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Abstract

1. Abstract

Progressive multifocal leukoencephalopathy (PML) is a demyelinating disease of the central nervous
system resulting from a viral infection. JC virus (John Cunningham) is known to cause the
demyelinating lesions in the white matter, but how oligodendrocyte death is really initiated during
disease course is still under question. Besides the demyelination pathology, inflammation can be
detected in the brain parenchyma of PML-patients. Though it is not established how the immune
response including both activation of CD8" cytotoxic T-lymphocytes and granzyme B release is
involved in the pathogenesis. Therefore histochemical and immunohistochemical experiments were
performed in order to get a better insight. The results of the investigations showed that the immune
response is playing a minor role in PML and that hence induction of oligodendrocyte death is not
likely to be initiated by to granzyme B release. In fact, no evidence was found that apoptosis is the
deathly mechanism causing oligodendrocyte death. Therefore, other death inducing pathways were
checked that would possibly give an explanation how CNS damage is caused. It was found that the
key events of parthanatos, a rather recently described mechanism, were also detectable in the JC virus
infected oligodendrocytes. These events included accumulation of poly(ADP-ribose) (PAR) in the
cytosol and translocation of apoptosis inducing factor (AIF) out of the mitochondria into the nucleus,
where it is capable of inducing DNA-fragmentation leading to cell death. In order to compare the
results to other viral encephalitis diseases the same experiments performed on the PML-samples were
also repeated on herpes simplex virus (HSV) encephalitis samples and cytomegalovirus (CMV)
encephalitis samples. Interestingly, differences were found when comparing PML to HSV encephalitis
and CMV encephalitis. In the latter ones the immune response seems to be more central and apoptosis

was found to be the cell death inducing pathway and leading to CNS damage in those diseases.



Zusammenfassung

2. Zusammenfassung

Progressive multifokale Leukoenzephalopathie (PML) ist eine Virus-induzierte Erkrankung, die vor
allem zu einer Schadigung des Zentralnervensystems fiihrt. Durch diese Virusinfektion, die von einem
Polyomavirus namens JC-Virus (John Cunningham) ausgeht, sterben die Oligodendrozyten in der
weillen Substanz ab, wobei demyelinisierende L&sionen im Gehirn entstehen. Welcher Mechanismus
zum Tod der Oligodendrozyten fiihrt und somit hinter der Entstehung der L&sionen steht, ist bisher
ungeklart. Es ist allerdings bekannt, dass Patienten aufgrund des Krankheitsbildes von PML an einer
Entziindung des Gehirns leiden. Diese Entziindung auRert sich darin, dass aktivierte CD8"
zytotoxische T-Lymphozyten in die weille Substanz einwandern und dort méglicherweise Granzym B
freisetzen, welches zur Aktivierung des Apoptosewegs fuhren kann. Um genauere Informationen tber
den Zusammenhang von Entzlindungsreaktion und Oligodendrozytentod zu erfahren, wurden in dieser
Arbeit histochemische und immunhistochemische Féarbungen durchgefiihrt. Die Ergebnisse deuten
darauf hin, dass die Immunantwort bei dieser Krankheit eine geringe Rolle spielt. Weiters wurden
keine Indizien gefunden, die dafur sprechen, dass die Oligodendrozyten durch die Einleitung von
Apoptose sterben. Aufgrund dieser Beobachtungen wurde nach anderen Zelltodwegen gesucht, die
eine mogliche Rolle bei dieser Krankheit spielen kdnnten. Interessanterweise konnten die zentralen
Ereignisse, die im erst kirzlich entdeckten Zelltodmechanismus namens Parthanatos auftreten, auch in
den virusinfizierten Oligodendrozyten gefunden werden. Diese Ereignisse sind die Anlagerung von
poly(ADP-Ribose) (PAR) im Cytosol, sowie der Transfer vom Apoptose-induzierenden Faktor (AIF)
aus den Mitochondrien in den Zellkern. Im Zellkern kann AIF DNA-Fragmentierung auslésen, welche
schliellich zum Zelltod fiihrt. Um die Ergebnisse aus den Experimenten der PML-Proben mit anderen
Virusenzephalitiden vergleichen zu kdnnen, wurden die gleichen Farbungen auch auf Proben aus
Herpes simplex Virusenzephalitis (HSV) und Zytomegalovirusenzephalitis (CMV) wiederholt. Dabei
wurde beobachtet, dass bei den HSV-Enzephalitiden sowie bei den CMV-Enzephalitiden das
Immunsystem und dessen Aktivierung eine groRere Rolle spielt als bei den PML-Féllen. Des Weiteren
wurden bei HSV-Enzephalitis und bei CMV-Enzephalitis keine Anzeichen dafiir gefunden, dass in
diesen Erkrankungen Parthanatos als Zelltodmechanismus aktiviert wird.

Mit diesen Ergebnissen konnte eine Erklarung fiir den Zelltod der Virus-infizierten Oligodendrozyten
gefunden werden und es wurde gezeigt, dass unterschiedliche Mechanismen hinter der Entstehung des

Schadens im Gehirn in den verschieden Virusencephalitiden stehen.
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3. Introduction

3.1. Acute viral encephalitis

Encephalitis is an inflammatory process affecting the brain parenchyma. This inflammation is further
linked to brain dysfunction. Generally, the triggering causes as well as the presentation of encephalitis
are widely ranging. So, encephalitis can occur as an acute disease or a chronic disease. Since more
information on acute viral encephalitis diseases is given later, chronic encephalitis is just shortly
mentioned here. There are various different types described, but to give names, Rasmussen’s
encephalitis like subacute sclerosing panencephalitis (a late complication of measles infection),
constitute to the group of chronic encephalitis.

Another possible division of the different encephalitis diseases can be made according to the
underlying causative factors. One possible group consists of encephalitis that results from an aberrant
immune response, leading to development of autoimmune encephalitis. Examples for this kind of
disease are acute disseminating encephalomyelitis (ADEM), acute hemorrhagic leukoencephalopathy
(AHLE) and brain stem encephalitis. The other subtype can be termed infection-related encephalitis
and might be the result of an infection with bacteria, viruses and parasites. The most prominent
infectious agents are viruses which are likely to induce formation of acute viral encephalitis (Stone and
Hawkins, 2007). The usual presentation of the disease is found to be fever, headache, altered
consciousness, focal neurology and in some patients also seizures are occurring. If those symptoms are
present an immediate start with treatment is beneficial for the outcome, since it is reducing the extent
of brain damage and favoring survival (Steiner et al., 2005; Stone and Hawkins, 2007). Prominent
viral encephalitis diseases are herpes simplex virus encephalitis (HSV), varicella-zoster virus
encephalitis (VZV), Epstein-Barr virus encephalitis (EBV) as well as cytomegalovirus encephalitis
(CMV). Another disease resulting from a viral infection of the central nervous system is progressive
multifocal leukoencephalopathy (PML). PML is caused by the JC virus, which is present in 80% of the
population, but is only being activated and leading to demyelination in the white matter in
immunocompromised patient (Weissert, 2011).

Since samples out of PML, CMV and HSV patients were most interesting and intensively studied in

this project, more detailed information on these three diseases is given next.
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3.1.1.Progressive multifocal leukoencephalopahty (PML)

Progressive multifocal leukoencephalopathy (PML) is a demyelinating disease of the central nervous
system (CNS). PML was first described in 1958 in immunosuppressed patients suffering from chronic
lymphatic leukemia and Hodgkin’s disease (Astrom et al., 1958). In the early 1970s culturing of the
virus isolated from a PML patient’s brain was succeeded and virus characterization was possible. It
was found that a polyomavirus, called “JC” virus, named after the patient (John Cunningham) it was
isolated from, was the underlying cause of the deadly disease (Padgett et al., 1971). Polyomaviruses
are a family of double stranded DNA viruses. They have an icosahedral capsid which consists of three
viral proteins, VP1, VP2 and VP3. Of these, VP1 is the most prominent protein to be recognized as
viral particle by the immune system (Bag et al., 2010; Goldmann et al., 1999; Goldmann et al., 2000).
PML is an opportunistic infectious disease (Berger and Houff, 2009; Weissert, 2011) and it mainly
emerges in patients suffering from immunosuppression such as patients with lymphoid malignancies,
organ transplant recipients and patients with AIDS (Wuthrich et al., 2006). The latter accounts for
more than 80% of all PML cases (Koralnik et al., 2004) and up to 5% of AIDS patients were found to
develop PML at the beginning of the AIDS epidemic (Berger et al., 1987). In 2005, PML was also
seen to develop in multiple sclerosis and Crohn’s disease patients that were receiving
immunomodulatory therapy, namely natalizumab, an mAb against CD49a (Kleinschmidt-Demasters
and Tyler, 2005; Langer-Gould et al., 2005). In addition, in 2008, PML was seen to develop after
treatment with rituximab, a mAb against CD20 (Carson et al., 2009). Interestingly in many countries
up to 92% of the adults are seropositive for JC virus (Walker and Padgett, 1983). Although the virus is
widely spread in the population, the incidence of PML is rather low.

During development of PML three phases can be distinguished. The first phase is the primary
infection with JC virus. This process is usually subclinical and asymptomatic and happens mostly
during childhood (Bag et al., 2010; White and Khalili, 2011). In the following phase, the virus is
thought to be latently present in the body. At which sites the virus usually resides is not totally clear,
but it was detected in the kidney (Yogo et al., 1990), tonsils (Kato et al., 2004; Monaco et al., 1998),
peripheral blood cells (Dorries et al., 1994), the bone marrow (Tan et al., 2009a) and also in the brain
of individuals who weren’t suffering from PML (Mori et al., 1991). During the third and last phase,
which is preferentially initiated in immunosuppressed individuals, the virus gets reactivated and
appears within the CNS. How the dissemination to the brain is achieved is not really known, but
hematogenous spreading is a possible mechanism (Bag et al., 2010; Weber, 2008). Also the timing
when the virus enters the brain is not clear. It might be that the virus settles in the brain during primary
infection, but it is also possible that JC virus spreads to the brain only during the reactivation process.
Interestingly, two different types of JC virus have been identified until today and the differences of
these virus types are seen in a key regulatory region, a noncoding control region (NCCR). This part of

the genome seems to be of great importance as it regulates the viral replication as well as early and late
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transcription events (White and Khalili, 2011). One of these virus types, the so called “archetypal”
form, typified by the CY stain of JC virus, is predominantly present in the kidney, urine and sewage
(Yogo et al., 1990), whereas the other form, known as the “prototypical form”, also “PML-type” of JC
virus is found in PML and is also identified by a specific stain, called the Mad-1 stain (Frisque et al.,
1984).

Knowing this, different options for development of PML are possible. One possibility is a genetic
switch between the different virus types resulting in a kind of neuroadaptation (White and Khalili,
2011) combined with hemorrhagic spreading to the brain. The other possibility would be a
superinfection of both viruses, whereas only the “PML-type” JC virus manages to enter the brain. It
can be easily seen that further investigations need to be done until all the questions on how JC virus is

acting in the body and manages to infect the CNS are resolved.

|
e

Figure 1 The typical features seen in patient's brains suffering from PML.: a scan of paraffin-embedded section
stained with luxol fast blue (Kliiver-Barrera); b enlarged picture of a typical demyelinating white matter lesion
resulting from oligodendrocyte death stained with luxol fast blue (40x magnification); ¢ white matter lesion
stained with an antibody targeting JC virus and it can be seen that the virus infected cells are located at the edge
of the lesion (40x magnification); d JC virus infected oligodendrocyte showing a typical swollen shape (250x
magnification); e JC virus infected oligodendrocyte undergoing cell death (250x magnification); f+g bizarre
shaped JC virus containing astrocytes (250x magnification)
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The symptoms resulting from PML-development are mainly neurological. Patients show
neuropsychological deficits, apraxia and dementia and suffer from visual deficits as well as motor
problems (Berger and Major, 1999; Krupp et al., 1985; Weissert, 2011). As already indicated by the
name, the disease course is progressive and therefore, unless treated, the patients remain in an
immunocompromised state and die within months (Weissert, 2011). Pathological hallmarks of PML
include virus containing oligodendrocytes which are located around demyelinating white matter
lesions, bizarre shaped virus infected astrocytes in the centre of burnt out lesions and an inflammatory
response consisting of lymphocytes and phagocytic macrophages (Richardson, Jr. and Webster, 1983)
(see Figure 1).

To avoid a fast death, an immediate reaction is necessary, but unfortunately there is no therapeutic
agent available that is specifically harming the JC virus (Marshall and Major, 2010). Various trials are
performed with drugs like nucleoside analogues, antipsychotics and cytokines. HIV-positive patients
are treated with cART, an antiviral therapy, which is preventing HIV from replication and due to a
higher immune response the outcome for PML is better as well. So far, only reconstitution of the host
immune system seems to delay the deathly outcome of PML (Weissert, 2011).

Another disease that is sharing some features with PML and is also induced by the infection with JC
virus is PML immune reconstitution inflammatory syndrome (IRIS). A difference between PML and
PML-IRIS is found in the disease development, since PML develops during immunosuppression,
whereas PML-IRIS develops in cART treated HIV-patients during recovery of the immune system
(Weissert, 2011). Fortunately, unlike in PML, treatment with steroids is very effective in PML-IRIS
(Tan et al., 2009b). Though PML and PML-IRIS are the most common forms of disease, there are
other forms in which JC virus is identified to be the underlying cause. These diseases are referred to as
JCV encephalopathy (Sandyk, 1983), JCV meningitis (Blake et al., 1992) and JCV granular cell
neuronpathy (Koralnik et al., 2005) (Bag et al., 2010).

3.1.2.Cytomegalovirus encephalitis (CMV)

Cytomegalovirus (CMV) is a member of the human herpesviridae family, whose members are known
to be double stranded DNA viruses. Together with human herpesvirus-6 and -7, CMV is assigned to
the subgroup of betaherpesvirinae. First contact with CMV is usually in the first 2 decades of life
(Zamora, 2011), whereas primary infection can also very often happen intrauterine, congenitally,
perinatally or postnatally (James et al., 2009). It has been tried to erase CMV from the immune system
through cell-mediated immunity or establishment of neutralizing antibodies. However, the virus seems
to escape and remains latently in the body. CMV can reside in many different cells like hematopoietic
progenitor cells, leukocytes, macrophages, peripheral blood cells, as well as endothelial cells and
fibroblasts (Zamora, 2011). As already mentioned, CMV can infect endothelial cells, which are also

located in the brain and the choroid plexus. Consequently, CMV can infect astrocytes near the
10
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epithelium and can further use cerebrospinal fluid (CSF) to be transferred to the ependymal surfaces
(James et al., 2009).

