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ABSTRACT

Title of Dissertation: TLR4/MyD88 Signaling Activates Ultraviolet Irradiation-
Induced Apoptosis: Outcomes and Consequences

Erin Marie Harberts, Doctor of Philosophy, 2014

Dissertation Directed By:  Anthony A. Gaspari, M.D.
Professor
Department of Dermatology,
Program of Molecular Microbiology and Immunology

Ultraviolet (UV) irradiation induces DNA damage leading to the accumulation of
mutations in epidermal keratinocytes (KC), and immunosuppression, which contribute to
development of non-melanoma skin cancers. How the decision to undergo apoptosis is
made following UV exposure is not fully understood. We hypothesize that a central
mediator of TLR signaling, MyD88, determines cell fate after UV exposure. Survival
after UV of immortalized bone marrow-derived macrophages (BMM) and ex vivo
peritoneal macrophages (PM) from MyD88 germline-deficient mice (MyD88"') was
significantly higher vs. wild-type (WT) PM. UV-induced apoptosis in PM and epidermis
of MyD88™ animals was decreased vs. WT. In MyD88" PM, decreased cleavage of
caspase 3, PARP, and pro-necroptotic protein, RIP1, and a significant increase in pro-
inflammatory TNF-a, suggest that necroptosis, rather than apoptosis, was initiated. In
vivo studies confirm this hypothesis, showing low apoptosis by TUNEL and enhanced
histologic inflammation in MyD88™ skin sections after UV. Considering that MyD88
participates in most TLR signaling pathways, BMM from TLR2”, TLR4,

TRAM/TRIF", and WT mice were compared for evidence of UV-induced apoptosis.



Only TLR4” BMM and PM had a similar phenotype to MyD88", suggesting that the
TLR4-MyD88 axis importantly contributes to cell fate decision. We then sought to
determine how alteration of this pathway affects the UV-induced damage to critical
epidermal cells. In the DNFB hypersensitization model, UV-irradiated, MyD88"' mice
had intact ear swelling, normal IFN-y production by T lymphocytes, and higher levels of
DNFB-specific IlgG2a compared to WT, which were suppressed by UV. The UV-induced
emigration of antigen presenting cells from the epidermis was maintained in MyD88™""
mice, yet UV-induced DNA damage in the local lymph nodes was less pronounced. We
then hypothesized that the aforemention preservation of PARP promotes more efficient
DNA damage recognition and repair. In support of this hypothesis, human primary KC
treated with MyD88 siRNA and epidermal DNA from MyD88" and TLR4" mice that
were UV-irradiated had an increased resolution rate of cyclobutane pyrimidine dimers
(CBPD), which can be attenuated by treatment with a PARP-inhibitor. This work
provides a strong rationale for future development of topical TLR4 modulating therapies

to reduce the risk of UV-induced carcinogenesis.
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Chapter 1
Introduction
1.1 Biological Effects of Ultraviolet (UV)-irradiation

Non-melanoma skin cancer (NMSC), caused by UV-irradiation, is the most
commonly observed neoplasm in the world. In 2006 in the United States alone there
were about 25 million cases of NMSC reported, which cause significant morbidity and
potentially mortality, while using significant health care resources [1]. Exposure to the
harmful rays of UV represents a threat to humans from every walk of life and has resulted

in the skin cancer epidemic that we are observing today.

Occupying the wavelengths between the visible light and x-ray spectrums, the UV
light spectrum ranges from 400-10 nm. The UV spectrum is further broken down into
UVA (400-315 nm), UVB (315-280 nm), UVC (280-100 nm), and EUV (100-10 nm) [2].
EUV, extreme UV, is not biologically relevant because it is absorbed strongly by air and
can exist only in a vacuum [3]. Similarly, UVC is filtered out by the atmosphere and
never reaches the earth’s surface; therefore it does not have routine biological relevance,
except where there are ‘holes in the ozone layer’ [4]. However, the UVA and UVB
wavelengths filter down through the atmosphere to reach our skin and cause many varied

consequences, both positive and negative, on our everyday health (Figure 1) [5, 6].

Human skin is ubiquitously exposed to UVA and UVB irradiation. The longer
wavelengths of UV are able to penetrate down through the epidermis to the dermis and
associated connective tissue, while the shorter UVB wavelengths are absorbed by
epidermal cells, mostly keratinocytes (KC) [7]. Genomic DNA in epidermal cells acts as

a direct chromophore for UV by absorbing the UVA and UVB wavelengths causing



UVC (280-100 nm)\l/

ozone
atmosphere
UVB (315-280 nm) epidermis Combined UV effect
M KC carcinogenesis  successful psoriasis treatment

vitamin D5 synthesis
cyclobutane pyrimidine dimers

melanin production apoptosis of damaged cells
systemic immunosuppression

UVA (400-315 nm) dermis cutaneous photoaging
therapeutic use as PUVA Vv generation of ROS melanoma
DNA damage non-melanoma skin cancer

connective tissue damage

Figure 1. Biological effects of ultraviolet-irradiation. UVA and UVB have many
varied biological effects on human health. UVA penetrates the skin through the
epidermis and is absorbed mostly by dermal cells, while UVB is absorbed by epidermal
cells and does not penetrate through the skin to the dermis. These wavelengths have
many positive (shown in green) and negative (shown in red) specific and combined
effects.



damage to the nucleic acid chains [8]. UVB is also responsible for the biosynthesis of
vitamin D3.  When exposed to UVB, cholesterol in the skin, in the form of 7-
dehydrocholesterol, is photolysed into previtamin D3 which spontaneously isomerizes
into the biologically active vitamin D3 [9]. While vitamin D3 can be obtained through
diet, UVB photosynthesis is the primary source of this essential vitamin [10]. Other
positive UV-effects include UVB-induced delayed tanning which stimulates the
production of melanin and thereby reduces the rate of carcinogenesis, as well as reduction
of blood pressure by the production of nitric oxide [11, 12]. UVB is also administered
therapeutically to treat skin diseases such as psoriasis, vitiligo, localized scleroderma, and
atopic dermatitis [13-16]. This treatment can cause local and systemic immune
suppression which may be a reason it is of benefit to some immune-mediated
inflammatory diseases. Although all of the mechanisms that cause this treatment to be
effective have not yet been elucidated, effectiveness of UVB therapy is probably due to
the activation of classical survival and death signaling pathways in diseased and the local

immune cells [17, 18].

Along with the positive effects of UV-irradiation come many negative consequences.
It has long been observed that exposure to UV causes alterations in connective tissue
[19], depletion of epidermal-resident APC, Langerhans cells [20], and increased
photocarcinogenesis [12, 21, 22]. UV-irradiation is now further identified as a potent
immunosuppressant [23, 24], a major focus of this dissertation, and UV-induced
carcinogenesis is now attributed to DNA damage which also directly activates apoptosis
in epidermal KC [25]. Apoptotic cell death is widely viewed as a protective mechanism

that the skin uses to eliminate KC with extensive genomic damage. The accumulation of



these negative effects over a lifetime leads to cutaneous photoageing, which manifests as

wrinkled, discolored, less resilient skin [26, 27].

UVA is considered an oxidizing agent that is absorbed by dermal cells and creates
free oxygen radicals, or intracellular reactive oxygen species (ROS) [28]. ROS can cause
many different types of DNA damage including, single and double strand breaks that are
not site-specific [29]. The predominant form of DNA damage inflicted on KC by UVB is
cyclobutane pyrimidine dimers (CBPD). When active, the nucleotide excision repair
(NER) machinery can easily excise and repair CBPD without propagating a mutation
[30]. However, if DNA damage detected by cellular genome monitoring systems exceeds
the amount that is able to be repaired, the DNA repair machinery is overcome by the
apoptotic process [31]. Apoptotic KC that have been irreversibly damaged, termed
“sunburn cells,” are sloughed off and replaced [32]. This replacement of epidermal cells
by apoptosis allows an intact skin barrier to be maintained without the inflammation
associated with other forms of cell death. Fas-associated protein with a death domain
(FADD) is a signaling molecule necessary for activation of extrinsic apoptosis by most
extracellular death receptors, and the consequences of not being able to undergo
homeostatic apoptosis are highlighted by the recent finding that FADD” mice show

spontaneous epidermal KC necroptosis and subsequent pathogenic inflammation [33].

The apoptotic and immunosuppressive effect of UV irradiation on skin suggests that
immunomodulatory molecules are either induced or released from epidermal cells upon
UV [34]. However these specific molecules and signaling pathways have yet to be
elucidated. It has been found that TLR4 plays a role in promoting cutaneous

immunosuppression, as TLR4 deficient (C3HeJ) mice have no decrease in contact

4



hypersensitivity reactions after UV exposure [35]. Expression of TLRs 2 and 4 have also
been shown to be increased in epidermal cells following UV, and an observed increase in
immune signaling molecules, such as MAPK and NF-«B, is dependent on this TLR
expression [36]. The importance of TLR signaling in the cutaneous immunomodulatory
effect of UV, and advances in the understanding of the interconnectedness of cell fate
pathways, led us to investigate how TLR signaling and the pathway scaffolding adapter

molecule MyD88 may affect cell fate after UV-irradiation.

1.2 Diverse Modes of Cell Death

The process by which a cell dies has become recognized as a critical factor in
determining the type of immune response that it stimulates locally and systemically [37-
40]. Some modes of cell death are considered pro-inflammatory, e.g., pyroptosis and
necrosis, and are mostly associated with microbial infections and pathogenic conditions
that lead to significant tissue damage [41]. Other modes of cell death are considered to
be immunologically silent, such as apoptosis and autophagy, and are usually associated
with homeostatic cell death and maintenance of healthy, mutation-free tissue [42]. All of
the aforementioned cell death pathways have been, and continue to be, extensively
studied and have specific characteristics, molecular markers, and signaling molecules
associated with them (Table 1) [20, 21, 43-49]. In this dissertation, | have focused on the
consequences of altering cell fate from an immunologically silent apoptotic cell death, to

a pro-inflammatory necroptotic cell death, in response to UV irradiation.

There are two classical pathways that, upon activation, lead to an

immunologically silent apoptotic cell death, the extrinsic pathway and the intrinsic



Table 1. Summary of canonical cell death pathways

Molecular Critical Signaling
Type of Death Characteristics Markers Molecules
TNFR, Fas, TRAIL,
. TLR4, TLR2, Bax,
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pathway [50]. The extrinsic pathway is initiated by engagement of cell surface death
receptors, most notably TNFR and Fas, that associate with the scaffolding proteins,
TRADD and FADD, respectively, to create a death-inducing signaling complex (DISC)
[51]. The intrinsic pathway is initiated by release of cytochrome c from the
mitochondria, followed by formation of the apoptosome [52]. Both pathways, either
through a DISC or the apoptosome, result in cleavage of caspase-3 that, in turn, cleaves
and activates caspase-activated DNase (CAD). Once activated, CAD translocates into
the nucleus where it starts digesting genomic DNA, among other cellular components,
which is released from the cell in apoptotic vesicles. This digestion process results in the
“DNA laddering” that is a hallmark of apoptotic cells [53]. DNA laddering is the result
of DNA cleavage by CAD between nucleosomes, which results in DNA fragments
increasing in size consistently by about 180 base pairs, which is the amount of DNA
wrapped around a histone. In addition to active cleavage of DNA, apoptotic cells
undergo a loss of survival signals and homeostatic processes. Experiments using caspase
inhibitors show that without the ability to activate the apoptotic pathway, cell death can
be skewed to an inflammatory, caspase-independent cell death that is dependent on the

formation of specific signaling complexes and is termed necroptosis [54].

