad Software, La Jolla, CA, USA).

3.2.4 Results
3.2.4.1 DNA adducts
The strongest cytotoxic eect of SM is induced by its alkylation of the DNA. To
quantify this alkylation, an antibody was used which specically recognizes the DNA
alkylated by SM. For this purpose, MSCs were initially treated with a large range of
SM concentrations. After one hour, the cells were stained with the antibody which
specically recognizes the SM mediated DNA adducts and the nuclei were stained
with DAPI. The analysis was carried out using the software TissueQuest.
For precise quantication of DNA alkylation within the chromosomes the nucleus
areas were identied using DAPI positive areas. DNA alkylation was expressed as
relative uorescence intensity within the single nuclei and given as mean +/- SD. The
uorescence intensity showed a clear dose-dependency without reaching a plateau up
to a SM concentration of 1000

µM

(Figure 3.4A).

Also, a time dependency was analyzed. MSC were incubated with a given concentration of 100

µM.

Incubation was stopped at dierent time points and analyzed in

the same way as described before. A plateau of maximum uorescence intensity was
reached after 1 h of SM incubation. That plateau stayed for about 4 h and decreased
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afterwards. Already 5 minutes after exposure the cells showed a mean uorescence
of 32.7

4.1 % compared to the value 1 h after exposure (Figure 3.4B).

3.2.4.2 Cells with normal nuclei
In order to examine the eect of SM on the nuclei of MSC, they were stained with
DAPI and analysed by microscopy (TissueFAX) using the software TissueQuest. The
nuclear DAPI signal of non-exposed cells was used as a reference. Events were gated
in a DAPI-perimeter/area scatterplot and the shift was quantied. The cells with
normal nuclei showed a clear distinguishable cloud in the DAPI-mean intensity when
compared to the both DAPI parameters used before (Figure 3.5A).
According to a previous study, sub lethal concentrations of 1

5

µM

(IC ), 20

(IC

10

) and 40

µM

(IC

25

µM

1

(IC ), 10

µM

) were used [Schmidt et al., 2013]. Incubation

was stopped at dierent time points. The amount of normal nuclei of MSC incubated
without SM at the same point of time was used as control.

±

In the SM exposed

group the number of normal nuclei decreased under all tested parameters down to
13.0

4.1 % after ve days. There were no signicant dierences between the tested

±

concentrations. Already 24 h after SM exposure the amount of normal nuclei dropped
down to 48.0

14.9 % under all tested concentrations (Figure 3.5B).

To analyse proliferation under control condition the total number of normal nuclei
compared to the initial amount were quantied. Within the test period of ve days,
the number of cells increased up to the 2.4-fold (Figure 3.5C).

3.2.4.3 Proliferation
In order to be able to analyze the proliferation rate of the MSC under the inuence
of SM, the cells were labeled with an antibody against Ki-67 and counterstained
with DAPI. Cells with a Ki-67 positive signal within the DAPI area were counted as
positive (proliferative) cells.

±

Cells were incubated for 48 h with and without SM in dierent sub-lethal con-

1

25 ).

centrations (IC -IC

In absence of SM, 37.0

±

1.2 % of all cells were positive for

Ki-67 within the nucleus. With increasing concentration of SM the number of Ki-67
positive nucleus deceased to 0.8
(1

µM)

0.1 % at IC

25

(40

µM).

Under exposure of IC

±

1

5
10 ) and 98 %

the number of proliferating cells were decreased by 26 %. Using IC

Ki-67

positive cells were decreased by 81 % and kept decreased by 83 % (IC

25

under IC

(0.8

0.1 %) (Figure 3.6).

3.2.4.4 Cleaved caspase 3, 8 and AIF
Apoptosis was quantied by measuring PARP p85, cleaved Caspase-3, Caspase-8 and
release of Apoptosis Inducing Factor (AIF). Analysis was concentrated on regular
cells based on DAPI-stained nucleus gate using TissueQuest. Incubation was stopped

±

at dierent time points using the described range of sub lethal concentrations.
In absence of SM 4.9

1.5 % of all cells were positive for cleaved Caspase-3. After

±

±

8 h of incubation with the dierent SM concentrations, the number of positive cells

±

stayed unchanged with a range of 92
(4.9

1.5 %).

After 48 h 3.9

±

28 % to 113

34 % compared to control

1.2 % of the control cells were positive for cleaved Caspase-3.

Under exposure with all tested SM concentrations no signicant change was observed

1

5

(IC : 3.7 %, p = 0.23; IC : 4.2 %, p = 0.24; IC

10 :

3.5 %, p = 0.23; IC

25 :

3.5 %,

p = 0.23, Figure 3.7). No signicant changes were observed with regard to cleaved
Caspase-8, PARP p85 and AIF under all conditions tested (data not shown).
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Figure 3.4: Detection of SM-induced DNA adducts. SM induced DNA adducts can be detected with the antibody 2F8. A) An increase in uorescence intensity reects
the increase in the amount of DNA adducts. A continuous increase of the DNA
adducts under increasing SM concentration could be observed. B) An investigation into the time dependence of the DNA adducts under the inuence of 100 µM
SM showed a continuous increase of the adducts up to an hour after exposure.
Between one and four hours a plateau phase took place. After four hours, the
adducts decrease to the end of observation after 48 h.
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Figure 3.5: Analysis of MSC nuclei after exposure to SM over a period of 5 days. The nuclear
DNA was rst stained with DAPI. Using the software TissueFAX, the nuclei of
the MSC were analyzed by uorescence microscopy. A) For the denition of
normal nuclei the DAPI area (µm2 ) and the DAPI perimeter (µm) were considered. The cells in a cloud were collected in a gate. The same gate was applied
to the cells exposed with SM. The result of the analysis of SM exposed nuclei is
summarized in B). A continuous decrease of cells with a normal nucleus occurs
over a period of 5 days after SM exposure. C) Meanwhile, the total amount of
cells increases.
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Figure 3.6: Analysis of the proliferation of MSC via Ki-67 staining 48 h after SM exposure.
The percentage of the Ki-67 positive cells (Texas-Red) was determined by the
total cell number (DAPI) or the nuclei, respectively. For this purpose the software TissueFAX was used. In the upper right-hand square are all cells that have
a Texas-Red signal (Ki-67) in the DAPI area. With increasing concentrations of
SM, the number of cells showing a Ki-67 positive signal (Texas-Red) decreases.
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Figure 3.7: The detection of cleaved caspase-3 was performed after immunohistochemical
staining of the cells. The cells were analyzed 8 h and 48 h after exposure to SM.
The continuous line connects the individual measured values. The dotted line
represents the regression line.

3.2.4.5 Senescence
Senescence is an arrested state in which the cells remain viable, but are not stimulated to divide by serum or passage in culture. It is thought to be a tumor-suppressive
mechanism and an underlying cause of aging. Senescent cells display an increase of
cell size, senescence-associated expression of

β-galactosidase (SAβ-Gal) activity, and

altered patterns of gene expression [Itahana et al., 2007]. In the absence of SM, the
MSC demonstrate nearly no senescence. Starting with exposure to low concentrations IC
of 40

1 the number of senescent cells starts to increase. Using a SM concentration
(IC25 ), most of the MSC demonstrate a senescence typical expression of

µM

β-galactosidase

(Figure 3.8).

3.2.5 Discussion
Cell death due to SM exposure is caused by apoptosis, which is accompanied by
a cleavage of Caspase-3.

Cleavage of Caspase-3 is shown e.g.

human HaCaT epidermal cell lines as well as for mice

for mouse JB6 and

in vivo

after exposure to

SM [Tewari-Singh et al., 2010, Joseph et al., 2014]. In 4 % of the investigated MSC
Caspase-3 cleavage was observed, thus indicating a low intrinsic apoptosis rate. After
exposure to SM, that number of apoptotic cells did not increase or change. This in
turn corresponds to the observation that MSC are highly resistant to SM [Schmidt
et al., 2013].
However, MSC are not able to protect their DNA against the SM alkylation.
Increasing concentrations of SM resulted in pronounced alkylation of chromosomal
DNA. After exposure to SM, the level of DNA alkylation increased constantly and
reached a plateau after 1 until 4 hours. Interestingly, after that point of time the
amount of alkylated DNA decreased slightly to nearly the half maximum after two
days. These results demonstrate that MSCs have the ability to act on DNA damage
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Figure 3.8: The senescence was detected after histological staining with β-galactosidase
(SAβ-Gal). 5 days after exposure, an increased number of β-galactosidase positive cells could be observed for all SM concentrations used.

via activation of the DNA damage response (DDR) signaling pathway [Erol, 2011,
Sperka et al., 2012]. In line with these results, several

in vivo

and

in vitro

data have

shown that MSC are particularly resistant to the apoptosis induced by DNA damage
[Li et al., 2004, Prendergast et al., 2011, Cruet-Hennequart et al., 2012, Minieri et al.,
2015].

This resistance to cell death may rely on dierent mechanisms depending

on the dierent DNA-damaging agents/doses used, including an elevated apoptosis
threshold [Oliver et al., 2011], an ecient antioxidant ROS-scavenging capacity [Chen
et al., 2006] and a prompt activation of the double strand break repair pathways
[Chen et al., 2006, Oliver et al., 2011].
For other DNA damage-inducing substances it is known that MSC can overcome
the DNA damage but will undergo a transition into senescent cells [Minieri et al.,
2015]. Also after exposure with SM, the MSC demonstrated an increasing number
of senescent cells depending on the applied SM concentration.
non-proliferating cells [Minieri et al., 2015].

Senescent cells are

We therefore determined the number

of cells expressing the proliferation marker Ki-67. Normally, more than one third of
the MSC are proliferating.

But with increasing concentration of SM that number

went down to nearly zero.

Both ndings verify the hypothesis that SM exposure

transforms the normal MSC into senescent cells.
Recently it has been reported that another possible response of MSC to injury
is stress-induced premature senescence (SIPS) [Muthna et al., 2010, Kim et al.,
2011, Cmielova et al., 2012, Burova et al., 2013, Seifrtova et al., 2013, HernandezVallejo et al., 2013, Alekseenko et al., 2014].

It has been reported that damaged

senescent cells harbor characteristic enlarged and persistent DNA damage nuclear
foci (PDDF). One of the main characteristics of SIPS is the accumulation of persistent gamma-H2AX foci, diering, both in size and persistence, from the transient
foci that occur during initial successful double-strand brake rejoining. These PDDF
have been described in many senescent dierentiated cell types both

vivo

in vitro

and

in

[Sedelnikova et al., 2004, Rodier et al., 2009, Rodier et al., 2011].

The software used allowed us to distinguish between normal and non-normal nuclei.
This allowed the quantication of the non-normal nuclei, which we assumed as nuclei
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containing PDDF's. After exposure with SM, independent from the concentration
that was used, only about 20 % of all cells remained with normal nuclei's after
ve days, which allows the interpretation that about 80 % of all cells underwent a
transformation into PDDF containing nuclei's.
In summary, these ndings demonstrate that SM alkylates the DNA of the MSC.
However, a large amount of DNA alkylation does not necessarily lead to apoptosis.
Rather, the MSC is able to reduce and repair DNA damage. This is probably due
to the activation of the DNA damage response (DDR) pathway in combination with
the formation of persistent DNA damage nuclear foci's. This process is accompanied
by a reduced proliferation and a transformation into the senescent state.
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3.3.1 Abstract
Wound healing is a complex process, and disturbance of even a single mechanism
can result in chronic ulcers developing after exposure to the alkylating agent sulfur
mustard (SM). A possible contributor may be SM-induced chronic senescent mesenchymal stem cells (MSCs), unable to full their regenerative role, by persisting
over long time periods and creating a proinammatory microenvironment. Here we
show that senescence induction in human bone marrow derived MSCs was timeand concentration-dependent, and chronic senescence could be veried three weeks
after exposure to between 10 and 40

µM SM. Morphological changes,

reduced clono-

genic and migration potential, longer scratch closure times, dierences in senescence,
motility and DNA damage response associated genes as well as increased levels of
proinammatory cytokines were revealed. Selective removal of these cells by senolytic
drugs, in which ABT-263 showed initial potential

in vitro,

opens the possibility for

an innovative treatment strategy for chronic wounds, but also tumors and age-related
diseases.

3.3.2 Introduction
Damages in the natural barrier of the skin against the environment set the complex wound healing process into motion, during which the skin and underlying tissue repair themselves [Bukowiecki et al., 2017].

Mesenchymal stem cells (MSCs)

are multipotent adult stem cells and play an essential role in wound healing by
accelerating wound closure, enhancing re-epithelialization, increasing angiogenesis,
promoting granulation tissue formation, modulating inammation, and regulating
extracellular matrix remodeling [Lee et al., 2016]. MSCs home to damaged tissue,
and upon arrival, they exert their therapeutic eects mainly by paracrine signaling
via various cytokines, immunosuppressive, growth and dierentiation factors [Ranganath et al., 2012, Ma et al., 2014]. Because of their self-renewal potential, simple
isolation process and expansion

in vitro, MSCs are a promising tool in regenerative

medicine [Bruder et al., 1998] and multiple studies already showed that MSCs enhance wound healing by accelerating wound closure [Walter et al., 2010, Nie et al.,
2011, Rodriguez-Menocal et al., 2015].
Failure in wound healing or some diseases, e.g. diabetes mellitus, lead to chronic
wounds, that not only reduce the patients' quality of life but also create a signicant
nancial burden on the healthcare system [Augustin and Maier, 2003].

Chronic

wounds have also been described after exposure to the alkylating chemical warfare
agent sulfur mustard (SM) [Schmidt et al., 2013]. Although SM has been banned by
the Chemical Weapons Convention, it was most recently used in Syria [Kilic et al.,
2018, Sezigen et al., 2019, John et al., 2019]. Mainly the easy synthesis and stockpiles
still existing in various countries enable acute threats of terroristic attacks, which
highlights the importance of developing countermeasures. Despite intensive research,
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the molecular toxicity of SM is incompletely understood, there is no antidote or
prophylaxis available and the treatment is only symptomatic [Etemad et al., 2019].
Skin is one of the main target organs of SM and skin lesions occurred in more
than 90 % of exposed persons [Emadi et al., 2008]. In detail, after a characteristic
latency period without any clinical presentations, SM causes edema, inammation,
skin blisters and ulceration. Skin lesions may take months to heal and often result in
chronic wounds, which may require skin grafting [Schmidt et al., 2018b]. Additionally
to problematic skin damages after primary healed SM aections, it was discovered
during World War I that sites of the body with previous SM exposure which had
already partially or entirely healed, became active again in some patients when the
same individual was exposed to SM even years later at other, distant skin sites
(are-ups) [Sulzberger et al., 1947].
Because MSCs show important properties in wound healing, they may be aected
during SM poisoning. This is underlined by the fact that MSCs derived from patients
suering from chronic wound healing disorders showed reduced migratory attraction
to skin and wound broblasts compared to healthy donors [Rodriguez-Menocal et al.,
2012]. SM might be able to aect MSCs in bone marrow, as it was shown that SM
victims demonstrated bone marrow depletion similar to cytostatic treatment [Hassan
and Ebtekar, 2002]. Indeed, bone marrow identied as was one of the most sensitive
tissues in terms of DNA crosslinks [Yue et al., 2015]. We could already demonstrate
that although MSCs are highly resistant against SM in terms of cell survival, even
low doses do reduce the migration [Schmidt et al., 2013] and proliferation but not
apoptosis [Schmidt et al., 2018a].

We could also show dramatic changes in the

secretome and increased migration by addition of specic cytokines [Schreier et al.,
2018].
Chronic wounds and are-ups are long-term complications after SM exposure and
thus there needs to be some kind of memory, which may be senescent cells due
to their longevity.

Senescence is part of many cellular mechanisms including ag-

ing [Baker et al., 2016], age-related diseases [Baker et al., 2011], tissue remodeling [Krizhanovsky et al., 2008], wound healing [Jun and Lau, 2010] and immunity [Kearney et al., 2015].

Recently, senescence was dened as a specic perma-

nent growth arrest of proliferation-competent cell induced by stressors [Sharpless
and Sherr, 2015] like reactive oxygen species (ROS) [von Zglinicki, 2002] or unresolved DNA damage [Sedelnikova et al., 2004].
of senescence-associated

β-galactosidase

Most routinely the expression

(SA-β-gal), p16

INK4A

and the senescence-

associated secretory phenotype (SASP) are used as biomarkers. Aected cells are not
eliminated by the immune system, persist over months or years and secrete proinammatory factors [Sharpless and Sherr, 2015]. Thus, senescent MSCs may play a
role in the chronic wound healing disorder after SM exposure.
senolytic drugs,

i.e.