Reactivation of JC virus is facilitated in immunocompromised individuals and it seems that the
situation for CMV is the same, since it is also found to be mainly infectious in HIV positive patients
(Quinnan, Jr. et al., 1984) or patients undergoing organ transplantations (Booss and Kim, 1989). Upon
reactivation, CMV among others, can induce different diseases like CMV retinitis, colitis, pneumonitis
and encephalitis (Rafailidis et al., 2008). In this thesis CMV encephalitis was particularly studied.
Histopathologically, CMV encephalitis often shows inflammation around the ventricles. Due to
spreading of the virus with CSF, in the parenchyma focal necrotic lesions as well as microglia nodules
can be seen. Infected cells (either neurons or astrocytes) typically are enlarged and contain virus
inclusions (see Figure 2). Due to the typical morphology, those cells are commonly known as “owl
eyes” (Arribas et al., 1996) (Bestetti et al., 2001).

o" y e - a
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Figure 2 Labeling of CMV infected cells with immunohistochemistry; A the typical “owl’s eyes” resulting from
CMV infection can be easily distinguished from the non-infected cells, still there are also cells present that
contain CMV and are not shaped in the typical “owl eye” fashion (250x magnification); a in the small insert
picture an “owl’s eye” containing viral inclusions is shown (400x magnification)
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Patients with CMV spreading to the CNS usually present with fever, altered mental status, progressive
confusion and sometimes impairment of memory and dementia. Rather rarely seen are patients
suffering from seizures (Post et al., 1986).

Most patients receive gancyclovir or foscarnet as antiviral therapy. Gancyclovir is a nucleoside
analogue, whereas fornascet is a pyrophosphate analogue (Arribas et al., 1996) In some cases, patients

are treated with a combination of both substances (Silva et al., 2010).

3.1.3.Herpes simplex virus encephalitis (HSV)

Herpes simplex virus (HSV) is a double stranded DNA virus and constitutes to the family of human
herpesviridae. There are two different types of HSV infectious for human, HSV type-1 and HSV type-
2. Both types are known as alphaherpesvirinae (Zamora, 2011). Generally, both HSV type-1 as well as
HSV type-2 are neurotropic and are capable of inducing HSV encephalitis. Still incidence rates show
that HSV type-1 is much more common than HSV type-2, which only accounts for 10% of HSV
encephalitis (Stone and Hawkins, 2007). A difference between the two virus types is that HSV type-1
is orally transmitted whereas HSV type-2 gets spread through genital transmission (Corey and Spear,
1986). Primary infection is often subclinical and there are no symptoms detected. However, if there
are effects seen, distinction between HSV type-1 and type-2 infection is possible. Manifestations of
HSV type 1 infection are usually seen as fever blisters on the labia, whereas insults from HSV type 2
infections are mainly presented on genital and perianal areas as painful vesicles and ulcers (Conrady et
al., 2010) (Zamora, 2011). Though being a rather rare complication HSV can spread to the CNS and
cause encephalitis. Since HSV is a neurotropic virus it preferentially infects neurons. For HSV type-1
there is data available that confirms that this virus is entering the cell via binding to heparan sulfate
proteoglycan and that the virus is residing in the neurons, which are used as hosts (Conrady et al.,
2010; Shieh and Spear, 1994; WuDunn and Spear, 1989). Accordingly the virus can spread via
retrograde axonal transport and infect the nucleus of sensory ganglia (Shimeld et al., 2001). Like JC
virus also HSV changes to a latent state after the primary infection and resides in the host’s sensory
ganglia cells until it gets fully reactivated again (Bertke et al., 2009). The exact circumstances for viral
reactivation are not totally understood, but it seems that stress to the host immune system is a
beneficial factor for the virus’s reactivation.

There can be found a lot of information on how the host immune system is acting in order to destroy
HSV, but to completely understand the effects resulting from the immune response further
investigations will be needed. Until today it became clear that HSV type-1 is triggering activation of
the innate immune system through toll-like receptors (TLRs), which lead to type | interferon
production, initiation of an inflammatory response and an according activation of the adaptive immune
system. Nevertheless, remains the question, what factors lead to this extent of CNS pathology in HSV

encephalitis. It is thought that due to extensive activation of the immune system the virus is eliminated
12
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in the peripheral nervous system, but escapes to the CNS. Possible explanations are activation and
release of toxic substances out of microglia and astrocytes which lead to CNS insult or the recruitment
of activated leukocytes into the brain, which then release cytotoxic molecules and therefore induce cell
death of infected cells (Conrady et al., 2010).
Results from the CNS damage can be seen as symptoms in the patients. Usually, HSV encephalitis is
presented with headache, fever and an altered consciousness, whereas the resulting long-term
consequences can be memory impairment, abnormalities in behavior and personality, epilepsy,
anosmia (lack of perceiving odors) and dysphasia (McGrath et al., 1997; Stone and Hawkins, 2007).
Interestingly there are differences in the presentation seen in adults compared to neonates and young
children. In latter ones, HSV encephalitis is found to be more diffuse and in multiple locations
(Batnitzky et al., 1986).
Fortunately, HSV encephalitis can be treated very successfully with acyclovir (Skoldenberg et al.,
1984; Whitley et al., 1986). Only if patients are infected with an acyclovir-resistant strand, they are
treated with different drugs like cidofovir or foscarnet (Losada et al., 2002; Superti et al., 2008).
Histological features, that are mostly found in adult HSV encephalitis brains are necrotic and
hemorrhagic properties mainly located in the frontal or temporal lobe (Conrady et al., 2010;
Kleinschmidt-Demasters et al., 2001). In ABC-studies it is shown that the main infected cells with
HSV are neurons, astrocytes and oligodendrocytes, whereas the antigen can be found in the nucleus

and the cytoplasm of those cells (Benjamin and Ray, 1975) (Kumanishi and Hirano, 1978).

3.2. Cell death

Cell death is a very important event in cells and just during the last years it has become clear that there
are many different mechanisms with different morphological features involving various biochemical
pathways. A prominent way of cell death is apoptosis, which is willingly induced by the cell by
activating a special set of proteolytic enzymes (see below). Other possible mechanisms are necrosis,
autophagic cell death, mitotic catastrophe and parthanatos, just to name a few. Since there is no
common classification of the different pathways, mixing the different terms is an easy occurring
mistake. Therefore a recommendation on the nomenclature of cell death is available, which aims to
find a consensus on all the different mechanisms and terms used (Galluzzi et al., 2011).

Since only necrosis, apoptosis and parthanatos are of greater importance for this topic, only these three

mechanisms are further described.
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3.2.1.Necrosis

Necrosis is a form of programmed cell death, but it is usually not willingly induced by the cell, since
its induction usually depends on extrinsic factors. This mechanism can be initiated under conditions
like lack of blood supply, trauma or as a response to acute insult. Unlike in apoptosis, during necrosis
cell content is released, triggering an inflammatory immune response, which results in direct damage
to the surrounding tissue (Alberts et al., 2007).

Typical morphological features occurring during necrosis are cell swelling and rupture of the cell

membrane, whereas different from apoptosis, compaction of chromatin is not seen (Andrabi et al.,
2008) (see Figure 3).

Figure 3 hematoxylin stainings; a shows healthy cerebellum-structure in which the cells are well-shaped and not
showing any signs of damage (100x magnification); b shows necrotic tissue in which the cells are damaged and
destroyed (100x magnification)

3.2.2.Apoptosis

Apoptosis is probably the most prominent and the best studied mechanism of programmed cell death
occurring in an organism. Apoptosis plays a central role during development, but also in adult
organisms, in which the process is induced in a strict regulated manner, keeping cell division and cell
death in exact balance. Characteristic features that can be detected during apoptosis are cell shrinking,
cell condensation, collapse of the cytoskeleton, a disassembling of the nuclear envelope, as well as
chromatin condensation and DNA fragmentation (Alberts et al. 2007).

Galluzzi et al. described that until now four different modes of apoptosis can be identified. These are:
1) caspase-dependent intrinsic apoptosis, 2) caspase-independent intrinsic apoptosis, 3) extrinsic

apoptosis induced by death receptors and 4) extrinsic apoptosis induced by dependence receptors. As

14
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the names already indicate in these modes a distinction is made between the inducing factors
(intrinsically or extrinsically) and a distinction in the involvement of caspases (Galluzzi et al., 2011).
Generally, caspases are known as aspartate-specific cysteine proteases and as members of the
interleukin-1p-converting enzyme family. Up to now, 14 different caspases have been identified and
they all share common features, like being synthesized as procaspases or zymogens. After activation
through proteolysis, which can result from autoactivation or due to cleavage by another caspase, they
build up the active heterotetrameric structure (Fan et al., 2005) (Launay et al., 2005). Alhough
caspases show homologies, they exhibit different functions and accordingly a division into three
subtypes can be done. The first group of caspases consists of enzymes that are known as apoptosis
activators. They are mainly active at the start of the apoptotic signaling cascade and (because they act
as activators) of downstream caspases. The second group consists of caspases that act as executioners
or effector caspases and are activated in a rather late phase of the apoptotic signaling pathway. The last
group consists of caspases that are involved in inflammatory processes which are not directly linked to
apoptotic cell death (Fan et al., 2005).

Since in the context of PML extrinsically induced apoptosis by cytotoxic T-lymphocytes (CTL) and
granzyme B is the mechanism that is studied, a short overview on this pathway is given. Cytotoxic T-
cells are capable of inducing apoptosis in two different ways. Either CTL activate the apoptotic
signaling cascade due to the interaction of TNF superfamily ligands or Fas/CD95 with their receptors
or they release granzymes, which attack the cell membrane of the target cell and consequently induce
activation of the caspase cascade due to cleavage of specific proteins (Afonina et al., 2010; Cullen and
Martin, 2008; Russell and Ley, 2002). Granzyme B is known to act in two ways (shown in Figure 4).
Since granzyme B is a CTL/NK protease, it can cleave substrates and was found to preferentially
cleave after aspartates. Due to this function granzyme B is able to cleave caspases, especially caspase-
3, and is therefore activating the caspase signaling cascade (Adrain et al., 2005; Afonina et al., 2010).
The other possibility is, that granzyme B is initiating the mitochondrial/apoptosome pathway by
cleaving Bid, which induces oligomerization of Bax and/or Bak, which consequently leads to pore
formation in the mitochondrial membrane. Through those holes proteins, such as cytochrome c, can
leave these organelles and can induce the formation of the apoptosome, which also results in caspase-
activation and cell death (Afonina et al., 2010).
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Figure 4 Apoptotic pathways induced by granzyme B; two mechanisms are shown; first one is the direct
cleavage of caspase-3 by granzyme B which leads to activation of the signaling cascade. In the second way
granzyme B cleaves Bid, which forms truncated Bid (tBid), which accordingly leads to Bax/Bak pore formation
in the mitochondrial membrane. Through those pores cytochrome ¢ can be released and induces the formation of
the apoptosome consisting of Apaf-1 and caspase-9 which then induces further activation of the caspase
signaling cascade (Afonina et al., 2010)

It is not clear, whether extrinsically induced apoptosis by CTL due to granzyme B release is really
inducing oligodendrocyte death in PML patients. Currently, there are two studies available that are
describing the presence of lymphocytes in the CNS (Aksamit et al., 1990; Wuthrich et al., 2006).
Wiithrich et al. performed a study in which autopsy tissue out of HIV+ and HIV-patients was
investigated with special interest of lymphocyte location towards JC virus infected oligodendrocytes.
It was found that there are positive correlations of CD8" cytotoxic T-cell, which were shown to be the
most prominent subtype of immune cells located in the CNS parenchyma, with the JC virus infected
cells. Therefore they argue that this apposition indicates a possible role of CTLs in Kkilling
oligodendrocytes, however it is also mentioned in the paper that due to usage of autopsy tissue there

are experimental limitations resulting. Accordingly, it was not possible to distinguish if those CTL

16



Introduction

found in the CNS parenchyma and closely located to the JC virus positive cells are really recognizing
JC virus specific proteins or if their recruitment results from other attractants (Wuthrich et al., 2006).
A major drawback of this paper is that they did not show that CD8" T cells in the neighborhood of
infected cells actually contain cytotoxic granules (no granzyme B or perforin stainings), nor did they
reveal any indication that these cytotoxic T cells are polarized and actually release cytotoxic granules.
Therefore further studies are needed to really identify the specific involvement of cytotoxic T-

lymphocytes in PML.

3.2.3. A new cell death mechanism; Parthanatos

Recently, it was found that there exists another deathly pathway besides the well known cell death
mechanisms such as apoptosis, necrosis and autophagy. This pathway was termed parthanatos.
Parthanatos definitely differs from the cell death mechanisms listed above and induces cell death in a
caspase-independent manner (Andrabi et al., 2008). The name of the mechanism already includes one
of the two most central molecules constituting to the executive function of this pathway. The
molecule, which is referred to here, is poly (ADP-ribose) or shortly PAR. This molecule is formed as a
side product during the poly-adenylation reaction catalyzed by the enzyme poly (ADP-ribose)-
polymerase-1 (PARP-1) (Smith, 2001). PARP-1 is usually activated as a response to DNA damage. If
the enzyme is activated, NAD" is used as substrate and ADP-ribose polymers are attached to either
acceptor proteins (heteromodification) or are transferred on PARP-1 (automodification) (D'Amours et
al., 1999; Virag and Szabo, 2002). The extent of the damage occurring on the DNA has an influence
on how the enzyme functions, since under rather low stress conditions the damage is repaired, whereas
under high stress conditions with extensive DNA-damage like in stroke or traumatic brain injury cell
death is induced (Virag and Szabo, 2002). Due to the overactivation of PARP-1, high amounts of PAR
are formed and the molecule accumulates in the nucleus (Andrabi et al., 2006). Somehow, PAR
manages to translocate to the cytosol, but how this is achieved is presently unknown. At this point,
PAR is highly enriched in the cytosol and this is thought to be the starting point of the cell death
cascade involved in parthanatos (shown in Figure 5). Interestingly, PAR colocalizes with mitochondria
and these organelles are already known to contain cell death effector molecules, such as cytochrome ¢
and the apoptosis inducing factor (AIF) (Beal, 2005). AIF, when first identified, was thought to be
involved in cell death (Susin et al., 1999), but later was found to be also important in energy-
generating processes (Pospisilik et al., 2007). In the context of parthanatos, AIF plays a central role
(Yu et al., 2006). The point of AIF release is generally handled as the commitment point for cell death
in parthanatos (Andrabi et al., 2006). The exact mechanism, how AIF is released from the
mitochondria, is still not totally solved, but it was found that AIF was released in an uncleaved form,

as a 62kDa protein (Wang et al., 2009). In the brain, AIF seems to be associated with the outer
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mitochondrial membrane and not to be only present in the intermembrane space, where it is located to
the inner membrane. It was suggested that the localization at the outer membrane would enable AIF to
be released very quickly during parthanatos and the amount of the molecule at this site would be
sufficient to induce cell death (Yu et al., 2009). Recently, it was described that PAR is binding to AlF
which is located at the outer mitochondrial membrane and due to this interaction AIF is released
(Wang et al., 2011). Once free, AlF is present in the cytosol and is translocated to the nucleus where it
is capable of inducing large-scale DNA fragmentation, chromation condensation and cell death
(Krantic et al., 2007; Modjtahedi et al., 2006). Generally, it is said that this cell death mechanism is
independent of caspases, however in the late phase of parthanatos caspases get activated, as well. But
since AIF is the deadly inducing factor in this pathway and caspases are only being activated at the

late phase, they are not exhibiting an executioner function (Yu et al., 2002; Yu et al., 2006).
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Figure 5 Signaling involved during induction of poly(-ADP-ribose) polymerase-1 (PARP-1) dependent cell
death (Parthanatos): Due to DNA damage, overactivation of PARP-1 an extensive PAR formation is induced.
PAR usually present in the nucleus, is translocated by an unknown mechanism to the cytosol, where if AIF-
binding is possible, AIF release out of the mitochondria and translocation to the nucleus is achieved. AIF in the
nucleus leads to DNA fragmentation and cell death (Wang et al., 2011)

Parthanatos or parthanatos-related events have already been described for some diseases. For example,
it has been shown, that an increased amount of poly-ADP-ribosylated nuclear proteins is present in
Alzheimer’s disease (Love et al., 1999). In addition, there is data available that poly-ADP-ribose

polymerase-1 plays a crucial role in Parkinson’s disease (Mandir et al., 1999; Outeiro et al., 2007).
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The paper of Veto et al which suggests that demyelination resulting from oligodendrocyte death in
pattern 111 lesions of multiple sclerosis might be induced by parthanatos, is interesting regarding this
topic. In this article experiments were performed using a mouse model, in which primary
demyelination was induced by treatment with cuprizone. Mice treated with PARP-1 inhibitors
revealed decreased demyelination. The conclusion was made that a caspase-independent cell death
involving translocation of AIF to the nucleus was coming into account. Furthermore, it was concluded
that inhibition of PARP-1 reduced death of oligodendrocytes, since PAR accumulation is avoided and

therefore parthanatos would not be initiated (Veto et al., 2010).