Necroptosis is initiated by the Ripl-Rip3 protein complex and leads to
inflammatory cell death [55]. The many consequences of and cellular mechanisms
leading to the Ripl-Rip3 protein complex, and subsequently necroptosis, is still a
widespread active area of investigation. However, to date, the necroptotic pathway has
been most completely described downstream of extracellular death receptors, such as

TNFR1 (Figure 2). In this scenario, TNF-a engages TNFR1 and inhibition of caspase 8
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Figure 2. TNF-induced formation of apoptotic and necroptotic signaling complexes.
After ligand binds to the receptor, the intracellular domains of TNFR1 recruit multiple
proteins to form the membrane-proximal supramolecular structure complex 1. Lys63-
linked polyubiquitination (Lys63-Ub) of RIP1 in complex I, mediated by clAP ligases, is
crucial for the activation of NF-kB and mitogen-activated protein kinases (MAPKS).
Deubiquitination of RIP1 by cylindromatosis (CYLD) or inhibition of clAP proteins
promote the conversion of complex | to complex Il and inhibits NF-kB activation.
Complex Il contains RIP1, FADD, caspase-8 and TRADD. Caspase-8 becomes activated
in complex Il and initiates apoptosis, whereas cFLIP,_ can prevent activation of caspase-
8. In cells with high expression of RIP3, RIP3 enters complex Il via interaction with
RIP1 after stimulation. The RIP3-containing complex is called complex Ilb or the
necrosome. In the presence of cFLIP,, caspase-8 is unable to initiate apoptosis, but can
cleave RIP1 and RIP3 and thus inhibits necroptosis. Depletion of FADD or caspase-8,
inhibition of caspase-8 or induction of RIP3, can free RIP1-RIP3 from inhibition and
initiate necroptosis of TNF-a-treated cells. Reprinted by permission from Macmillan
Publishers Ltd: Nature Immunology [55], copyright 2011.



activation by zVAD has been shown to activate the necrosome which leads to a
necroptotic cell death. A limited number of markers of necroptosis have been identified,
among them an increase in Rip3, and maintenance of intact Ripl. This is in contrast to
Rip1 cleavage which is associated with caspase-8 activation and apoptosis [56, 57]. The
recently reported ability of Ripl to mediate production of TNF-o during necroptosis
helps to describe the inflammatory nature of necroptotic cell death and may prove to also
be a hallmark of necroptosis [58]. Many inflammatory and necrotic phenotypes are
reported as a result of inhibiting the apoptosis pathway components. For example, mice
in which caspase 8 is conditionally knocked-out in hepatic cells die of necrosis of the
liver [59]. Also, FADD conditional knockout (KO) in intestinal epithelial cells leads to a
spontaneous colitis phenotype that is rescued when Rip3 is also knocked out [60].
Previously described inflammatory phenotypes may now be better explained as a

consequence of using necroptosis as a default death pathway when apoptosis is inhibited.

1.3 Toll-like Receptor (TLR) Signaling Pathways

Toll-like receptors (TLR) are a main component of the innate immune system,
which serves as a first line of defense against a wide range of injurious substances. TLR
activation not only initiates an inflammatory response that works to combat pathogens,
but also potentially results in tissue damage that must be repaired after the infection is
neutralized. Among humans and mice, there are currently thirteen known TLRs, some of
which localize at the cell membrane and are presumed to defend against extracellular
pathogens, while others are located in the endosome and detect intracellular pathogens.

These receptors function by recognizing pathogen-associated molecular patterns



(PAMPs). Each TLR responds to very specific PAMPs and initiates the appropriate
cellular response to defend against the pathogen recognized. The elegant and complex
TLR signaling pathways are the subject of many well written and comprehensive reviews
and, as such, we will only give a brief overview [61-63]. Teleologically, it is tempting to
speculate that it may be of survival value to the host to have a mechanism by which
damage created by TLR activating agonists is repaired. This idea is a main theme of my

dissertation.

All TLRs contain two main signaling domains. The first is an extracellular or
endosomal pathogen sensing domain that consists of leucine rich repeats (LRR) in the
conformation of a shepherd’s crook, and the second is an intracellular TIR domain that
interacts with signaling and adapter molecules to relay the message that a pathogen has
been sensed.  These trans-membrane proteins function by either homo- or hetero-
dimerization to create functional sensing and signaling complexes. TLRs 2/1, 2/6, 4/4,
and 5/5 are known to be extracellular sensors in that reside in the plasma membrane of
the cell, while TLRs 3/3, 7/7, 8/8, and 9/9 are considered intracellular sensors that reside
in the membrane of the endosome. There are also reports of TLRs 2 and 4 localizing to
and functioning from the endosome [64, 65], as well as some unusual associations,
including TLR2/2 homodimerization [66], and TLR4/6 dimerization in the brain [67].
MyD88 is the adapter molecule that interacts with the TIR domain of all TLRs except for
TLR3 that utilizes TRIF as its sole adapter molecule to lead to downstream signaling.
TLR4 can use either MyD88 or TRIF to relay its signal, which is thought to depend on
whether it is localized at the cell surface (MyD88-dependent) or endosomally (TRIF-

dependent) signaling (Figure 3) [68]. The varied location of and large number of
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Figure 3. Mammalian TLR signaling pathways. A detailed knowledge of how
mammalian Toll-like receptors (TLRs) signal has developed over the past 15 years.
TLR5, TLR11, TLR4, and the heterodimers of TLR2-TLR1 or TLR2-TLR®6, bind to
their respective ligands at the cell surface, whereas TLR3, TLR7, TLR8, TLR9, and
TLR13 localize to the endosomes, where they sense microbial and host-derived nucleic
acids. TLR4 localizes at both the plasma membrane and the endosomes. TLR signaling is
initiated by ligand-induced dimerization of receptors. Following this, the Toll-IL-1-
resistence (TIR) domains of TLRs engage TIR domain-containing adaptor proteins
(either myeloid differentiation primary-response protein 88 (MyD88) and MyD88-
adaptor-like protein (MAL), or TIR domain-containing adaptor protein inducing IFN-f
(TRIF) and TRIF-related adaptor molecule (TRAM)). TLR4 moves from the plasma
membrane to endosomes enabling the switch in signaling from MyD88- to TRIF-
dependent. Engagement of the signaling adaptor molecules stimulates downstream
signaling pathways that involve interactions between IL-1R-associated kinases (IRAKS)
and the adaptor molecules TNF receptor-associated factors (TRAFsS), and that lead to the
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activation of the mitogen-activated protein kinases (MAPKSs) JUN N-terminal kinase
(JNK) and p38, and to the activation of transcription factors. Two important families of
transcription factors that are activated downstream of TLR signaling are nuclear factor-
kB (NF-kB) and the interferon-regulatory factors (IRFs), but other transcription factors,
such as cyclic AMP-responsive element-binding protein (CREB) and activator protein 1
(AP1), are also important. A major consequence of TLR signaling is the induction of pro-
inflammatory cytokines, and in the case of the endosomal TLRs, the induction of type |
interferon (IFN). dsRNA, double-stranded RNA; IKK, inhibitor of NF-kB kinase; LPS,
lipopolysaccharide; MKK, MAP kinase kinase; RIP1, receptor-interacting protein 1;
rRNA, ribosomal RNA; ssRNA, single-stranded RNA; TAB, TAK1-binding protein;
TAK, TGFp-activated kinase; TBK1, TANK-binding kinase 1. Reprinted by permission
from Macmillan Publishers Ltd: Nature Reviews: Immunology [69], copyright 2013.
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possible signals deriving from TLR4 activation makes it the most functionally diverse
and widely studied TLR. Using distinct combinations of adapter and signaling molecules,
each TLR elicits a tailored response to the pathogen that it senses. For an extensive
overview of TLR ligands, both synthetic and naturally occurring, please refer to the
review by Kawai et al. [63]. The pathogen-specific response of TLRs involves the
release of cytokines tailored for neutralization of the activating pathogen, recruitment of
necessary immune components by release of specific chemokines, up-regulation of co-
stimulatory molecules, regulation of cell cycle, and, when appropriate, mediation of

inflammation [70-72].

TLRs are not only able to sense PAMPs, but also respond to danger-associated
molecular patterns (DAMPs), endogenous signaling molecules released by cells upon
acute damage and/or infection. DAMPs are also sensed by TLRs present on surrounding
cells. The notion that TLRs are able to recognize and respond to these DAMPS has
become widely recognized and the number of known DAMPs has grown rapidly over the
past few years [73]. These DAMPs are most notably created under conditions of
oxidative stress, DNA damage, viral infection, and ischemia/reperfusion [74-77].
Comprised of many categories of molecules, the list of TLR-activating DAMPs contains
proteins/peptides, fatty acids/lipoproteins, proteoglycans/glycosaminoglycans, and
nucleic acids/nucleic acid-protein complexes. Endogenous DAMPs have now been
identified for all of the TLRs and are the subject of many previous reviews that compile
lists of known DAMPs associated with many different environmental and disease

conditions [78-82].
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Among the currently identified DAMPs that are known to signal through TLRs
there are a few that are particularly relevant to this review because they are associated
with DNA damage and DNA damaging conditions (Table 2). In a mouse model of
hepatic ischemia/reperfusion. endogenous histone proteins, which are released during
DNA damaging conditions, are shown to activate TLR9 [76]. Another DNA related
DAMP is high-mobility group protein B1 (HMGB-1), a chromatin binding protein, that is
a well-recognized marker of necrotic cell death capable of signaling through TLRs 2, 4,
and 9. This DNA-associated molecule has been implicated in the pathogenesis of a wide
range of diseases including skin cancer, epilepsy, and sepsis [83-85]. Chromatin and
other self-DNA complexed with proteins/peptides, when released from the cell, are
involved in the pathogenesis of autoimmune disorders, such as systemic lupus
erythematosus (SLE) and Sjogren’s syndrome, by serving as antigen for autoantibody
production, antibodies complexed with self-nucleic acid can then signal through TLRs 7
and 9 to exacerbate pathogenic inflammation [86, 87]. The antimicrobial peptide LL37
has also been shown to complex with free self nucleic acids and serve as a TLR 7 and 8
agonist [88, 89]. This aberrant TLR activation has been implicated in the pathogenesis of
psoriasis. Interestingly, a recent publication shows that UVB-irradiated keratinocytes
release damaged self non-coding RNAs that serve as potent TLR3 agonists [90]. As
UVB can cause extreme DNA damage, depending on the dose, that must be repaired,
further experiments should be performed to determine if possibly the described TLR3
activation leads to increased DNA repair. Simple mislocalization and/or aberrant release

of these ubiquitously present DAMP molecules can stimulate potentially harmful
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Table 2. Selected DAMPs associated with DNA damage and DNA damaging

conditions.*
TLR(S) Conditions Associated
DAMP Antagonized When Released Organ/Disease Reference(s)
damaged self
non-coding TLR3 irr;fj\i;?ion skin Bernggdlgt al.,
RNAs
histone . L hepatic Huang et al.,
proteins TLR9 Ischemic injury ischemia/reperfusion 2011
oxidative stress, Maroso et al.,
HMGB-1 TLR2, physical injury, skin cancer, 2010; Mittal et
TLR4 ischemic injury, epilepsy, sepsis al., 2010; Yu
inflammation et al., 2006
chromatin- . , Celhar et al.,
protein TLRY, unknown SLE, Sjogren's 2012; Rubin et
TLR9 syndrome
complexes al., 1986
antimicrobial Ganguly et al
pep_tlde-_ TLRY, cell death psoriasis 2009; Lande et
nucleic acid TLRS8
al., 2007
complex

*for a more extensive list of DAMPs and their receptor molecules please refer to the

following reviews: [73, 78-82]
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inflammation through recognition by TLRs and other pattern recognition receptors. The
ability of the cell to differentiate a genuine danger signal from a normally functioning
molecule speaks to how tightly regulated the TLR signaling process is. This dissertation
focuses on how activation of TLR pathways might stimulate increased DNA repair, the
aforementioned DAMPSs serve as intriguing venues to investigate if DAMPs arising from

DNA damaging conditions may be helping to initiate repair by signaling through TLRs.

With all of the opportunity present for these TLR signaling pathways to go awry,
it is not surprising that they are implicated in the pathogenesis of many diseases and are a
target for therapeutics seeking to control the immune response stimulated by TLR
agonists. TLR antagonist therapies are routinely used and continue to be under
development for treatment of a wide range of diseases including sepsis, viral infection,
lymphoma, NMSC, melanoma, SLE, and rheumatoid arthritis (RA) [91-94]. These drugs
target many different parts of the signaling pathway including controlling TLR signaling
by competitive inhibition of the ligand binding site, and suppression of homodimerization
of the receptors [95, 96]. Understanding the many complicated and varied mechanisms
of regulation and outcomes from the TLR signaling pathways will allow for more

specific and appropriate immune modulation therapy in diseased tissue.

1.4 DNA Repair Mechanisms

DNA damage can occur by many mechanisms, including UV radiation, ionizing
radiation, chemical agents, oxidative stress, and defective receptor editing [97-100].
These injurious circumstances result in several types of damage that lead to varied

phenotypic outcomes in the cell (Table 3). UV and ionizing radiation (y-irradiation) most
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Table 3. Summary of several mechanisms, outcomes, and types of DNA damage.