A treatment using

natural products or small synthetic molecules that selectively

eliminate senescent cells, as it has already been successfully tested in human MSCs
after replicative senescence [Grezella et al., 2018], could clear senescent MSCs after
SM exposure. In this study, we investigated whether SM could induce senescence in
MSCs and thereby may inuence wound healing as well as whether senolytic drugs
are a promising option for treatment of SM induced wounds.
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3.3.3 Results
3.3.3.1 Senescence and apoptosis induction in mesenchymal stem cells by
sulfur mustard and hydrogen peroxide
For all experiments, human bone marrow derived MSCs were used (Figure 3.14a-h),
and their identity was checked regularly by morphology, expression of cell surface
markers and dierentiation potential (Figure 3.14i, j). SM concentrations from LC
(1

µM)

25

to LC

µM)

(40

1

[Schmidt et al., 2013] were used initially to test whether

a single dose exposure can induce senescence in MSCs. SA-β-gal staining was used
to determine the percentage of senescent cells at dierent time points after exposure

2 2

and H O

was used as a positive senescence induction control [Brandl et al., 2011].

2 2

As shown in Figure 3.14k, cell survival after H O
half-maximal lethal concentration (LC

2 2

H O

16

(LC

50 )

of 322.7

±

exposure was determined at the
11.4

µM.

Therefore, 200

µM

) was used for subsequent experiments. To assess the concentration and

time dependence of senescence induction, staining was performed up to 31 days post
exposure (day 0), with intervals of 3 to 4 days. As is shown in Figure 3.9a-b, the
percentage of senescent cells as well as the staining intensity increased with time. In
the concentration range from 10 to 40

µM SM, almost all cells were senescent within

21 days and no obvious change in senescent state was seen thereafter. The exposure
to 200

µM

2 2

H O

comparison, 1

showed comparable results, but with a stronger initial increase. In

µM

SM did not lead to complete senescence. Increased percentages

of SA-β-gal positive cells reached the signicance level at day 7, 14, 21 and 28 post
exposure, when compared to solvent controls (Figure 3.15a). Solvent controls also
showed a slight increase in senescence over time, but the conditions were adjusted to
keep senescence as low as possible, for example by using low passage numbers. For
subsequent experiments, cells 21 days after exposure to 10 and 40

µM SM or 200 µM

2 2

H O , respectively, were considered suitable to be used as senescent cell types and
cells exclusively exposed to solvent as non-senescent controls, respectively.
Full replicative senescence occurred not before 13 passages in controls (Figure 3.16a).
Exposure to 40

µM

SM resulted in a chronic senescence since no replication of those

cells occurred up to 24 weeks after induction. In comparison, upon 10
200

µM

2 2

H O

µM

SM or

exposure of MSCs, some cells seemed to reenter the cell cycle, based

on an increase in cell numbers up to 24 weeks afterwards, but all three exposures
resulted still in many SA-β-gal positive cells (Figure 3.16b). As a proof of principle,
we also used commercially available adipose tissue derived MSCs and exposed them
to 10, 20 and 40

µM

SM or 200

µM

2 2

H O . After 21 days, many SA-β-gal positive

cells could be observed in all groups compared to the solvent control (Figure 3.16c).

2 2

Moreover, senescence could also be induced by continuous SM or H O
While 1
0.5

µM

µM

SM or 50

µM

2 2

H O

exposure.

two to three times per week was sucient, 0.1 or

SM was too low to result in close to 100 % SA-β-gal positive cells after 21

days (Figure 3.16d).
after exposure to 40

The SAβ-gal positive senescent phenotype of MSCs 21 days

µM

SM was not only comparable to 200

µM H2 O2 , but also to
µM cisplatin, 50 µM

exposure with DNA-damaging chemotherapeutic agents like 20
melphalan and 50

µM bendamustine or ionizing radiation with 10 Gy (Figure 3.16e).

Since the concentrations used for senescence induction also reduced cell viability,
the inuence on cell growth and apoptosis was determined. After the exposure to
increasing SM concentrations, 200

µM

covered by cells, and apoptotic cells,

2 2

H O

i.e.

or solvent, the conuence,

i.e.

area

number of cells positive for Annexin V,

were recorded microscopically for more than 11 days. Figure 3.15b shows that the
linear range of conuence increase in the solvent control was up to about 144 h
and a maximum of apoptotic cells was reached within about 48 h determined by
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Following these observations, the area under the curve

(AUC) was calculated within these time frames for statistical analysis.

As seen

in Figure 3.9c, the conuence was signicantly decreased when cells were exposed
to 200

µM

2 2

H O

or SM in a concentration-dependent fashion from 10 to 500

when compared to solvent controls. On the other hand, 200

µM

2 2

H O

signicantly

increased apoptosis within 48 h post-exposure in comparison to controls.
exposure, 10 and 40

µM

µM,

For SM

did not result in a signicant increase while apoptosis was

signicantly higher for concentrations between 62.5 and 500

µM

SM (Figure 3.9c,

d). Both conuence reduction and apoptosis increase were very similar from 10 to

µM SM, and beyond 62.5 µM they were concentration dependent. Interestingly,
SM concentrations 10 and 40 µM resulted in senescence but not apoptosis.

62.5
the

3.3.3.2 Senescence markers
To verify that SM-exposed MSCs are senescent, a variety of methods and senescence
biomarkers were used. In Figure 3.10a, MSCs 21 days after exposure to 40

µM

SM

showed increased SA-β-gal activity compared to solvent controls by the chromogenic
substance X-Gal as well as by a uorogenic substrate. Morphological changes like
cell size increase and attening could already be observed during culture, but also by
H/E staining. The uorogenic substrate was also used to identify SA-β-gal positive
cells by ow cytometry and Figure3.17a shows that exposure to 10 and 40
well as 200

µM

2 2

H O

µM SM as

increased the SA-β-gal positive cell population from 4.0 % in

solvent control to 46.7 to 58.8 % after three weeks. Photomicrographs (Figure 3.17b)
showed the increased cell size and granularity of the senescent cells in accordance
with higher cell areas and side scatter intensity numbers (Figure 3.17c).

Loss of

proliferation of senescent cells could be shown as they had a signicantly reduced
colony forming (clonogenic) potential. Non-senescent controls showed many grown
colonies with more than 60 cells while senescent cells were still mostly single cells
only (Figure 3.10b).
The expression levels of various senescence marker genes were observed to be signicantly dierent (fold regulation > 2 or < -2 in combination with p < 0.05) in
senescent cells (40

µM

SM 21 days post-exposure) compared to non-senescent con-

trols (Figure 3.10c, Table 3.2). Many genes involved in cell cycle control like `cyclindependent kinase inhibitor 2B (CDKN2B)', 1A (CDKN1A, p21) and 2A (CDKN2A,

INK4a )

p16

were more than 5-, 3- or 2-fold upregulated, respectively.

The `mouse

double minute 2 homolog (MDM2)'; `cellular repressor of E1A-stimulated genes 1
(CREG1)'; `collagen, type III, alpha 1 (COL3A1)'; `secreted protein, acidic, cysteinerich (SPARC)' and `growth arrest and DNA-damage-inducible,
also more than 2-fold upregulated.

α (GADD45A)' were

Down-regulated genes also included a variety

of cell cycle regulators including `retinoblastoma-like protein 1 (RBL1)'; `checkpoint
kinase 1 (CHEK1)'; `cyclin-dependent kinase 2 (CDK2)'; `cyclin-dependent kinase
inhibitor 2C (CDKN2C)'; `cyclin A2 (CCNA2)' and `cyclin B1 (CCNB1)' between
2- and 11-fold downregulation.
Furthermore, the inuence of SM-induced senescence on gene expression of DNA
damage or repair related genes for persistently upregulated DNA damage response
(DDR), another biomarker, was investigated (Figure 3.10d, Table 3.2).

In senes-

cent cells, besides CDKN1A between 2- and almost 4-fold upregulated expression
was recorded for `DNA-damage-inducible transcript 3 (DDIT3)'; `growth arrest and
DNA-damage-inducible,

γ

(GADD45G)'; `X-ray repair complementing defective re-

pair in Chinese hamster cells 2 (XRCC2)'; `exonuclease 1 (EXO1)'; `postmeiotic seg-

Xeroderma pigmentosum, complementation group A

regation increased 1 (PMS1)'; `

(XPA)' and `cyclin-dependent kinase 7 (CDK7)'. Interestingly, downregulated genes
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Figure 3.9: Senescence and apoptosis induction. a Representative images of concentrationand time-dependent development of SA-β-gal staining (blue) after single dose
SM or H2 O2 exposure (day 0) in contrast to solvent controls. Counterstaining
of all cells with nuclear fast red (red). Scale bar, 200 µm. b The means with a
trend including 99 % condence intervals of the percentage of SA-β-gal positive
cells counted every 3-4 days over 31 days (n = three randomly selected elds
per group from three independent experiments). c Area under the curve (AUC)
for conuence (area covered by cells) within the rst 144 h and apoptosis (d
annexin V positive cells (green), representative images t = 48 h) within the rst
48 h. Shown is the signicance between solvent controls and 200 µM H2 O2 or
SM exposed MSCs (n = three randomly selected images per group from three
independent experiments). Data are represented as Tukey boxplots; * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001. See also Figure 3.14, Figure 3.15
and Figure 3.16.
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(by between 2- and almost 5-fold) were almost all involved in the repair of DNA double strand breaks. Amongst these, `breast cancer 1, early onset (BRCA1)'; `BRCA1
associated RING domain 1 (BARD1)'; `BRCA1 interacting protein C-terminal helicase 1 (BRIP1)'; `H2A histone family, member X (H2AFX)' and RAD51. Downregulated genes were also found for other DNA repair mechanisms, besides CHEK1
the `XPA binding protein 2 (XAB2)' and `ap structure-specic endonuclease 1
(FEN1)'.

No dierences in gene expression were observed for poly (ADP-ribose)

polymerases 1-3 (PARPs 1-3).

INK4a

The upregulation of p16

at the gene level corresponds with a signicant in-

crease in protein expression determined by western blot.

The increase of p21 was

signicant on the gene, but not on the protein level (Figure 3.10e).

3.3.3.3 Increase in secreted proinammatory factors due to senescence
One very important aspect and biomarker of senescent cells is their secretome called
SASP [Coppé et al., 2008].
200

µM

2 2

H O

Therefore, cells were exposed to 10 or 40

µM

SM,

or solvent control and at dierent time points thereafter the levels

of secreted chemokines, cytokines and growth factors were determined by Bio-Plex
assays. At each time point, 72 dierent factors were tested (Figure 3.18), and the
fold regulation was calculated relative to the corresponding solvent controls. Since
many factors were either secreted at low levels in general or the fold regulation was
small, specic criteria were applied (> 20 pg/mL in combination with fold regulation
> 2 or < -2).
Figure 3.11a shows that many factors were upregulated starting from day 14 after exposure. Therefore, the factors TECK, sTNF-R1, osteopontin (OPN), gp130,
eotaxin-3 and 6Ckine were considered as late factors and some showed an upregulation over various time points and could therefore be considered as constant factors,
e.g. MIF, MCP-1, IL-8, IL-6, Gro-α, ENA-78 and BAFF. From the above-mentioned
factors, some were upregulated already within 24 h or the rst week after exposure,
such as IL-8. Those could also additionally be considered as early factors. Moreover,
the factors sTNF-R1, CXCL12 and eotaxin-3 seem to be upregulated in SM- but not

2 2

in H O -induced senescent cells (Figure 3.11b).
Some of the results were also conrmed on the mRNA level determined by qPCR
(Figure 3.11c, Table 3.2). Therefore, mRNA was isolated from MSCs 21 days after
exposure to 10 and 40

µM

SM, 200

µM

2 2

H O

or solvent. OPN (SPP1) was signi-

2 2

cantly upregulated more than 3-fold in SM and 6-fold in H O , which is completely
in line with the results described above.

Similarly, also a 2-fold upregulation was

observed for osteocalcin (BGLAP) in 40

µM

2 2

(IL6ST) only in H O

2 2

SM and H O

exposed cells, gp130

and IL26, CCL1 and APRIL (TNFSF13) only in 40

µM

SM

exposed cells. In addition to the secretome data, caspase 1 (CASP1) was determined
to be 2-fold upregulated in 40

µM

SM.

Using another approach, the levels of over 270 cytokines, chemokines and growth
factors were determined by a glass-slide ELISA based array. Figure 3.11d shows the
more than 2-fold upregulated factors of senescent cells compared to control levels
at 21 days post-exposure.

The levels of osteoprotegerin (OPG) were found to be

upregulated in all senescent cells. In both SM-induced senescent cell types IL-3 and

2 2

adipsin were upregulated, while LH-β and Dkk-4 were only upregulated in H O induced senescence.

In comparison, NCAM1, MMP2, M-CSF, IP-10, IL-7, IL-15,

ferritin, `Carcinoembryonic Antigen-Related Cell Adhesion Molecule 1 (CEACAM1)'
and CEA are only upregulated in 40

µM

SM senescent cells, but MMP10, MCP3,

MCP2, IL-10 Rα and activin A only in 10

µM

SM cells. Out of these, the MMP2-

and IP-10 upregulation was similar to the results described above.
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Figure 3.10: Senescence markers. a Representative images from both chromogenic (PromoCell) and uorogenic (Cell Biolabs) SA-β-gal staining in MSCs 21 days after
40 µM SM exposure show a very high percentage of senescent cells with high
staining intensity compared to solvent controls. Flattening and enlargement
shown already in culture as well as by hematoxylin/eosin (H/E) staining. b
Loss of replicative potential shown by clonogenicity assay. Colonies formed and
stained with crystal violet could be observed for controls, but only single cells
for 40 µM SM senescent cells. After destaining with methanol, crystal violet
absorbance examined at 570 nm by plate reader and mean of controls set to
100 % (n = duplicates per group from ve independent experiments). Genes associated with c senescence biomarkers or d DNA damage and DNA repair were
tested 21 days after 40 µM SM exposure and compared to controls. After RNA
extraction from MSCs, a RT-qPCR assay was performed and fold regulation
of up- or downregulated genes (≥ 2.0 or ≤ -2.0 in combination with p < 0.05,
outside grey box) are shown as means (n = three independent experiments). e
The upregulation of p16INK4a and p21 was also observed using Western Blot.
Representative bands and expression levels are shown (n = four independent
experiments). Data are represented as Tukey boxplots; * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001. See also Figure 3.17.
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Figure 3.11: Senescence-associated increase in proinammatory factors. a and b The concentration of over 70 chemokines, cytokines and growth factors was determined
by Bio-Plex assays in cell culture supernatants and normalized for the cell
number (n = biological duplicates per group from three independent experiments). a Fold regulation of up- or downregulated factors (≥ 2.0 or ≤ -2.0
in combination with normalized concentrations above 20 pg/mL) of senescent
to non-senescent controls are shown. b Three factors showed an upregulation
in SM- but not in H2 O2 -exposed MSCs. c After RNA extraction from MSCs
at day 21 after exposure to 10 and 40 µM SM, 200 µM H2 O2 or solvent, a
RT-qPCR assay of a custom designed cytokine and chemokine gene panel was
performed and fold regulation of up- or downregulated genes (≥ 2.0 or ≤ -2.0
in combination with p < 0.05, outside grey box) are shown as means (n =
three independent experiments). d Cell culture supernatants were collected 21
days post-exposure and freshly transferred to glass slide based ELISA cytokine
arrays. Images were recorded with Odyssey scanner and spot intensities of 279
dierent factors calculated. After normalization with the positive controls, fold
regulation was calculated for each senescent cell type against control and fold
regulation of up- or downregulated factors are shown (≥ 2.0 or ≤ -2.0 in combination with normalized concentrations above 5 %; n = biological duplicates
per group from two independent experiments). Data are represented as Tukey
boxplots; * p < 0.05, ** p < 0.01, *** p < 0.001. See also Figure 3.18.
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3.3.3.4 Reduced migration and scratch closure ability of senescent cells and
inuence on healthy MSCs
Important properties of MSCs in wound healing are their migration capability. To
assess the migration potential, senescent and non-senescent MSCs were allowed to
migrate using the chemotaxis assay by IncuCyte. Images were recorded every two
hours (Figure 3.19a) and for statistical analysis, the migration at the endpoint of
the experiment was chosen and shown in Figure 3.12a (left). Non-senescent controls
showed a high migration potential of about 3, which means three-fold more migrated
cells than still present in the upper compartment. All senescent cells showed almost
no migration at all, with fewer cells in the lower than the upper compartment (< 1),
and was signicant, when compared to controls. Using a slightly dierent technique,

i.e.

a modied Boyden chamber, migrated cells were counted after 8 hours. Hereby

also a signicantly decreased migration was observed for the senescent cells in comparison to controls (Figure 3.12a, right).
The scratch assay was used to study if senescent MSCs are still able to close a
scratched area or wound. Moreover, dierent percentages of senescent cells were
added to non-senescent controls to see if they would change the time needed to close
the scratch. For this assay, the wound maker tool from IncuCyte was used, images
were recorded every 2 hours and scratch closure was analyzed as the percentage of repopulated scratched area by cells (Figure 3.18b). For comparison, the minimal time
to reach a 90 % scratch closure was calculated and results are shown in Figure 3.12b-

±

±

c. Between the non-senescent control (0 % senescent cells) with a minimal time of
49.4

for 10

±

±

40.9 h and the senescent cells (100 % senescent cells) with 97.5

µM

SM, 116

47 h for 40

µM

SM and 112

41 h for 200

µM

46.4 h

2 2

H O

the

scratch closure times were signicantly elongated by about 2-fold. The mixture of
90 % controls with 10 % senescent cells did not result in a signicant increase in the
minimal time, but with increasing percentages of senescent cells, the minimal time

µ

increased. This increase was signicant for the 50:50 mixture of all senescent cells
with controls and for 25 % 40

M SM with 75 % control.