3.2.4.Current view on cell death in progressive multifocal leukoencephalopathy

Despite that it is a central pathological feature resulting in massive damage in patients, until now there
is little data available on how oligodendrocytes actually die in PML. There are two studies published
which are dealing with the question of oligodendrocyte death. Interestingly, these two papers are
claiming different, even controversial mechanisms leading to cell death. One paper favors apoptosis as
the death inducing mechanism (Richardson-Burns et al., 2002) whereas in the other study it is argued
that apoptosis is not the inducer of oligodendrocyte death since anti-apoptotic proteins are found in the
infected oligodendrocytes (Pina-Oviedo et al., 2007). Since the main topic of this thesis is to deal with
the mechanism of oligodendrocyte death, the present view in this field will be shortly reviewed.

The paper published by Richardson-Burns S.M. et al. in 2002 shows that oligodendrocytes are
dying due to apoptosis. The study was performed on 8 specimen gained out of PML-patients, whereas
6 of them were HIV-positive and 2 were non-HIV patients. The methods used were
immunohistochemical stainings with markers for the JC virus and for activated caspase-3, TUNEL
staining and in situ hybridization. The results of the study show that virus infected oligodendrocytes
are dying due to apoptosis, since cells are found showing a double labeling for TUNEL-staining and
the virus marker, an anti-SV40 large T-antigen antibody. Interestingly, it was not possible to see the
typical morphological changes, like chromatin condensation, usually appearing in a cell during
apoptosis in the JC virus infected oligodendrocytes, though they are said to undergo this form of cell
death in this paper. The authors also claim to find virus infected oligodendrocytes being positive for
activated caspase-3, though they were not able to perform a double staining for activated caspase-3
together with JC virus. Further it is argued that the number of virus infected oligodendrocytes and the
apoptotic cells found in the area of interest are approximately the same and that therefore the
conclusion can be made that all apoptotic cells were JC virus positive since virus infection is inducing
the mechanism of apoptosis (Richardson-Burns et al., 2002).

On the other hand, Pina-Oviedo et al. are describing an anti-apoptotic mechanism for JC

infected oligodendrocytes. They point out, that the JC virus is capable of prohibiting apoptosis, the
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normally induced host defense mechanism against virus infected cells, by the newly induced
expression of the anti-apoptotic protein survivin. This protein is known to be highly expressed during
embryonic development, but in adults and fully differentiated cells, it cannot be detected anymore and
is consequently thought to be silenced in those cells (Li and Altieri, 1999). Pina-Oviedo et al. used 20
autopsy samples of PML patients and performed immunohistochemical stainings for the presence of
survivin. Interestingly they found that the anti-apoptotic protein is present in the JC virus infected cells
and also confirm this by performing a double labeling for the virus and survivin. In oligodendrocytes,
survivin is detected in the nucleus and in the bizarre shaped astrocytes the protein is mainly located to
the cytoplasm. To further proof the effects of survivin cell culture studies were performed. In those
studies results are gathered that expression of survivin differed greatly in JC virus infected cells
compared to non-JC virus infected cells. These observations are also seen in the autopsy tissue. To
proof that survivin is really prohibiting apoptosis, there were comparative studies performed, in which
apoptosis has been induced in JC virus infected cells, containing survivin, and control cells, in which
survivin is absent. The results indicated that apoptosis is induced to a much higher extent in control
cells compared to JC virus positive cells, which are rather unlikely to die. Due to all of these findings
the authors claim that the virus inducing PML is capable of reinducing the expression of survivin.
They argue as well that this mechanism would be beneficial for the life cycle of JC virus, because with
survivin having anti-apoptotic effects, oligodendrocyte death is being prohibited and therefore the
virus is able to finish its life cycle and can consequently replicate in higher amounts (Pina-Oviedo et
al., 2007). By showing this data the authors found a nice concept how the virus might act, but still the
central question of how oligodendrocytes are really dying is not clearly resolved.

Having all the interesting and still controversial information given in those two papers cited above, it
is rather difficult to distinguish which mechanism is really coming into account and inducing this
extent of damage in the patient’s brains suffering from PML. Therefore a critical approach seems to be

central for further investigations which definitely need to be done.
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4. Materials and Methods:

4.1 Study-samples

In this study formalin-fixed and paraffin-embedded human autopsy tissue of patients suffering from

progressive multifocal leukoencephalopahty (PML) (n = 8) collected by Professor Jellinger, patients

suffering from hepatitis simplex encephalitis (HSV) (n = 5) and of patients suffering cytomegalovirus

encephalitis (CMV) (n = 7), were the basic study samples of this work.

All of the PML-patients suffered from HIV-infection as a primary disease. The disease duration for

PML varied widely in all of the cases and the regions where the samples were taken from were also

widespread. Unfortunately there was no information available about the patient’s history in the HSV-

cases. For the CMV-cases some data, but not the complete patient’s history was available. For more

detailed information see Table 1.

Disease

Sample- . Male/ ) Cause of
number Disease Age | EFomale Du(c\?lgon Sample Area Death
Lenticular Pulmunary
12-93-2 PML (HIV) 45 Male 118 nucleus edema
47-93-3 PML (HIV) 42 Male 20 Pons Pneumonia
97-93-8 | PML(HIV) | 50 | Male 20 | Parietal lobe right | "jimunary
edema
Acute
103-93-8 PML (HIV) 39 Male 15 Parietal lobe left respiratory
insufficiency
278-93-6 PML (HIV) 29 Male 19 Parietal lobe left Cachexia
291-93-5 PML (HIV) 49 Female 5 Parietal lobe right | Pneumonia
358-93-6 PML (HIV) 39 Male 27 Parietal lobe left Pneumonia
359-93-7 PML (HIV) 34 Male <18 Pons Pneumonia
Acute
330-82-4 HSV 9 Female 15 - respiratory

insufficiency
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Necrotic
67-83-2 HSV 40 Male 3,5 - hemorrhagic
pneumonia
204-83-4 HSV 61 Female 15 Pneumonia
529-84-6 HSV 37 Male 2,3 - Pneumonia
237-91-5 HSV 76 Male 3,15 - Pneumonia
acute
364-92-4 CMV . 40 Male - cadiovascular
(Toxoplasmosis) fai
ailure
Pneumonia,
455-92-7 CMV 48 Male <5 - Sepsis
559-92-11 CMV (HIV! 33 Male 20 Cerebellumright | Pneumonia
Toxoplasmosis)
234-93-4 | CMVBCell o8 1 Mrale 11 Pons Pneumonia,
lymphoma) Sepsis
430-93-6 CMV 35 Male 15 - Pneumonia
CMV (B-cell Medulla Pneumonia,
62-94-9 lymphoma) 32 Male >4 oblongata Sepsis
118-94-5 | CMV (HIV) | 55 | Male 9 H'ppr?;ﬁ’t"p“s Pneumonia

Table 1 Samples of PML-, HSV- and SSPE-patients included in the study

4.2 General staining procedures

421

Deparaffination

Since paraffin-embedded sections were used as a basis for the study, deparaffination needed to be
performed for all of the different labeling methods used and described below.

Deparaffination was done by incubating the slides 2 times in xylene for 15 minutes and accordingly
rinsing them twice in 96% ethanol. Depending on the staining blocking of endogenous peroxidase
activity was performed by leaving the sections in 0,02% H,O,-methanol for 30 minutes. This blocking
step was only needed in immunohistochemical stainings using peroxidase activity as a detection

method. In all other labeling methods, (especially for confocal microscopy), this incubation time was
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skipped. Next rehydration followed and was achieved by leaving the sections shortly in 96% ethanol,

70% ethanol, 50% ethanol and in aqua dest.

4.2.2 Mounting

To avoid air bubbles, drying out of the tissue and bleaching of the staining the right mounting medium
needs to be chosen as a final step to conclude the whole labeling procedure.

When the staining was developed using DAB for detection the mounting medium of choice was
Eukitt®. To use this medium the sections needed to be dehydrated in an ascending alcohol series (1x
50% ethanol, 1x 70% ethanol, 3x 96% ethanol and ether) and were mounted out of ether with cover
slips.

In case of fast blue, fast red or double labelings Geltol was used as embedding medium. Sections were
not dehydrated, but were covered out of water, since otherwise all the staining would have been

washed away. The preparation of geltol is listed below.

Geltol: 60g liquid Geltol
249 Mowiol
mixed for 30 minutes up to 1h
+ 60ml aqua bidest.
incubation for 2h
+ 120ml Tris (0,2M pH = 8,5)
heated to 50°C while mixing the solution
when 50°C were reached still left for a 10 minute-incubation time
centrifugation at 5000G for 15 minutes
storage at -20°C

To finish the staining for confocal microscopy the sections were mounted with Gallate-Geltol. This
medium was very similar to geltol. There was just 0,1M Gallate included in the medium (0,2g gallate

in 10ml geltol), which needed to be mixed with geltol overnight before use.

4.3 Hamalaun-Eosin staining

4.3.1 Materials:

Mayer’s Hematoxylin (Merck®)
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0.5% HCl-alcohol

Scott’s solution: 29 KHCO;
20g MgSO, x 7H,0
1000ml H,O

Eosin stock solution: 10g eosin

100ml aqua dest
Eosin ready-to-use solution: 2,5ml stock solution
250ml aqua dest.

12 drops glacial acidic acid

4.3.2 Method:

For HE staining the sections needed to be deparaffinized. Accordingly, the slides were incubated for 5
minutes in Mayer’s Hematoxylin, washed 3-4 times with H,O and differentiated 5 times in HCI-
alcohol. Next, washing two times with H,O was performed, followed by incubation of the sections for
5 minutes in Scott’s solution and rinsing with water. Dyeing in eosin solution was done by a 3 minutes
incubation time and to continue the method two times washing with water was performed. As a last
step the slides were dehydrated using an ascending alcohol series and were mounted with cover slips
using Eukitt® for embedding.

In the HE-staining the nucleic acids are colored in blue due to hematoxylin and collagen fibers and

elastic fibers are dyed in pink due to eosin labeling.

4.4 Kliver Barrera—-PAS

441 Materials:

0,1% luxol fast blue:  1g luxol fast blue
1000ml 96% alcohol

0,1% hydrous lithiumcarbonate solution

70% ethanol

0,8% perjodic acid

Schiff’s reagent

sulfit washing solution
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442 Method:

Kliver-Barrera staining was performed on deparaffinized sections, but rehydration was skipped.
Slides were rinsed two times in 96% ethanol and were incubated in 0,1% luxol fast blue at 57°C
overnight. After cooling the sections down to room temperature, they were rinsed in 96% ethanol,
followed by washing with aqua dest. Then incubation in 0,1% hydrous lithiumcarbonate solution was
performed for 5 minutes at room temperature. To continue, the staining was differentiated in 70%
ethanol until the background staining was nearly gone and only the staining of the myelin sheath was
visible. The PAS-reaction (perjodic acid Schiff stain) followed these few steps. The reaction was
started with rinsing the slides with aqua dest, incubation for 10 minutes in 0,8% perjodic acid, washing
with aqua dest. and incubation for 20 minutes in Schiff’s reagent. Next, the sections were put two
times for two minutes into sulfit washing solution and then washed for 5-10 minutes with tap water.
Finally, the sections were dehydrated using an ascending alcohol series and mounted with Eukitt®.

The intention of the Kllver-Barrera — PAS staining is to make the myelin sheaths visible in blue and
the grey matter in pink/red. In case of the viral encephalitis diseases being investigated here and in any

other demyelinating diseases the demyelinated lesions get visible with this labeling.

4.5 Immunohistochemistry

In immunohistochemistry so called primary antibodies (listed in Table 2) were used to bind to specific
targets, which can be visualized using different methods. In most of the stainings biotinylated
secondary antibodies and avidin-peroxidase were used to detect the specific markers. If double
staining for light microscopy was performed different detection methods were combined, such as the
Alkaline Phosphatase (AP) system with the diazonium salt Fast Blue (FB) with diaminobenzidine
(DAB) or 3-amino-9-ethylcarbazole (AEC).