Classical Phenotype

Hallmark Types of
Damage Induced

impaired antigen presentation,
uv immune suppression, loss of contact SSB,
Radiation hypersensitization (CHS), gradual CBPD
formation of mutations
: _ DSB,
.. depletion of cells by apoptosis,
lonizing : : . chromosome
Radiati Immune suppression, heritable gene b lit
adiation mutations abnorma |t|¢_35,
mutagenesis
Chemical intercalate with or alter DNA SSB,
Agents resulting in cytotoxicity DSB
Oxidative tissue and organ damage related SSB,
Stress to inflammation histone instability
defects cause:
Receptor clonal deletion during maturation, abasic site,
Editing decreased Ab repertoire DSB
limited adaptive immune response
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classically result in single strand breaks (SSB) and double strand breaks (DSB),
respectively [4, 26]. CBPD are another main type of damage associated mainly with
UVB irradiation. These dimers require the NER complex to be excised and corrected,
and once this process occurs, the integrity of the affected DNA is maintained [3].
Because y-irradiation results in DSB that cannot be repaired using a complementary
template, it is associated with mutagenesis and chromosome abnormalities that often lead
to cell death. Repair of both UV- and y-irradiation are altered in the presence of
endosomal TLR agonists [101, 102], implying that both the NER and DSB repair
complexes may be affected by TLR activation status. In my dissertation, | focused on
DNA damage caused by UV-irradiation in the form of CBPD that requires NER

machinery to excise and repair the damaged segment of DNA.

Not only is the NER pathway responsible for excising and repairing CBPD after
UV-irradiation, but it is a necessary mechanism used to repair a wide range of DNA
lesions [103]. NER can be categorized into two sub-pathways, global genome repair
(GGR) and transcription coupled repair [104, 105]. The removal of UV-induced CBPD
falls into the category of GGR, while transcription coupled repair ensures that an intact
and accurate genome is maintained and passed on during cell division [2]. GGR begins
when a DNA damage-sensing molecule, such as PARP or DDB, recognizes a DNA
lesion. XP family proteins are then recruited to the damaged base pairs, these XP
proteins then begin to repair the lesion by unwinding the surrounding DNA, stabilizing
the now single stranded DNA, and excising the mutated base pairs. A DNA polymerase
and DNA ligase are then recruited to fill in the necessary base pairs that are

complementary to the intact template strand (Figure 4) [7].
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Figure 4. Nucleotide excision repair. The nucleotide excision repair (NER) system
consists of a series of reactions by which DNA damage caused by, for example,
ultraviolet radiation-induced photoproducts or similar chemically induced products is
recognized and repaired [106, 107]. Damage can occur from external and endogenous
sources (shown as a balance in the figure). Photoproducts include cyclobutane pyrimidine
dimers (CBPDs) and 6-4 photoproducts, which can both involve T and C pyrimidines.
When repair of these photo- or chemical products is faulty owing to mutations in the
NER system, replication errors lead to characteristic C to T mutations, especially CC to
TT mutations, which are found in P53, PTCH1 and other oncogenes in sunlight-induced
skin cancers of patients with xeroderma pigmentosum (XP) and others [108-111]. The
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damage is endogenous in other systemic disorders and is thought to be caused mainly by
reactive oxygen species (ROS) [112-114].

Depending on whether the damage occurs in a transcriptionally active or inactive
domain, repair can occur by two pathways: global genomic repair (GGR) or
transcription-coupled repair (TCR) (shown in the figure). Damage in transcriptionally
active regions is detected through the arrest of transcription by RNA polymerase |
(RNAPI; not shown) and RNAPII. Transcription arrest is enhanced by mutations in the
Cockayne syndrome A (CSA) and CSB proteins, and both are required for ubiquitylation
of the carboxy-terminal domain of RNAPII [115, 116]. Cells with mutations in CSA (also
known as ERCC8) and CSB (also known as ERCC6) do not show the increased rate of
photoproduct repair in transcriptionally active regions that occurs in normal cells, and
carry out GGR at normal rates. Arrested polyubiquitylated RNAPII is removed and
degraded, leaving the active genes accessible for repair and the resumption of
transcription [117]. CSA is a WD40 protein that is part of the ubiquitin E3 ligase that acts
on XPC and DNA damage-binding 2 (DDB2) [115]. Damage in transcriptionally inactive
regions is detected by the DNA damage-binding protein XPC and complex XPE.
Mutation of either of these can cause XP [118]. The individual DNA damage-binding
proteins have weak affinities for their substrate, so the binding process can be viewed
either as a sequential process in which one protein facilitates binding by another [119,
120] or as a grouping of weakly interacting partners that form transient pre-incision
complexes that are locked in place by the XPB (also known as ERCC3) ATPase [107].
The CPDs and 6-4 photoproducts make substantially different structural changes in
DNA: CPDs are much less distorting and require more active participation of XPE.

Damage recognition is followed by binding of the ten-component basal
transcription factor TFIIH through interaction with either XPC or the arrested
transcription apparatus. XPD (also known as ERCC2) is a component of TFIIH and is a
DNA helicase that is involved in 5' to 3' unwinding of the DNA in the vicinity of a
damaged base. ATP hydrolysis by the XPB component of TFIIH facilitates binding of the
NER complex to the damaged site [107, 121]. The amino terminus of XPB interacts with
XPD and XPG (also known as ERCC5), whereas the carboxyl terminus is required for 5'
cleavage [122]. XPD carries out a further damage recognition step when its migration
along the helix is blocked by a photoproduct [107, 121, 123-126].

The DNA around the damaged site is then cleaved by the XPG 3' nuclease and the
XPF-ERCCL1 5' nuclease. Recent evidence suggests that 5' cleavage occurs first [127].
XPG is bound through interaction with XPC and TFIIH. The nucleases are anchored by
XPA-replication protein A (RPA), which defines the cleavage sites and strand
specificity. Once the damaged oligonucleotide is removed, a patch is resynthesized by
proliferating cell nuclear antigen, polymerases o, €, or k, and a ligase [106, 128]. In
quiescent cells, ligation involves X-ray repair cross-complementing protein 1 (XRCC1)
and ligase Il11. In proliferating cells, ligation involves ligase | [129]. Reprinted by
permission from Macmillan Publishers Ltd: Nature Reviews: Genetics [130], copyright
20009.
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Without a functional NER pathway, an organism will be plagued with genomic
instability and frequent cancers throughout its life [1]. This phenotype can be observed
in xeroderma pigmentosum (XP) patients, who are categorized into subgroups depending
on which XP family protein deficiency they express [67]. These patients present with
multiple basal cell carcinomas and other skin malignancies at an extremely young age
[34, 66]. To avoid skin cancers, XP patients often must be completely guarded from the

sunlight and other sources of radiation.
1.5 Scope of my dissertation

When | began my dissertation research, it was known that TLR4 signaling was
involved in the cellular response to UV-irradiation, but a mechanism(s) for this
observation had not been delineated. Our first observation was that MyD88" cells
survive at a significantly higher rate than WT cells after being exposed to UV-irradiation.
This observation led us to formulate the hypothesis that TLR signaling is indeed playing
a role in determining cell fate after UV-irradiation. After multiple experiments, it
became clear that not only were TLR playing a role in the cellular UV-response, but that
TLR4 was necessary for UV-induced apoptosis. These conclusions were extended by
investigating our second main hypothesis, that cell fate after UV-irradiation has systemic
immune consequences. This dissertation reports the results of experiments performed to
investigate these hypotheses. My work has revealed four major findings: (1) UV-
irradiation activates a TLR4/MyD88-dependent, apoptotic signaling cascade, (2)
TLR4/MyD88-deficient cells die by necroptosis after UV-irradiation, (3) MyD88™ mice
are resistant to UV-induced systemic immunosuppression, and (4) TLR4/MyD88-

deficient cells resolve UV-induced CBPD more quickly than WT cells. These findings
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provide evidence for the existence of a biologically relevant, non-classical, extrinsic
apoptotic pathway that is dependent upon TLR4/MyD88 signaling and activated by UV-
irradiation, and provides a strong rationale for future development of topical TLR4

modulating therapies to reduce the risk of UV-induced carcinogenesis.
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Chapter 2

Materials and Methods

Cell Culture

Immortalized BMM cell lines, utilized in experiments from Figure 1, were
derived from MyD88" and WT C57BL/6 mice and are a generous contribution of Dr.
Douglas Golenbock (Univ. of Massachusetts Medical School) and were cultured as
previously described [131]. Immortalized BMM from WT, TLR2”, TLR4™, and
TRAM/TRIF" mice on a C57BL/6 background, utilized in experiments from Figures 7
and 8, were obtained from BEI resources (repository numbers NR-9456, NR-9457, NR-
9458, and NR-9459 respectively), and were cultured in DMEM supplemented with 10%
FCS, 100 pg/mL Pen-Strep, Sodium Pyruvate, and 200mM L-glutamine. Peritoneal
macrophages (PM) obtained by thioglycollate administration in mouse abdomen were
purified by short plastic adherence in culture media, DMEM supplemented with 20%
FCS, and 100 pg/mL Pen-Strep, then washed three times and cultured as described for
experimental use. Primary human KC were derived as previously described from
neonatal foreskins [132]. Use of human samples has been approved by the University of
Maryland Medical School Institutional Review Board. KC were cultured in Epi-Life
growth medium supplemented with epidermal growth factor and pituitary extracts
(Cascade Biologics, Portland, OR). Lymph node single cell suspensions were made by
passing lymph node tissue through a 70um nylon cell strainer, cells were then washed
twice with PBS and plated at a concentration of 1 million cells/ mL of RPMI

supplemented with 10% FCS, and 100 pg/mL Pen-Strep. For some experiments PJ-34
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(Sigma cat# P4365) or Dynabeads Mouse T-Activator CD3/CD28 (Gibco ref# 11456D)

were added to cell culture medium at indicated concentration.

Ultraviolet Light Source

Groups of four mice at a time or cell culture plates with the media removed were
irradiated with a panel of 48 inch Q-Sun light bank (Q-Panel Laboratory products,
Cleveland, OH) (equipped with a UVC WG320 filter) at a distance of 12 inches from the
light source to their shaved abdominal skin. The spectral emission profile of this light
source closely mimics that of natural sunlight, emitting predominantly UVA. A UVB
radiometer (National Biologic Corporation, Twinsburg, OH) was used to determine UVB

output, and calculate the time necessary to deliver the desired doses of UVB.

DNA Extraction and Ladder Assay

Whole genomic DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen)
following manufacturer’s protocol. To assay for DNA laddering, 500 ng of DNA was
loaded next to a 1kb DNA ladder (Fermentas cat# SM0313) into a 1.2% agarose gel and
electrophoresed at 100 V for 10 min followed by 70V for 60 min. The gels were then

stained with ethidium bromide and visualized using ChemiDoc XRS (BioRad).
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RNA Extraction and qPCR

Expression of MyD88 is knocked down in a pool of primary KC from three
different donors using siRNA (Qiagen cat# SI00300909) transfected into the cells using
the Amaxa Human KC Nucleofector Kit following manufacturer’s instructions.
Scrambled siRNA is used as a control (Qiagen cat# 1022076). RNA extraction, cDNA
synthesis kit, and RT-PCR were carried out according to previously published methods
[133, 134]. Relative levels of MyD88 mRNA were normalized to 18s mRNA. Primers
used in the reactions were purchased from Qiagen: MyD88: NM_002468.4 (reference
position: 979), TNF: NM_013693.2 (reference position: 857-879), 18s: X03205.1

(reference position: 1447).