To understand the underlying mechanisms of this migration and scratch closure reduction, gene expression related to cell motility and wound healing was evaluated by
RT-qPCR (Figure 3.12d, Table 3.2). Wound healing related genes besides COL3A1
(see 3.3.3.2) such as `TIMP metallopeptidase inhibitor 1 (TIMP1)'; `integrin,
(ITGA2)'; `transforming growth factor,

α

α

2

(TGFA)' and `cathepsin K (CTSK)' were

upregulated between 2- and almost 4-fold in 40

µM

SM senescent cells compared to

controls. The motility related `Rho family GTPase 3 (RND3)' was upregulated 2fold. Downregulated by more than 2-fold were `transgelin (TAGLN)'; `ezrin (EZR)'
and `actin, beta (ACTB)'.
Senescent cells secrete a variety of proinammatory factors and their conditioned
medium increased the migration of tumor cell lines [Minieri et al., 2015]. Thus, the
inuence of conditioned medium onto the migration of healthy low-passage MSCs
was studied using the IncuCyte microscope (Figure 3.18c). For statistical analysis,
migration at the endpoint was chosen and shown in Figure 3.12e.

The migration

towards pure conditioned medium (100 %, left side) was signicantly higher when
derived from all senescent cells in comparison to non-senescent controls. To reduce a
possible nutrient deciency in the conditioned medium, it was mixed with the same
volume of fresh medium (50 %, right side). Using this set-up, only the conditioned
medium from 10

µM SM senescent cells resulted in a signicant increase compared to

medium from controls, but for all a tendency towards an increased migration could
be shown.
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Figure 3.12: Senescence-associated decreased migration and scratch closure. a Senescent
cells showed a signicant reduction in migration using IncuCyte migration (left)
as well as modied Boyden chamber assay (right). Left: Dierent cells in FBSreduced medium in inserts migrated towards the reservoir plate lled with standard medium. For normalization, the conuence on the bottom was divided
by the conuence on the top for each time point and results are shown after
160 h (n = up to 8 biological replicates per group from three independent experiments). Right: Cells were added to the Boyden chamber and incubated for
8 hours, xed, stained with DAPI, and migrated cells were counted. Migration
was normalized to the mean of controls (n = 3 biological replicates per group
from three independent experiments). b and c Increasing amounts of senescent
cells were added to non-senescent controls to observe the inuence on scratch
closure (0 % = only non-senescent solvent controls, 10 % = 10 % senescent
cells + 90 % controls, and so on). b Scratch assay was performed using the
wound maker and IncuCyte microscope, and the minimal time of 90 % scratch
closure was determined (n = up to 8 biological replicates per group from four
independent experiments). c Representative images at t = 24 h (top right 50 %
and top bottom 10 % 40 µM SM, blue initial scratch and yellow cell-free area).
d Genes associated with wound healing and cell motility were tested in 40 µM
SM exposed senescent and non-senescent cells. After RNA extraction from
MSCs, a RT-qPCR assay was performed and fold regulation of up- or downregulated genes (≥ 2.0 or ≤ -2.0 in combination with p < 0.05, outside grey box)
are shown as means (n = three independent experiments). e The migration
of healthy MSCs was increased towards conditioned medium from senescent in
comparison to that from non-senescent (control) cells. Conditioned medium
was added into the reservoir plate (left) or diluted half and half with culture
medium (right). For normalization, the conuence on the bottom was divided
by the conuence on the top for each time point and results are shown after
188 h (n = up to 8 biological replicates per group from three independent experiments). Data are represented as Tukey boxplots; * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001. See also Figure 3.18.
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Table 3.1: LC50 values for senolytic drugs. LC50 values including the 99 % condence intervals for senolytic drugs after treatment for 5 days and 24 hours. Italic values in
brakes reect calculations but are above solubility limit
Drug
Treatment control
10 µM SM
40 µM SM
200 µM H2 O2

±
±
±
±
±
±
±
±
±
±
±

17-DMAG [nM]

5 days

118

17-DMAG [nM]

24 hours

31,041

ABT-263 [µM]

5 days

31.6

ABT-263 [µM]

24 hours

58.1

ABT-737 [µM]

5 days

115

Antimycin A [µM]

5 days

560.9

Dasatinib [nM]

5 days

152

Dasatinib [nM]

24 hours

1,690

Etomoxir [µM]

5 days

544

FOXO4-DRI [µM]

5 days

44.4

Quercetin [µM]

5 days

116.0

13

±
±
±
±
(1,054 ± 315)
±
±
±
±
±
±
460

2,573

0.5
1.6

11
92.3

25
813

21
1.8
8.7

66

59,457

6,661

36.1

2.2

48.9

0.9

513.3

39.8

2,259

362

20,773
568

53.1

7,103

17

2.3

104.1

5.4

±
±
±
±
(2,364 ± 1,403)
±
±
±
±
±
±
510

68

44,276

5,408

33.8

1.5

43.4

1.2

613.3

61.5

3,692

742

11,633
584

4,131

17

57.7

2.1

121.1

7.6

±
±
±
±
(8,536 ± 12,628)
±
±
±
±
±
±
1,911

148

42,871

3,036

33.1

0.3

41.7

0.9

586.4

99.6

1,543

604

24,457
555

8,867

23

56.4

177.2

2.3

10.6

3.3.3.5 Elimination with senolytic drugs
Since senescent cells display various detrimental properties, their targeted and specic elimination might result in improved wound healing, as shown before [Demaria
et al., 2014].

A total of eight dierent drugs described as senolytics in the liter-

ature were used in increasing concentrations to determine the half-maximal lethal

50 )

concentration (LC

in senescent (10 and 40

µM

SM or 200

µM

2 2

H O ) and non-

senescent control MSCs. The senolytics applied were from dierent groups. Etomoxir
and antimycin A target dierences between senescent and non-senescent cells in cell
metabolism [Dörr et al., 2013]; dasatinib and quercetin are kinase inhibitors [Zhu
et al., 2015]; ABT-737 and ABT-263 are inhibitors of anti-apoptotic BCL proteins [Chang et al., 2016, Yosef et al., 2016]; FOXO4-DRI is a synthetic peptide
which inhibits the interaction between FOXO4 and p53 [Baar et al., 2017]; and 17DMAG is a HSP90 inhibitor [Fuhrmann-Stroissnigg et al., 2017]. First, viability was

50

tested 5 days after the exposure to senolytics and the LC
condence intervals are shown in Table 3.1.

values including 99 %

None of the tested drugs showed the

desired specicity, while ABT-263, antimycin A, etomoxir and quercetin seemed to
aect all cells almost equally with mostly overlapping condence intervals around the

50 .

LC

By contrast, the other tested substances,

i.e.

17-DMAG, dasatinib, ABT-737

and FOXO4-DRI, displayed a higher specicity for non-senescent cells, based on the

50

lower LC

value than senescent cells. In our hands, ABT-737 was not even able to

reduce the viability of senescent cells until the limit of solubility was reached. Since
senolytics might not be able to persist and act for as long as 5 days, a shorter time period of 24 hours was additionally used for three selected substances and the reduced
time span resulted in a tolerance to overall higher concentrations. The substances
17-DMAG and dasatinib showed a comparable result as the non-senescent controls
were still more aected. Surprisingly, the reduced time span resulted in the desired

50 value for all three senescent cell

eect for ABT-263 with a signicantly reduced LC

types compared to non-senescent controls (Table 3.1). The comparison between the
time points is shown in Figure 3.13 and other senolytics in Figure 3.20.

3.3.4 Discussion
Here we provide insight into a novel pathomechanism after SM exposure, the chronic
senescence in human MSCs as possible contribution to the chronic wound healing disorder. Our results show a concentration- and time-dependent senescence induction
after single dose SM exposure with deep senescence from 10 to 40

60

µM

SM 21 days
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Figure 3.13: Elimination with senolytics. The selectivity towards senescent cells of literature reported senolytic drugs was tested. Senescent and non-senescent (control)
MSC were treated with increasing concentrations of ABT-263, 17-DMAG or
dasatinib for 5 days or 24 h. Viability was assessed by XTT assay and normalized for each cell type to the corresponding solvent controls (n = 4 biological
replicates per group from two or three independent experiments). Data are
represented as linear regression including 99 % condence intervals. See also
Figure 3.20.
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later, recorded as intense SA-β-gal staining of all cells. This senescence was chronic
for 40

µM

SM induced MSCs, since they were still fully senescent even 24 weeks

after exposure. As a proof of principle, senescence could also be induced in commercially available adipose tissue derived MSCs. Moreover, senescence could be induced
by continuous treatment with lower SM concentrations, and the senescence phenotype by SA-β-gal staining was comparable to MSCs exposed to alkylating cytostatic
drugs [Collado et al., 2007] as well as to ionizing radiation [Alessio et al., 2015] in
accordance with published studies.

For comparison, solvent controls were used as

non-senescent MSCs for further studies, since they kept their replicative potential
and showed replicative senescence only at passages way higher than those used in
experiments, and exposure to 200

µM

2 2

H O

was used as a positive senescence in-

duction control [Brandl et al., 2011]. Our results also suggest that SM exposure of
MSCs results primarily in senescence for lower concentrations (up to 40

µM),

while

higher concentrations mainly lead to apoptosis, as determined by annexin V. This
is in line with previous ndings of our group revealing that likewise, up to 40

µM

SM exposure did not elevate levels of cleaved caspase-3, caspase-8, PARP p85 and
apoptosis-inducing factor within 48 h [Schmidt et al., 2018a].

2 2

In contrast, H O

exposure resulted in both senescence and apoptosis for the applied concentration,

2 2

already suggesting dierences between SM- and H O -induced senescence.
Since senescence was already shown to be induced by unresolved DNA damage
[Sedelnikova et al., 2004] or ROS [von Zglinicki, 2002], it is not surprising that SM
also leads to senescence, as it results in various DNA and RNA mono-alkylation
adducts and crosslinks [Zubel et al., 2019] as well as the formation of oxygen free
radicals [Brimeld et al., 2012].

Moreover, rst hints of senescence are described

as reduced telomere length in SM exposed Iranian veterans [Behboudi et al., 2018,
Behravan et al., 2018] and our group has already discovered acute senescence after SM
treatment [Schmidt et al., 2018a]. Concluding that the blister-inducing concentration
of SM is about 150

µM

[Smith et al., 1993] and only 16 % reaches the circulation

[Cullumbine, 1947], this would result in low plasma levels. Even 10

µM SM induced a

chronic senescence in MSCs, which highlights a possible transferability of our results
to

in vivo

scenarios.

The chronic senescence induced by SM was substantiated by various biomarkers.
SA-β-gal positive cells could be easily determined by ow cytometry using a uorogenic substrate, a convenient and unbiased technique. Higher area and side scatter
values are in line with the observed increase in cell size and granularity already during culture and H/E staining. Our results also show loss of proliferation in senescent
cells determined by reduced colony forming potential. Signicantly elevated levels of

INK4A were detected both on the protein and mRNA level, a key regulator of in
vitro senescence in human cells. It is absent in unstressed tissues of young animals
p16

but highly expressed after certain stresses occurring with tumorigenesis, wounding or
aging [Sharpless and Sherr, 2015]. p21 also showed an increase, which was, however,
only signicant on mRNA level. The chronic senescence after SM exposure seems to
be maintained by a specic upregulation, including also CDKN2B, MDM2, CREG1,
COL3A1, SPARC and GADD45A, or downregulation, including CHEK1, CDK2,
CDKN2C, CCNA2, CCNB1 and RBL1, of cell cycle regulators.

Additionally, the

persistently upregulated DDR was found in senescent MSCs before [Minieri et al.,
2015], which is in line with our results. Almost all DNA repair mechanisms showed
dierences, but interestingly, most aected genes seem to be involved in the homologous recombination repair of DNA double strand breaks including XRCC2 and
EXO1 upregulation and H2AFX, RAD51, BRCA1, BARD1 and BRIP1 downregulation. This gene expression pattern may include some dierences to other senescent
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cells, which would provide interesting new insight into SM-induced senescence in
MSCs.
Another essential biomarker is SASP, a term for the senescence-specic secretome
[Coppé et al., 2008].

The quality and quantity of SASP factors show dierences

between cell lines, tissues, species, initial senescence inducing strategies and time
after senescence induction [Borodkina et al., 2018].

Not only cellular senescence

itself but also the SASP is hypothesized to be a dynamic process, divided into (1)
acute factors (within 36 h), (2) early phase (initiation of senescence up to ten days
later) and (3) the chronic phase (mature SASP, after two to three weeks).

The

secreted factors are thought to create a proinammatory tissue environment as a
paracrine eect and reinforce senescence by autocrine eects, which is inuenced
by positive feedback loops and various complex regulatory mechanisms [Malaquin
et al., 2016, Borodkina et al., 2018].

Our results clearly show the upregulation of

various proinammatory factors following senescence development. TECK, sTNFR1, OPN, gp130, eotaxin-3 and 6Ckine could be considered as late factors. Moreover,
MIF, MCP-1, IL-8, IL-6, Gro-α, ENA-78 and BAFF could be considered as constant
factors since they were upregulated during various time points. Out of the factors
considered as SASP core for any cell undergoing senescence [Coppé et al., 2008],
IL-6, IL-8, Gro-α and MCP-1 but not GM-CSF were also found upregulated in our
study. Our results do not conrm GM-CSF as a SASP core factor, which may result
from SM as a novel senescence inducer or by human MSCs used as cell type. The
absent upregulation of anti-inammatory cytokines like IL-4, IL-10, IL-13 or IL-35, as
typically seen in SASP, is also in line with literature data [Byun et al., 2015]. The late
factors are of special interest since they correlate with deep or chronic senescence. For
example, OPN is important in immune functions acting as an immune modulator to
promote cell recruitment to inammatory sites, as an adhesion protein involved in cell
attachment and wound healing, mediating cell activation and cytokine production,
and promoting cell survival as an anti-apoptotic factor [Wang and Denhardt, 2008].
Moreover, the three factors sTNF-R1, CXCL12 and eotaxin-3 seem to be upregulated

2 2

in SM-induced, but not in H O -induced senescent cells, which makes them the most
interesting factors determined in our study. While sTNF-R1 and eotaxin-3 are not yet
described as SASP factors, the literature already displays an importance of CXCL12
in MSCs, senescence and wound healing. CXCL12 is important in angiogenesis and
inammation, and suppression of its activity was suggested to improve scar-free
wound healing [Willyard, 2018].

It is constitutively expressed by MSCs, where it

is responsible for the retention of hematopoietic progenitor and stem cells [Janssens
et al., 2018] and CXCL12 was largely expressed in senescent tumor cells where it was
related to cancer cell migration and metastasis [Kim et al., 2017]. Further research
is needed to prove our ndings and unravel the underlying mechanisms, eventually
resulting in new targets for SM therapy.
Our results show that senescent MSCs have a signicantly reduced migratory ability, which was also seen in irradiation induced senescent MSCs [Carlos Sepúlveda
et al., 2014]. Migration of MSCs is a very important characteristic, since it is essential for homing to damaged tissue in order to trigger wound healing

in vivo

[Wang

et al., 2014] and this reduction may explain part of its disturbance after SM exposure.
Supporting this, the reduced migration resulted in decreased scratch closure ability
modeling the wound healing

in vitro.

2 2

Our results showed not only that SM or H O

induced senescent MSCs needed signicantly more time to close the scratch, but also
the mixture of 50 % senescent with 50 % non-senescent cells resulted in a signicant
increase in scratch closure time. This might imply that even a fraction of senescent
MSCs might be sucient to result in the wound healing disorder, since it is unrealis-
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tic that all MSCs of an SM exposed victim would become senescent. A panel of cell
motility and wound healing genes was analyzed to gain more insight into the underlying mechanisms. In extracellular matrix participating mRNAs of TIMP1, integrin

α-2, TGF-α, COL3A1 and cathepsin K were upregulated.