In case of confocal double labeling targets of investigation were tagged with different fluorescence

dyes (Cy2, Cy3 and Cy5) for visualization.
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4.6 Primary antibodies used in the study

Antibody

Antibodies type Target Preatreatment Dilution Source
. steamer 60' ] .
CD3 Rabbit (poly Immune Cells citrate/EDTA 1:2000 with Neomarkers
AB) 9.0 CSA
Mouse . steamer 60' ]
CD8 (MAB) Cytotoxic T-cells EDTA 9.0 1:250 DAKO
1:50 or
Mouse steamer 60' ]
GrB (MAB) Granzyme B EDTA 90 1:1000 + Neomarkers
CSA
Svag | Rabbit(poly | JC-Virus T- cisttreaatz}eErDGTOlA 1:200Cor | oo nta cruz
AB) Antigen 9.0 1:500 E
Rabbit (poly JC-Virus T- steamer 60’ 1:20000 with AI.'.qUOt Dr.
SV40 AB) Antigen citrate CSAoor Hoftberger
g 1:5000 (6.9.2011)
Mouse JC-Virus T- steamer 60' ) .
SV40 (MAB) Antigen citrate 1:100 Calbiochem
: Aliquot
Pab2003 ?r/lnc,):é(; JC-Virus VP1 sé%i_rpirggg 1:2000 Frisque
' (27.03.06)
Mouse early antigen of steamer 60’ _ .
CMV (MAB) CMV EDTA 90 1:5000 Chemicon
Rabbit (poly steamer 60’ ,
HSV AB) HSV type | and |1 citrate 1:1000 DAKO
. , 1:50000 with
CM1 Rabtxg()poly Caspase 3 stesirgzzeﬁo CSAor Idun
1:3000
Rabbit (poly ) steamer 60’ ,
Caspase-6 AB) Caspase-6 citrate 1:500 Abcam
Rabbit (poly Apoptosis steamer 60’ , .
AlF AB) inducing factor citrate 1:250 Chemicon
. steamer 60’
Sheep Apoptosis ; . R&D
AlF (polyAB) inducing factor utratg/I(E)DTA 1:1000 systems
Mouse Poly (ADP- no . Aliguot Dr.
PAR (mAB) ribose) retreatment 1:250 Gallyas
P (16.10.08)
Sheep Carbonic steamer 60' ) S
CAll (polyAB) | Anhydrase II EDTA 9.0 1:1000 | Binding site
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213" SMI1 91
Mouse cyclicnucleotide- steamer 60' , ’
CNPase (MAB) 3 EDTA 90 1:2000 Szggnlz)e(;g;er
phosphodiesterase o
Mouse Glial fibrillary steamer 60’ ,
GFAP (mAB) acidic protein citrate 1:200 Neomarkers
Rabbit (poly Glial fibrillary steamer 60' ,
GFAP AB) acidic protein EDTA9.0 1:3000 DAKO

Table 2 Primary antibodies used in the study

In the table the markers are listed according to the target they are binding to. The first antibodies (1-5)
are specific for immune cells, the following markers detect infected cells (6-8). Accordingly,
antibodies specific for targets involved in cell death are listed (9-12) followed by cell-type specific

markers.

Immune cell markers:

CD3: CD3 is a co-molecule arranged around the t-cell receptor (TCR) and is characterized by the
immunoreceptor tyrosin-based activation motif (ITAM) (Reth, 1989). Due to phosphorylation by
cytoplasmic kinases (lwashima et al., 1994) CD3 gets clustered and conformational changes are
initiated. All this events are needed to induce TCR-signaling (Minguet et al., 2007). Since CD3 is

expressed on all T-cells, it is commonly used as a marker for those cells (Bo et al., 2003).

CD8: CD8 is a transmembrane glycoprotein and serves as a co-receptor for the TCR. There are two
possibilities how CD8 can be made up. One possible structure is the disulfide-linked a,-homodimer
and the other possible structure is a disulfide-linked af-heterodimer. CD8 shows in both
conformations an immunoglobulin-variable like structure and also the same properties in the N-
terminal extracellular domains (Leahy et al., 1992). CD8 is predominantly expressed on cytotoxic T-
lymphocytes (CTL) and only rarely found on natural killer cells (NK-cells). The main function of CD8

is to specifically interact with MHC class | molecules (Swain, 1983).

Granzyme B: Granzyme B is one of the five serine proteases, so called granzymes, which is
expressed in human (Chowdhury and Lieberman, 2008). The enzyme is released by CTL and NK-
cells, if those cells interact with virus infected cells. In the infected cells granzyme B can induce cell
death using two different pathways, one is the classical apoptosis pathway inducing the programmed
cell death by cleavage of pro-caspase-3 to activated caspase-3. The other way is the promotion of
mitochondrial permeabilization and cytochrome c release due to cleavage of BH3 interacting domain
death agonist (BID). Accordingly, DNA fragmentation is induced. (Adrain et al., 2005; MacDonald et
al., 1999; Martinvalet et al., 2008).
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Virus markers:

SV40: The simian virus large T-antigen 40 is a multifunctional protein. It organizes the replication of
the double-stranded viral genome and consequently the protein’s structure is optimized to exhibit this
function (Meinke et al., 2011). The molecule shows three different functional domains, an N-terminal
J-domain, an origin-binding domain (OBD) and a helicase domain (Pipas, 2009). The protein can
assemble into single and double hexamers and according to its property it binds to specific DNA

sequences on the origin of replication (ORI).

PAb2003: The antibody called PAb2003 is binding to early proteins expressed by the JC-virus
(Munoz-Marmol et al., 2004).

HSV: The targets of the antibody are HSV-type | and type II.

CMV: CMV-antibody labels the virus infected cells through binding to an immediate early non-
structural antigen (68-72kDa).

Markers for targets involved in cell death:

CM1: The so called CM1 antibody detects the enzyme caspase-3. Caspase-3 belongs to the family of
cystein-aspartic acid proteases. Caspase-3 is usually present in the cytosol as an inactive form, namely
pro-caspase-3 and only upon activation of initator caspases (-2, -8, -10), which are acting more
upstream cleavage and initiation of caspase-3 executioner activity can be induced. The direct
consequence of caspase-3 activation is programmed cell death (apoptosis) (Olsson and Zhivotovsky,
2011).

Caspase-6: Caspase-6 is like Caspase-3 and -7 an executioner caspase. Like the other effector
caspases the immature zymogen form of the caspase needs to be cleaved by initator caspases to
convert into the active conformation (apo-caspase). Caspase-6 (like the other executioner enzymes) is
known to lead to degradation of critical proteins, nuclear and cytoskeletal proteins and consequently to
cell death (Vaidya and Hardy, 2011). But it was also found that caspase-6 is involved in non-apoptotic
processes like axonal pruning during development (Nikolaev et al., 2009), B-cell activation and B-cell
differentiation (Watanabe et al., 2008).

AIF: Apoptosis inducing factor is a 67 kD flavin-adenine dinucleotide containing, NADPH-depending
oxidoreductase (Miramar et al., 2001). It is residing in the intermembrane space of mitochondria and is
cleaved upon apoptotic insult (Otera et al., 2005), gets released and translocates to the nucleus, where

it induces large-scale DNA-fragmentation in a caspase-independent manner (Cande et al., 2002).
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PAR: Poly(ADP-ribose) is a negatively charged molecule that is synthesized by poly(ADP-ribose)-
polymerase-1 out of nicotineamide adenine dinucleotide (NAD) (D'Amours et al., 1999). The
molecule can selectively interact with target proteins that are involved in reactions such as DNA
repair, DNA metabolism and can bind to PARP-1, it’s synthesizing molecule (Virag and Szabo, 2002).
Additionally, PAR is thought to play a central role in the new cell death pathway parthanatos.
Normally, PAR is remaining in the nucleus, just in parthanatos-inducing conditions it translocates and
accumulates in the cytosol (Andrabi et al., 2006) (Andrabi et al., 2008).

CNS-cell type specific markers:

CAII: Carbonic anhydrase Il is one of the 16 isoforms of human metalloenzymes (Saada et al., 2011).
Its function is to catalyze the hydration of CO,. This reaction is mediated by the transfer of a water
proton bound to zinc(ll) of CA and as a side reaction is also resulting in the generation of a zinc
hydroxide species of the enzyme (Pastorekova et al., 2004). In the brain CAIl is most dominantly
localized to oligodendrocytes and can therefore be used as a detection marker for those cells. CAll is

further present in the myelin and choroid plexus epithelium (Kida et al., 2006).

CNPase: 2’,3’-cyclic nucleotide 3’-phosphodiesterase is specifically expressed in myelin and located
to the cytoplasm of non-compact myelin. The enzyme catalyzes the phosphodiester hydrolysis reaction

of 2°,3’-cyclic nucleotides to 2’-nucleotides (Brunner et al., 1989) (Kursula, 2008).

TPPP/p25: Tubulin polymerization promoting protein is a member of the tubulin binding-proteins.
TPPP/p25 is located to tubulin/microtubules. It is implicated in the stabilization of the microtubule
network and in microtubule assembly in vitro (Vincze et al., 2006). In the brain TPPP/p25 is found in
myelinating oligodendrocytes and neurons, but not in astrocytes (Cahoy et al., 2008). Further,
TPPP/p25 is involved in oligogenesis, especially in the differentiation of oligodendrocytes (Lehotzky
et al., 2010).

GFAP: Glial fibrillary acidic protein is a brain-specific intermediate filament expressed by astrocytes
and Schwann cells. Like all intermediate filaments GFAP is involved in the cell shaping. However, it
is also thought to be involved in calcification and chondrocyte differentiation due to its expression in
elastic cartilage and cartilaginous differentiating tumors (Kepes and Perentes, 1988) (Webster et al.,
1985).
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4.7 Secondary antibodies used in the study

Secondary antibody Target Dilution Source
sheep-bi-a-mouse 1gG (H+L) 1:500 Jackson
Immunoresearch
. ) Jackson
donkey-bi-a-mouse IgG (H+L) 1:1500 Immunoresearch
. . ] Jackson
donkey-bi-a-rabbit 1gG (H+L) 1:2000 Immunoresearch
. ) Amersham
donkey-bi-a-sheep/goat - 1:200 Bioscience
donkey-a-mouse AP 1gG (H+L) 1:200 Jackson
Immunoresearch
. ) Jackson
donkey-a-rabbit AP 1gG (H+L) 1:200 Immunoresearch

Table 3 Secondary antibodies (biotinylated and coupled to AP) used for light microscopy

4.8 Secondary antibodies used for confocal fluorescence microscopy

Antibody Target Labeling Dilution Source

. Jackson
donkey-a-mouse 19G (H+L) Cy3 1:200 | mmunoresearch

) . Jackson
donkey-a-mouse 1gG (H+L) DyL.ight 488 1100 | | mmunoresearch

. Molecular

goat-a-mouse lgG1 Alexa Fluo 488 1:100 Probes

_ Jackson
goat-a-mouse 19G 2a Alexa Fluo 546 1:100 Immunoresearch

_ _ Jackson
goat-a-rabbit IgG (H+L) Cy2 11001y munoresearch

_ _ Jackson
goat-o-rabbit 19G (H+L) Cy3 1100 1 mmunoresearch

_ _ Molecular

goat-a-rabbit 19gG (H+L) Alexa Fluo 488 1:200 Probes

_ _ Jackson
donkey-a-rabbit 19G (H+L) Cy2 1:200 1 mmunoresearch

_ _ Jackson
donkey-a-rabbit 19G (H+L) Cys 1:200 1 mmunoresearch

_ ) . Jackson
donkey-a-rabbit 19G (H+L) DyLight488 11001 mmunoresearch
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_ Jackson
donkey-a-sheep 19G (H+L) Cy3 1100 | mmunoresearch

. Jackson
donkey-a-goat IgG (H+L) Cys 1300 | {mmunoresearch

Table 4 Secondary antibodies used for confocal laser fluorescence microscopy specific for the various species

and coupled to different fluorescent dyes

4.9 ABC-System using peroxidase activity for detection

49.1

Materials:

0,02 % H,0, — Merthanol: H,0,: 30% (Merck)
EDTA (pH =9 or pH = 8,5) (pretreatment-solution)
Citrate-buffer (10mM) (pretreatment-solution)

TBS (pH = 7,5) (wash buffer)

PBS ready to use: PBS-stock (0,2M Phosphate buffer (Sérensen) diluted 1:4 with A.dest.
(wash buffer)
10% FCS/Dako: fetal calve serum (Cambrex®)

DAKO® wash buffer (code S 3009) diluted 1:10
primary antibodies and biotinylated secondary antibodies (see Table 2 and Table 3)
avidin-HRP(Sigma-Aldrich®): 1:100 in 10%FCS/Dako

biotinylated tyramine stock (CSA-stock): 6ml borate buffer (pH = 8,0) (Merck®)
15ml sulfo-NHS-LCS-biotin (Pierce, Illinois,
USA)

4,5mg tyramin (Sigma-Aldrich®)
— left for stirring overnight, filtered and
stored in small aliquots at -20°C
CSA used solution: 20ul CSA
20ml PBS
20l H,0,
avidin-HRP (1:200) in 10%FCS/Dako
DAB: 1ml DAB (K3467 DAKO®) stock solution
50ml PBS
16,5 pl H,0,
AEC: 1,15ml AEC (K3464 DAKO®) stock
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50ml cold sodium-acetate-buffer (0,05M pH = 5)
25“' H,0,

49.2 Method:

All investigations were performed on paraffin-embedded tissue that was cut into 3-5um thick sections.
To start immunohistochemical stainings the sections were first deparaffinized, the endogenous
peroxidase activity was blocked and rehydration was performed, as described earlier.

For antigen retrieval the deparaffinized sections were pretreated in EDTA (pH = 9 or pH = 8,5) or
Citrate-buffer in a common house hold steamer (MultiGourmet FS20; Braun, Kronberg/Taunus,
Germany) for one hour or 90 minutes. Depending on the used antibody the appropriate pretreatment
solution and pretreatment-duration (60 minutes or 90 minutes) were chosen (see Table 2). After
cooling down to room temperature the slides were washed 3-5 times with tris buffered saline (TBS) or
phosphate buffered saline (PBS). Unspecific background signal was reduced by blocking with 10%
FCS/Dako® for 20 minutes in a hybrid chamber at room temperature. The next step was to dilute the
primary antibody for the target of interest in the right proportion (Table 2) in 10% FCS/Dako®. This
application was performed overnight at 4°C. The slides were rinsed in TBS or PBS for 3-5 times after
this incubation time and subsequently a biotinylated secondary antibody that was able to bind the
primary antibody was applied, diluted in 10% FCS/Dako® (see Table 3) and left for incubation in a
humid chamber on a slow shaker for one hour at room temperature. After washing the sections with
TBS or PBS for 3-5 times, a one hour incubation period with avidin horse radish peroxidase (HRP)
complex (1:100) was performed, followed by a washing step with buffer (TBS or PBS).

If necessary the labeling was amplified using biotinylated tyramine (King et al., 1997) (Bien et al.,
2002), followed by washing and incubation with avidin-HRP (1:200) for 30 minutes at room
temperature on a slow shaker.

To visualize peroxidase activity either diaminobenzidine (DAB) or 3-amino-9-ethyl-carbazole (AEC)
could be applied. To stop the enzyme reaction the sections were rinsed with deionized H,O for several
times.