MTT Assay

BMM cell lines or primary KC cells were cultured in a 96 well plate in 6
replicates, then UV-irradiated as indicated. Twenty-four hours after UV irradiation, MTT
assay was completed as previously published.[102] Briefly, MTT was added to the cell
culture at a final concentration of 500 pug/mL and culture dishes placed back in 37°C, 5%
CO incubator for 4 h. Media was then removed from cells and cells were dissolved in
DMSO. The OD @ 540nm was then read in a flat bottom 96 well plate, and the percent

survival, as compared to un-irradiated control, was calculated.
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In Vivo Experiments

Mouse experiments were approved by University of Maryland, Baltimore
IACUC. Hair was removed from the abdomen of 14-16 week old female WT C57BL/6
mice (The Jackson Laboratory, Strain Name: C57BL/6J, Stock Number: 000664) or
MyD88” mice on a C57BL/6 background (The Jackson Laboratory, Strain Name:
B6.129P2(SJL)-Myd88™1P¢M/3 Stock Number: 009088), the abdomen was then exposed
to 70 mJ/cm® UVB. For CHS experiments mice were UV-irradiated for 4 consecutive
days before sensitization, for other experiments only a single dose of 70 mJ/cm? UVB
was given. Numbers of mice irradiated and samples collected are described in the figure
legend associated with each experiment. For skin section staining and epidermal DNA
laddering experiments, skin biopsy specimens are taken immediately preceding, and 24
hours after UV exposure. Samples for sectioning and staining were placed in formalin,
while sections for epidermal DNA extraction were incubated at 37° C for 2 hours in
Dispase (BD Biosciences cat# 354235). The epidermal layer was removed from the
dermis then used for genomic DNA extraction. When ears were exposed to UV-
irradiation mice were anesthetized by intraperitoneal injection of a ketamine (80
mg/kg)/xylazine (10 mg/kg) mixture, and ears were taped down to a surface so only the
distal side was exposed to UV. To obtain ex vivo peritoneal macrophages, 2 mL of
thioglycollate medium (Remel cat# R064712) was injected i.p. into 6-8 week old mice
and the peritoneal exudates collected 4 days later. For TLR4™ PM, 6-8 week old mice
were purchased (The Jackson Laboratory, Strain Name: B6.B10ScN-TIr4'"%!/jthJ, Stock
Number: 007227). IRAK4"PX! mice were derived on a C57BL/6J background by Dr.

Kirk A. Staschke and Dr. Raymond Gilmour (Lilly Research Laboratories, Indianapolis,
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IN), and were bred homozygously in the laboratory of Dr. Stefanie N. Vogel at the

University of Maryland, School of Medicine.

Protein Extraction, and Western Blots

Protein concentration from cell lysates made using RIPA buffer was measured
using DC protein assay (BioRad). For Western blots, 10 pg of protein per lane was
loaded into NUPAGE 10% Bis-Tris gel (Life Technologies cat# NP0301), then
electrophoresed and transferred to nitrocellulose membranes using the Novex mini-gel
system (Invitrogen). Membranes were then probed with one of the following primary
antibodies: anti-B-actin polyclonal antibody (Cell Signaling cat# 4967), anti-RIP1
monoclonal antibody (Cell Signaling cat# 3493), anti-RIP3 polyclonal antibody (Santa
Cruz cat# sc-47364), anti-Caspase3 (Cell Signaling cat# 9665), anti-MyD88 monoclonal
antibody (Cell Signaling cat# D80F5), anti-PARP monoclonal antibody (Cell Signaling
cat# 46D11). Then developed using the Western Breeze kit (Invitrogen cat# WB7104 or

WB7106) according to manufacturer’s protocol.

ELISA

TNF-a quantification was carried out by the Cytokine Core Laboratory (Univ. of
Maryland, Baltimore) using the Luminex™ Multianalyte Assay. DNFB-specific 1gG1
and 1gG2a serum ELISA were performed as previously described [135]. Briefly, serum

was collected from CHS mice 21 days after initial sensitization. ELISA plates (Corning

27



Glass Works) were coated with 10 pg trinitrophenyl-ovalbumin or dinitrophenyl-
ovalbumin (Sigma Chemical, St Louis, Mo), and the plates were blocked with 0.25%
BSA in Tween/PBS. Sera were diluted 1:100,000 then plated in triplicate to allow for
antibody binding. Unbound antibody was washed off, and biotinylated antimouse 1gG1,
or IgG2a (BD Pharmingen, San Diego, Calif) were added at 2 ug/mL. The level of
trinitrophenyl-specific or DNP-specific IgE was then analyzed by adding streptavidin-
horseradish peroxidase at a dilution of 1:2000. o-Phenylenediamine dihydrochloride
(Sigma Chemical Co) was added according to Sigma instructions for color development.
Plates were read on a BioRad benchmark microplate reader (BioRad Laboratories,

Hercules, Calif), at an optical density of 570 nm.

Contact Hypersensitivity Model

DNFB contact hypersensitivity model was carried out as previously described
[37]. Briefly, hair was removed from the abdomen of WT or MyD88™" mice, which was
then exposed to an immunosuppressive dose of UV, 70 mJ/cm?, for four consecutive
days, days -3 through 0. On the last day of UV, day 0, and day 1 mice were sensitized
with 20 puL of 0.5% DNFB on the abdomen. On day 5, baseline ear thickness
measurements were taken then and immune reaction was elicited by painting 20 uL of
0.2% DNFB onto the ear. Twenty-four hours after elicitation, day 6, ear thickness was

measured and amount of swelling was determined by subtracting the baseline thickness.
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DNA Dot Blot

Whole genomic DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen)
following manufacturer’s protocol. For DNA dot blots, 500 ng of heat-denatured DNA
was spotted onto a nitrocellulose membrane allowed to dry at room temperature for 1
hour, then baked at 80° C for 20 minutes. The membrane is then probed with an anti-
CBPD antibody (Cosmo Bio cat# NMDNDO001) and developed using secondary Ab and
reagents from the WesternBreeze kit (Invitrogen cat# WB7104) according to
manufacturer’s protocol. Image density quantification was performed using Image-Pro

Plus software version 4.5.1.29 (Media Cybernetics).

Immunohistochemistry

Formalin-fixed WT and MyD88” mouse skin sections were paraffin-embedded,
sectioned, and stained using TUNEL In Situ Death Detection kit (Roche cat#
11684809910) or hematoxylin and eosin (H&E). Ex vivo PM were cultured and
irradiated with 25 mJ/cm? UV in chamber slides, then fixed in paraformaldehyde and
stained with 1° Ab for cleaved caspase-3 (Cell Signaling cat# 9664), slides were then
stained with FITC-conjugated 2°Ab (Pierce cat# 31583) for fluorescent visualization. To
harvest mouse epidermal sheets, ears were obtained 24 hours after irradiation of one side
of the ear with 100 mJ/cm? UV. The irradiated side was split from the control side and
then incubated with Dispase (BD Biosciences cat# 354235) at 4° C for 2 hours. The
epidermis was then separated off, and fixed in ice cold methanol for 20 min. The

epidermal sheets were then stained with FITC-conjugated anti-mouse I-A/I-E clone

29



M5/114.15.2 (BioLegend cat# 107605) and mounted onto slides with DAPI-containing
mounting medium for fluorescent visualization. Slides were visualized using a Nikon
Eclipse E600 microscope and the images documented using SpotTM imaging system
(Diagnostic Instruments, Sterling Heights, MI). This microscope was also used to

visualize cultured macrophage cell lines for morphology after UV.

Statistical Analysis

Quantitative data was analyzed for statistically significant differences, between
groups of n replicates as described in associated figure legend, using the GraphPad Instat
Software Program (GraphPad Software, San Diego, CA). An unpaired students t-test was
applied to the quantitative data with a value of p < 0.05 considered significant.

Significance is indicated on graphs by a *.
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Chapter 3
UV-Irradiation Activates a TLR4/MyD88-dependent Apoptotic Signaling Cascade

There are many known mechanisms of UV-induced apoptosis including activation
of the classical intrinsic apoptotic pathway by the generation of reactive oxygen species
[136], initiation of the apoptosis by DNA damage recognition molecules [137], and
autocrine signaling through extracellular death receptors by inflammatory cytokines
induced by UV [50]. More recently, a role for TLR signaling in apoptotic signaling has
become recognized. It has been found that under circumstances not yet fully elucidated
that TLR2 signaling is capable of initiating a non-canonical extrinsic apoptotic cell death
that is mediated by the activation of caspase-3 [138-141]. It has also been observed that
TLRA4-deficient mice are resistant to UV-induced immunosuppression which has, so far,
been attributed to attenuated Treg formation [35]. As the literature evolves, it is
becoming clear that TLRs are frequently implicated in signaling cascades leading to

outcomes not previously associated with TLR signaling, including apoptosis.

In this chapter, we investigated the role of TLR4/MyD88 signaling after UV-
irradiation. The central hypothesis is that UV activates a non-canonical extrinsic
apoptotic pathway that is dependent on a functional TLR4/MyD88. Most of the data
presented in chapters three and four have been published by Innate Immunity in
September 2013 online, ahead of print. Content from that publication has been included

in this dissertation with permission of the publisher.
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3.1 Apoptosis is Not Initiated in UV-irradiated MyD88™ Mouse Models

To investigate if MyD88 is involved in the cell fate decision after UV-irradiation,
immortalized BMM from WT C57BL/6 and MyD88” mice were cultured and irradiated
with increasing doses of UV. After irradiation, the MyD88™ cells exhibited significantly
increased survival (p < 0.0001; Figure 5A). To characterize this phenotype further,
morphology of the cell lines was visualized 24 hours after UV irradiation. The WT
BMM showed characteristic apoptotic morphology with condensed chromatin and
blebbing of cellular material. However, MyD88” cells appeared swollen and rounded,
and without nuclear chromatin condensation (Figure 5B). The morphologic changes seen
in the WT macrophages are characteristic of the non-inflammatory apoptotic cell death
associated with UV irradiation, while MyD88™ cell morphology is consistent with that of

a cell undergoing necrosis.

To confirm that these observations hold true in vivo, the abdomens of WT and
MyD88”" mice were irradiated with an immunosuppressive dose of UV, and the exposed
skin evaluated for signs of apoptosis or necrosis. At 24 hours after UV exposure, there
were no gross differences (i.e., erythema, scale or eschar) between the appearance of the
skin of MyD88"' mice and that of WT mice. Epidermal genomic DNA extracted from
the irradiated skin of WT mice shows evidence of apoptosis in the form of prominent
DNA laddering 24 hours after irradiation, when UV-induced apoptosis is known to peak.
Epidermal DNA from MyD88™ mice does not show this prominent laddering (Figure
6B). An apoptotic DNA ladder is also present in WT, but absent in MyD88™ peritoneal
macrophages (PM) examined ex vivo 24 h after 25 mJ/cm? UV irradiation (Figure 6C).

These ex vivo MyD88™ PM also exhibited increased survival after UV when compared to
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Figure 5. UV irradiated MyD88™ cell line exhibits increased survival and decreased
apoptotic morphology. A. Percent survival of immortalized BMM from WT C57BL/6
and MyD88™ mice is measured 24 hours after UV using an MTT assay, mean of 6
replicates = SD is shown. Percent survival is normalized to unirradiated control. A
significant difference (*, p<0.0001) in survival is seen at both UV doses, 10 mJ/cm? and
25 mJ/cm®. B. The WT and MyD88" cell lines were unirradiated or irradiated with 10
mJ/cm?of UV and visualized 24 hours after irradiation for signs of apoptotic morphology.
WT cells show condensed nuclei and blebbing off of cellular material, MyD88” cells
appear swollen and show decreased apoptotic morphology. Results are representative of
three separate experiments.
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Figure 6. Epidermal DNA from in vivo UV-irradiated MyD88” mice and ex vivo
UV-irradiated PM have decreased DNA laddering when compared to WT. A.
Schematic of methods used for UV-irradiation of mouse abdomens. B. Epidermal DNA
was extracted from C57BL/6 WT and MyD88" abdomen skin biopsies immediately
after, and 24 hours after 70 mJ/cm? UV irradiation. To assay for apoptotic laddering, 500
ng of epidermal genomic DNA is electrophoresed on an agarose gel. A gel with DNA
from one representative mouse from each group of 3 is shown. B. DNA extracted from
cultured MyD88” and WT PM 24 hours after either no UV, 10, or 25 md/cm? UV. A
prominent ladder is seen in the WT cells that received 25 mJ/cm? UV, but not in cells
from MyD88” mice. Inverted images of ethidium bromide stained agarose gels are
shown in both panels. Survival of WT and MyD88" PM 24 h after UV was measured
using an MTT assay. At the 25 mJ/cm? dose of UV, the MyD88™ PM have significantly
increased survival (*, p<0.0001) when compared to WT, mean of 6 replicates + SD is
shown.
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WT PM, with a significant difference observed 24 h after 25 mJ/cm?® of UV irradiation
(Figure 6C). MyD88™ cells show increased survival and decreased apoptosis after UV

irradiation.
3.2 UV-induced Apoptotic Signaling Cascade is TLR4/MyD88 Dependent

To elucidate if this cell death phenotype is a result of activation of the TLR
signaling pathways for which MyD88 is a necessary scaffolding protein, immortalized
BMM from WT, TLR2”, and TLR4" mice on a C57BL/6 background were used in cell
death assays. In an MTT assay, the TLR4” macrophages were found to have
significantly increased survival (p<0.001) 24 hours after exposure to increasing doses of
UV irradiation when compared to both WT and TLR2" cells (Figure 7A). This is the
same survival phenotype observed in MyD88™" cells, suggesting that the TLR4 signaling
pathway and its components, including MyD88, are mediating cell fate after UV
irradiation. This observation is supported by the lack of DNA laddering seen 24 hours
after UV irradiation in TLR4™ cells (Figure 7B). While a typical apoptotic DNA ladder
is seen at both doses of UV in the WT and TLR2” cells, it is not visible in TLR4™ cells
even though high doses of UV were used to induce laddering. This evidence supports the
hypothesis that the MyD88-dependent TLR4 signaling pathway is contributing to the cell

fate decision after UV irradiation.