The reformation and reor-

ganization of extracellular matrix during wound healing is essential, for example by
providing a provisional matrix for the migration of keratinocytes [Thiruvoth et al.,
2015]. Genes involved in the actin cytoskeleton also seem to play a role in SM induced senescence, since ezrin, its linker to the plasma membrane, the cross-linking
transgelin as well as

β-actin

itself were found to be downregulated while Rnd3, the

regulator in response to extracellular growth factors, was upregulated.
ments as major cell cytoskeleton play important roles in wound healing

Actin la-

in vivo,

by

establishing the initial plug of the wound, where it accumulates at the wound edge,
and during remodeling [Abreu-Blanco et al., 2012].
The conditioned medium of senescent cells containing the SASP factors in general and of MSCs in particular was shown to signicantly enhance the migration of
solid tumor-derived cell lines [Minieri et al., 2015]. In our study, we found that the
conditioned medium of senescent cells, in contrast to conditioned medium of control
cells, enhanced the migration of `healthy' early-passage MSCs. First, this may seem
benecial, since migration is a key property of MSCs [Wang et al., 2014], but on
a closer look the healthy MSCs may be more attracted to home to senescent cells
than to the site of tissue injury, therefore resulting in prolonged or disabled wound
healing. Moreover, a paracrine transmission of senescence is proposed [van Deursen,
2014], already shown for replicative senescent MSCs [Severino et al., 2013], and thus
healthy MSCs might also turn senescent by the `bystander eect' [Nelson et al., 2012]
resulting in a negative feedback loop.
Taken together, all these detrimental eects of SM-induced MSCs might contribute
to the wound healing disorder. Therefore, a treatment using senolytic drugs to selectively eliminate such senescent MSCs would be a novel treatment option.

Re-

cent studies raised hopes for regenerative medicine or aging, since the application of
senolytic agents was successfully performed in animal studies and intermittent short
treatments will have low to no risk of side eects because senescent cells are unlikely
to develop drug resistance as they do not divide [Tchkonia et al., 2013, Zhu et al.,
2015]. Moreover, senescent cells are increasingly linked to chronic wounds and application of senolytics is discussed as a possible treatment option [Wilkinson and Hardman, 2020]. In our study, none of the eight senolytic drugs antimycin A, etomoxir,
dasatinib, quercetin, ABT-263, ABT-737, FOXO4-DRI and 17-DMAG showed the
expected senescence specic eect on cell viability when applied over 5 days. Since
ABT-263 exposure of one day revealed a senolytic eect in MSCs [Grezella et al.,
2018], we additionally tested ABT-263 as well as 17-DMAG and dasatinib with a 24
h exposure. While 17-DMAG and dasatinib were comparable to the longer exposure,
ABT-263 exposure of 24 h resulted in the expected lower LC

50 values of senescent in

contrast to non-senescent MSCs. We therefore propose ABT-263 as a possible drug
candidate.
In conclusion, we demonstrated chronic senescence in human MSCs already after
SM single dose exposure. These are impaired regarding proliferation and migration,
secrete a variety of proinammatory cytokines, possibly attract healthy MSCs and
may render them senescent. The SM induced senescent MSCs, unable to full their
regenerative role, may contribute to the wound healing disorder.

An innovative

treatment strategy for SM might be the selective clearance of senescent cells by
senolytic drugs, an approach in which ABT-263 showed initial potential. Moreover,
due to the mechanistic similarity of SM with alkylating cytostatic drugs, our results

64

CHAPTER 3.

RESULTS

may also be of interest for therapy-induced senescence (TIS) in cancer patients as
well as for the treatment of age-related diseases.

3.3.5 Materials and Methods
3.3.5.1 Isolation and subcultivation of MSCs
Human mesenchymal stem cells (hMSCs, henceforth termed MSCs) were isolated
from bone marrow of femoral heads, which were donated in the context of total
endoprosthesis of the hip joint. They were obtained after obtaining informed consent from patients at the HELIOS Amper Hospital in Dachau, Germany, or Wolfart
Hospital in Gräfelng, Germany. All experiments with human cell material was performed according to authorization of the ethics committee of Ludwig Maximilian
University Munich, Germany, and treated as well as disposed according to the requirements of a BioSafety II laboratory. For the experiments, 99 femoral heads were
used from donors between 50 and 89 years (mean age 71 years; 46 % male and 54 %
female).
Bone marrow was scraped from the femoral heads using a sharp curette (Allgaier
Instrumente GmbH, Frittlingen, Germany), and MSCs were released from trabecular
bones by agitation into stem cell medium (HyClone

TM

minimum essential medium

[MEM] alpha modication [GE Healthcare Bio-Sciences Austria GmbH, Pasching,

®

Austria], 20 % [v/v] fetal bovine serum [FBS], 400
cillin, 100 U/mL streptomycin [all Gibco

µM L-glutamine, 100 U/mL peni-

by Thermo Fisher Scientic, Waltham,

USA]). For separation, the suspension was ltered through a 70

µm cell strainer (BD

FalconTM by Corning, Inc., Corning, USA), and a density gradient centrifugation

TM

was performed using Ficoll-Paque

Plus (GE Healthcare, Chicago, USA) overlaid

with the cell suspension for 30 min at 660 x g, with the brake switched o. MSCs
were enriched in the interphase, which was washed once with stem cell medium and

°

centrifuged at 522 x g for 5 min and plated onto 90 mm cell culture dishes (VWR
International, Radnor, USA). Cells were incubated at 37

2

sphere containing 5 % CO

C in a humidied atmo-

(Thermo Fisher Scientic, Waltham, USA). After two

days, a medium exchange was performed to eliminate hematopoietic cells.

®

®

MSCs

were further cultured and passaged at about 60 % conuence.
Passaging was performed with StemPro

Accutase

Cell Dissociation Reagent

(Life Technologies, Carlsbad, USA) for 5 min in the incubator after washing once
with PBS. The cell suspension was diluted in medium, pelleted at 522 x g for 5
min, resuspended in fresh medium and counted with Neubauer improved counting

2

chamber (NanoEnTek Inc, Seoul, Korea). Cells were replated at 2,000 cells per cm

in fresh medium. Start of experiments was performed up to passage #3. To obtain
the best possible comparability, cells were never frozen but instead always used fresh,
and plastic labware as well as medium components were kept constant.

3.3.5.2 Identication of isolated MSCs
Cells were stained with ve dierent cell surface markers and analyzed via ow
cytometry. Briey, a suspension of 50,000 to 500,000 cells of a low passage number
in 1 mL culture medium was stained with the following labeled antibodies for 15 min
at room temperature: CD14-FITC (5
(1

µL),

CD105-PerCP-Cy5.5 (1

µL)

µL),

CD34-PE-Cy7 (1

and CD106-APC (5

µL;

µL),

CD45-APC-Cy7

all Becton Dickinson,

Franklin Lakes, USA). An unstained as well as an isotype control using the following
labeled antibodies was included: IgG2κ-FITC (5
APC-Cy7 (5

µL),

IgG1κ-PerCP-Cy5.5 (20

µL)

µL), IgG1κ-PE-Cy7 (5 µL), IgG1κand IgG1κ-APC (20 µL; all Becton

Dickinson, Franklin Lakes, USA). After staining, cell suspension was washed once,

65

CHAPTER 3.

RESULTS

resuspended in annexin binding buer (Becton Dickinson, Franklin Lakes, USA)
and analyzed with BD FACSCANTO Flow Cytometer (Becton Dickinson, Franklin

-

-

-

+

+

Lakes, USA). MSCs are dened as CD14 /CD34 /CD45 /CD105 /CD106 .
Moreover, MSCs were also characterized by their potential to dierentiate into
osteocytes and adipocytes. Therefore, 3.15 x 10

4 cells per cm2 were seeded onto cov-

erslips in 4-well plates. Dierentiation medium (PromoCell, Heidelberg, Germany)
was changed every two to three days for 21 days for osteogenic and 14 days for adipogenic dierentiation, respectively. Calcium-rich areas were stained with alizarin
red S (Sigma-Aldrich, St. Louis, USA) and lipid drops with Sudan-III (Bio-Optica,
Milano, Italy), both with hematoxylin nuclear staining (Bio-Optica, Milano, Italy).

3.3.5.3 Viability assessment after hydrogen peroxide exposure
MSCs were plated at 40,000 cells per well in two 24-well plates (Greiner AG, Kremsmünster, Austria) including medium control and grown overnight.

2 2

cells were exposed to increasing concentrations of H O

2 2

solvent control for 5 days. The 30 % (w/w) H O

The next day,

(0.2  80,000

µM)

as well as

2

solution in H O (Sigma-Aldrich,

St. Louis, USA) was pre-diluted in ultra-pure water and nally diluted in culture
medium. Afterwards cells were washed once with PBS and XTT staining solution
(Sigma-Aldrich, St. Louis, USA) was prepared by mixing 5 mL XTT labeling reagent
with 100

µL

electron-coupling reagent per plate. Cells were incubated with 400

medium and 200

µL

µL

XTT staining solution, and absorbance was determined at 450

nm with a reference set at 630 nm.

Background absorbance was removed using

wells only containing medium and viability was normalized to solvent controls. This

i.e.

experiment was performed six times independently (

with cells obtained from six

individual donor materials).

3.3.5.4 Induction of senescence by sulfur mustard and hydrogen peroxide
exposure
Cells were used up to passage three for senescence induction and up to seven days
after last plating (about 70 % conuence). Therefore, cells were grown in T175 asks
(Greiner AG, Kremsmünster, Austria).
SM (bis-[2-chloroethyl]sulde; purity > 99 %, conrmed by NMR) was made available by the German Ministry of Defense. For the initial senescence induction study,
SM concentrations of 1, 10, 20 and 40
40

µM

µM,

while for later experiments only 10 and

were used. SM was pre-diluted in pure EtOH and nally diluted in culture

medium with a maximum of 0.5 % EtOH. Solvent controls were treated with the

2 2 was used as positive senescence control at 200 µM
% (w/w) H2 O2 solution in H2 O (Sigma-Aldrich, St.

same volume of pure EtOH. H O
nal concentration.

The 30

Louis, USA) was once pre-diluted and nally diluted both in culture medium.

2 2 exposed cells, culture medium was changed once a week without

For SM and H O

passaging of the cells.

2

2,000 cells per cm .

Solvent controls were sub-cultured once a week by plating

Senescent (10

µM

SM, 40

µM

SM and 200

µM

2 2

H O ) and

non-senescent cells (solvent control) were used for further experiments 21 days after
exposure unless otherwise stated.

3.3.5.5 Time- and concentration dependence of senescence induction by
SA-β-gal staining
After exposure to 1, 10, 20 and 40

µM SM or 200 µM H2 O2 , senescence development

was checked every third to fourth day using the senescence detection kit I (PromoCell, Heidelberg, Germany) according to manufacturer's protocol. To exclude false
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positive staining, cells were plated at the same density one day before staining onto
cover slips in 4-well plates. Briey, 10,000 cells were grown overnight on coverslips
in 4-well plates, washed once with PBS and xed for 10 to 15 min at room temperature with the xative solution. Meanwhile, the senescence staining solution was
prepared by mixing 470
25

µL

µL

of staining solution, 5

µL

of staining supplement and

of 20 mg/mL X-gal in DMSO per well. Fixed cells were washed twice with

PBS and senescence staining solution was added and developed in the incubator
overnight. Additionally, cells were counterstained with nuclear fast red (Vector Laboratories, Inc., Burlingame, USA) for 10 min at room temperature and mounted

TM

with VectaMount

AQ mounting medium (Vector Laboratories, Inc., Burlingame,

USA) onto microscopy slides (Thermo Fisher Scientic, Waltham, USA). Senescence
development was monitored over a time period of four weeks.

The percentage of

senescent versus total cells was counted in three randomly selected images (mean of
20 cells per image) and was performed in three independent experiments.

3.3.5.6 Replicative senescence
To assess replicative senescence, MSCs were re-plated at 2,000 cells per cm

2

once

a week in asks or culture plates and onto coverslips for SA-β-gal staining (see
above). This was performed until the cells did not replicate anymore and no more
sub-cultivation was possible since all cells were used for staining. Experiment was
performed three times independently.

3.3.5.7 Stability of SM- and H2 O2 -induced senescence
The stability of the induced senescence by 10 and 40

µM SM as well as 200 µM H2 O2

was determined by SA-β-gal staining each ve weeks. Therefore, medium exchange
was performed once a week, and every ve weeks cells were passaged and 10,000 cells
each were used for staining while the remaining cells were further cultivated. The
last staining was performed 24 weeks after exposure and experiment was performed
three times independently.

3.3.5.8 Time- and concentration dependence of senescence induction in
commercially available MSCs
The same experiment as described in 3.3.5.5 was performed with commercially available normal human adipose-derived MSCs and the recommended MSC basal medium
plus MSC growth kit  Low serum (all from American Type Culture Collection
[ATCC], Manassas, USA). Briey, one vial was thawed, and cells were plated at

2

2,000 cells per cm

and subcultured once a week using the same procedure as for

bone marrow derived MSCs. After exposure to solvent control, 10 and 40

µM

or 200

µM

SM

2 2

H O , SA-β-gal staining was performed every 3 to 4 days up to day 31.

Experiment was performed two times independently.

3.3.5.9 Senescence induction by continuous exposure and other senescence
inducers
2 2 treatment induced senes-

It was also investigated whether continuous SM and H O
cence. Therefore, MSCs were exposed to 0.1
50

µM

β-gal

2 2

H O

µM,

0.5

µM

and 1

µM

SM as well as

two to three times a week and re-plated for sub-cultivated and SA-

staining once a week up to day 42.

independently.
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µM cisplatin, 50 µM melphalan or 50 µM bendamustine

(all Sigma-Aldrich, St. Louis, USA). Stock solutions of 40 mM cisplatin in DMSO,
33 mM melphalan in acidic EtOH and 40 mM bendamustine in ultrapure water were
prepared and then diluted in culture medium. Cells were irradiated at RT with a dose
rate of 1 Gy per min with 240 kV x-rays at 13 mA (YXLON Maxishot, Hamburg,
Germany) ltered with 3 mm beryllium for 10 min (10 Gy). SA-β-gal staining was
performed twice a week up to day 23 and the experiment was performed two times
independently.

3.3.5.10 Conuence and apoptosis
Cells were plated at 8,000 cells per well in a 24-well plate and incubated overnight.
The next day, cells were exposed to solvent or SM concentrations of 10
63

µM,

125

µM,

250

µM

and 500

µM

or 200

µM

2 2

µM,

40

µM,

H O . After one hour, annexin V

®

green reagent (IncuCyte by Sartorius, Göttingen, Germany) was added in a nal
dilution of 1:400. The plate was transferred into the IncuCyte

S3 Live-Cell Analysis

System (Sartorius, Göttingen, Germany) and after pre-warming, the rst image was
recorded about 1.5 hours after exposure.

Images were recorded every 2 h up to

276 h and the experiment was performed with 3 biological replicates per group and

®

three times independently. Conuence and apoptotic cells were determined by the
IncuCyte

S3 Software (Sartorius, Göttingen, Germany).

3.3.5.11 Cell morphology by HE staining

°

20,000 cells were plated onto coverslips in 4-well plates and grown overnight. After
washing once with PBS, cells were xed with 4 % PFA in PBS for 30 min at 4

C.

Slips were washed three times with PBS, once with ultra-pure water and stained
with 500

µL

Mayer's hematoxylin (Bio-Optica, Milano, Italy) for 5 min at room

temperature. To develop the staining, all wells were washed three times with 500

µL

tap water followed by once with ultra-pure water.

Eosin Y 1 % aqueous solution

µL

per well and stained for 3.5 min

(Bio-Optica, Milano, Italy) was added with 500

at room temperature. After washing twice with ultra-pure water, stained cells were
dehydrated by dipping the coverslips three times into 90 % EtOH and 12 times
into xylenes (Sigma-Aldrich, St. Louis, USA) and mounted onto microscopy slides
(Thermo Fisher Scientic, Waltham, USA) using Entellan Neu mounting medium
(Merck, Darmstadt, Germany).

3.3.5.12 Fluorogenic SA-β-gal staining and ow cytometric analysis
For uorogenic staining, 100,000 senescent or non-senescent cells were plated per
well into a 24-well plate and grown overnight.

Staining was performed with the

quantitative cellular senescence assay kit (Cell Biolabs, Inc., San Diego, USA) according to manufacturer's protocol.

Briey, culture medium was removed, 2 mL

of 1x cell pretreatment solution (1:1000 dilution of 1000x stock in culture medium)
was added and incubated for 2 h. After adding 10

µL

of 200x SA-β-gal substrate

solution directly to the cells, incubation was performed overnight.