Counterstaining was performed with Mayer’s hematoxylin (10-20 seconds), followed by washing with
H,0, shortly rinsing in HCl-alcohol, washing with H,O, blueing in Scott’s solution and dehydration in
an ascending alcohol series (1x 50%, 1x 70%, 3x 96% and 1x ether). Finally, sections were mounted

and were left for drying at room temperature for some hours before further examinations.
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4.10 ABC-system using alkaline phosphatase activity for detection

4.10.1 Materials:

avidin-AP: 1:100; Sigma-Aldrich®
fast blue 50ml solution: 6,25mg naphtol-AS-MX-phosphate
+312,5 ul DMF
+ 50ml warm Tris/HCI buffer (0,1M pH = 8,5)
12,5mg fast blue BB salt mixed
+312,5ul 2N HCI
+ 312,5ul 4% NaNO,
— added to Tris/HCI-solution
+ 77l 1M Levamizole
incubation for 2 minutes at 37°C
filtration
All other materials (like wash buffer, pretreatment solution) were identical to those listed in

the materials-part for ABC-system using peroxidase activity for detection.

4.10.2 Method:

Instead of using peroxidase activity as a detection method alkaline phosphatase (AP) activity can also
be used to visualize the interesting targets. Generally, there was little difference between these two
methods. The sections were deparaffinized, pretreated for antigen retrieval and primary antibodies as
well as secondary antibodies were applied as mentioned above. The difference was that avidin alkaline
phosphatase (AP) (1:100) was applied instead of avidin-HRP for one hour at room temperature on the
slow shaker.

To visualize the labeling fast blue salt was used. Since development of the fast blue signal could take
more time than DAB or AEC development, sections could be incubated in the fast blue solution up to
45 minutes at 37°C. As in the other staining methods the labeling reaction was stopped by washing the
samples with water.

Counterstaining with Mayer’s hematoxylin can be performed, but in case of double labeling using
SV40 as one of the primary antibodies, counterstaining was not part of the staining protocol due to a

weak SV40-labeling and a possible confusion of the two (blue) signals.
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Covering was done using Geltol as a mounting medium. To keep the sections free form air bubbles
they were left in the fridge for drying overnight.

4.11 Double Labeling for Light Microscopy

411.1 Materials:

The materials for double stainings for light microscopy are all the same as in the single labeling for

light microscopy (see in detail in 4.9.1and 4.10.1).

4.11.2 Method:

Light microscopical double staining was performed as described earlier for ABC-system. Just some
small changes were made. Pretreatment was chosen according to signal intensity and antibody
efficiency in order to get the right targeting for both of the primary antibodies used. Then the optimal
pretreatment was chosen, which was mainly depending on the antibody giving the weaker signal.
Different primary antibodies of different species were simultaneously applied on the deparaffinized
sections overnight at 4°C. Dilution of the antibody changed only for the primary antibody that was
directly conjugated to a detection system to a less diluted concentration. After washing with TBS or
PBS a second incubation with the primary antibody solution was performed for one hour at room
temperature. This step was supposed to intensify the labeling. This was again followed by washing
with buffer (TBS or PBS). The different secondary antibodies were applied simultaneously at room
temperature. There was always one secondary antibody used directly conjugated to a certain detection
method (like f. ex. a-mouse-AP) and one biotinylated secondary antibody. Depending on the use of
secondary antibodies avidin-HRP or avidin-AP diluted 1:100 in 10%FCS/Dako was applied on the
sections for one hour at room temperature.

To finish the staining alkaline phosphatase activity could be visualized with the diazonium salt fast
blue or with fast red and peroxidase activity could be visualized either with DAB or AEC (described
earlier). These reactions were performed after each other and depending on the target of interest and
their signal intensity the right order for developing was chosen. To stop the detection reactions the
slides were rinsed with H,O and mounted with cover slips out of water with Geltol as the embedding
medium.

All incubations at room temperature were performed on a slow shaker and in a humid chamber, just as

incubation overnight at 4°C was done in a humid chamber, to keep the sections from drying out.
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If there were double stainings performed using two primary antibodies coming from the same species
the protocol was modified once more. In this case the antibodies were not applied simultaneously, but
were incubated on the sections after each other. First antigen retrieval was performed as usual,
followed by overnight incubation with the first primary antibody. Then application of the secondary
antibody solution and the avidin solution were performed. According to the staining method used the
proper avidin either coupled to horse radish peroxidase or alkaline phosphatase was chosen.
Visualization of the first antibody was achieved mostly with diazonium salt fast blue. After stopping
this labeling reaction the slides were once again kept in the household steamer (for 15-30 minutes) in
the best suiting buffer (citrate or EDTA). This incubation was not necessarily performed to obtain a
better signal of the second antibody, but was done to denature all the unbound staining components
still remaining from the first reaction and therefore avoid cross reactions and reduce the background
signal in the second staining reaction. All further steps were performed as mentioned above
(incubation with primary antibody overnight, application of secondary antibody solution and avidin-
solution each for one hour). In some cases MACH4 system was used (after overnight incubation with
the primary antibody). The advantage of this system is that there is no need for using another
biotinylated secondary antibody and therefore chances of cross reaction and background signal are
reduced. To achieve a proper staining with this system the sections were incubated for 15 minutes first
with MACH4-mouse probe, followed by washing and incubation with HRP-polymer (MACH4) for 15
minutes. If a primary antibody taken out of rabbit was used only application of HRP-polymer
(MACHA4) for 30 minutes was performed. As a last step the labeling was visualized by using 3,3’
diaminobenzidine tetrahydrochloride hydrate (DAB). Sometimes ammoniumnickelsulfate (1%) (1ml
to 50ml DAB) and cobalt (I1)-chloride (1%) (0,6ml to 50ml DAB) were added to the DAB solution to

intensify the staining and enhance the contrast of the labeling.

4.12 Confocal Laser Fluorescence Microscopy

412.1 Materials:

Dako-Diluent (code S2022)
primary antibodies (see Table 2)
10% FCS/Dako®: FCS (Cambrex®)
Dako®-wash buffer (S3006) diluted 1:10 with A.dest.
secondary antibodies (biotinylated and conjugated to cyanine dyes) (see Table 3 and Table 4)

streptavidin conjugated to fluorescent dye (Jackson ImmnuoResearch) 1:75
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Dapi (Sigma-Aldrich®) 1:10000 in PBS
TBS (pH =7,5) or PBS as a wash buffer

4.12.2 Method:

Except for small variations fluorescence immunohistochemistry was performed very similar to double
labeling for light microscopy with small variations. In case of a double staining for confocal
microscopy blocking of the deparaffinized sections was performed with Dako-Diluent. Both primary
antibodies of the two different species were used more concentrated than in single labeling IHC and
were diluted in Dako-Diluent. Application was performed simultaneously at 4°C overnight. The slides
were washed with TBS or PBS and incubation with primary antibody solution was repeated for one
hour at room temperature. After washing with buffer (TBS or PBS), application of secondary antibody
solution (see Table 4 for dilutions), containing one biotinylated secondary antibody and one directly
fluorescence conjugated secondary antibody diluted in 10% FCS/Dako®, followed for one hour at
room temperature on a slow shaker. The staining was continued by incubation with streptavidin
conjugated to a fluorescence dye for one hour at room temperature, washing and counterstaining with
4’,6’-diamidino-2-phenylindole (Dapi) for 5 minutes at room temperature. Mounting of the slides with
cover slips was done using gallate-geltol as a mounting medium.

In case of a triple labeling the three different antibodies of different species were applied
simultaneously, as well as the secondary antibodies were applied together (as mentioned above). All
other steps were performed identically.

During incubation times the sections were always kept in a light proof humid chamber to avoid drying
of the samples and the dyes from bleaching.

Fluorescent preparations were examined using a confocal laser scan microscope (Leica SP5;

Mannheim, Germany).

4.13 Quantitative analysis

In order to gain some quantitative information about the investigated sections, manual counting on the
microscope was performed. Therefore an ocular grid was used. Most of the countings were done using
the 20 times magnification objective to make sure that the cells showing the right properties were
counted. With this magnification the grid has a length of 0,48mm and a total volume of 0,2304mm?.
Along with these grid values and the counted cell values the amount of cells present in 1mm? was

calculated. If the area, in which the counting was performed, did not contain any cells showing the
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properties under investigation, the area was enlarged and consequently other grid values for counting

were used.

For statistical analysis IBM SPSS 18 was used. Since our data showed an uneven distribution and due
to the low case number, we only performed nonparametric tests. In the comparison of the data a pair
wise calculation of significant differences between two diseases was performed. This calculation was
achieved using the Mann-Whitney-U-test. Generally p-values below 0,05 were considered to be

significant.
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5. Results

5.1 Basic pathological features in viral encephalitis

In this study paraffin-embedded PML samples of 8 different HIV+ patients were used for the
experiments. Firstly, histochemical stainings with luxol fast blue for myelin sheaths for visualization
and localization of the demyelinating lesions in the white matter of our PML samples were performed.
The next step was the immunohistochemical labeling for the presence of virus infected cells with the
SV40 antibody (performed by Dr. Hoftberger on the AKH in Vienna), detecting the T-antigen of JC-
virus. In this SV40 staining it could be observed that the infected oligodendrocytes were present on the
edge of the lesions, whereas in the lesion center no infected oligodendrocytes could be detected. The
fact that the infected cells were primarily oligodendrocytes was verified using a double labeling for
SV40 T-antigen and CAIll as a marker for oligodendrocytes. Bizarre shaped, virus containing
astrocytes were found in the middle of the demyelinating lesion. These bizarre cells were astrocytes as
seen by double staining for the JC-virus and GFAP an astrocyte marker (shown in Figure 6).

On the basis of the SV40 labeling, information on lesion size and amount of cells that are
containing JC-virus was gained. Most of the virus infected oligodendrocytes were found in sections
with many small lesions that were in close vicinity with each other and sometimes also connected to
each other due to lesion spreading. In big lesions virus infected oligodendrocytes were found
predominantly on the border whereas virus containing astrocytes were mainly detected in the lesion
center. Virus expressing oligodendrocytes were usually characterized by the presence of a round
swollen nucleus that was much bigger in size than the nucleus in non-infected oligodendrocytes.
Generally, it was found that also the cytoplasm of these virus infected oligodendrocytes were enlarged
compared to their usual appearance. This typical property could also be used for identification of
infected oligodendrocytes in other stainings. Infected astrocytes could be identified due to their
strikingly enlarged nucleus and swollen cytoplasm, which is very different from the usual astrocyte
appearance.

An interesting additional feature that could be detected in the virus staining was that some of the cells
labeled with the JC-antibody appeared to be degenerating. The cell body of these cells was blebbing,
whereas their nucleus was shrinking and the chromatin was seen to become condensed. Astrocytes
were seen to be enlarged and their cytoplasm was seen to be totally full with JC-virus, but astrocytes
were not seen to degenerate. The results of the JC-virus stainings were fundamental for all our

following experiments, since we gained knowledge about the special properties of each sample used.
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Figure 6 Labeling of SV40 infected cells for confocal laser microscopy (630x magnification used in all pictures):
a shows a virus infected oligodendrocyte, whereas the virus marker was visualized with DyLight549 in red and
CAII the oligodendrocytemarker was visualized with Cy5 seen here in blue; b shows a virus infected astrocyte
(SV40 is seen in red (DyLight549) and GFAP is labeled in green (DyLight488)); ¢ virus infected
oligodendrocyte (double labeled with DyLight549 (SV40) and Cy5 (CAII) and an astrocyte that is not virus
infected; d double labeled astrocytes for GFAP (DyLight488) and SV40 (DyLight549)

Typical properties seen in CMV encephalitis were that the infected cells were mainly present around
ventricles or areas to which CSF had access. The infected cells which were mainly neurons and
astrocytes appeared highly enlarged and showed viral inclusions in the nucleus. The typical “owl eye”
shape was seen in many of the infected cells. This special feature was used in later stainings to identify
the infected cells. Further microglia nodules were observed as well as necrotic lesion appeared in the
in the brain parenchyma, resulting in cell loss.

In HSV encephalitis as well as in the CMV encephalitis necrotic lesions were observed. Additionally,
to the necrotic lesions also hemorrhagic properties were observed in the lesions of the HSV
encephalitis patients. HSV infected cells were not showing any special properties which would have
facilitated identification. Therefore stainings for different cell type markers were performed in order to

identify the underlying cell type. The results showed that mainly neurons, astrocytes and
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oligodendrocytes were infected with HSV. The virus was present in the nucleus as well as in the

cytoplasm.

5.2 Inflammation in viral encephalitis

To gain more information about the role of inflammation in this viral encephalitis disease staining for
CD3 (a general T-cell marker), CD8 (a marker for cytotoxic T-lymphocytes) and labeling for
granzyme B (GrB), a protease released by cytotoxic T-lymphocytes (CTL) as defense mechanism, was

performed.

PML . cmv | ~ HSV

€D3” .

GrB ‘ 7 | .

Figure 7 Immune cells invading the brain parenchyma; a-c DAB stainings for CD3; a CD3 cells in PML tissue
(40x magnification); b CD3 in CMV encephalitis is already showing appositions with the infected cells (100x
magnification); ¢ CD3 in HSV encephalitis 1(00x magnification); d-f DAB staining for CD8; d CD8 cells in
PML (40x magnification); e CD8 in CMV encephalitis (100x magnification); f CD8 in HSV encephalitis (100x
magnification); g-i DAB staining for GrB; g GrB positive cells in PML (250x magnification); h GrB cells being
in apposition with CMV infected cells in CMV encephalitis (250x magnification); i GrB positive cells in HSV
encephalitis (250x magnification)
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To compare the results of our investigations on the PML-samples and check for similarities in other
viral encephalitis diseases, the experiments described above for PML were performed in the same way
on samples taken from patients suffering from herpes simplex encephalitis (HSV) and
cytomegalovirus encephalitis (CMV) (see Figure 7). After immune cell quantification (see Table 5)
statistical comparison of the number of cells stained for CD3, CD8 and GrB in the three different

diseases was performed.