TRAM and TRIF are also adaptor molecules that can be activated downstream of
TLR4 dimerization and represent the second classically recognized arm of the TLR4
signaling pathway. To determine whether these proteins are involved in the UV-induced

apoptotic cascade, a BMM cell line immortalized from TRAM/TRIF” mice was used in a
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Figure 7. TLR4” macrophages exhibit increased survival and decreased apoptosis
following UV irradiation. A. Percent survival of immortalized BMM from C57BL/6
WT, TLR2", and TLR4™ mice was measured 24 hours after 0, 25, or 50 md/cm? UV
using an MTT assay. Mean of 6 replicates from 2 independent experiments £ SD is
shown. Percent survival is normalized to unirradiated control. When compared to WT
and TLR2" BMM, the TLR4” BMM have a significant increase in survival, as measured
by MTT assay, at both doses of UV (*, p<0.001). B. Five hundred ng of genomic DNA
extracted from C57BL/6 WT (WT), TLR2" (2), and TLR4™ (4) immortalized BMM cell
lines 24 hours after 0, 25, or 50 mJ/cm® UV-irradiation were electrophoresed on an
agarose gel, a 1 kb DNA ladder (L) was included. TLR4” DNA does not show a UV-
inducible ladder and so is considered not to be apoptotic. Inverted image of ethidium
bromide-stained agarose gel is shown, and is a representative of 3 independent

experiments.
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MTT assay. When compared to WT, TRAM/TRIF™ cells have similar levels of death 24
h after UV-irradiation (Figure 8). In contrast to MyD88™ and TLR4™ macrophages, no
increase in survival is seen, suggesting that the TRAM/TRIF-dependent TLR4 signaling

pathway is not involved in UV-induced apoptosis.

The canonical TLR4 signaling pathway shows MyD88 interacting with IRAK4
downstream of the dimerization of intracellular TIR domains of TLR4 (Figure 3). To
determine if IRAK4 is necessary for the observed TLR4-dependent UV-induced
apoptosis, we utilized mice that homogeneously express a catalytically inactive mutant of
IRAK4 (IRAK4"P"Y. Previous publications show that the IRAK4*PX! mice exhibit
impaired responses to TLR4 agonists and impaired responses to gram-negative bacteria.
While presence of a catalytically inactive protein may allow for some of the scaffolding
activity to be retained, which permits some signaling, the majority of TLR4 signaling is

45PK mice

ablated in these mice. Twenty-four hours after UV-irradiation, PM from IRAK
show the same dose-dependent genomic DNA ladder as PM from WT mice (Figure 9A),
indicating that they are capable of efficiently initiating apoptotic cell death. This finding
is supported by data showing that WT and IRAK4¥PX! PM have similar survival rates 24
h after being exposed to UV-irradiation (Figure 9B). The ability of IRAK4P*! cells to
undergo apoptosis suggests that the TLR4/MyD88 pathway that is being activated by
UV-irradiation diverges from the canonical TLR4 pathway after MyD88, and that

MyD88 is most likely cascading with a different molecule, other than IRAK4, to initiate

apoptosis.

37



1004 L COWT Md
S I TRAM/TRIF M
.; BD_
e
=3
w 604
k=
QO
O 40-
Q
o

201

0 25 a0
mJdlem? UV

Figure 8. UV-induced apoptosis is not dependent on the TLR4/TRIF-TRAM
pathway. Percent survival of immortalized BMM from C57BL/6 WT, and TRAM/TRIF
" mice was measured 24 hours after 0, 25, or 50 mJ/cm? UV using an MTT assay. Mean
of 6 replicates from 2 independent experiments + SD is shown. Percent survival is
normalized to unirradiated control. No significant differences were observed in survival
when comparing WT to TRAM/TRIF"" macrophages.
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Figure 9. UV-induced apoptosis is not observed in macrophages with a catalytically
inactive IRAK4 molecule. A. Five hundred ng genomic DNA was extracted from
C57BL/6 WT (WT) and IRAK4-kinase-dead mice (KDKI) PM 24 hours after 0, 10, or 25
mJ/cm? UV-irradiation were electrophoresed on an agarose gel, a 1kb DNA ladder (L)
was included. Both WT and KDKI PM show a UV-inducible ladder and are considered
apoptotic. Inverted image of ethidium bromide stained agarose gel is shown, and is a
representative of two independent experiments. B. Percent survival of PM from WT and
KDKI macrophages was measured 24 hours after 0, 10, or 25 mJ/cm? UV using an MTT
assay. Mean of 6 replicates from 2 mice £ SD is shown. Percent survival is normalized
to un-irradiated control. There are no significant differences observed in survival when
comparing WT to KDKI.
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3.3 TLR4/MyD88 Pathway is also Activated in Human Cells

To confirm that this phenotype can also be observed in human skin cells, a SIRNA
knock-down of MyD88 in pools of human primary KC derived from surgical specimens
from 3 different healthy donors was performed. A greater than 80% knock down of
MyD88 was achieved at both the mRNA and protein level as measured by RT-PCR 24
hours after transfection and Western blot 48 h after transfection, respectively (Figures
10A and 10B). The KC were UV-irradiated 48 h after transfection, then 24 h after UV-
irradiation, survival was measured. Similar to the phenotype observed in MyD88” and
TLR4™" cell lines, we see that the human primary KC with MyD88 knocked down exhibit
increased survival compared to control transfected KC (Figure 10C). These data provide
evidence that a functional TLR4/MyD88 signaling pathway is not only necessary for
efficient UV-induced apoptosis in mice, but also in human skin cells that are routinely

exposed to UV-irradiation.

Here we show that in both mouse and human models MyD88 is necessary for
efficient apoptosis after UV-irradiation. Evidence is provided that TLR4 is also
necessary for UV-induced apoptosis, but TLR2, TRAM/TRIF, and IRAK4 are not. Data
presented in this chapter describes a specific TLR4- and MyD88-dependent signaling

pathway that initiates apoptosis after UV-irradiation.
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Figure 10. Increased survival after UV-irradiation is observed in human primary
keratinocytes with MyD88 knocked down. A pool of human primary keratinocytes
(KC) from 3 patient samples were transfected with either a MyD88-specific SIRNA or a
scrambled control sSiRNA. A. RT-PCR for MyD88 was performed on cDNA made from
the transfected KC 24 h after transfection. A >80% knockdown of MyD88 mRNA was
achieved. MyD@88 transcript levels were normalized to 18S RNA. B. The knockdown
was confirmed at the protein level by Western blot with lysates made 48 h after
transfection. A >80% knockdown of MyD88 protein was repeatedly achieved. C. Forty-
eight h after transfection, the KC were irradiated with either 0, 10, or 25 mJ/cm? UV, and
24 h after irradiation, an MTT assay was performed to determine cell survival. Samples
in which MyD88 has been knocked down exhibited increased survival 24 h after UV-
irradiation as compared to control transfected KC. Mean £ SD of triplicate wells are
graphed. A representative experiment of 4 replicates with similar results is shown.
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Chapter 4
Death is Skewed Towards Necroptosis in TLR4/MyD88™ Cells

The swollen morphology observed in UV-irradiated MyD88” BMM indicates
that instead of undergoing classical apoptotic death, the cells might be necrotic. Necrosis
has long been recognized as a default cell death that occurs when apoptosis cannot be
initiated [142]. It is classically thought that necrosis is an unordered and non-specific
mechanism of cell death that involves the simple explosion of cellular material into
surrounding tissue [143]. However, it has more recently been recognized that activation
of specific signaling molecules can lead to the necrosis of a dying cell [144]. Death by
these necrotic cell death signaling pathways have been termed necroptosis [145], and is
dependent on the formation of a RIP1/RIP3 signaling complex (Figure 2). While a
necroptotic signature has not yet been fully identified, this type of cell death causes
production and release of a combination of cytokines and DAMPSs that distinguish it from

other inflammatory cell deaths, such as pyroptosis.

In chapter 3, the data presented indicate that TLR4/MyD88-deficient cells are not
able to undergo efficient apoptosis after UV-irradiation. In this chapter, the mechanism
by which MyD88- and TLR4-deficient cells are dying is explored. We hypothesize that,
in the absence of an active apoptotic pathway, TLR4/MyD88-deficient cells are

undergoing Rip1-dependent necroptosis.
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4.1 Necrotic Morphology Is Observed in TLR4/MyD88” Models

To look for further evidence of apoptosis or necrosis, skin biopsy specimens from
UV-irradiated and unirradiated mouse abdomens were sectioned and stained with H&E
or TUNEL (Figure 11). Unirradiated skin from both WT and MyD88"" mice exhibited
normal histologic features, and, as expected, no TUNEL-positive cells were observed
(Figure 11, top two panels). UV-irradiated skin from WT mice maintain an intact
epidermis with multiple shrunken, pyknotic KCs scattered throughout the epidermis;
TUNEL staining confirmed these were apoptotic KC (Figure 11, third panels). In
contrast, the epidermis of UV-irradiated MyD88” mice revealed histologic signs of
epidermal necrosis. A sheet of eosinophilic staining of the upper epidermis with
abnormal retained nuclei indicating necrotic cell death is observed, while having sparse
TUNEL positivity (Figure 11, fourth panels). There was no grossly different exaggerated
sunburn response in MyD88™ mice compared to WT mice. These histologic features are
consistent with the lack of DNA laddering seen in the epidermal DNA of these MyD88™""
mice, and further contribute to the microscopic and biochemical evidence that MyD88™

cells are not able to efficiently undergo UV-induced apoptosis.

4.2 Initiation of Rip-dependent Necroptosis

The proteins RIP1 and RIP3 are thought to be main components of the recently
described “necroptisome” that results in an ordered necrotic cell death (Figure 2) [55].
To investigate if MyD88™ cells might exhibit necroptotic cell death, PM from WT and

MyD88™ mice were cultured and UV-irradiated in vitro, then 0, 10, 60, and 120 minutes
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Figure 11. Skin sections from UV-irradiated MyD88” mice have decreased
epidermal apoptosis and increased evidence of epidermal necrosis. Skin biopsy
specimens taken 24 h after UV exposure and unirradiated biopsies from each group were
formalin-fixed and stained with H&E or TUNEL. A representative image from each
group of 6 mice is shown. Only sections from irradiated MyD88”" mice show markedly
decreased epidermal cell apoptosis (very rare TUNEL positive cells), and histologic signs
of intense inflammation and possibly, beginning stages of necrosis (i.e., epidermal
membrane disappearing, with enlarged undistinguished epidermal cells showing enlarged
clear nuclei and DNA, and associated edema and inflammation), while sections from
irradiated WT mice show an intact epidermal architecture and highly TUNEL positive
(dark blue) epidermal cells (indicative of nicked dsDNA labeled by TUNEL, suggesting
that these cells are undergoing early apoptosis), as compared to non-UV epidermal layer
and cells (TUNEL negative).
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after UV irradiation, levels of RIP1 and RIP3 proteins were investigated by Western
analysis. In WT cells, there was observed a time-dependent cleavage of RIP1 that is
characteristic of apoptosis [146, 147], and this cleavage was absent in the MyD88™ cells
(Figure 12A). In WT cells, full-length RIP1 decreases 10 minutes after UV, consistent
with the appearance of cleaved RIP1, and is restored and then augmented 60 and 120
minutes after UV. MyD88™ cells showed little variation in full-length RIP1 protein
levels; however, they show induction of the necroptotic protein RIP3 120 minutes after
UV (Figure 12A), in contrast to WT cells where RIP3 protein levels were consistent

throughout time course.