®

After washing

three times with 3 mL PBS, one image was recorded using the IncuCyte

system

and afterwards, cells were detached, resuspended in PBS + 2 % FBS and 10,000
cells each analyzed with the ImageStreamX MarkII instrument (Luminex Corporation, Austin, USA). Software used for data acquisition was ISX and for data analysis
IDEAS (both Luminex Corporation, Austin, USA). The experiment was performed
three times independently.
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3.3.5.13 Dierences in gene expression via qRT-PCR
Non-senescent and 40

µM

SM-induced senescent cells each from three individual

donor materials were re-plated and three days later (

i.e.,

21 days post exposure)

detached by cell scraper (Greiner AG, Kremsmünster, Austria) directly into the
culture medium.

For cytokine gene expression analysis, 40

2 2

H O -induced senescent cells were additionally prepared.

µM

µM

SM and 200

Cells were pelleted and

total RNA was directly extracted according to manufacturer's protocol using RNeasy
Mini Kit (Qiagen, Hilden, Germany). Briey, the cell pellet was disrupted by adding
350

µL of buer RLT, vortexed for 1 min,

lysate was transferred into a QIAshredder

spin column (Qiagen, Hilden, Germany) and centrifuged 2 min at full speed. 350

µL

of 70 % EtOH was added to the homogenized lysate and mixed by pipetting. The
mixture was added to a spin column and centrifuged for 30 sec at full speed. The
column was washed three times, rst with 700
(30 sec) and third time (2 min) with 500

µL

µL

buer RW1 (30 sec) and second

buer RPE each.

Spin column was

centrifuged dry for 1 min at full speed. RNA was eluted twice with 20

°

µL

nuclease

free water (Qiagen, Hilden, Germany) for 1 min at full speed into a biopure 1.5 mL
tube (Eppendorf AG, Hamburg, Germany) and stored at -80

C.

RNA concentration was determined by NanoQuant with plate reader innite M200
Pro (Tecan Group AG, Männedorf, Switzerland). For each qRT-PCR plate, 500 ng

2

RNA were separately reverse transcribed into cDNA using RT

First Strand Kit

(Qiagen, Hilden, Germany) according to manufacturer's protocol. Briey, genomic

µL

DNA was eliminated with 2

buer GE, RNA and total volume of 10

°

µL

was

obtained with nuclease free water in 0.2 mL PCR-tubes (Eppendorf AG, Hamburg,
Germany). Mixture was incubated for 5 min at 42

C and then immediately incu-

bated on ice for at least 1 min. The reverse transcription mix was prepared by mixing
4
3

µL 5x Buer BC3, 1 µL Control P2,
µL RNase-free water per sample. This

°

2

µL

RE3 Reverse Transcriptase Mix and

mix was added to the 10

stopped by incubation for 5 min at 95

°

µL

elimination mix, mixed by pipetting, incubated for 15 min at 42

genomic DNA

C and reaction

C. All incubations were performed with the

°

Mastercycler nexus GX2 (Eppendorf AG, Hamburg, Germany). After adding 91

µL

RNase-free water to each tube, samples were stored at -20 C for a maximum of one
week.
The following RT

2

TM

Proler

PCR Arrays were used: Human Cell Motility, Hu-

man Cellular Senescence, Human DNA Damage Signaling Pathway, Human DNA
Repair, Human Wound Healing (Qiagen, Hilden, Germany). Additionally, a custom
designed array was used to detect various cytokine, chemokine or growth factor gene
transcripts (Qiagen, Hilden, Germany). For each plate, 102
plate was diluted with 1,284

µL

µL

of one cDNA tem-

nuclease free water and placed into the Freedom

Evo automated pipetting system with EVOware Standard software (Tecan Group

2

AG, Männedorf, Switzerland) together with one tube of RT

SYBR Green ROX

qPCR Mastermix (Qiagen, Hilden, Germany) and the PCR array plate. After extensive treatment with 7 % sodium hypochlorite (Carl Roth, Karlsruhe, Germany)
and washing with ultra-pure water of the tips, 1,350

µL

mastermix were added to

the diluted cDNA. The mixture was briey vortexed and for each well, 25

µL

of the

cDNA-mastermix mixture were added. Before, in between and after the addition,

®

tips were extensively washed with ultra-pure water. The plate was sealed and run
on Eppendorf Mastercycler

°

2

epgradient S realplex

with Mastercycler ep realplex

°

software (both Eppendorf AG, Hamburg, Germany) with initial activation of poly-

°

merase for 10 min at 95
60

C followed by 40 cycles of 15 sec at 95

C and 1 min at

C. Before data were exported, threshold was manually set to 200 and the drift

correction was activated for better comparison.
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three times independently.

T

C

values were exported and analyzed by GeneGlobe (http://www.qiagen.com/

geneglobe) using C

T cut-o of 30, RPLP0 housekeeping gene for normalization, fold

regulation cut-o of 2 and p-value cut-o of 0.05.

Shown are the fold changes of

senescent to control levels obtained.

3.3.5.14 Western blot

5

For western blots, senescent and non-senescent MSCs were plated at 10

cells per

well in 6-well plates, and two days later cells were extracted. Cells were washed three
times with PBS and 100

µL

extraction buer (6.25 mM Tris-HCl pH 7.5, 12.5 mM

NaCl, 2.5 mM EDTA, 1.5 % Triton X-100, one Complete Mini Inhibitor Cocktail
[Roche, Basel, Switzerland] and one PhosSTOP [Roche, Basel, Switzerland] in ultrapure water) were added per well and cell lysis performed for 15 min on ice. All further
steps were performed on ice. Cells were scraped using a cell scraper (Greiner AG,
Kremsmünster, Austria), cell suspension transferred into a centrifuge tube (Eppendorf AG, Hamburg, Germany), vortexed and disrupted by ultrasonic homogenizer
(Bandelin electronic, Berlin, Germany) three times for 10 sec, 0.3 interval and 30 %
intensity. To complete cell disruption, incubation in extraction buer was performed

°

for one hour in total with vortexing several times in between. Cell debris was elimi-

°

nated by centrifugation at full speed for 10 min at 4 C. Cell lysates were divided in
25

µL

aliquots and stored at -20 C.

µL loading buer (60 µL 4x protein loading
USA] and 40 µL 3.12 mg DTT [Sigma-Aldrich,

Cell lysates were denatured by adding 8
dye [LI-COR Biosciences, Lincoln,

St. Louis, USA] in ultra-pure water) per aliquot and incubation for 5 min at 95
Denatured cell lysates and 3

µL

TM

Cameleon

°

C.

Duo Pre-stained Protein Ladder (LI-

COR Biosciences, Lincoln, USA) were separated on NuPAGE 4-12 % Bis-Tris gels
1.0 mm x 10 wells with NuPAGE MES SDS Running Buer (both Novex by Thermo

®

Fisher Scientic, Waltham, USA) for 60 min at 50 mA using a Mini Gel Tank
(Invitrogen by Thermo Fisher Scientic, Waltham, USA). Immobilon
Membrane with 0.45

µm

-Fl PVDF

pore size (Merck, Darmstadt, Germany) was activated by

rinsing with methanol (Sigma-Aldrich, St. Louis, USA) and transfer was performed
with NuPAGE Transfer Buer and 500

µL

NuPAGE Antioxidant (both Novex by

Thermo Fisher Scientic, Waltham, USA) for 90 min at 100 V and 300 mA using
Mini Blot Module (Invitrogen by Thermo Fisher Scientic, Waltham, USA).
All subsequent steps were performed with gentle rocking and washing three times

®

with PBS-T (0.1 % Tween20 in PBS) for 10 min each.
for 30 min in Odyssey

Membranes were blocked

PBS Blocking Buer (LI-COR Biosciences, Lincoln, USA).

°

Primary antibodies were diluted in antibody diluent (Odyssey Blocking buer with
0.1 % Tween20) and membranes were incubated overnight at 4

C. The following

primary antibodies were used: Rabbit Anti-CDKN2A/p16INK4a (ab81278 abcam,
Cambridge, UK) 1:2,000, Puried Mouse Anti-p21 (556431 BD Pharmingen by Bec-

®

®

ton Dickinson, Franklin Lakes, USA) 1:250.

After washing, secondary antibody

IRDye

800CW Goat Anti-Rabbit (LI-COR

800CW Goat Anti-Mouse or IRDye

Biosciences, Lincoln, USA) were added 1:8,000 in antibody diluent for 90 min at
room temperature.

After washing, the membrane was developed on Odyssey Clx

with Image Studio software (LI-COR Biosciences, Lincoln, USA). For normaliza-

®

tion, anti-actin (sc-8432 Santa Cruz, Santa Cruz, USA) primary antibody was used
1:5,000 in antibody diluent and secondary IRDye

680RD Goat Anti-Mouse (LI-

COR Biosciences, Lincoln, USA) as described above. Samples of four independent
experiments were used.
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3.3.5.15 Clonogenic potential
1,000 cells of senescent and non-senescent MSCs were seeded per well in a 6-well

°

plate and grown without medium exchange for 10 days. After washing with PBS,
xation with 4 % PFA in PBS for 30 min at 4

C, again washing with PBS and

twice with ultra-pure water, colonies were stained with 1 mL of 1 % aqueous crystal
violet solution (Sigma-Aldrich, St.

Louis, USA) for 2 min at room temperature.

After extensive washing with ultra-pure water, plates were air dried and pictures of
colonies were taken with Nikon Eclipse TS100 microscope (Nikon, Minato, Japan).
Afterwards, each well was destained with 500
temperature and 150

µL

µL

methanol for 20 min at room

each were transferred to two wells of a 96-well plate and

absorbance at 570 nm was read by plate reader innite M200 Pro (Tecan Group
AG, Männedorf, Switzerland). The absorbance of ve independent experiments was
normalized to corresponding controls.

3.3.5.16 Migration analysis
1,000 senescent and non-senescent cells were seeded in their standard medium into

TM

a modied Boyden chamber with 24-well FluoroBlok
containing 8

cell culture insert system

µm pores (Corning, Inc., Corning, USA) in 24-well plates (BD FalconTM

°

by Corning, Inc., Corning, USA). Migration was performed for 8 h and cells were
xed with 4 % PFA in PBS for 30 min at 4 C. The membrane was cut, transferred
to a coverslip, and mounted using mounting medium containing 4,6-diamidino-2phenylindole (DAPI, Vectashield, Vector Laboratories, Inc., Burlingame, USA). The
number of migrated cells was counted microscopically (Nikon, Minato, Japan) with
three biological replicates per group and the experiment was performed three times
independently.
Migration was also assessed using the IncuCyte S3 system (Sartorius, Göttingen,
Germany).

Briey, senescent and non-senescent cells were detached, washed once

with PBS and resuspended in medium containing only 1 % FBS. 1,000 cells in 60

µL

were seeded per well into the IncuCyte ClearView insert plate (Sartorius, Göttingen,
Germany) containing pores of 8

µm

temperature for 20 min. Then, 200

diameter, and cells were left to settle at room

µL

standard culture medium containing 20 %

FBS was added per well into the reservoir plate (Sartorius, Göttingen, Germany).
The insert plate was put on top and imaging was started 30 min after placing into the
instrument and then every 2 h for 160 hours in total. Using the IncuCyte Chemotaxis
analysis software, a mask was designed to recognize cells at the top (non-migrated)
and bottom (migrated) of the insert-plate.

To exclude proliferation, the covered

area of the bottom was divided by the covered area of the top. The experiment was
performed with 8 wells per condition and three times independently.

3.3.5.17 Wound closure by scratch assay
17,000 cells in 200

µL

were seeded in total per well into an ImageLock 96-well plate

(Sartorius, Göttingen, Germany), left to settle at room temperature for 20 to 30
min and incubated overnight.

To study dierent fractions of senescent cells vs.

non-senescent cells, 10 %, 25 % and 50 % were added together with 90 %, 75 %
and 50 % non-senescent cells, respectively. The scratch was done with the IncuCyte
WoundMaker (Sartorius, Göttingen, Germany) according to manufacturer's protocol.
Briey, the WoundMaker was washed in sterile ultra-pure water and sterilized in
80 % EtOH, both for 5 min. Meanwhile, medium was aspirated and 100

µL

fresh

medium per well added. The plate was inserted into the WoundMaker and a uniform
700-800

µm

scratch was created simultaneously in all 96 wells.
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µL

aspirated, the scratched cells washed away twice with 100
nally 200

µL

fresh medium was added.

PBS per well and

The plate was placed into the IncuCyte

S3 (Sartorius, Göttingen, Germany) and rst image was recorded 30 min later, then

®

every 2 hours up to 234 hours. The WoundMaker was cleaned by a series of washing
steps with 0.5 % Alconox

(Sigma-Aldrich, St. Louis, USA), 1 % Virkon S (Antec

International Limited, Sudbury, UK), sterile ultra-pure water and 80 % EtOH each
for 5 min before storage. Using the IncuCyte Scratch Wound analysis software, a
mask was designed to recognize the wounded area as well as the cell-covered surface.
The percentage of the wound closure was determined with 8 wells per condition from
four independent experiments.

3.3.5.18 Secretome analysis by Bio-Plex
For the generation of the samples, MSCs were seeded at 2.1 x 10

4

2

cells per cm

in a 24-well plate and allowed to attach overnight. The medium was removed and
replaced with 600

µL

min, divided at 140

µL

2 2

°

C and 206 x g for 15

each in four 0.5 mL Protein LoBind Tubes (Eppendorf AG,

Hamburg, Germany) and stored at -80
and 28 after exposure.

C. Samples were taken at day 1, 7, 14, 21

The samples were analyzed using the Bio-Plex Pro

TM
Assay and Bio-Plex Pro

TM Human Chemokine 40-plex

Human Inammation 37-plex Assay (BioRad, Hercules,

USA) according to manufacturer's protocol.

®

°

fresh medium supplemented or not with EtOH / SM / H O .

Exactly 24 h later, the supernatant was centrifuged at 4

All incubation steps were performed

while plate was covered with provided aluminum foil at room temperature and at
850 rpm on IKA

MS3 digital shaker (IKA, Staufen, Germany).

were performed three times with 100

®

µL

HydroFlex (Tecan Group AG, Männedorf, Swiss). Briey, 50
per well into the Bio-Plex

Washing steps

wash buer per well using the wash station

96-well plate and washed.

described in cell culture medium and 50

µL

µL

beads were added

Standards were diluted as

were added per well as well as 50

of the samples generated. The plate was incubated for 1 h. After washing, 50

µL
µL

detection antibodies were added per well and incubated for 30 min. After washing,
50

µL SA-PE were added per well and incubated for 10 min.
µL assay buer by shaking

®

beads were resuspended in 125
analyzed by the Bio-Plex

After the nal washing,
for 30 sec. Plates were

200 System and Realplex software (BioRad, Hercules,

USA). The Experiment was performed in biological duplicates per group and three
times independently.

3.3.5.19 Secretome analysis by cytokine array
For sample generation, 42,500 non-senescent or senescent (10
200

µM

2 2

µM SM, 40 µM SM and

H O ) MSCs were seeded per well in a 24-well plate and grown overnight.

Medium was removed and replaced with 1,000

µL fresh medium.

After exactly 24 h,

the supernatant was removed, centrifuged at 24,696 x g at RT for 10 min and the
supernatant immediately used as sample.

®

All samples were analyzed with RayBio

Human Cytokine Antibody Array G-

Series 6, 7, 8, 9 and 10 (RayBiotech, Peachtree Corners, USA) according to manufacturer's instructions. Briey, array slides were transferred to RT and thawed for 15
min. Arrays were opened, cover removed and dried for 2 h in a laminar ow hood.

®

All incubation steps were performed at room temperature and with 850 rpm on
IKA

MS3 digital shaker (IKA, Staufen, Germany), while arrays were sealed with

provided adhesive lm for steps > 2 h or < 100

µL

per well. 100

µL

blocking solu-

tion (0.05 % Tween20 [Sigma-Aldrich, St. Louis, USA] in Odyssey Blocking Buer
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[LI-COR Biosciences, Lincoln, USA]) were added per well and incubated for 1 h.

°

After removal of blocking solution, samples as described above and culture medium

µL

as blank were added with 100

per well and incubated at 4

samples were removed, and arrays washed 3x for 5 min and 150

C overnight.

µL

The

Wash Buer I

(Wash Buer I concentrate 1:20 diluted in ultra-pure water) per well each.