PML-cases | CD3/mmz2 | CD8/mm?2 %(c:gg of GrB/mm2 ‘?Dogf
12-93-2 55 40 72 0 0
47-93-3 96 79 82 22 23
97-93-8 53 47 88 11 21
103-93-8 49 29 59 10 20
278-93-6 228 180 79 66 29
291-93-5 42 23 53 8 18
358-93-6 89 59 66 26 29
359-93-7A2 42 15 36 2 6
MEAN 82 59 67 18 18
SD 62,35 53,14 17,07 21,29 10,32
HSV-cases | CD3/mm2 | CD8/mm2 | 72 g’ggg of | GrB/mm2 ‘?DO,;
237-91-5 104 112 109 6 6
67-83-2 154 110 72 96 63
529-84-6 99 54 54 4 4
204-83-4 140 38 27 3 2
330-82-4 56 16 28 12 22
MEAN 110 66 58 24 19
SD 39 43 34 40 25
CMV-cases | CD3/mmz2 | CD8/mm?2 %ggg of GrB/mm2 OCA)DOJ
62-94-9 46 44 96 4 9
455-92-4 23 23 100 10 42
118-94-2 72 69 96 30 42
364-92-4 48 40 83 6 13
430-93-6 3 3 88 1 41
559-92-11 40 38 95 19 49
234-93-4 34 24 70 7 21
MEAN 38 34 90 11 31
SD 22 21 10 10 16

Table 5 Quantification data from PML, HSV encephalitis and CMV encephalitis

First analysis of the amount of CD3" T-lymphocytes present in the brain parenchyma in the 3 forms of
encephalitis was performed. Comparison of the PML cases with the HSV encephalitis cases showed

an insignificant difference (p = 0,057). When PML was compared with CMV encephalitis, the result
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showed significant statistical difference (p = 0,028). Another significant difference was seen in the
comparison of HSV encephalitis with CMV encephalitis (p = 0,007). Next, the data for the CD8" T-
lymphocytes, which was set in relation to the amount of CD3" cells, was compared between the three
diseases. When checking for significant differences between PML and the other encephalitides we
found again no difference with HSV (p = 0,380), but a difference with CMV encephalitis (p = 0,011).
The results for the comparison of HSV encephalitis with CMV encephalitis revealed an insignificant
result (p = 0,122). As a last step we also compared the data for the presence of GrB in relation to the
amount of CD3+ T-cells. Interestingly the detailed comparison of the three diseases indicated no
significant difference between PML and HSV and PML and CMV as well as between HSV and CMV
found (PML vs HSV: p =0,661; PML vs CMV: p = 0,132; HSV vs. CMV: p = 0,223) (see Figure 8).
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Figure 8 a amount of CD3/mm? CD8/mm? and GrB/mm? arranged in groups for each disease, the clamps
indicate the significant differences obtained during comparison; b amount of CD8 (%) and GrB (%) set in
relation to the amount of CD3 positive cells present in the brain parenchyma

In all three encephalitides it could be shown that viral infection resulted in recruitment of immune
cells into the brain parenchyma, especially to sites of demyelinating lesions. In a double staining it
could be visualized that CD8" cytotoxic T-cells and JC-virus containing cells were present in the same
area, further it was observed in another staining that 29% of those CD8'cytotoxic T-cells were
containing GrB in PML. Double stainings using GrB and SV40 as markers verified that GrB* cells
could be found in the same areas as the infected cells. Generally, these results are indicative for an
involvement of the immune system in initiation of cell death in virus infected cells. However, since
close contact of CTLs with their targets is absolutely needed, the appositions (single or multiple) of
GrB containing cells with JC-infected cells were specifically analyzed. This analysis revealed that

close apposition of SV40 positive cells with GrB containing cells was absent in the brain parenchyma
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of PML-patients. GrB positive cells were sometimes relatively close to JC-virus containing cells,
however there has not been seen a direct contact of these cells. Quantification of the numbers of
infected cells with single or multiple appositions of GrB™ cells in PML patients in comparison with
HSV encephalitis and CMV encephalitis confirmed that appositions in PML were very rare. The
comparison of PML with HSV encephalitis and CMV encephalitis revealed that the latter diseases had

more appositions (see Figure 10).

PML cMv HSV
’ 5w -
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a b C f

Figure 9 Double labelings for GrB (labeled with DAB in brown) and the different virus markers; a labeling for
SV40 with fast blue and GrB, showing that those cells are located in the same area, but no apposition was
detectable (400x magnification); b multiple appostions of GrB positive cells towards the CMV infected cell
(labeled with fast red), polarization of GrB towards the CMV positive cell can be seen and is indicated by the
arrow head (400x magnification); c labeling of HSV infected cell (with fast red) and GrB, wheras the
polarization of the cytotoxic granule is indicated by the arrow head (400x magnification)

The biggest difference was seen when comparing PML with CMV encephalitis. In this case statistical
significance was detected (p=0,014), unlike the comparison of PML and HSV encephalitis which did
not show significance (p=0,879). For HSV encephalitis and CMV encephalitis another insignificant
result was obtained (p = 0,122) (shown in Figure 10). Moreover, unlike in PML, in CMV encephalitis
it was even possible to detect multiple appositions, which means that multiple GrB™ cells are in contact
with one single CMV positive cell. In the comparison of the data for multiple appositions between the
three diseases a statistically significant result was seen between PML and CMV encephalitis
(p=0,008), but not for PML with HSV encephalitis (p = 0,642) and CMV with HSV (p = 0,110)
(shown in Figure 10). ). Another step in cytotoxic killing of target cells by cytotoxic T cells is
polarization of the cytoplasm and directing the GrB granules towards the target cell. Such GrB
polarization was described in in vitro cytotoxicity and was seen to highly augment the cytotoxic
capacity of those granules (Wagner et al., 1993). In addition to the above-mentioned quantitative
findings, we could observe such polarisations of GrB towards the virus-infected cell in CMV and HSV

encephalitis but not in PML encephalitis (Figure 9).
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Figure 10 Single appositions (%) and multiple appositions (%) found in the three different viral encephalitides;
clamps indicate the statistically significant differences between the different diseases

It has been shown in the past that infiltrating lymphocytes in brain of acute disseminated
encephalomyelitis are eliminated by apoptosis (Bauer et al., 1999). During the examination of
cytotoxic T cells in the brain presence of GrB" cells with clearly condensed nuclei indicative for
apoptosis was noticed (Figure 11). Quantitative analysis of such apoptotic GrB+ cells surprisingly
showed that in PML these numbers were as high as 25%, whereas in HSV and CMV encephalitides

these numbers were respectively lower and accounting for 4,8% and 4,8% (shown in Figure 12).
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a b

Figure 11 ABC staining for GrB; a normal appearing GrB carrying CTL (400x magnification); b apoptotic GrB
containing CTL showing a condensed nucleus (400x magnification)
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Figure 12 Amount of apoptotic GrB cells counted in the brain parenchyma of the different viral encephalitides;
clamps indicate the statistical differences calculated for the different diseases; it can be seen that there were
much more apoptotic GrB positive cells found in PML compared to HSV encephalitis and CMV encephalitis and
that statistical difference was obtained in the comparison of PML to the other two diseases

In order to gain more information about the underlying mechanisms in the different viral encephalitis
diseases the influence of executive caspases, which can be activated due to immune response and

release of GrB, was under investigation investigated next.
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5.3 The role of caspases

Since caspases, primarily caspase-3, can be activated by granzyme B during the defense mechanism
and because of their role as the key enzymes in apoptosis, they might exhibit a central function in the
course of oligodendrocyte cell death in PML. Accordingly, labeling for activated caspase-3 and
caspase-6, two of the main executioner caspases in apoptosis, were performed. In apoptototic cells,
caspase-3 is found in the cytoplasm (Bradl et al., 1999) (Bien et al., 2002) (Bauer et al., 2007).
Inactive caspase-6 is present in mitochondria and thus shows a granular staining. During apoptosis
caspase-6 diffuses from the mitochondria and can be found as a diffuse cytoplasmatic staining. The
results of these stainings showed that caspase-3 and caspase-6 were expressed in their inactive
conformation, but were sometimes present in an upregulated manner in the virus infected cells in our
PML-samples. None of the JC virus infected oligodendrocytes contained activated caspase-3 or
caspase-6 (see Figure 13). Still, we observed that in our samples (mainly on the edge of lesions) some
cells showed a typical apoptotic nucleus. This led to the conclusion that initiation of cell death
resulting in tissue damage and presence of cells with condensed nuclei needs to be induced in another
way than T-lymphocyte activation, GrB release and caspase-activation in PML.

To compare the observed findings in the PML-cases with the HSV encephalitis and CMV encephalitis
cases we also performed the stainings for caspase-3 and caspase-6 expression in those samples. The
results of the caspase labelings in the other two encephalitides revealed that their expression was up
regulated like in PML. The search for activated caspase-3 and activated caspase-6 in HSV and CMV
was successfully concluded since cells containing the activated enzymes could be found. To confirm
that the activated caspases were present in virus-infected cells double stainings for activated caspase-3
and the particular virus marker were performed. In the CMV encephalitis we could nicely visualize a
colocalization of the of the virus marker with caspase-3 or cytoplasmatic caspase-6. This was also seen
in the HSV cases albeit in less high numbers. Furthermore, in both the HSV encephalitis and in the
CMV encephalitis we could show that these caspase-3 or caspase-6 positive cells contained a

condensed nuclei typical for apoptosis (see Figure 13).
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PML MV _ HSV

Figure 13 Single labelings for caspase-3 (first row) and caspse-6 (second row) and double labeling for virus
markers with caspase-3 (third row); a shows inactive caspase-3 in the PML-sample (indicated with an arrow)
(400x magnification); b activated caspase-3 (marked with an arrow) that is very darkly stained and widely
distributed in the cytoplasm can be seen (400x magnification); ¢ HSV encephalitis sample showing an astrocyte
positive for activated caspase-3 (400x magnification); d activated caspase-3 in HSV encephalitis whereas this
cell is already showing a condensed, apoptotic nucleus (marked with an arrow) (400x magnification); e staining
for caspase-6 which is present in an upregulated manner , but though inactive and still granular (cells containing
inactivated caspase-6 are marked with an arrow) (400x magnification); f caspase-6 present in its inactive
conformation (granular staining) as well as the active conformation (distributed in the cytosol), cells containing
caspase-6 in its active confirmation are pointed out by an arrow head (400x magnification); g inactive, but
upregulated caspase-6 as well as clearly apoptotic cells (marked with an arrow) with their nucleus surrounded by
activated caspase-6 can be seen (400x magnification); h double staining for SV40 (in blue) and caspase-3 (red)
(marked with an arrow) whereas no double labeled cells were detected (400x magnification); i confocal laser
microscopy stained for CMV (green (DyLight488)), caspase-3 (red (DyLight549)) and counterstained with
DAPI (blue) showing cells being double labeled for the virus marker and caspase-3 (630x magnification); j-k
double labeled cell with HSV and caspase-3, whereas the double labeled cell in picture k is indicated by an
arrow (400x magnification)

Summarised, these findings suggest that an immune response resulting in the activation of caspases
induces apoptosis in HSV encephalitis and CMV encephalitis but that the situation for initiation of

oligodendrocyte death is different in PML.

48



Results

5.4 Cell death in PML goes via Parthanatos

According to the data shown above, the underlying cause for oligodendrocyte death in PML was very
unlikely to be depending on the activation of CD8" T-lymphocytes, release of GrB and initiation of
apoptosis via activation of the caspase-cascade. Consequently, it was searched for another possible
mechanism which was giving a better explanation for demyelination due to oligodendrocyte death in
PML and which was also matching with the results described above. The in the introduction described
form of cell death parthanatos was a likely candidate for the cell death in PML. Since poly-(ADP-
ribose) (PAR) and apoptosis inducing factor (AIF) were the key molecules in the parthanatos pathway,
stainings for these two molecules were performed (Andrabi et al., 2008) (Wang et al., 2011). In the
immunohistochemical labelings using the PML-samples we could nicely visualize that in the JC-virus
infected oligodendrocytes PAR, was not only located in the nucleus, but was often also seen to
translocate to the cytosol. Triple staining with SV40, PAR and CAIl confirmed that mainly virus
infected oligodendrocytes were containing PAR in the cytosol. Further we observed that AlIF was not
totally restricted to the mitochondria, as seen under normal conditions, but was also translocated out of
the mitochondria to the nucleus where it was able to induce DNA-fragmentation. To get better
evidence for these results double and triple stainings for confocal microscopy were performed, like
SV40, AlF and PAR or AIF, PAR and CAII (shown in Figure 14).

These labelings further proofed that in JC virus-containing oligodendrocytes PAR could be seen in the
cytosol and AlF was colocalized with the virus staining in the nucleus. These observations support the
theory that JC-virus-infection of oligodendrocytes initiates a process which leads to accumulation of

PAR in the cytosol, translocation of AlF to the nucleus and as a last consequence to cell death.
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Figure 14 Stainings for parthanatos markers (AlF and PAR) in PML; a PAR (stained with DAB) is usually seen
to be present in the nucleus, but during cell death initiation is accumulating in the cytosol (250x magnification);
b PAR is widely distributed in the cytosol (400x magnification); ¢ AIF (labeled with DAB) is found in the
mitochondria showing a granular staining, but during parthanatos is translocated to the nucleus (250x
magnification); d AIF found in the nucleus (400x magnification); e-f confocal laser microscopy used to label the
JC virus (in blue with Cy5) located in the nucleus, PAR (with DyLight488 in green) located in the cytosol of the
virus infected cell and AlIF (with DyLight549 in red) also found in the nucleus, overlay of the stainings in the
nucleus result in a yellowish color (630x magnification); g confocal laser microscopy for visualization of SV40
(with DyLight549 in red), PAR (with DyLight488 in green) and CAIl (with Cy5 in blue) to verify that
oligodendrocytes are the virus infected cells dying through parthanatos (630x magnification)

To further gain clear evidence that there were different mechanisms activated in the different viral
encephalitis diseases single labelings for PAR and AIF were performed on the HSV encephalitis
samples and CMV encephalitis samples. Surprisingly, it was found that PAR was present in the
cytosol of some cells in HSV encephalitis. AlF, on the other hand could not be detected in the nucleus
of any of the HSV encephalitis specimens. In the CMV encephalitis cases PAR could not be found in
the cytosol. Also, AIF could not be seen to be translocated to the nucleus in the virus containing cells.
To confirm this, we also performed triple stainings on those sections, using antibodies against the
specific virus together with AIF and PAR. Again, we never found a translocation of PAR out of the
nucleus into the cytosol and AIF out of the mitochondria into the nucleus in the virus infected cells

(shown in Figure 15).
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Figure 15 Confocal laser microscopy used to visualize parthanatos markers in CMV encephalitis and HSV
encephalitis; a PAR (marked with DyLight488 in green) is mainly restricted to the nucleus and AlF (labeled with
DyLight549 in red) is only seen as a granular staining only located in the mitochondria in CMV infected cells,
DAPI staining is seen in blue and virus infected cells were identified due to their “owl eye” shape (630x
magnification); b no indications for parthanatos can be found in HSV infected cells (labeled with Cy5 in blue),
PAR (marked with DyLight488 in green) and AIF (stained with DyLight549 in red), since PAR was remaining
in the nucleus and AIF was present in the mitochondria (630x magnification)

These findings strongly suggest that, unlike in PML, parthanatos is not the underlying cell death

pathway in these two viral encephalitides
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6. Discussion