Necroptosis results in an inflammatory cell death that leads to the release of pro-
inflammatory cytokines, and specifically, TNF-a. Supernatants from primary PMs were
collected 24 h after in vitro UV exposure and assayed by ELISA for TNF-a release. A
significant increase in TNF-a release was observed in the MyD88™ cells, but not in WT
cells (p = 0.0139; Figure 12B). In support this finding, RNA was extracted from UV-
irradiated PM and levels of TNF-o mRNA were measured by qRT-PCR. Consistent with
the ELISA data, we find that TNF-a mRNA was up-regulated to a significantly higher
level in MyD88” PM when compared to WT (p < 0.05, Figure 12C). The lack of RIP1
cleavage, induction of RIP3, and the enhanced release of TNF-a support the hypothesis
that the necroptotic pathway, rather than an apoptotic pathway, is activated by UV

irradiation in the absence of MyD88.

45



A MyD88 /- WT

PostUV min 0O 10 60 120 0 10 60 120

7o [ O e O~

35K I < Cleaved-Rip!

0 [ < -
<o [ — ~c TN

10.0 —r
75 B 088

w
w

5.0
25

Ll #:

0 10 60 120 0 10 60 120 0 10 :ng 120
min post-UV min post-UV min;post=

-

Rip1k/p-actin
N
cleaved
Rip1k/B-actin
- N
Rip3k/g-actin*100

o
o
=

B TNF-a C TN F-a*

(o))
o
-
o,

- WT
1 —a My088"'

=IWT
B 1ypss™ o I

-
=

Relative Gene
Expression
brdd

e N

0 10 20 30 noUV  10min  60min 120 min
mJ/cm? UV 10 mJ/cm? UV

Figure 12. Necroptotic pathway is activated by UV irradiation in MyD88™"
macrophages. A. A western blot of UV-irradiated peritoneal macrophages (PM) from
MyD88” or WT mice shows the kinetics of expression of RIP1, its activation by
cleavage, and RIP3 expression. The amount of full-length RIP1, cleaved RIP1, and RIP3
were measured by Western-blot in WT and MyD88”~ PM. Protein is measured 0, 10, 60,
and 120 min after 25 mJ/cm? UV. Densitometry was used to quantify relative protein
levels normalized to B-actin, from a single representative experiments (n = 2). This data
suggests the possible activation of the necroptosis pathway by UV in MyD88" PM. B.
Supernatants from PM cultures were collected 24 h after 0, 10, or 25 mJ/cm? UV
irradiation and assayed by ELISA for TNF-a release. The mean + SD of two independent
experiments is shown (*, p = 0.0139). C. TNF-a mRNA expression was measured in
MyD88” and WT PM 0, 10, 60, and 120 min after 10 mJ/cm? UV. Significantly greater
TNF-a. mMRNA expression in response to UV irradiation was observed in the MyD88™"
PM as compared to WT. The mean £ SD of 2 independent experiments is shown (*, p <
0.05).
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4.3 Proteins Classically Cleaved/inactivated during Apoptosis Persist Intact

To define and characterize the observed UV-induced apoptotic pathway further,
cleavage/activation of caspase-3 was investigated in PM from WT, MyD88™", and TLR4™""
mice. Western analysis was carried out with protein lysates collected from cultured WT
and MyD88” PM at 0, 4, and 8 h after 25 mJ/cm? UV. There was a time-dependent
cleavage of full-length 35 kD caspase-3 into its active 17 kD form in WT cells; however,
this cleavage was absent in MyD88™" cells (Figure 13A). Absence of caspase-3 cleavage
in MyD88-deficient cells supports our conclusion that these cells that lack an intact TLR4
signaling pathway cannot undergo apoptosis after UV irradiation. We also performed
immunohistochemistry to stain for cleaved caspase-3 8 h after 25 mJ/cm? UV in PM from
WT, MyD88™, and TLR4™ cells irradiated in vitro. Cleaved caspase-3 was visible in the
WT culture, but was absent in the MyD88” and TLR4™ cultures (Figure 13B). Instead,
only intact caspase 3 was observed, providing further evidence that the MyD88-
dependent TLR4 signaling pathway is necessary for initiation of apoptosis after UV

irradiation.

Poly ADP ribose polymerase (PARP) is a DNA damage recognition protein that is
cleaved by caspases during apoptosis [148]. Consistent with the previous finding that
MyD88”" and TLR4" mice, do not undergo efficient apoptosis after UV compared to WT
[34], we found that PARP was cleaved in a time-dependent manner after UV-irradiation
in WT PM; however, this cleavage was significantly decreased in MyD88™ (Figure 14A)
and TLR4™ PM (Figure 14B). Proteins that are classically cleaved during apoptosis, i.e.,
PARP and RIP1, are not cleaved after UV-irradiation in MyD88” and TLR4™ cells. This

lack of cleavage contributes to the evidence that these cells are not able to undergo
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Figure 13. UV-induced caspase-3 cleavage is dependent on the TLR4-MyD88
signaling pathway. A. Western blot of PM lysates from WT and MyD88™ mice taken 0,
4, or 8 h after 25 mJ/cm? UV irradiation. Blot was probed with an anti-caspase-3 Ab,
which shows a 35 KD band that represents full-length caspase-3 and a 17 KD band that
represents the cleaved/activated form of caspase-3, or with an anti-B-actin Ab as a
loading control. Ratio of density of cleaved/full-length caspase-3 is graphed next to
image of blot. B. Cultured PM from WT, MyD88”", and TLR4"" mice were fixed 24 h
after 25 mJ/cm? UV and stained for cleaved caspase-3 (FITC) or with a nuclear stain
(DAPI).
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Figure 14. Decreased cleavage of DNA damage recognition molecule, PARP, after
UV-irradiation in MyD88” and TLR4”™ PM. PARP cleavage was measured by
Western blot in cultured PM before, 4 h, and 8 h after 25mJ/cm? UV. Cells from WT
mice exhibited a time-dependent cleavage of PARP after UV-irradiation. This cleavage
was greatly diminished in MyD88”" (A) and TLR4™ (B) macrophages. Representative
blots are shown from 3 separate experiments.
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apoptosis efficiently and, combined with evidence of necroptisome activation, suggests
that without an intact TLR4/MyD88 signaling pathway UV-induced death is skewed

from apoptosis to necroptosis.

Evidence presented in this chapter reveals that skin sections from MyD88”" mice
show histologic signs of necrosis, while sections from WT mice exhibit a classical
apoptotic histology in response to UV irradiation. Furthermore, full-length (active)
PARP and RIP1 persists in MyD88™ mice, suggesting that such cells are capable of
undergoing necroptosis after UV-irradiation. It is also found that there is an
augmentation of TNF-a production in MyD88"' cells, which has been identified as a
marker of necroptotic cell death [58]. In addition to RIP1, other proteins, such as
caspase-3 and PARP, that are cleaved during apoptosis persist in their full length form in
MyD88™" cells after UV-irradiation. These data allow us to conclude that UV-irradiation

causes cells without functional MyD88 to die by necroptosis.
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Chapter 5

MyD88” Mice are Resistant to UV-induced Systemic Immunosuppression

Systemic immunosuppression is a well-recognized consequence of UV-
irradiation.  In fact, this immunosuppression has been used therapeutically, i.e.,
phototherapy is often prescribed for treating psoriasis [13]. However, it can also lead to
propagation of infections [149] and malignant cancers, such as NMSC and melanoma
[150], that would be routinely neutralized in a fully immune-competent individual.
While extensive research has been done investigating the mechanisms of UV-
immunosuppression, this phenomenon is not yet fully understood. Elucidating a more
complete picture of how UV induces immunosuppression will allow this observed effect
to be used more effectively as a therapeutic, and guarded against when

immunosuppression is an unwanted consequence of UV exposure.

It has been previously shown that TLR4-deficient mice are resistant to UV-
induced immunosuppression [35]. After taking into consideration our data presented in
chapters three and four, | hypothesized that MyD88" mice would exhibit the same
resistance to immunosuppression as TLR4” mice, and that this phenotype is due to the

necroptotic rather than apoptotic mechanism of death in UV-irradiated cells.

5.1 Mouse Contact Hypersensitivity Model

To determine how MyD88 deficiency affects UV-induced immunosuppression,
the DNFB contact hypersensitivity (CHS) mouse model was used. Twenty-four hours

after elicitation, restimulation with the same sensitizing antigen, both WT and MyD88™"
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mice that were sensitized with DNFB exhibit robust ear swelling, while naive mice have
a low level of baseline ear swelling. The WT mice that were UV-treated before DNFB
sensitization show a significant (p<0.0001) reduction in ear swelling as compared to the
WT mice that were not exposed to UV. However, ear swelling in the MyD88”" mice that
were exposed to the same UV-immunosuppressive regimen was not significantly
diminished and is significantly (p = 0.0096) greater than the paired WT group of mice
(Figure 15B). These data support the hypothesis that MyD88™ are resistant to UV-
induced immunosuppression.

In further support of this conclusion, serum was obtained from each mouse on day
21 after sensitization and DNFB-specific 1gG2a, an antibody response that is dependent
on Thl lymphocyte-derived IFN-y [151], was measured. There was significantly (p =
0.0127) less DNFB-specific 1gG2a in the sera of UV-irradiated WT mice than in sera
from UV-irradiated MyD88™ animals (Figure 15C). It has been previously reported that
DNFB elicits mainly a Th1 response that results in production of 1gG2a, so as expected, a
significant DNFB-specific 1gG1 response was not observed (data not shown); however,
there was a significant difference seen in DNFB-specific 1gG2a in WT vs. MyD88™"
mice. Ear sections stained with H&E from unirradiated and UV-irradiated MyD88™
mice show similar histologic morphology, with significant edema and cellular infiltrate.
While the ear sections from unirradiated WT mice show similar histologic signs of an
intact immune response, the ear sections from UV-irradiated WT mice show limited

edema and decreased histologic signs of inflammation (Figure 15D).
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Figure 15. MyD88” mice are resistant to UV induced immunosuppression. A. WT
and MyD88”" mice are used in the DNFB CHS model. One group was sensitized on the
abdomen and restimulated with DNFB on the ear (sen), the second was UV-treated with
70 md/cm? for 4 consecutive days before being sensitized and elicited with DNFB
(UV+sen), the final group was naive and only restimulated with DNFB (naive). B. Ear
thickness was measured before and 24 h after antigen challenge, the amount of swelling
elicited by DNFB is graphed. C. Using the same mice from panel A, 21 days after
sensitization with DNFB, serum levels of DNFB-specific 1gG2a were measured. For
each treatment group, n = 7 mice were tested and the mean + SD is shown; *p = 0.0127;
*+p = 0.0096; ***p < 0.0001. D. Ear sections from WT and MyD88™", sen and UV+sen
groups were stained with H&E and examined for histologic evidence of inflammation. A
representative ear section from each group (n=7) is shown.