Each

slide was submerged in Wash Buer I 2x for 10 min each. The last two steps were
repeated with Wash Buer II (Wash Buer II concentrate 1:20 diluted in ultra-pure
water). 70

µL

Biotin-conjugated anti-cytokines (stock reagent diluted with 300

µL

blocking solution) were added per well and incubated for 2 h. Arrays were washed

®

thrice with 150

µL

5 min. IRDye

800CW Streptavidin antibody (1:3,000 in blocking solution, LI-COR

Wash Buer I and twice with 150

µL

Wash Buer II each for

µL per Well and incubated for 45 min.
150 µL Wash Buer I, twice with 150 µL

Biosciences, Lincoln, USA) was added with 70
Slides were nally washed four times with

Wash Buer II each for 5 min and with removed frame in provided centrifuge tube
twice each with Wash Buer I and II for 10 min each. All glass slides were scanned
at 800 nm on Odyssey Clx with Image Studio software (LI-COR Biosciences, Lincoln, USA). The experiment was performed two times independently with biological
duplicates per group.

3.3.5.20 Generation of conditioned medium and assaying its inuence on
migration
Conditioned medium was generated like the supernatants for the secretome analysis.

6

Briey, 1.2 x 10

senescent or non-senescent cells were seeded per T75 cell culture

ask (Greiner AG, Kremsmünster, Austria). The following day, 20 mL fresh medium
was added to each ask and 24 h later, the conditioned medium was transferred to
a centrifuge tube (Greiner AG, Kremsmünster, Austria), centrifuged at 522 x g for

®

5 min and the supernatant ltered with 0.2
Radnor, USA) on SOFT-JECT

µm

syringe lters (VWR International,

°

syringes (Henke-Sass Wolf, Tuttlingen, Germany).

The ltered conditioned medium was divided in aliquots and stored at -80

C.

To assess the inuence of conditioned medium on the migration of healthy MSCs,
the IncuCyte migration tool was used as described above. Therefore, only untreated
low-passage MSCs were seeded in the insert plate and regular cell culture medium
or conditioned medium was added to the reservoir plate.

To reduce the potential

problem of nutrient deciency, also a mixture of 50 % conditioned medium with 50 %
cell culture medium was used. The plates were recorded every 2 h for 188 hours in
total.

The experiment was performed with 8 wells per condition and three times

independently.

3.3.5.21 Selective removal by senolytics
Non-senescent and senescent cells were seeded at 6,735 cells per well in a 96-well
plate (Greiner AG, Kremsmünster, Austria) including medium controls each for
background determination.

The following day, the cells were exposed to increas-

ing concentrations of senolytic drugs shown in Table 3.2 as well as solvent controls
for 5 d or 24 h.

Then cells were washed once with PBS and XTT staining solu-

tion (Sigma-Aldrich, St. Louis, USA) was prepared by mixing 5 mL XTT labeling

µL electron-coupling reagent per plate. Cells were incubated with
µL medium and 50 µL XTT staining solution and absorbance was determined at

reagent with 100
100

450 nm with the reference set to 630 nm. Background absorbance was removed using
wells only containing medium and viability was normalized to solvent controls. All
experiments were performed with 4 biological replicates per group and three times
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(except 17-DMAG and dasatinib 24 h each two times) independently.

3.3.5.22 Statistical analysis
Since the cells were isolated from dierent donors, dierences between independent
experiments somehow reect variations derived from age, sex, and other parameters,
which more closely resembles the biological nature than the use of immortalized cell
lines or pools of donor materials. Overall, the results were still comparable between
donors as previous studies showed [Schmidt et al., 2013].
Each experiment was repeated as indicated. The statistic software RStudio (version 1.2.1335 with R version 3.6.1) was used for statistical analysis and graphic
presentation (RStudio Inc., Boston, USA). For viability tests, non-linear regression
was performed and displayed as mean with 99 % condence interval.

Means and

smoothing function with 99 % condence intervals are displayed for representation
of SA-β-gal and IncuCyte results. Otherwise, Tukey boxplots and single data points
are shown.

qPCR results are shown as means only for fold regulations > 2.0 or

< -2.0 and p < 0.05.

Senescent cells were compared to controls by the unpaired

two-samples Wilcoxon test. P values < 0.05 were considered statistically signicant.
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3.3.7 Supplement
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Figure 3.14: Isolation, quality control, and viability after H2 O2 exposure of MSCs. a-h Isolation process of human MSCs from the bone marrow of femoral heads. a-c
Bone marrow was scraped from femoral heads using a sharp curette and MSCs
were dissolved by agitation into culture medium. d The suspension was ltered
through a 70 µm cell strainer and e density gradient centrifugation was performed using FicollTM overlaid with the cell suspension. f MSCs are enriched
in the interphase and g plated onto cell culture dishes after washing once with
medium. After two days, a medium exchange was performed, h MSCs were
further cultivated with medium exchange twice a week and passaged at about
60 % conuence. i Flow cytometric analysis of early-passage MSCs stained with
ve cell surface markers CD14-FITC, CD34-PE-Cy7, CD45-APC-Cy7, CD105PerCP-Cy5.5, and CD106-APC shows 95 % mesenchymal stem cells dened as
CD14- /CD34- /CD45- /CD105+ /CD106+ . j Adipogenic and osteogenic dierentiation was performed for 14 or 21 days, respectively. After xation, lipid
droplets of adipocytes were stained with sudan III (orange) and nuclear counterstain with hematoxylin (blue). Calcied areas of osteocytes were stained
with von Kossa (black) and nuclear counterstain with nuclear fast red (red). k
MSCs were exposed to increasing H2 O2 concentrations for 5 days, viability was
assessed by XTT assay and normalized to corresponding solvent controls. LC50
of 322.7 ± 11.4 µM H2 O2 was determined (n = 4 biological replicates per group
from ve independent experiments). Data are represented as linear regression
including mean ± SD (red dots and black error bars), single data points (blue
squares), and 99 % condence intervals (red ribbon).
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Figure 3.15: Senescence and apoptosis induction in MSCs by SM or H2 O2 exposure. a Percentage of SA-β-gal positive MSCs 1, 7, 14, 21, and 28 days post exposure to
SM, H2 O2 , or solvent control (n = three randomly selected elds per group from
three independent experiments). b Apoptosis was determined by Annexin V
green live staining and conuence by the area covered by cells using the IncuCyte microscope for 276 h in total every 2 h. After single dose exposure
to SM concentrations from 10 to 500 µM, solvent (EtOH), and positive control
(200 µM H2 O2 ), conuence and the number of apoptotic cells were determined.
Results are expressed as means and trend with 99 % condence interval (n =
three randomly selected images per group from three independent experiments).
Data are represented as Tukey boxplots; * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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Figure 3.16: Senescence induction by other agents. Representative images are shown. a
Replicative senescence was determined by passaging control cells once a week
until no replication occurred, which was observed with passage numbers of at
least 13 (n = three independent experiments). b Long-term senescence was
observed up to 24 weeks after exposure to 40 µM SM, whereas 10 µM SM and
200 µM H2 O2 exposed cells were partially able to escape the senescence and
start proliferating again (n = three independent experiments). c The same
senescence inducing concentrations were used on commercially available adipose tissue derived MSCs and their medium. SM-induced senescence could be
veried (n = two independent experiments). d Senescence could also be induced by a continuous SM exposure of 0.5 and 1 µM or 50 µM H2 O2 every 2-3
days, while 0.1 µM SM was not sucient (n = two independent experiments).
e The single dose 40 µM SM exposure resulted in a similar increase in SA-β-gal
positive cells over time, when compared with the dierent chemotherapeutic
drugs cisplatin (20 µM), melphalan (50 µM) or bendamustine (50 µM) as well
as after irradiation with 10 Gy (n = two independent experiments).
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Figure 3.17: Analysis of senescent cells using ow cytometry. Green uorogenic SA-β-gal
substrate was used to stain senescent cells and representative microscopic images are shown in Fig. 3.10a. After cell detachment, 10,000 cells each were
analyzed by ow cytometry. a The amount of SA-β-gal (FITC) positive cells
was determined for senescent and non-senescent (control) MSCs three weeks
post exposure and is shown representatively. b Three representative images of
FITC negative control and FITC positive 40 µM SM exposed cells are shown.
BF = brighteld (channel 1), FITC = (channel 2), SSC = Side scatter (channel
6). c Size determined by area mask of BF and granularity by bright detail intensity mask of SSC (n = three independent experiments). Data are represented
as Violin plots and Tukey boxplots; * p < 0.05, ** p < 0.01.
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Figure 3.18: Secreted factors in cell culture supernatants. Cell culture supernatants were
collected 24 h after cell seeding at dierent time points after SM, H2 O2 , or
solvent (control) exposure. The concentration of 72 chemokines, cytokines,
and growth factors was determined by Bio-Plex assays and normalized for the
cell number. Data are represented as means of normalized concentrations and
missing color indicates levels below the detection limit (n = biological duplicates
per group from three independent experiments).
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Figure 3.19: Dierences in migration and scratch closure. a Using IncuCyte chemotaxis
assay, dierent cells in FBS-reduced medium in inserts migrated towards the
reservoir plate lled with standard medium. Images were recorded for 160 h in
total every 2 h and for normalization, the conuence on the bottom was divided
by the conuence on the top for each time point (n = up to 8 biological replicates per group from three independent experiments). b Increasing amounts of
senescent cells were added to non-senescent controls and closure of a scratched
area was observed (0 % = only non-senescent solvent controls, 10 % = 10 %
senescent cells + 90 % controls, and so on). Scratch assay was performed using
the wound maker and IncuCyte microscope. Cells were continuously observed
for 234 h in total every 2 h, and the repopulated part of the initially wounded
area was determined (n = up to 8 biological replicates per group from three independent experiments). c Inuence of conditioned medium from non-senescent
(control) or senescent cells on the migration of healthy MSCs. Conditioned
medium was added into the reservoir plate (left) or diluted half and half with
culture medium (right). Additionally, regular culture medium was added (orange, left). Images were recorded continuously every 2 h for 188 h in total and
the conuence on the bottom was divided by the conuence on the top for each
time point (n = up to 8 biological replicates per group from three independent
experiments). Data are represented as means and trend with 99 % condence
interval.
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Figure 3.20: Additional senolytic drugs. The selectivity towards senescent cells of literature
reported senolytic drugs was tested. Senescent and non-senescent (control)
MSC were treated with increasing concentrations of a antimycin A, b etomoxir, c ABT-737, d quercetin, or e FOXO4-DRI for 5 days. Viability was
assessed by XTT assay and normalized for each cell type to the corresponding
solvent controls. Data are represented as linear regression including 99 % condence intervals (n = 4 biological replicates per group from three independent
experiments).
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Table 3.2: qPCR results. Genes with fold regulation >2.0 or <-2.0 and p values <0.05 of all
qPCR results

Gene

Fold regulation p value Cell type

ACTB

-2.1

0.004

40

BARD1

-3.6

0.004

40

BGLAP

2.1

0.036

40

BGLAP

2.0

0.042

200

BRCA1

-2.4

0.001

40

BRIP1

-4.8

0.002

40

CASP1

2.2

0.045

40

CCL1

2.1

0.001

40

CCNA2

-9.5

0.005

40

CCNB1

-11.4

0.006

40

CDK2

-2.6

0.027

40

CDK7

2.2

0.016

40

CDKN1A

3.8

0.007

40

CDKN1A

3.5

0.005

40

CDKN2A

2.3

0.002

40

CDKN2B

5.1

0.002

40

CDKN2C

-3.1

0.004

40

CHEK1

-2.5

0.005

40

CHEK1

-2.4

0.049

40

COL3A1

2.2

0.016

40

COL3A1

2.4

0.028

40

CREG1

2.1

0.038

40

CTSK

2.0

0.047

40

DDIT3

2.4

0.001

40

EXO1

2.0

0.047

40

EZR

-2.0

0.011

40

FEN1

-2.2

0.009

40

GADD45A

2.0

0.028

40

GADD45G

2.1

0.014

40

H2AFX

-3.0

0.008

40

IL26

2.3

0.041

40

IL6ST

2.6

0.029

200

ITGA2

3.1

0.040

40

MDM2

2.7

0.023

40

PMS1

3.1

0.040

40

RAD51

-3.7

0.013

40

RBL1

-2.3

0.020

40

RND3

2.3

0.010

40

SPARC

2.2

0.005

40

SPP1

3.5

0.001

10

SPP1

3.5

0.013

40

SPP1

6.6

0.001

200

TAGLN

-2.0

0.002

40

TGFA

2.0

0.006

40

TIMP1

3.9

0.034

40

TNFSF13

2.0

0.015

40

XAB2

-2.0

0.002

40

XPA

2.0

0.006

40

XRCC2

3.9

0.034

40
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4 Discussion and Outlook
Sulfur mustard, known since its rst deployment in 1917 by the German Army near
Ypres, is an alkylating chemical warfare agent [Joy, 1997]. Despite the ban of SM
and other chemical warfare agents by the CWC, which is now ratied by almost all
countries of the world [Organization for the Prohibition of Chemical Weapons, ], SM
is still a major threat in view of undestroyed stockpiles, the remaining barrels dumped
in the sea, and above all, the use by terrorists due to its easy synthesis [Pechura
and Rall, 1993, Steinritz et al., 2016c].

The recurrent use in Syria underlines the

topicality and terroristic potential of SM [Kilic et al., 2018, Sezigen et al., 2019, John
et al., 2019]. Not only has the use of chemical weapons by terrorists increased over
the last decade, but also for example members of the Russian opposition became
victims recently [Amend et al., 2020]. Despite greatest eorts, a causative antidote or
targeted therapy for SM is missing so far. Thus, the actual prevention is solely based
on protective equipment, and therapy after SM exposure is exclusively symptomatic.
Main target organs are also the lung and eyes, but the skin is most frequently aected
[Emadi et al., 2008]. The clinical picture is characterized by a latency phase without
symptoms up to 24 h, followed by the emergence of edema, inammation, blister
formation, and often a long hospitalization due to the prolonged persistence of ulcers
due to disturbed wound healing [Smith et al., 1997, Ghorani-Azam and Balali-Mood,
2015]. Higher concentrations of SM can also cause chronic ulcers, which currently can
only be treated by skin grafts [Schmidt et al., 2018b]. The main molecular toxicity
mechanism is attributed to the alkylation of DNA, resulting in strand breaks, and
if the damage is excessive and overwhelms eective DNA repair mechanisms, the
aected cells undergo apoptosis or necrosis [Kehe et al., 2009]. Blister formation is
currently associated by higher levels of matrix metalloproteinases, which degrade the
ECM, resulting in a disturbed epidermal basal membrane and separation of dermis
and epidermis [Ries et al., 2009].

Alternatively, vesication might be due to basal

keratinocyte cell death [Shakarjian et al., 2010]. So far, only little is known about
the long-term eects such as the wound healing disorder, which is the main medical
problem after SM exposure [Graham et al., 2002, Barillo et al., 2019].

Especially

the chronic wounds are a major challenge and treatments are urgently needed, not
only for SM victims, but also for diabetic or other ulcer patients. Additionally, an
important phenomenon witnessed in SM victims are the are-ups of previous and
already healed sites of exposure, when exposed again even at distant sites up to years
later. Although this phenomenon was already discovered in World War I [Sulzberger
et al., 1947], until now there is no mechanistic explanation, but only a suggestion
that there should be some kind of memory mechanism for SM exposure. Due to the
pleiotropic pathomechanism of SM at multiple cell types and target sites [Steinritz
et al., 2016a], antidote and/or therapy research is challenging but desperately needed.
Mesenchymal stem cells play an essential role in wound healing especially by selfrenewal, dierentiation into various tissue progenitor cells, and secretion of a variety
of cytokines, chemokines, and growth factors to stimulate other important regenerative cells such as broblasts, keratinocytes, and immune cells.

MSCs have a

huge migration potential, are capable of homing to damaged tissue, and demonstrate immunomodulatory and anti-inammatory properties [Walter et al., 2010, Nie
et al., 2011, Ren et al., 2012]. Therefore, the most important features of MSCs are
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determined by their ability to migrate, dierentiate, and secrete.

In view of the

fact that MSCs derived from chronic wound patients exhibited migration deciencies [Rodriguez-Menocal et al., 2012], the hypothesis was developed that SM wound
healing disorder may at least partly be caused by impaired MSCs.

Bone marrow

was identied as one of the most sensitive tissues regarding DNA crosslinks after
SM exposure [Yue et al., 2015], and SM victims exhibited bone marrow depletion
comparable with cytostatic treatment [Hassan and Ebtekar, 2002]. Initial studies determined that MSCs are highly resistant against SM,
higher LC

50

i.e., they have an about 40-fold

than keratinocytes. Interestingly, despite their high tolerance against

1

SM in terms of viability, even the LC

reduced the migration to about half of the

control level. In comparison, three-lineage dierentiation was not impaired [Schmidt
et al., 2013].
The chronic wound healing disorder after SM still would not be explained by these
results. Thus, chronic senescence in MSCs was postulated as a factor contributing
to SM induced chronic ulcers.