Demyelination and oligodendrocyte loss is a central feature occurring during the disease course of
PML (Astrom et al., 1958). Though being this important, it has never been established which
mechanism is actually leading to death of virus infected oligodendrocytes and therefore causing the
demyelinating lesions in the white matter. Oligodendrocyte loss could be the result of various
mechanisms. First, it might be a direct result from the virus infection. After infection the virus uses the
oligodendrocytes system to create new virus particles. During this phase protein synthesis and energy
metabolism are constantly at high levels. Since viral replication and maturation is tightly connected
with the function of the endoplasmatic reticulum (ER) this organelle senses changes naturally
occurring in infected cells. A high protein traffic through the ER as well as misfolded or unfolded
protein release due to the viral infection, might initiate ER stress probably leading to apoptosis (He,
2006). It might be that this overload finally leads to internal damage and death of the infected cells.
Secondly, inflammation is abundant in the brain of PML-patients, but a link between the initiation of
the immune response and death of oligodendrocytes has not described. Generally it is assumed that
cytotoxic T cells kill virus infected cells. Cytotoxic T cells can kill target cells in a number of ways,
whereas two groups of mechanisms are distinguished. First group is involving death receptors with
appropriate ligand binding and the second pathway is a granule-dependent. Generally death receptor
killing can be either induced by TNF-TNFR interaction or by interaction of Fas and its ligand FasL
(CD95) leading to downstream signaling cascade activation. Granule dependent killing on the other
hand involves release of perforin towards the target cell membrane in order to make holes in the
membrane. This consequently enables GrB to enter the cell, where this protease is capable of initiating
caspase-dependent apoptosis (Russell and Ley, 2002). To find out if the cytotoxic T cells are really
involved in the pathogenesis of PML, presence of CD3", CD8" and GrB containing cells were
analyzed first. The results showed that there are activated cytotoxic T-cells in the brain parenchyma.
This finding was already described in a paper published by Wuthrich et al.. In this paper results are
shown that CD8" cytotoxic T-cells are located in the brain parenchyma and it is also claimed that
appositions of CTLs and SV40 positive cells are found. The group interpreted these observations as an
indication of cytotoxic T cell involvement in oligodendrocyte death (Wuthrich et al., 2006). However
there were no experiments performed in this paper linking specific cytotoxic mechanisms directly to
oligodendrocyte death, for instance it was not checked if cytotoxic granules were present in those
CTLs being in apposition with virus-infected cells and therefore create the possibility that GrB release
is responsible for oligodendrocyte apoptosis. Here the presence of GrB in the samples was counted
and it was found that around 29% of CD8" cells in the brain parenchyma carried GrB. In the double
labeling it could also be shown that virus infected cells and GrB positive cells were present in the

same area. However, although being located close to each other the search for appositions was not
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successful. It was not possible to find any appositions of JC-virus containing cells with cells carrying
cytotoxic granules.

In the comparison of PML with HSV encephalitis and CMV encephalitis differences could be
observed. Unlike the findings in PML, it was possible to find single appositions of GrB containing
cells with the specific virus present in both HSV encephalitis as well as CMV encephalitis. However
in CMV encephalitis a much higher frequency of single appositions could be detected and even a high
frequency of multiple appositions of GrB™ cells to infected target cells was observed. This already
manifested the idea that cytotoxic T-cells are involved in Killing virus infected cells in CMV
encephalitis. In HSV encephalitis on the other hand the situation was not this clear, but still there was
a trend seen that activation of cytotoxic T-lymphocytes and GrB release plays a more crucial role than
in PML.

At the present time it is unclear why in PML cytotoxic T cells do not seem to kill the infected cells by
GrB release. A possible explanation could be that the infected cells are not detected by the cytotoxic T
cells. In order to enable virus detection infected cells have to present viral proteins by MHC class |
molecules (Adhya and Basu, 2010). Accordingly it could be estimated that JC-infected
oligodendrocytes do not express these MHC class | molecules. Surprisingly, however, these infected
cells revealed strong staining with HC10, an antibody recognizing the heavy part of the MHC class |
molecule (Stam et al., 1990). However, viruses evolved various other mechanisms to escape the
cytotoxic T-cell response. Possibilities to inhibit this response are to block the antigen processing and
to interfere in the antigen transporter activity (Farrell and vis-Poynter, 1998). Consequences of these
events are that no antigen is presented by the MHC class I, so no activation of cytotoxic T-cells is
achieved and the virus can successfully escape cytotoxic T-cell killing. Other immune evasive
strategies involve blocking of interferon-dependent signaling pathways (Smith et al., 1997) or changes
in the chemokine or cytokine production in order to promote virus replication (Lalani et al., 2000)
(Tortorella et al., 2000). Such mechanisms have not been described in PML.

Due to all these results the idea was formed that there was a difference in the involvement of the
cytotoxic T cells between the three different viral encephalitis diseases. Since it was observed that
25% of GrB positive cells were apoptotic in PML the frequency of apoptotic GrB cells in the HSV
encephalitis and CMV encephalitis was counted as well. The incidence rate for apoptotic GrB cells in
these diseases was dramatically lower than in PML. In the HSV encephalitis as well as CMV
encephalitis the same level of apoptotic GrB cells was observed. How apoptosis is induced in GrB
carrying cells in PML is not known, but one could speculate that the JC virus evolved this strategy to
escape cytotoxic T-cell killing. Inducing, apoptosis in GrB cells would be beneficial for the JC virus
since those cells cannot exhibit their original function of GrB release into the target cell. Accordingly,
the virus can further replicate and multiply. Of course these results were further enforcing the idea of

different underlying mechanisms in the different diseases with a different role of the immune system.
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Cytotoxic T-cell activation and GrB release can induce apoptosis. Therefore the apoptotic
signaling cascade plays a major role. Generally, apoptosis can be induced by various triggers and the
major enzymes in this pathway are caspases. The caspases can be divided in two groups; the
initatorcaspases, of which caspase-8, -9 and -10 are the most prominent ones and the executioner
caspases. Caspase-3, -6 and -7 contribute to the last group. If apoptosis is induced, the initatorcaspases
are cleaved, transform to their active conformation and further activate executioner caspases. These
enzymes can then cleave target proteins and induce apoptotic cell death (Fan et al., 2005). To check
the effects of GrB release effort was put into finding out whether there were activated caspases present
in the tissue. Results of caspase-3 labeling as well as the staining for caspase-6, showed that in PML
we could not find any evidence that caspase-mediated apoptosis was really induced in the virus
positive oligodendrocytes. Interestingly,in the past two papers have dealt with the topic of
oligodendrocyte death, but the from these two publications are rather controversial. Accordingly, a
convincing explanation for oligodendrocyte death has not yet been found. In one of those papers the
authors claim, that apoptosis is the underlying mechanism leading to death of virus infected
oligodendrocytes. As proof for this theory double staining of JC virus containing cells together with a
TUNEL-staining is given (Richardson-Burns et al., 2002). However, the TUNEL labeling only
recognizes DNA-double strand breaks which are occurring in both apoptotic as well as necrotic cells
(Perry et al., ). As such the TUNEL staining is not giving any information on the pathway leading to
cell death. In addition, the virus replication induces DNA strand breaks themselves and due to this also
non-dying virus infected cells are recognized by TUNEL. In the second paper it is described that due
to the virus infection survivin, an anti-apoptotic protein, is newly expressed in the virus containing
cells and therefore protects those cells of getting killed due to initiation of apoptosis (Pina-Oviedo et
al., 2007). Although this mechanism may extend the life of infected oligodendrocytes, the enormous
loss of oligodendrocytes and severe demyelination show that eventually large numbers of these
oligodendrocytes undergo cell death. Since the authors of these two papers hold an opposite view on
the topic and since the obtained data showed no evidence that caspase-mediated apoptosis, initiated by
cytotoxic T cells is involved in the death of oligodendrocytes, it was suggested that another
mechanism might be involved. A recent paper from our group (Veto et al., 2010) shows that in
multiple sclerosis (MS) pattern 111 lesions oligodendrocyte death and demyelination is induced due to
overactivation of poly(ADP-ribose) polymerase 1(PARP-1) and translocation of apoptosis inducing
factor (AIF) into the nucleus. It is claimed that due to these events caspase-dependent apoptosis is
prohibited and that cell death is initiated due to AIF accumulation in the nucleus of oligodendrocytes
and therefore induces a caspase-independent cell death pathway (Veto et al., 2010). The results of this
paper were very interesting and give a new explanation for oligodendrocyte death. Therefore it was
checked whether similar events could be observed in the PML-samples. Staining for PAR, the side
product of PARP-1, showed that this molecule, that is usually restricted to the nucleus, was widely

distributed in the cytosol of the virus-infected oligodendrocytes. Furthermore, it was seen that AIF was
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not restricted to the mitochondria, but was also present in the nucleus. This translocation of AlF to the
nucleus can induce DNA-fragmentation and is able to lead to cell death. These events described here
and detected in the PML-samples are the key events of so-called parthanatos. This apoptotic pathway
is generally said to be independent of caspases and translocation of AIF into the nucleus is handled as
the commitment point. Nevertheless, at a certain, rather late time point, also caspases get activated, but
this activation is said to occur in such a late stage, that cell death is not dependent on the function of
caspases anymore (Yu et al., 2006).

Of course all these observations were compared between the PML-cases and HSV encephalitis and
CMV encephalitis cases. The first difference that was found in the comparison of the viral encephalitis
diseases was that in the CMV cases a very clear double labeling of virus infected cells together with
activated caspase-3 was present. In addition, we could show a release of caspase-6 from the
mitochondria into the cytosol. This already made it rather clear that cell death in the CMV-infected
cells is most likely induced due to caspase-mediated apoptosis. Analysis of the presence of PAR in the
cytosol and AIF in the nucleus of the virus infected cells showed that infected cells did not have these
properties. This, and the presence of multiple GrB* cytotoxic T cells in close apposition to these
infected cells strongly suggests that in CMV encephalitis, unlike in PML, cytotoxicity by T cells is the
central mechanism behind the pathogenesis of this disease. Evaluation of data coming from the HSV
encephalitis diseases, showed that such a clear difference as seen in the comparison of CMV
encephalitis to PML is not present. Presence of activated caspase was observed in the HSV-samples,
but in the double labeling for the virus and caspase-3 the frequency for these double labeled cells was
definitely lower than in the CMV-cases. A possible explanation might be that at the time caspase-3
activity reaches detectable levels by immunohistochemistry all the viral proteins are used as substrates
and for the caspases and therefore become undetectable. Alternatively, other mechanisms are involved
in the pathogenesis of HSV-encephalitis. The pathways leading to cell death however have to be
different from parthanatos, since the HSV cases were naturally checked for the key events.
Interestingly, cells containing cytosolic PAR were sometimes detected, but the commitment event of
AIF translocation towards the nucleus was never observed. Therefore, it was not possible to find cells
containing the HSV virus, PAR in the cytosol and AIF in the nucleus at the same time. Additionally,
those cells containing PAR in the cytosol were mainly located in an area of necrosis, so this
cytoplasmic localization might result from events occurring in those cells due to a deathly insult

leading to a necrotic form of cell death not involving the PAR/AIF pathway.

To summarize, the results of this study give a convincing explanation on how cell death in
oligodendrocytes in PML is initiated. This could therefore lead to an end of the discussion if apoptosis
is occurring in the JC virus infected oligodendrocytes. Whereas in PML encephalitis, T cell
cytotoxicity is not responsible for the death of infected cells, in CMV encephalitis indeed results

strongly suggest that CD8" T cells are involved. In HSV encephalitis moderate numbers of appositions
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of cytotoxic T cells were found as well as low numbers of caspase-3 positive infected cells, suggesting
that T cell cytotoxicity plays a role to a certain extend. Still further information needs to be gained on
cell death in HSV encephalitis in order to be able to interfere in this mechanism to be able to help
patients to a better outcome. Since it seems to be pretty clear that in CMV encephalitis cell death is
resulting from apoptosis, possibilities in prevention of apoptosis should form a central topic in
research. Regarding PML encephalitis research, future efforts should be put in gaining information on
the exact events happening during parthanatos. The central question here should be if there is a
possible chance to interfere in this pathway in order to stop oligodendrocytes from being Killed.
Naturally, this knowledge should then be used for therapy development to improve treatment of this

disease.
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7. Abbreviations used

AB
ABC
AEC
AG
AIDS
AlF
AP

bi

Bid
CAll
Casp-6
CMV
CNPase
CNS
CSA
CTL
Cy2
DAB
Dapi
DMF
DNA

EDTA

antibody

avidin biotin comlex
3-amino-9-ethyl-carbazole

antigen

acquired immune deficiency syndrome
Apoptosis inducing factor

alkaline phosphatase

biotinylated

BH3-interacting death agonist
Carbonic anhydrase Il

Caspase 6

cytomegalovirus

2', 3'-cyclic nucleotide 3'-phosphodiesterase
central nervous system

catalyzed signal amplification system
cytotoxic t-lymphocytes

Cyanine 2 (Dye)
3,3-diaminobenzidine tetrahydrochloride hydrate
4’,6’-diamidino-2-phenylindole
dimethylformamid

deoxyribonucleic acid

ethylenediaminetetraacetic acid
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FB

FCS
GFAP
GrB
HE
HIV
HRP
HSV
IgG (H+L)
IHC
IRIS
JC virus
JCV
KL
LAMP
LM
mAb
MHC
NAD
NCCR
NK-cell
ORI
PAR
PARP

PAS
60

diazonium salt fast blue

fetal calve serum

glial fibrillary acidic protein
Granzyme B

Hematoxylin-Eosin

human immunodeficiency virus

Horse radish peroxidase

herpes simplex virus

Immunglobulin G (heavy and light chain)
immunhistochemistry

immune reconstitution inflammatory syndrome
John Cunningham virus

John Cunningham virus
Kliiver-Barrera

lysosome associated membrane protein
light microscopy

monoclonal antibody

major histochompatibility complex
nicotineamide adenine dinucleotide
noncoding control region

natural killer cell

origin of replication

poly (ADP-ribose)

poly (ADP-ribose) polymerase

perjodic acid Schiff stain



Abbreviations used

PBS

PML

SOCC

SV40

tBid

TBS

TCR

TPPP

VP1

Phosphate buffered saline

progressive multifocal leukoencephalopathy
store operated calcium channel

simian virus 40

truncated Bid

Tris buffered saline

T-cell receptor

tubulin polymerization promoting protein

viral protein 1

61



62



Acknowledgments

8. Acknowledgments

First, I want to thank my supervisor Jan Bauer for giving me the chance to do my diploma thesis in his
lab. | had the opportunity to collect knowledge about different techniques and he was always sharing
his knowledge with me. | want to thank him for his patience and his guidance through this thesis.

I want to acknowledge Marianne Leisser, Ulrike Kéck and Angela Kury for their technical assistance

and helping hands.