53



5.2 Antigen Presenting Cell Migration After UV-irradiation

To address the possibility that UV-irradiation is causing emigration of antigen
presenting cells (APC) to local lymph nodes at different rates in WT and MyD88™"
animals, epidermal sheets were stained for MHC Il, which stains epidermal Langerhans
cells [152]. Twenty-four hours after exposure of mouse ears in vivo to 100 mJ/cm? UV,
similar levels of APC emigration from the epidermis was observed in WT and MyD88™""
mice (Figure 16A). Single cell suspensions made from the local lymph nodes of the same
irradiated mice show that MyD88™ mice are capable of producing significantly more (p =
0.0094) IFN-y when stimulated with CD3/CD28-activating beads, as compared to cells
from WT mice (Figure 16B). Although WT and MyD88™ mice exhibit the same amount
of APC emigration, the IFN-y production capabilities of local lymph node cells from
MyD88”" mice was higher. In conjunction with this higher level of immune-competence
after UV-irradiation, 24 h after irradiation a significantly lower (p=0.0469) amount of
DNA damage was detected in the local lymph nodes of MyD88” mice as compared to
WT mice (Figure 16C). In addition to TLR4” mice that were previously reported to be
resistant to immune suppression [151], MyD88” mice exhibit the same phenotype that
may be attributable to the more efficient repair of DNA-damaged APC from the

irradiated epidermis.
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Figure 16. UV-induced emigration of APC from epidermis is maintained, and DNA
damage is decreased in local lymph nodes of MyD88" mice. A. Epidermal sheets
from ears irradiated with 100 mJ/cm? or paired skin from the unirradiated side of the
same ear were stained with MHC-II antibody (clone M5/114.15.2). Similar levels of
APC are observed to emigrate from the epidermis 24 h after UV in WT and MyD88™""
mice. Representative images are shown from each group. B. Single cell suspensions
from inguinal lymph nodes harvested 24 h after ears were irradiated with 100 mJ/cm?
UV, were stimulated with CD3/CD28-activating beads for 72 h, and cell-free
supernatants were analyzed for release of IFN-y. Numbers are graphed as a percentage of
IFN-vy released by a paired no-UV control animal, n=3 for each group, **p = 0.0094. C.
Whole genomic DNA was extracted from the inguinal lymph nodes 24 h after ears were
irradiated with 100 mJ/cm? UV, CBPD amounts were measured by DNA dot blot. A
representative blot is shown. The increase in CBPD over an unirradiated control animal
is measured by densitometry and mean £ SD is graphed, n=4 for each group, *p =
0.04609.
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Chapter 6

Increased DNA Repair in UV-irradiated TLR4/MyD88" Models

Cyclobutane pyrimidine dimers (CBPD) are the main form of DNA damage
caused by exposure to the UVB spectrum [153]. In healthy cells, CBPD are readily
recognized and repaired without mutagenic consequence [46]. However, if CBPD are not
able to be excised, carcinogenic mutations are propagated, leading to the development of
non-melanoma skin cancers [47]. This consequence is exemplified by xeroderma
pigmentosum (XP) patients who are deficient in their nucleotide excision repair (NER)
machinery [48]. XP patients have an extraordinary number of malignant skin carcinomas
that begin to be visible immediately after birth. The only way to avoid these carcinomas
is to completely shield themselves from DNA-damaging UV-irradiation early in life.
Functional NER is necessary to maintain genomic stability and immune surveillance in

the skin [49].

Previous chapters provide evidence that APC emigrate from the epidermis of
MyD88™ and WT mice at similar rates; however, less UV-induced DNA damage can be
detected 24 h after irradiation in MyD88” mice. These observations led us to
hypothesize that, after UV-irradiation, MyD88™" mice are capable of more efficient DNA

repair than WT mice.
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6.1 Cyclobutane-pyrimidine Dimer (CBPD) Resolution After UV-irradiation

The reduction of DNA damage in the local lymph nodes of MyD88™" mice led us
to speculate if this phenotype would also be manifested as increased resolution of CBPD
in the UV-irradiated skin. To test this hypothesis, serial biopsies were taken from the
abdomen of UV-irradiated WT, MyD88”, and TLR4" mice. Immediately after being
exposed to 70 md/cm? UV, all three strains of mice showed similar levels of CBPD in
epidermal DNA. However, 24 h after UV, levels of CBPD in epidermal DNA from
MyD88” and TLR4” mice were significantly (p < 0.05) lower than CBPD detected in
WT epidermal DNA (Figure 17). These data suggest that mice without the
TLR4/MyD88 signaling pathway are able to be resolve UV-irradiation induced CBPD
more efficiently, presumably by more active DNA repair.

To confirm that this phenotype can also be observed in human skin cells, a SIRNA
knock down of MyD88 in pools of human primary keratinocytes (KC) derived from
surgical specimens from 3 different healthy donors was performed. A >80% knock down
of MyD88 was achieved at both the mRNA and protein levels as measured by RT-PCR
24 hours after transfection and Western blot 48 h after transfection, respectively (Figures
10A and 10B). The KC were UV-irradiated 48 h after transfection, DNA was extracted
24 h after UV, and a DNA dot blot was carried out to evaluate CBPD resolution. KC
with MyD88 knocked-down, as compared to control transfected, were able to resolve
about twice as many of the CBPD 24 h after irradiation with 25 mJ/cm? (Figure 18).
MyD88 siRNA-treated human keratinocytes, similar to MyD88”™ mice, are able to repair

UV-induced DNA damage at a faster rate than paired control treated KC.
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Figure 17. Increased DNA repair is observed in MyD88"' and TLR4™ epidermal
DNA. Epidermal DNA was extracted from WT, MyD88”, and TLR”" abdominal skin
biopsies from mice that have been irradiated with 70 mJ/cm? UV. A DNA dot blot was
performed with 500 ng of epidermal DNA extracted immediately after (O h) or 24 h after
UV-irradiation. A representative dot blot image is shown, while the mean + SD percent
of densitometry from the 0 h time point is graphed, n=3 for each group, *p < 0.05.
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Figure 18. Increased DNA repair is observed in human primary keratinocytes with
MyD88 knocked down. A greater than 80% knock down of MyD88 mRNA and protein
is achieved in human primary KC (Figure 6A and 6B). Forty-eight h after transfection,
the KC were irradiated with either 0, 10, or 25 mJ/cm? UV, and 24 h after irradiation,
CBPD levels were measured in extracted genomic DNA using a DNA dot blot. Samples
in which MyD88 has been knocked down show a reduction in CBPD 24 h after UV-
irradiation as compared to control transfected KC. A representative experiment of 4
replicates with similar results is shown.
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6.2 Increased CBPD Resolution is Dependent on PARP-1

DNA damage recognition is crucial for effective repair and resolution of lesions.
Damage recognition molecules, such as PARP, are cleaved by caspases during apoptosis,
a condition when DNA repair is no longer necessary because the cell is dying [148].
Consistent with the previous finding that MyD88™ and TLR4” mice, compared to WT,
do not undergo efficient apoptosis after UV [34], we found that PARP is cleaved in a
time-dependent manner after UV-irradiation in WT PM; however, this cleavage is
significantly decreased in MyD88”" (Figure 14A) and TLR4” PM (Figure 14B). To
investigate if the DNA-damage recognition molecule PARP is necessary for the increased
resolution of dimers observed in MyD88 and TLR4 deficient models, the water soluble
PARP-inhibitor, PJ-34, was used in PM culture experiments. In the presence of PJ-34,
MyD88” PM lose their ability to resolve CBPD at a higher rate, while PJ-34 treatment
has no effect on the resolution of CBPD in WT PM (Figure 19).

Since these data showed that PARP is necessary for increased DNA repair in
vitro, we next sought to determine if PJ-34 would also be effective in mouse skin cells in
an in vivo model of DNA repair. WT and MyD88” mouse abdomens were injected
intradermally with a previously described effective dose of PJ-34 [154] 2 h before
irradiation with 70 mJ/cm? UV. Serial biopsies were then taken immediately after and 24
h after UV to measure the resolution of epidermal CBPD. Consistent with the in vitro
data, we found that in vivo inhibition of PARP with PJ-34 resulted in MyD88™ epidermal
DNA having a WT level of CBPD resolution 24 h after irradiation (Figure 20). The

increased DNA damage resolution observed in cells without a functional TLR4/MyD88
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Figure 19. Increased resolution of CBPD is dependent on PARP. PM from WT and
MyD88”" mice were treated for 30 min with either media alone or media with 1 pg/mL
PJ-34. Cells were then irradiated with 25 md/cm? UV, and DNA was extracted
immediately after or 24 h after UV. DNA dot blots were run with 500 ng of genomic
DNA. Densitometry of CBPD is graphed as a percentage of dimers detected immediately
after UV. A representative experiment of 3 replicates with similar results is shown.
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Figure 20. Inhibition of PARP in vivo diminishes the increased DNA repair
observed in MyD88” mice. A. Hair was removed from the abdomens of WT and
MyD88”" mice, which were then injected intradermally with either 235 pg of PJ-34 or
water, as a vehicle control. Two hours after injection, mouse abdomens were irradiated
with 70 mJ/cm?. Serial skin biopsies were taken immediately following and 24 h after
irradiation. B. Epidermal DNA was extracted from the skin biopsies and 500 ng of each
sample was used in a DNA dot blot. A representative blot is shown for each condition.
The mean percent of 0 h densitometry is graphed, n = 4 for each group.
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signaling pathway is dependent on the persistence of the DNA-damage recognition

molecule PARP.

6.3 Nucleotide Excision Repair Proteins are Necessary

In addition to damage recognition by PARP, we investigated if the observed
increase in damage resolution is dependent on NER machinery, the predominant repair
pathway for CBPD [148]. | hypothesized that NER machinery is involved in the
observed increase in repair because the XP family of genes work in collaboration with
PARP to facilitate DNA repair in the NER pathway. It has previously been shown that
bone marrow-derived macrophages responded similarly to UV-irradiation as skin cells
that are routinely physiologically exposed [155]. Because bone marrow-derived
macrophages responded similarly, we utilized a lymphoblast cell line from a XP patient
who is deficient in XPA, one of the critical NER molecules. A >75% knock down of
MyD88 was achieved by siRNA tansfection, at both the mRNA and protein levels in XP
and WT lymphoblasts as compared to control transfected (data not shown). Forty-eight
hours after transfection, the cells were irradiated with 50 mJ/cm? UV, then CBPD were
detected by DNA dot blot immediately following and 24 h after irradiation. As predicted,
the WT cells with MyD88 knocked down showed an increased resolution of CBPD 24 h
post-UV, however the XPA-deficient cells did not exhibit this phenotype of increased
repair (Figure 21). These data describe a pathway for DNA repair that is dependent on
CBPD recognition by PARP and repair by NER machinery. This repair is activated by
UV-irradiation in the absence of the apoptosis initiating TLR4/MyD88 signaling

pathway.
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Figure 21. Knockdown of MyD88 in cells from a xeroderma pigmentosum group A
(XPA) patient fails to resolve CBPD. Lymphoblasts from a healthy donor and XPA
patient were transfected with either MyD88 or control siRNA. A >75% knockdown of
MyD88 was achieved, by siRNA tansfection, at both the mRNA and protein level in XPA
and WT lymphoblasts as compared to control transfected (data not shown). Forty-eight h
after transfection, cells were irradiated with 50 mJ/cm? UV, then DNA was extracted
immediately after or 24 h after irradiation. Densitometry from a representative
experiment of 3 replicates is graphed. There was a decrease in CBPD detected 24 h after
UV in the WT cells with MyD88 siRNA, as compared to control. This difference is not
observed in the XPA cells.
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Chapter 7

Discussion

Activation of extracellular death receptors, such as TNFR and Fas, leads to
apoptotic cell death through the activation of caspases. Discussion about how this
immunologically silent mode of cell death affects the outcome of damaged, inflamed, or
infected tissue continues to be ongoing in many areas of research, including the arena of
UV-induced tissue damage. UV-irradiation is well known to induce apoptotic cell death
by several mechanisms: DNA damage activating intrinsic cell death, autocrine/paracrine
cytokine signaling activating extracellular death receptors, and UV-irradiation directly
trimerizing/activating extracellular death receptors. Dysfunctional TLR4 signaling has
been associated with attenuated classical responses to UV, specifically systemic
immunosuppression.  This thesis describes a novel UV-activated extrinsic apoptotic
signaling pathway downstream of TLR4/MyD88, which if disrupted skews UV-induced

cell death to necroptosis.

Herein we first describe that MyD88-deficient mouse immortalized cell lines do
not undergo apoptosis efficiently after UV irradiation and exhibit increased survival
(Figure 5). Consistent with this finding, a characteristic apoptotic signature, DNA
laddering, was also diminished in ex vivo UV irradiated MyD88” mouse epidermal and
PM cells, but is present in WT cells (Figure 6). Staining of skin sections from these UV-
irradiated MyD88”" mice shows signs of epidermal necrosis and an absence of TUNEL
staining, while WT skin sections show characteristic apoptotic KC after UV irradiation

(Figure 11). Although MyD88 is not classically associated with UV-induced apoptosis,
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because this protein contains a death domain, it may be capable of acting as a scaffold for
caspase-activating proteins.  There are other known mechanisms of UV-induced
apoptosis, and so it is interesting, and perhaps surprising, that MyD88 plays such a
critical role in the apoptotic phenotype. FADD is another death domain-containing
protein, and has been demonstrated to control the axis between apoptosis and necrosis
[156]. Collectively, the results presented herein suggest that MyD88, like FADD, may

play an important role in deciding cell fate after UV irradiation.