Senescence is associated with a variety of cellular

mechanisms such as wound healing, inammation, and age-related diseases [Jun and
Lau, 2010, Baker et al., 2011, Kearney et al., 2015]. It can be induced by telomere
shortening, DNA damage, or ROS, resulting in a permanent growth arrest. Senescent
cells are persistent and are not eliminated by the immune system. They secrete a
variety of proinammatory factors collectively known as SASP [Sharpless and Sherr,
2015]. Due to this, the SM induced senescence of MSCs could not only be the cause
of the problematic wound healing but would also explain the memory eect seen
after are-ups.

Hence, the main goal of the present work was to characterize the

SM-specic eects on MSCs, especially the SM-induced senescence.

4.1 Apoptosis resistance
The high tolerance of MSCs against SM in comparison to other cells might derive
from apoptosis resistance. The apoptotic related proteins cleaved caspase-3, caspase8, PARP p85, and apoptosis inducing factor showed comparable levels up to 48 h

µM SM [Schmidt et al., 2018a] (Chapter 3.2). In addition,
µM SM and showed concentration dependent increases from 62.5 to 500 µM SM all within 48 h post exposure [Rothmiller
post exposure to up to 40

annexin V remained at control levels up to 40

et al., 2021] (Chapter 3.3). Adult stem cells in general show high resistance against
apoptosis, probably because they are extremely important to generate progenitors
of all sorts of tissue cells in homeostasis and repair, and their depletion would be
fatal for the organisms [Liu et al., 2014].

Apoptosis and senescence may be initi-

ated by the same stressors, while higher damage levels might result in apoptosis and
lower levels in senescence with p53 as common regulator [Campisi and d'Adda di
Fagagna, 2007]. Bcl-2 overexpression or caspase inhibition may block apoptosis, and
thus shift to senescence [Ewald et al., 2010]. Further determination of the underlying mechanisms of initial senescence induction are therefore of great interest. Both
senescence and apoptosis pathway related proteins should be determined in a time
and concentration dependent manner in the future to unravel possible targets for
new therapeutics for SM-induced chronic wounds.

4.2 Persistent DNA damage response
Apoptosis resistance might also be derived from lower numbers of SM-DNA adducts.
Interestingly, adducts were detected from 40 to 1000
dent, while up to 10

µM

µM

SM concentration depen-

SM they were at background levels.
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SM exposure resulted in an increase in SM-DNA adducts up to a maximum between
1 and 4 h post exposure followed by a decrease.

The SM-DNA adducts were de-

creased to about the half of the maximum after 48 h showing a great ability of MSCs
to activate DDR [Schmidt et al., 2018a] (Chapter 3.2). It would be interesting to
see if MSCs display fewer SM-DNA adducts than for example keratinocytes, which
are more sensitive to SM [Schmidt et al., 2013]. Thus, the quantitative MS-based
method to measure these adducts would be suitable [Zubel et al., 2019] and should
be applied in future studies. This very sensitive approach uses an internal standard
with a detection limit of 0.1-0.75 fmol and quantication limit of 0.25-1 fmol equivalent to at least 0.1

µM

SM exposure in cell cultures [Zubel et al., 2019]. On the

one hand, MSCs may have mechanisms to better protect against DNA adducts or
a more ecient DDR response. On the other hand, they might be less sensitive to
these adducts by apoptosis resistance or senescence induction.
SM exposure resulting in DNA damage was previously shown to induce PARP

+ plays an important role
+
in SM toxicity, since PARylation depletes this coenzyme and thus NAD precursors

activation [Debiak et al., 2016,Mangerich et al., 2016]. NAD

may reduce SM toxicity [Ruszkiewicz et al., 2020]. Besides its already known role
in SM toxicity, PARP is also associated with aging, longevity, and inammation
[Mangerich and Bürkle, 2012].

In view of the results showing that SM induces

chronic senescence, PARP may also be an important key player in this process.
The proposed NAD

+

precursors such as niacin or PARP inhibitors such as olaparib

+

may be used as prophylactic or post-exposure treatment to increase NAD

levels,

decrease DNA damage by enhancing the repair through PARP, ultimately reducing
apoptosis and senescence [Debiak et al., 2016, Ruszkiewicz et al., 2020]. PARP1-3
themselves were not upregulated in SM-induced chronic senescent MSCs [Rothmiller
et al., 2021] (Chapter 3.3), but protein expression does not necessarily correspond to
activity. It also seems more plausible that PARP plays an important role during SM
induced DNA damage and thus in senescence initiation but only a subordinate role
in maintenance or chronic senescence. As a consequence, niacin and olaparib might
be most eective as prophylactic treatment or immediately after SM exposure.
Persistent DDR is also a major hallmark of senescence. Especially senescent cells
induced by DNA damaging agents show persistent DNA damage nuclear foci, also
called SDFs [Campisi and d'Adda di Fagagna, 2007] or DNA-SCARS [Rodier and
Campisi, 2011], which are enlarged foci in the nuclei harboring various DDR proteins such as

γH2AX

[Campisi and d'Adda di Fagagna, 2007]. These foci result in

an abnormal nuclear shape, which can be determined by a DNA dye staining like
DAPI. Nuclear staining showed concentration and time dependent loss of normal cell
nuclei pattern with already half of the nuclei abnormal 6 h post exposure to 40
SM [Schmidt et al., 2018a] (Chapter 3.2).

µM

This accumulation of abnormal nuclei

is in line with the persistent DDR detected in SM induced senescent MSCs, which
aects almost all DNA repair mechanisms but mainly double strand break repair by
homologous recombination [Rothmiller et al., 2021] (Chapter 3.3).

4.3 Reduced proliferation
Although apoptosis was not signicantly enhanced, a reduction of cell numbers after
exposure up to 40
proliferating,

µM SM was observed.

Thus, a concentration dependent decrease of

i.e., Ki67 positive, cells was observed, with less than 1 % proliferating

cells 48 h after exposure to 40

µM

SM [Schmidt et al., 2018a] (Chapter 3.2). The

loss of proliferation is one of the most important characteristics of senescent cells
[Sharpless and Sherr, 2015]. This is in line with a conuence reduction at 10 and
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SM exposure, even when apoptosis was not elevated [Rothmiller et al., 2021]

i.e.,

(Chapter 3.3). Moreover, the clonogenic potential,

the colony forming ability

from single cells, was signicantly reduced in senescent cells up to a complete loss of
cell divisions for MSCs rendered senescent by 40

µM SM exposure [Rothmiller et al.,

2021] (Chapter 3.3).

4.4 Senescence markers
The reduction of proliferation in combination with unaected levels of apoptosis but
with abnormal nuclear pattern was already a hint to senescence. An initial result
showed elevated expression of the senescence marker SA-β-gal in a concentration
dependent fashion 5 days post exposure [Schmidt et al., 2018a] (Chapter 3.2). SA-βgal positivity may be due to elevated lysosomal biogenesis [Dimri et al., 1995]. The
SA-β-gal positive MSCs detected at 5 days post exposure may still be in acute or
early senescence [van Deursen, 2014] and might be reversible. Thus, the senescence
induction by SM was determined by SA-β-gal staining in a time course study. Several
parameters needed to be optimized such as cell conuence for staining, timing for
passaging, exposure, and staining, and initial cell numbers.

Senescence induction

by SM was found to be concentration and time dependent, and already a single
dose exposure was sucient to induce chronic senescence [Rothmiller et al., 2021]
(Chapter 3.3).

This chronic senescence was established 21 days after single dose

exposure to SM concentrations of 10 and 40

µM.

Nevertheless, only 40

µM

SM

exposure resulted in the lack of proliferation even up to 24 weeks after exposure.
Moreover, continuous exposure to SM comparably resulted in senescence, but in
this setting already lower concentrations such as 1
controls,

µM

SM were sucient. Solvent

i.e., treatment with pure ethanol, were consistently used as non-senescent

cells at the same time points and showed replicative senescence not before passage 13,
while all experiments were performed with cells below passage 9. Additionally, the
time course experiment was replicated with commercially available adipose tissue
derived MSCs with a low-serum medium, and thus the SM-induced senescence could
be validated [Rothmiller et al., 2021] (Chapter 3.3).
Since SM had not been reported to induce senescence before, another substance
was used as reference, which was known to induce senescence in human MSCs. The
molecular toxicology of SM includes alkylation of DNA and induction of ROS, together proposed as main mechanisms [Kehe et al., 2009].

Therefore, a substance

was used that also induces ROS but does not alkylate DNA. This so-called positive
control should also induce senescence, but there might be dierences in the senescent
cells depending on the senescence inducing substance used. Since the main interest
was wound healing, additionally, a substance was used that does not induce chronic

2 2

wounds. Thus, hydrogen peroxide (H O ) was chosen, since it induced senescence
in MSCs [Brandl et al., 2011].

2 2

Moreover, H O

is not known to induce chronic

wounds, but in fact is even used as topical antiseptic and discussed for future use in

2 2
2 2

chronic wounds [Zhu et al., 2017]. Using H O , eects can be attributed specically
to SM, when they are not present in H O -induced senescence. Thus, we were able
to determine not only senescence specic but also SM specic eects in SM-induced

±

50

senescent MSCs were determined. After determining the LC
be 322.7

11.4

2 2

of H O

in MSCs to

µM, a single dose of 200 µM or continuous doses of 50 µM H2 O2

were

shown to induce chronic senescence [Rothmiller et al., 2021] (Chapter 3.3). Moreover, the accumulation of SA-β-gal positive cells after SM exposure was comparable
to ionizing radiation of 10 Gy or DNA alkylating chemotherapeutic drugs such as
melphalan, cisplatin, or bendamustine [Rothmiller et al., 2021] (Chapter 3.3).
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Thereafter, various other senescence markers were used for plausibility, since there
is still no unique senescence identier [van Deursen, 2019].

As mentioned before,

loss of proliferation, persistent DDR, and positive SA-β-gal staining were already
determined. Another key senescence marker is p16

INK4a , which is probably the most

reliable out of all and required for senescence persistence [Salama et al., 2014, He
and Sharpless, 2017]. p16

INK4a was elevated in SM induced senescent MSCs both on

protein and mRNA level [Rothmiller et al., 2021] (Chapter 3.3). Besides the cell cy-

INK4a , also p21 plays an important role in senescence initiation [He

cle regulator p16

and Sharpless, 2017].

p21 was increased at the mRNA and protein levels [Roth-

miller et al., 2021] (Chapter 3.3).

Additionally, senescence reduced mRNA levels

of CDK2 and aected those of a variety of other cell cycle regulators [Rothmiller
et al., 2021] (Chapter 3.3). The specic pattern of up- and downregulation may differ from senescent cells induced by other stimuli and might exhibit critical proteins
necessary for SM-induced senescence persistence. Those could possibly be addressed
by inhibitors or activators to reduce the senescent cell burden.

Additionally, SM-

induced senescent MSCs show senescent specic morphological changes like cell size
and granulation increase, which are already obvious during cell culture but was also
shown by hematoxylin/eosin staining and by ow cytometry [Rothmiller et al., 2021]
(Chapter 3.3).

Moreover, the proinammatory SASP, senescence marker and the

main negative eector of senescent cells [Coppé et al., 2008], was investigated in
detail and is described below.

4.5 Senescence associated secretory phenotype
Senescent cells are known to secrete a variety of proinammatory factors, called the
SASP [Coppé et al., 2008]. The common features of SASP are the establishment of a
proinammatory tissue environment by paracrine as well as senescence reinforcement
by autocrine eects [Malaquin et al., 2016, Borodkina et al., 2018]. Otherwise, the
quantity and quality of SASP factors are dependent on species, cell type, senescence
inducer, and senescence state,

i.e., acute,

early, or mature [Borodkina et al., 2018].

2 2

Upon the senescence inducing stimuli, SM and H O , the concentrations of 72 different chemokines, cytokines, or growth factors were analyzed in the supernatant 24
h and once per week up to 28 days post exposure.

Thus, each up- or downregu-

lated factor could be assigned to one or more of the following groups: acute, early,
late, constant, and SM-specic. The focus is on the last three groups, because those
would play the main role in SM induced chronic senescent MSCs. TECK, sTNF-R1,
OPN, gp130, eotaxin-3, and 6Ckine were determined as late factors, and constant
factors include MIF, MCP-1, IL-8, IL-6, Gro-α, ENA-78, and BAFF. sTNF-R1,
CXCL12, and eotaxin-3 were classied as SM-specic, since they showed an upreg-

2 2

ulation in SM but not in H O

induced senescent MSCs. Moreover, the absence of

upregulated anti-inammatory factors such as IL-4 or IL-10 is also in line with the
literature [Rothmiller et al., 2021] (Chapter 3.3).
Despite all the dierences within SASP, IL-6, IL-8, Gro-α, MCP-1, and GM-CSF
are considered as core factors independent of the cell type [Coppé et al., 2008].

2 2

All of them except GM-CSF are also validated in SM and H O

induced senes-

cent MSCs [Rothmiller et al., 2021] (Chapter 3.3) and show dierences already after
acute SM exposure [Schreier et al., 2018] (Chapter 3.1).

The constant IL-6 and

late factor gp130/sIL-6R-β showed an upregulation. IL-6 binding to IL-6R triggers
formation of a signaling complex composed of a gp130 homodimer with two IL6R producing downstream signals by activating the janus kinase/signal transducer
and activator of transcription (JAK/STAT), Ras- extracellular signal-regulated ki-

87

CHAPTER 4.

DISCUSSION AND OUTLOOK

nase 1/2 MAPK (Ras-ERK1/2 MAPK), and phosphatidylinositol 3-kinase/protein
kinase B (PI3K/AKT) pathways.

Therefore, this factor is important for the IL-6

mediated inammatory responses [Silver and Hunter, 2010]. The late factor osteopontin (OPN) showed a consistent and big fold change independent of senescence
inducer in comparison to non-senescent controls. Besides its role in biomineralization and bone remodeling, it is also important in immune functions where OPN acts
as an immune modulator to promote cell recruitment to inammatory sites; as an
adhesion protein involved in wound healing and cell attachment; and as a protein
mediating cytokine production and cell activation as well as promoting cell survival
acting as an anti-apoptotic factor [Wang and Denhardt, 2008].
Both SM-specic factors, sTNF-R1 and eotaxin-3, have not been associated with
senescence before, but play a role in inammatory diseases. Proteolytic detachment
of the extracellular domain of the transmembrane TNF-R1 by the TNF-α converting
enzyme results in the soluble sTNF-R1 form, which is a physiological inhibitor of
TNF-α competing with a membrane receptor.

sTNF-R1 levels are strongly corre-

lated with progression and clinical presentation of inammatory diseases like Crohn's
disease and ulcerative colitis [Owczarek et al., 2012]. Eotaxin-3/CCL26 facilitates
recruitment of eosinophils to inammation sites after parasitic infections as well as
allergic and autoimmune diseases by binding to its chemokine receptor CCR3 [Huber
et al., 2018]. In contrast, the literature already suggests the importance of the SM
specic factor SDF-1α+β/CXCL12 in the context of MSCs, senescence, and wound
healing. CXCL12 is highly conserved during evolution and important in physiological and pathological processes like angiogenesis and inammation by activation or
induction of migration of hematopoietic progenitor and stem cells, endothelial cells,
and most leukocyte types. This factor is able to bind to CXCR4, atypical chemokine
receptor 3, and glycosaminoglycans and was found to be constitutively expressed by
MSCs, where it is responsible for the retention of hematopoietic progenitor and stem
cells [Janssens et al., 2018]. Moreover, CXCL12 was largely expressed in senescent
tumor cells where it was related to cancer cell migration and metastasis, but not in
senescent broblasts [Kim et al., 2017]. Suppression of CXCL12 activity by inhibitors
such as plerixafor was also suggested to improve scar-free wound healing [Willyard,
2018].

In contrast, addition of SDF-1 increased MSC migration [Schmidt et al.,

2006a, Naaldijk et al., 2015] and local overexpression of CXCL12 accelerated wound
healing [Vågesjö et al., 2018]. These contradictory roles for CXCL12 in wound healing need to be unraveled and are of high relevance due to the importance of this
chemokine.
Conditioned medium of senescent MSCs also showed attraction potential for nonsenescent MSCs, which is in line with enhanced migration of tumor-derived cells by
SASP containing medium [Rothmiller et al., 2021] (Chapter 3.3). Possibly the increase in migration  initially considered as favorable  might be detrimental because
also the direction of migration is a critical factor. Therefore, a mere increase in migration does not correspond to a more targeted homing to tissue damage. This would
be interesting to test, for example by using skin punches with inicted wounds in one
area and chronic senescent MSCs placed in healthy skin areas. Healthy MSCs would
be added and their migration observed to see if they favor migration to inicted
wounds or chronic senescent cells.
Another interesting topic is the proposed senescence bystander eect [Nelson
et al., 2012,Hubackova et al., 2012], which may result in a negative paracrine feedback
loop and thus a much bigger senescent cell population in specic areas than the
initial senescence inducing stimuli would cause. To assess this possibility, conditioned
medium of senescent MSCs or senescent MSCs themselves could be used to test for
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the paracrine transmission of their senescence to non-senescent MSCs or even other
cell types relevant for wound healing, such as keratinocytes or broblasts.

4.6 Reduced migration
MSCs exhibit an enormous migration or homing capability which allows them to
reach even distant sites of injury and inammation [Kidd et al., 2009]. Thus, a reduction in migration might result in a disturbance of their participation in wound
healing [Wang et al., 2014] in a very early stage of the cascade. The chronic wound
healing disorder of SM was already proposed to be associated with a decrease in migration. Thus, migration of MSCs exposed to SM showed a reduction by half, which
interestingly was not concentration dependent between 1 and 40
et al., 2013], but only in lower concentrations between 0.06 and 1

µM

SM [Schmidt

µM SM 8 h post ex-

posure (unpublished data). This is in line with observations that MSCs derived from
chronic wound patients exhibit reduced migration ability when compared to healthy
donors [Rodriguez-Menocal et al., 2012]. In subsequent experiments, also long-term

2 2

eects of SM exposure showed that in SM induced (and also H O

induced) senes-

cence of MSCs the migration was even reduced to a third of the controls [Rothmiller
et al., 2021] (Chapter 3.3). Moreover, to assess the possible impact on wound healing, the scratch assay was used as an
a wounded,

i.e.,

in vitro model determining the repopulation of

scratched, area. Senescent MSCs showed about 2-fold elongated

scratch closure times than non-senescent controls.

Interestingly, even the mixture

of half senescent, half non-senescent MSCs showed signicantly increased scratch
closure times. Thus, even lower proportions of senescent cells might be sucient to
decrease wound healing, which would reect a more realistic situation

in vivo

after

SM exposure [Rothmiller et al., 2021] (Chapter 3.3).
Possible underlying mechanisms were found to be involved in extracellular matrix
regulation, which is especially important as a provisional matrix for migration, as
well as actin cytoskeleton, which is mainly important during the initiation and remodeling phase of wound healing [Rothmiller et al., 2021] (Chapter 3.3). SM directly
alkylates skin ECM proteins and thereby reduces the deposition of laminin at the
dermo-epidermal junction by keratinocytes, which negatively aects the attachment
of basal keratinocytes to the basement membrane [Gentilhomme et al., 1998]. The
disruption of the epidermal basal membrane after SM exposure, leading to separation of epidermis and dermis and thus blister formation, may be caused by increased
secretion of MMP-9 by broblasts, which in turn degrades collagen type IV as the
main basal membrane component [Ries et al., 2009]. As a result, the ECM in the
wound area is aected by SM either directly by alkylation or indirectly by skin resident cells, which is why the remodeling of the ECM to increase wound healing is
a critical step.

Moreover, modication of actin microlaments by SM and direct

alkylation was shown [Mol et al., 2008]. Further, alkylation of keratins 5 and 14 was
also described, and these disturbances in cytoskeleton might impair the connection
of keratinocytes with the basement membrane contributing to vesication [Dillman
et al., 2003, Mol et al., 2008]. Since microlaments are important for MSCs migration, detailed knowledge of eects in SM induced senescent MSCs may provide a
broader understanding of mechanisms in migration reduction. Therefore, immunocytochemical staining would provide deeper insight into the expression, distribution,
and orientation of dierent kinds of the cytoskeletal laments.
In a next step, it was investigated if the SM induced migration reduction could
be reversed or at least improved. Especially cytokines seemed interesting since MSC
migration was shown enhanced by the addition of bFGF, TNF-α, SDF-1, PDGF, and
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VEGF [Schmidt et al., 2006a, Ball et al., 2007, Naaldijk et al., 2015]. Following this
hypothesis, profound changes in a variety of MSC migration related cytokines were
detected after acute SM exposure. The levels of almost 50 cytokines were signicantly
aected and out of those, 11 were also described with a direct or indirect inuence on
MSCs migration. These factors were tested for possible improvement of migration
impaired by SM. Positive eects were found for bFGF, GCP-2, IL-6, IL-8(m), IL-8(e),
and MCP-1, with the most potent eect of IL-8 [Schreier et al., 2018] (Chapter 3.1).
Thus, cytokine addition to improve MSC migration after SM exposure might be a
promising therapeutic treatment.
Besides MSC migration after SM exposure [Schreier et al., 2018] (Chapter 3.1),
bFGF addition increased the directed migration by AKT pathway activation and
cytoskeleton orientation [Schmidt et al., 2006a]. Additionally, bFGF was found to reduce replicative senescence and while proliferating cells express FGFR1 and FGFR2,
both are lacking in senescent MSCs. By stimulation of PI3K/AKT signaling, hyperphosphorylation of MDM2, and nuclear translocation, bFGF directly interacts with
the senescence pathway [Coutu et al., 2011]. Since bFGF shows various eects on
MSCs, SM, and senescence, its application as prophylaxis or therapy for SM exposure
should be determined. In this context, it is also interesting if just the prevention of
senescence initiation after SM would be benecial or detrimental. On the one hand,
there would be less inammation triggered by the senescent cells, but on the other
hand, critically damaged cells might survive senescent stimuli and ultimately could
result in tumor formation.

4.7 Senolytic drugs
In summary, all these unfavorable eects of SM induced MSCs possibly contribute to
the wound healing disorder. Thus, selective elimination of these senescent MSCs using senolytic drugs would be an innovative treatment option [Rothmiller et al., 2021]
(Chapter 3.3). Hopes for aging or regenerative medicine were recently raised, since
senolytic agents were successfully applied in animal studies and short intermittent
treatments will have almost no risk of undesirable side eects because senescent cells
do not divide and are thus unlikely to develop resistances [Tchkonia et al., 2013, Zhu
et al., 2015].
In SM induced senescent MSCs eight dierent senolytic drugs were tested. Antimycin A and etomoxir, exploiting dierences in cell metabolism between senescent
cells after anti-cancer drug TIS and non-senescent cells [Dörr et al., 2013], did not
show any dierences between cell types [Rothmiller et al., 2021] (Chapter 3.3). Targeting pro-survival networks and apoptosis resistance of senescent cells [Zhu et al.,
2015] by the kinase inhibitor quercetin aected all cell types almost equally while
dasatinib, another kinase inhibitor, even showed a lower tolerance of non-senescent
cells [Rothmiller et al., 2021] (Chapter 3.3). Likewise, the synthetic peptide FOXO4DRI, designed to selectively induce apoptosis in senescent cells by perturbing the
interaction between FOXO4 and p53 [Baar et al., 2017], was slightly less toxic
for senescent cells.

Non-senescent cells were also more severely aected [Roth-

miller et al., 2021] (Chapter 3.3) by the autophagy regulating HSP90 inhibitor 17DMAG [Fuhrmann-Stroissnigg et al., 2017]. The most interesting eects were seen
for the antiapoptotic Bcl-2 protein family inhibitors. ABT-737, an inhibitor of Bcl-w,
Bcl-xl, and Bcl-2, even showed almost no loss of viability in senescent cells up to the
highest concentration possible due to its solubility in the solvent used. In comparison, ABT-263, a specic inhibitor of Bcl-xl and Bcl-2, showed no dierences after a
5-day exposure [Rothmiller et al., 2021] (Chapter 3.3). Since ABT-263 was already
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shown to eliminate replicative senescent MSCs after a 24 h exposure [Grezella et al.,
2018], the reduced treatment time showed the expected higher sensitivity of SM and

2 2

H O

induced senescent MSCs [Rothmiller et al., 2021] (Chapter 3.3).

Bcl-xl and Bcl-2 are both anti-apoptotic family members of the Bcl-2 protein
family. They are localized in the mitochondrial outer membrane (MOM) and regulate
its permeabilization (MOMP) by inhibiting other Bcl-2 protein family members,
for example Bax and Bak. All proteins of this family contain a Bcl-2 homology 3
(BH3) domain, which is necessary for the dimerization with other proteins of the
family and crucial for their apoptotic activity.

Without inhibition, Bax or Bak

oligomerize and form pores that permeabilize the MOM resulting in cytochrome c
release. Cytochrome c in turn activates the caspase cascade, which ultimately results
in cell death. The cell fate is decided by the interaction of the family members, with
higher abundances of Bax/Bak oligomers resulting in MOMP and cell death, while
higher levels of anti-apoptotic Bcl-2 proteins save the cell [Kale et al., 2018].
In contrast, the overexpression of Bcl-2 proteins is thought to shift to senescence [Ewald et al., 2010] and by their inhibition by ABT-263, also called navitoclax, apoptosis is induced in senescent cells [Grezella et al., 2018]. The BH3 mimetic
ABT-263, which binds to antiapoptotic Bcl-2 or Bcl-xl, cleared senescent MSCs,
hematopoietic stem cells, and muscle stem cells. ABT-263 was recently discussed to
impair osteoprogenitor function and trabecular bone loss after short term oral treatment in old mice [Sharma et al., 2020]. In contrast, intra-articular administration
of ABT-263 in an osteoarthritis rat model reduced inammation, and pathological
changes in subchondral bone and cartilage were alleviated [Yang et al., 2020]. Moreover, ABT-263 application by gavage reduced senescent pneumocytes and reversed
the ionizing radiation induced persistent pulmonary brosis in mice [Pan et al., 2017].
These positive eects in combination with our results suggest a possible treatment option in SM induced chronic wound healing disorders. Interestingly, alkylating agents such as chlorambucil showed reduced mitochondrial membrane potential,
already suggesting possible roles of disrupted mitochondria, maybe because of Bcl2 protein family, in apoptosis after SM exposure [Steinritz et al., 2014].

Further

investigation should address the antiapoptotic survival networks, especially Bcl-2
and Bcl-xl, in SM induced senescent MSCs to verify their overexpression following
senescence and reduction by ABT-263 in combination with apoptosis.

The better

understanding may also result in possible optimizations of ABT-263 to increase the
sensitivity of senescent cells and a higher therapeutic index. Moreover, the selective
clearance and resulting eects should be determined in detail.

4.8 Concluding remarks and suggestions for new therapy
regimen
This study investigated the SM eects on human MSCs including the novel pathomechanism of chronic senescence, which may be the underlying cause of the chronic
wound healing disorder as well as the are-ups, and further initial potential of specic
therapeutic options. Therefore, the biological variability of the used human MSCs
isolated from bone marrow is more realistic and closer to the situation

in vivo

than

the use of commercially available cells. The concentrations used in the experiments
also highlight a possible transferability to the
blistering concentration of about 150

µM

in vivo situation in victims regarding a

SM [Smith et al., 1993], from which about

16 % reached the circulation [Cullumbine, 1947] resulting in low plasma levels that
may be comparable to the 10-40

µM

SM used here.

While MSCs were in general more apoptosis resistant than other cell types [Schmidt
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Figure 4.1: Overview of novel treatment options in SM-induced chronic wounds determined
in this thesis. Both niacin and bFGF may reduce senescence induction following
SM exposure. bFGF could additionally also enhance the impaired migration.
Plerixafor might infere with the SASP factor CXCL12 and ABT-263 showed
initial potential to eliminate senescent MSCs. Additionally, transplantation of
healthy donor MSCs might increase the disturbed wound healing further.

et al., 2013], a concentration and time dependent senescence induction even after
single dose SM exposure could be demonstrated.

A variety of senescence markers

INK4a , cell size, and granulation were detected.

such as increased SA-β-gal, p16

As a

consequence, these SM induced senescent MSCs showed compromised proliferation
and migration, a persistent DNA damage response, and secretion of a proinammatory SASP with three SM specic factors. Moreover, their conditioned medium
attracted non-senescent MSCs and might be able to render them senescent [Rothmiller et al., 2021] (Chapter 3.3).

Possible treatment options to increase wound

healing as discussed in this thesis may be (1) the dietary supplement niacin to in-

+

crease intracellular NAD

levels to enhance DNA repair early to prevent or reduce

senescence and/or apoptosis or necrosis induction [Ruszkiewicz et al., 2020], (2)
the application of specic cytokines to improve the impaired migration for example
with bFGF [Schreier et al., 2018] (Chapter 3.1), (3) to interfere with specic SASP
factors such as CXCL12, which plays an important role in MSCs, wound healing,
and senescence, for example with the inhibitor plerixafor [Willyard, 2018] as well
as (4) senolytic drugs to selectively remove senescent cells, and thus also removing
the proinammatory microenvironment, for which ABT-263 showed great potential [Rothmiller et al., 2021] (Chapter 3.3).

Additionally, the delivery of healthy

donor MSCs may increase the wound healing further, because they would still be
able to home to the damaged tissue and only require minimally invasive systemic
delivery such as intravasal transplantation [Nitzsche et al., 2017].
Based on the above, the current symptomatic strategy for SM victims may in the
future be complemented with the immediate oral administration of niacin, followed
by intermittent short treatments with ABT-263, and afterwards the infusion or even
local application of donor MSCs possibly in combination with bFGF and/or plerixafor (Figure 4.1). Of course, safety and ecacy of single as well as combination
treatments would obviously have to be determined in

in vivo

and clinical studies.

These studies may also be interesting for the chemotherapeutic intervention of various cancers, treatment of age-related diseases, and chronic wound patients because
of the similarity of SM with alkylating cytostatic drugs, interference with senescence,
and chronic ulcers as treatment goal.
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RECORD OF CONTRIBUTIONS

5 Record of contributions
Mobilization of human mesenchymal stem cells through dierent cytokines
and growth factors after their immobilization by sulfur mustard
Shared rst authorship, together with C. Schreier.

Own contributions: Exper-

iments, data and data analysis depicted in Figure 3.1 (in part), writing of the
manuscript (in part).

Eects of sulfur mustard on mesenchymal stem cells
Co-authorship. Own contributions: Experiments and data depicted in Figure 3.8.

Chronic senescent human mesenchymal stem cells as possible contributor to the wound healing disorder after exposure to the alkylating agent
sulfur mustard
First authorship. Own contributions: Performance of the majority of experiments,
supervision of the remaining experiments, data analysis, gure preparation, lead in
writing of the manuscript.
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Abbreviations
AKT

Protein kinase B

ARF

Alternate-reading-frame protein

ATP

Adenosine triphosphate

Bcl

B-cell lymphoma

(b)FGF

(Basic) broblast growth factor

BH3

Bcl-2 homology 3

CDK

Cyclin-dependent kinases

COX-2

Cyclooxygenase-2

CWC

Chemical Weapons Convention

DDR

DNA damage response

DNA-SCARS

DNA segments with chromatin alterations reinforcing senescence

EB

Embryoid body

ECM

Extracellular matrix

EECs

Early endothelial cells

EMT

Epithelial-mesenchymal transition

FOXO4

Forkhead box protein O4

GM-CSF

Granulocyte-macrophage colony-stimulating factor

GRO-α

Growth-regulated oncogene-alpha

GSH

Glutathione

H2 O2
HIF-1α

Hydrogen peroxide
Hypoxia-inducible factor 1-alpha

HSCs

Hematopoietic stem cells

IL

Interleukin

LC50

Half-maximal lethal concentration

MAPK

Mitogen-activated protein kinase

MCP-1

Monocyte chemoattractant protein 1

MMP

Matrix metallopeptidase

MOM

Mitochondrial outer membrane

MOMP

Mitochondrial outer membrane permeabilization

MSCs

Mesenchymal stem cells
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1-methylsulnyl-2-[2-(methylthio)ethylsulfonyl]ethan

N7 -HETE-G N7 -(2-hydroxyethylthioethyl) guanine

NAD+

Nicotinamide adenine dinucleotide

NF-κB

Nuclear factor kappa-light-chain-enhancer of activated B cells

NK

Natural killer

O6 -HETE-G O6 -(2-hydroxyethylthioethyl) guanine

OIS

Oncogene-induced senescence

OPN

Osteopontin

PAR

Poly(ADP-ribose)

PARP

Poly(ADP-ribose) polymerase

PDGF

Platelet-derived growth factor

PHDs

Prolyl hydroxylases

PI3K

Phosphatidylinositol 3-kinase

ROS

Reactive oxygen species

RNS

Reactive nitrogen species

SA-β-gal

Senescence-associated

SAHFs

Senescence-associated heterochromatin foci

SASP

Senescence-associated secretory phenotype

SBMSE

1,1'-sulfonylbis[2-(methylsulnyl)ethan]

SDF

Stromal cell-derived factor

SDFs

Senescence-associated DNA-damage foci

SM

Sulfur mustard

TDG

Thiodiglycol

TIMP

Tissue inhibitor of metalloproteinases

TIS

Therapy-induced senescence

TNF

Tumor necrosis factor

TRP

Transient receptor potential

VEGF

Vascular endothelial growth factor

β-galactosidase
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