Necroptosis is rapidly becoming recognized as an alternative to apoptotic cell
death. In this study, we observed activation of necroptotic markers in MyD88™ cells that
are not able to undergo an efficient apoptosis after UV irradiation (Figure 12). Our data
is consistent with evolving literature that describes necroptosis as a default cell death
pathway in the absence of apoptosis [56, 60, 157, 158]. It has recently been shown that
RIP1 controls and induces TNF-a production during necroptosis [58]. The data indicate
that after UV irradiation, MyD88™ cells up-regulate TNF-o mRNA, and release a
significantly increased amount of TNF-a protein compared to WT cells, consistent with
necroptotic cell death (Figure 12B, 12C). This TNF-a release may act as a secondary
inducer of apoptosis, and thereby represent an elegant compensatory strategy that the cell
has evolved to induce apoptosis in cells in which the apoptotic pathway has otherwise
been inhibited. Increased production of TNF-a may also contribute to necroptotic cell
death, as signaling through the TNF receptor has been shown to induced necroptosis in
the presence of RIP3 [159]. During studies of glioblastomas, it has also been found that
TNF-a signaling leads to increased expression of TLR4 [160]. Upregulation of both

TNF-o and TLR4, and the positive feedback of one on the other [34, 161], may be
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contributing to the exacerbated inflammatory phenotype we observed in our model.
Further investigation will be required to further confirm if these MyD88"" and TLR4"
cells are dying by necroptosis, and to determine the role TNF-a is playing in the

necroptotic phenotype observed in this study.

If MyD88 is involved in cell fate secondary to its role as an adapter protein in
TLR signaling pathways, then we would expect TLR cells to have a similar phenotype
as MyD88™ cells after UV irradiation. Our data suggest that TLR4, but not TLR2, is
involved in the apoptotic response to UV irradiation (Figure 7). The MyD88-dependent
TLR4 signaling pathway is specifically necessary for this apoptosis, as the TRAM/TRIF-
dependent TLR4 signaling pathway remained intact in MyD88™ mice and the necroptotic
phenotype is observed. To support this conclusion, we find that cells from TRAM/TRIF
" (Figure 8) and IRAK4 ™" (Figure 9) mice also show a WT survival phenotype after UV-
irradiation. MyD88 has been demonstrated to couple TLR signaling to the caspase-
activating, extrinsic apoptotic pathway through its death domain, although specific
conditions resulting in this have not yet been elucidated [162]. In this dissertation, a lack
of caspase-3 activation after UV was observed in both MyD88™ and TLR4™ mice (Figure
13). It is possible that after UV irradiation, TLR4 is activated in a way that allows
MyD88 to serve as a scaffold for apoptotic proteins as opposed to classical TLR signaling
intermediates that form the Myddosome [163]. There is also a report that UV irradiation
can directly induce ligand-independent trimerization of TNF-a receptor and lead to
apoptosis [164]. It will be important in future studies to determine if TLR4 is activated
directly by UV irradiation, similarly to other extrinsic death pathways such as TNFR1

and Fas [165], or by DAMPs released after UV irradiation. The observation that oxidized
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phospholipids such as OXPAPC [166] and HMGB1 [167] are DAMPs known to activate

TLR4 support the possibility of a role for TLR4 in this pathway.

Not only is the mode of TLR4 activation unknown, the TLR4 signaling pathway
activated by UV that leads to apoptosis still needs to be identified and is the subject of
ongoing investigation. Currently, | hypothesize that after UV-activation of the TLR4
signaling pathway, the death domain of MyD88 is able to cascade with the extracellular
death receptor scaffolding molecule FADD and lead to a non-canonical extrinsic
apoptosis (Figure 22). There is preliminary evidence that FADD migrates to the cell
membrane after UV-irradiation (data not shown), and then possibly interacting with
MyD88 to initiate apoptosis. Future studies will confirm that MyD88 and FADD are
interacting after UV, compare UV-initiated TLR4 signaling with extracellular death
receptor signaling, and use protein structure modeling software to identify possible

domains on MyD88 and FADD that could be interacting.

Consistent with our findings, C3H/HeJ mice, which are TLR4-hyporesponsive
due to a spontaneous point mutation in the TLR4 TIR domain that rendered it incapable
of signaling in response to TLR4 agonists, exhibit a decreased susceptibility to UV-
induced immunosuppression [158]. Given our findings, we would expect MyD88”~ mice
to exhibit a similar phenotype, i.e., resistance to UV immunosuppression. Perhaps, this
decreased sensitivity to UV immunosuppression is a result of the lack of apoptotic cell
death and subsequent initiation of proinflammatory mediators during necroptotic cell
death. This hypothesis is supported by the increase in TNF-a mRNA expression and
protein release by irradiated MyD88™ cells (Figure 12B, 12C). Apoptosis initiated by

UV irradiation has long been thought of as a positive consequence that enables the skin to
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Figure 22. UV-activated TLR4 signaling may use FADD to initiate a non-canonical
extrinsic apoptosis. Classical TLR signaling, in this diagram TLR2, leads to cytokine
production and inflammation, while classical extracellular death receptor signaling, in
this diagram TNFR and Fas, leads to apoptotic cell death. The observation that TLR4
signaling after UV-irradiation results in apoptotic cell death lead us to propose that after
UV-activation of the TLR4 signaling pathway, the death domain of MyD88 is able to
cascade with the extracellular death receptor scaffolding molecule FADD and lead to a
non-canonical extrinsic apoptosis.



rid damaged cells in a way that does not cause undue inflammation. The
immunosuppressive effects of UV irradiation have broad-reaching effects on the immune
system, and by allowing cells to die without inflammation, apoptosis caused by signaling

through MyD88 may substantially contribute to this impaired immune surveillance.

To substantiate this hypothesis, we carried out contact hypersensitivity
experiments in WT and MyD88™ mice and, as hypothesized, found that MyD88”" mice
were resistant to UV-induced immunosuppression (Figure 15). Work by Margret Kripke
during the 1970’s found that this UV-induced immunosuppression was a critical step that
allowed for the growth of cancerous tumors on the skin [161, 163, 168]. Not only does
UV cause the proliferation of tumor-specific T regulatory cells [166], but also, it damages
skin resident APC and causes them to migrate out of the skin to the local lymph node
(LLN) [169]. In our model, we find that skin resident APC migrated out of the epidermis
at a similar rate in WT and MyD88™ mice (Figure 16A). However, when stimulated with
CD3/CD28-activating beads, LLN cells from MyD88" mice were capable of producing
significantly more IFN-y (Figure 16B). While IFN-y production is suppressed in WT
mice by UV, it is slightly augmented in MyD88™ mice, perhaps as a consequence of the
previously described inflammatory necroptotic cell death. Additionally, when probed for
DNA damage, the LLN of the MyD88™ mice presented with less CBPD than WT mice
(Figure 16C). These data suggest that there is increased DNA repair in MyD88"' cells

that may be allowing for the observed resistance to UV-immunosuppression.

As previously discussed, TLR4™ and MyD88" cells do not undergo a typical
apoptotic cell death after UV-irradiation, they instead, die by necroptosis [167]. During

UV-induced apoptosis, the DNA damage recognition molecule PARP is routinely
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cleaved by caspase-3 [170]. In our experimental systems we find that PARP is not
cleaved/inactivated after UV-irradiation in TLR4” and MyD88™ cells (Figure 14). We
also find that in both mouse and human cells that lack a functional TLR4/MyD88
pathway, increased resolution of CBPD is observed after UV-irradiation (Figures 17 and
18). PARRP is able to recognize CBPD and function as a recruiter of the NER machinery,
which can work to repair the DNA lesion [171]. In TLR4/MyD88-deficient cells that
maintain full-length/functional PARP after UV-irradiation, it is not surprising that we

observe increased resolution of CBPD and cell survival related to increased repair.

If this increased resolution of CBPD is dependent on full-length PARP, then when
PARP is inhibited, more CBPD should be detected in UV-irradiated TLR4/MyD88-
deficient cells. Using PJ-34, a water soluble PARP-inhibitor, we find both in vitro
(Figure 19) and in vivo (Figure 20) that CBPD in MyD88” cells are restored to WT
levels. Futher, using MyD88 knockdown approach in cells from an XP patient, we
observed that increased repair in MyD88-deficient cells was also dependent on having
functional NER machinery (Figure 21). These data provide a previously unappreciated,
direct link between TLR signaling and DNA repair after UV-irradiation, and may begin
to change the way we think about classical TLR signaling, along with the possible

conditions that activate and consequences of activating them.

During my dissertation research, | discovered a novel MyD88-dependent TLR4
signaling pathway that directly activates apoptosis in response to UV. In addition, |
observed that in the absence of a functional TLR4/MyD88 signaling pathway, cell death
after UV-irradiation is skewed to a more inflammatory ordered necrotic cell death termed

necroptosis. Because TLR4/MyD88-deficient cells are dying in a more inflammatory and

71



immunogenic way, MyD88"' and TLR4™ animals are resistant to systemic immune
suppression caused by UV-irradiation, which plays a critical role in the development of
UV-induced skin cancers. Lack of apoptosis in these deficient cells allows for more
efficient repair of DNA damage caused by UV-irradiation. This increase in DNA repair
is dependent on PARP and molecules of the nucleotide excision repair pathway. My
research identified activation of a previously unrecognized non-classical extrinsic
apoptotic signaling cascade that is activated by UV-irradiation. These studies provide a
rationale for treatment of UV-induced damage by blockade of the TLR4 signaling
pathway which would be predicted to aid in dampening immune suppression by
increasing immune surveillance, allow for increased DNA repair in damaged cells, and

lead to the development of fewer UV-induced skin cancers.

Eritoran is a TLR4 antagonist that has been successful in treating conditions
ranging from hemorrhagic shock and ischemia-reperfusion injury, to chronic
inflammation [170-172]. This drug represents a possible treatment that would convey
our observed beneficial necroptotic cell death phenotype on skin cells after UV-
irradiation. To test this hypothesis we could create a topical emulsion of Eritoran and
apply it to the abdomen of mice in a prophylactic manner, similarly to sunscreen, before
UV-irradiation. Treatment with Eritoran should cause UV-irradiated skin cells to die by
necroptosis, and should convey all of the positive phenotypes observed to go along with
this inflammatory cell death such as decreased immunosuppression and increased DNA
repair. If these studies are then expanded to include a chronic UV-carcinogenesis model,
Eritoran could represent a therapeutic active compound that could be added to sunscreen

to prevent the propagation of UV-induced cancerous mutations.
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Additional future research projects will use molecular biology techniques to (1)
identify the molecules in the TLR4-apoptosis signaling cascade activated after UV
irradiation; (2) develop more concrete signatures of necroptotic cell death, which has
only recently been described and is currently poorly defined; and (3) screen for microbial
activators of the apoptotic cascade through pattern recognition receptors (Figure 22).
Identifying cell death pathways activated by microbial, environmental, and viral stimuli
will allow for a greater understanding of the immunogenicity of a wide range of
infections. Further research into the immunogenicity of cell death may lead to a shift in
how we think about inflammation during infection. Activated apoptotic mechanisms
previously thought to be a less damaging, less inflammatory, and therefore more
desirable outcome during infection, may prove to facilitate the propagation of long-term
consequences, such as carcinogenesis. If we can identify non-classical cell death
pathways activated during tissue damaging circumstances, and determine the
consequences of them, we may be able to skew to alternative cell deaths toward
necroptosis that will allow for a more immunogenic environment and propagation of

fewer potentially cancerous mutations.
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Figure 23. Proposed non-canonical TLR4 extrinsic apoptotic signaling pathway and
downstream biological consequences. UV-irradiation activates a TLR4/MyD88
dependent non-canonical extrinsic apoptotic signaling cascade. While we know that this
signaling pathway is dependent on the scaffolding protein MyD88, it is still unknown
what the other scaffolding molecules might be. Due to their involvement in other
extracellular death receptor signaling, some likely candidates are (1) Tirap, IRAK4,
FADD, TRADD, Caspase-8 and RIP1k. Future studies will include investigation into
how these molecules may interact to lead to the phenotype | have described in this thesis.
(2) Additional studies will seek to provide a clearer signature of necroptotic cell death
after UV-irradiation in our model. We will also employ a chronic UV-carcinogenesis
mouse model to determine if our observations result in less cancerous mutations. (3) It
is also possible that other TLR agonists may induce a similar apoptotic signaling cascade
as UV-irradiation. A third arm of future investigations will screen for agonists that also
induce apoptotic cell death.
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