Further, 1 am really grateful that | had such an understanding group working with me. It was
comforting to know that there was always someone who could help and give useful advises. Special

thanks to Conny, Mesi, Maya, Isa, Simon and Lukas.

I also want to thank my friends that were very understanding during this time. Here want to express
special thanks to Vali, who was always listening to me when | needed to talk and who was always

giving me motivation.

Further, I want to thank my family, especially my parents, Gerlinde and Peter, and my brother, Berni,
who were always there for me and supporting me. Thank you for always believing in me and

encouraging me.

Finally, 1 want thank Simon for believing in me, for cheering me up after a bad working day and for

always being there for me.

63



64



Reference List

9. Reference List

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. 2008. Molecular Biology of The Cell (5"
Edition). 1115-1130

Adhya D, Basu A. 2010. Epigenetic modulation of host: new insights into immune evasion by viruses.
J. Biosci. 35:647-663.

Adrain C, Murphy BM, Martin SJ. 2005. Molecular ordering of the caspase activation cascade
initiated by the cytotoxic T lymphocyte/natural killer (CTL/NK) protease granzyme B. J. Biol.
Chem. 280:4663-4673.

Afonina IS, Cullen SP, Martin SJ. 2010. Cytotoxic and non-cytotoxic roles of the CTL/NK protease
granzyme B. Immunol. Rev. 235:105-116.

Aksamit AJ, Gendelman HE, Orenstein JM, Pezeshkpour GH. 1990. AlDS-associated progressive
multifocal leukoencephalopathy (PML): comparison to non-AIDS PML with in situ
hybridization and immunohistochemistry. Neurology 40:1073-1078.

Andrabi SA, Dawson TM, Dawson VL. 2008. Mitochondrial and nuclear cross talk in cell death:
parthanatos. Ann. N. Y. Acad. Sci. 1147:233-241.

Andrabi SA, Kim NS, Yu SW, Wang H, Koh DW, Sasaki M, Klaus JA, Otsuka T, Zhang Z, Koehler
RC, Hurn PD, Poirier GG, Dawson VL, Dawson TM. 2006. Poly(ADP-ribose) (PAR) polymer
is a death signal. Proc. Natl. Acad. Sci. U. S. A 103:18308-18313.

Arribas JR, Storch GA, Clifford DB, Tselis AC. 1996. Cytomegalovirus encephalitis. Ann. Intern.
Med. 125:577-587.

Astrom KE, MANCALL EL, Richardson EP, Jr. 1958. Progressive multifocal leuko-encephalopathy;
a hitherto unrecognized complication of chronic lymphatic leukaemia and Hodgkin's disease.
Brain 81:93-111.

Bag AK, Cure JK, Chapman PR, Roberson GH, Shah R. 2010. JC virus infection of the brain. AJNR
Am. J. Neuroradiol. 31:1564-1576.

Batnitzky S, Robinson RG, Wetzel LH, Lai CW, Halleran WJ, 111, McMillan JH. 1986. Imaging
studies in neonatal herpes simplex encephalitis. Acta Radiol. Suppl 369:197-199.

Bauer J, Elger CE, Hans VH, Schramm J, Urbach H, Lassmann H, Bien CG. 2007. Astrocytes are a
specific immunological target in Rasmussen's encephalitis. Ann Neurol. 62:67-80.

Bauer J, Stadelmann C, Bancher C, Jellinger K, Lassmann H. 1999. Apoptosis of T lymphocytes in
acute disseminated encephalomyelitis. Acta Neuropathol. (Berl) 97:543-546.

Beal MF. 2005. Mitochondria take center stage in aging and neurodegeneration. Ann. Neurol. 58:495-
505.

Benjamin DR, Ray CG. 1975. Use of immunoperoxidase on brain tissue for the rapid diagnosis of
herpes encephalitis. Am. J. Clin. Pathol. 64:472-476.

Berger JR, Houff S. 2009. Opportunistic infections and other risks with newer multiple sclerosis
therapies. Ann. Neurol. 65:367-377.

65



Reference List

Berger JR, Kaszovitz B, Post MJ, Dickinson G. 1987. Progressive multifocal leukoencephalopathy
associated with human immunodeficiency virus infection. A review of the literature with a
report of sixteen cases. Ann. Intern. Med. 107:78-87.

Berger JR, Major EO. 1999. Progressive multifocal leukoencephalopathy. Semin. Neurol. 19:193-200.

Bertke AS, Patel A, Imai Y, Apakupakul K, Margolis TP, Krause PR. 2009. Latency-associated
transcript (LAT) exon 1 controls herpes simplex virus species-specific phenotypes:
reactivation in the guinea pig genital model and neuron subtype-specific latent expression of
LAT. J. Virol. 83:10007-10015.

Bestetti A, Pierotti C, Terreni M, Zappa A, Vago L, Lazzarin A, Cinque P. 2001. Comparison of three
nucleic acid amplification assays of cerebrospinal fluid for diagnosis of cytomegalovirus
encephalitis. J. Clin. Microbiol. 39:1148-1151.

Bien CG, Bauer J, Deckwerth TL, Wiendl H, Deckert M, Wiestler OD, Schramm J, Elger CE,
Lassmann H. 2002. Destruction of neurons by cytotoxic T cells: a new pathogenic mechanism
in Rasmussen's encephalitis. Ann. Neurol. 51:311-318.

Blake K, Pillay D, Knowles W, Brown DW, Griffiths PD, Taylor B. 1992. JC virus associated
meningoencephalitis in an immunocompetent girl. Arch. Dis. Child 67:956-957.

Bo L, Vedeler CA, Nyland H, Trapp BD, Mork SJ. 2003. Intracortical multiple sclerosis lesions are
not associated with increased lymphocyte infiltration. Mult. Scler. 9:323-331.

Booss J, Kim JH. 1989. Cytomegalovirus encephalitis: neuropathological comparison of the guinea
pig model with the opportunistic infection in AIDS. Yale J. Biol. Med. 62:187-195.

Bradl M, Bauer J, Inomata T, Zielasek J, Nave KA, Toyka K, Lassmann H, Wekerle H. 1999.
Transgenic Lewis rats overexpressing the proteolipid protein gene: myelin degeneration and
its effect on T cell-mediated experimental autoimmune encephalomyelitis. Acta Neuropathol.
(Berl. ) 97:595-606.

Brunner C, Lassmann H, Waehneldt TV, Matthieu JM, Linington C. 1989. Differential ultrastructural
localization of myelin basic protein, myelin/oligodendroglial glycoprotein, and 2',3'-cyclic
nucleotide 3'-phosphodiesterase in the CNS of adult rats. J. Neurochem. 52:296-304.

Cahoy JD, Emery B, Kaushal A, Foo LC, Zamanian JL, Christopherson KS, Xing Y, Lubischer JL,
Krieg PA, Krupenko SA, Thompson WJ, Barres BA. 2008. A transcriptome database for
astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain
development and function. J. Neurosci. 28:264-278.

Cande C, Cohen I, Daugas E, Ravagnan L, Larochette N, Zamzami N, Kroemer G. 2002. Apoptosis-
inducing factor (AIF): a novel caspase-independent death effector released from mitochondria.
Biochimie 84:215-222.

Carson KR, Focosi D, Major EO, Petrini M, Richey EA, West DP, Bennett CL. 2009. Monoclonal
antibody-associated progressive multifocal leucoencephalopathy in patients treated with
rituximab, natalizumab, and efalizumab: a Review from the Research on Adverse Drug Events
and Reports (RADAR) Project. Lancet Oncol. 10:816-824.

Chowdhury D, Lieberman J. 2008. Death by a thousand cuts: granzyme pathways of programmed cell
death. Annu. Rev. Immunol. 26:389-420.

Conrady CD, Drevets DA, Carr DJ. 2010. Herpes simplex type | (HSV-1) infection of the nervous
system: is an immune response a good thing? J. Neuroimmunol. 220:1-9.

66



Reference List

Corey L, Spear PG. 1986. Infections with herpes simplex viruses (1). N. Engl. J. Med. 314:686-691.

Cullen SP, Martin SJ. 2008. Mechanisms of granule-dependent killing. Cell Death. Differ. 15:251-
262.

D'Amours D, Desnoyers S, D'Silva |, Poirier GG. 1999. Poly(ADP-ribosyl)ation reactions in the
regulation of nuclear functions. Biochem. J. 342 ( Pt 2):249-268.

Dorries K, Vogel E, Gunther S, Czub S. 1994. Infection of human polyomaviruses JC and BK in
peripheral blood leukocytes from immunocompetent individuals. Virology 198:59-70.

Fan TJ, Han LH, Cong RS, Liang J. 2005. Caspase family proteases and apoptosis. Acta Biochim.
Biophys. Sin. (Shanghai) 37:719-727.

Farrell HE, vis-Poynter NJ. 1998. From sabotage to camouflage: viral evasion of cytotoxic T
lymphocyte and natural killer cell-mediated immunity. Semin. Cell Dev. Biol. 9:369-378.

Frisque RJ, Bream GL, Cannella MT. 1984. Human polyomavirus JC virus genome. J. Virol. 51:458-
469.

Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, Blagosklonny MV, Dawson TM,
Dawson VL, El-Deiry WS, Fulda S, Gottlieb E, Green DR, Hengartner MO, Kepp O, Knight
RA, Kumar S, Lipton SA, Lu X, Madeo F, Malorni W, Mehlen P, Nunez G, Peter ME,
Piacentini M, Rubinsztein DC, Shi Y, Simon HU, Vandenabeele P, White E, Yuan J,
Zhivotovsky B, Melino G, Kroemer G. 2011. Molecular definitions of cell death subroutines:
recommendations of the Nomenclature Committee on Cell Death 2012. Cell Death. Differ.

Goldmann C, Petry H, Frye S, Ast O, Ebitsch S, Jentsch KD, Kaup FJ, Weber F, Trebst C, Nisslein T,
Hunsmann G, Weber T, Luke W. 1999. Molecular cloning and expression of major structural
protein VVP1 of the human polyomavirus JC virus: formation of virus-like particles useful for
immunological and therapeutic studies. J. Virol. 73:4465-4469.

Goldmann C, Stolte N, Nisslein T, Hunsmann G, Luke W, Petry H. 2000. Packaging of small
molecules into VP1-virus-like particles of the human polyomavirus JC virus. J. Virol.
Methods 90:85-90.

He B. 2006. Viruses, endoplasmic reticulum stress, and interferon responses. Cell Death. Differ.
13:393-403.

Iwashima M, Irving BA, van Oers NS, Chan AC, Weiss A. 1994. Sequential interactions of the TCR
with two distinct cytoplasmic tyrosine kinases. Science 263:1136-1139.

James SH, Kimberlin DW, Whitley RJ. 2009. Antiviral therapy for herpesvirus central nervous system
infections: neonatal herpes simplex virus infection, herpes simplex encephalitis, and
congenital cytomegalovirus infection. Antiviral Res. 83:207-213.

Kato A, Kitamura T, Takasaka T, Tominaga T, Ishikawa A, Zheng HY, Yogo Y. 2004. Detection of
the archetypal regulatory region of JC virus from the tonsil tissue of patients with tonsillitis
and tonsilar hypertrophy. J. Neurovirol. 10:244-249.

Kepes JJ, Perentes E. 1988. Glial fibrillary acidic protein in chondrocytes of elastic cartilage in the

human epiglottis: an immunohistochemical study with polyvalent and monoclonal antibodies.
Anat. Rec. 220:296-299.

67



Reference List

Kida E, Palminiello S, Golabek AA, Walus M, Wierzba-Bobrowicz T, Rabe A, Albertini G,
Wisniewski KE. 2006. Carbonic anhydrase Il in the developing and adult human brain. J.
Neuropathol. Exp. Neurol. 65:664-674.

King G, Payne S, Walker F, Murray Gl. 1997. A highly sensitive detection method for
immunohistochemistry using biotinylated tyramine. J Pathol. 183:237-241.

Kleinschmidt-Demasters BK, DeBiasi RL, Tyler KL. 2001. Polymerase chain reaction as a diagnostic
adjunct in herpesvirus infections of the nervous system. Brain Pathol. 11:452-464.

Kleinschmidt-Demasters BK, Tyler KL. 2005. Progressive Multifocal Leukoencephalopathy
Complicating Treatment with Natalizumab and Interferon Beta-1a for Multiple Sclerosis. N
Engl J Med 353:369-374.

Koralnik 1J, Schellingerhout D, Frosch MP. 2004. Case records of the Massachusetts General
Hospital. Weekly clinicopathological exercises. Case 14-2004. A 66-year-old man with
progressive neurologic deficits. N. Engl. J. Med. 350:1882-1893.

Koralnik 1J, Wuthrich C, Dang X, Rottnek M, Gurtman A, Simpson D, Morgello S. 2005. JC virus
granule cell neuronopathy: A novel clinical syndrome distinct from progressive multifocal
leukoencephalopathy. Ann. Neurol. 57:576-580.

Krantic S, Mechawar N, Reix S, Quirion R. 2007. Apoptosis-inducing factor: a matter of neuron life
and death. Prog. Neurobiol. 81:179-196.

Krupp LB, Lipton RB, Swerdlow ML, Leeds NE, Llena J. 1985. Progressive multifocal
leukoencephalopathy: clinical and radiographic features. Ann. Neurol. 17:344-349.

Kumanishi T, Hirano A. 1978. An immunoperoxidase study on herpes simplex virus encephalitis. J.
Neuropathol. Exp. Neurol. 37:790-795.

Kursula P. 2008. Structural properties of proteins specific to the myelin sheath. Amino. Acids 34:175-
185.

Lalani AS, Barrett JW, McFadden G. 2000. Modulating chemokines: more lessons from viruses.
Immunol. Today 21:100-106.

Langer-Gould A, Atlas SW, Green AJ, Bollen AW, Pelletier D. 2005. Progressive Multifocal
Leukoencephalopathy in a Patient Treated with Natalizumab. N Engl J Med 353:375-381.

Launay S, Hermine O, Fontenay M, Kroemer G, Solary E, Garrido C. 2005. Vital functions for lethal
caspases. Oncogene 24:5137-5148.

Leahy DJ, Axel R, Hendrickson WA. 1992. Crystal structure of a soluble form of the human T cell
coreceptor CD8 at 2.6 A resolution. Cell 68:1145-1162.

Lehotzky A, Lau P, Tokesi N, Muja N, Hudson LD, Ovadi J. 2010. Tubulin polymerization-promoting
protein (TPPP/p25) is critical for oligodendrocyte differentiation. Glia 58:157-168.

Li F, Altieri DC. 1999. Transcriptional analysis of human survivin gene expression. Biochem. J. 344
Pt 2:305-311.

Losada I, Canizares A, Hellin T, Marti-Belda P, Guerrero A. 2002. [In vitro susceptibility study of

herpes simplex virus to acyclovir and foscarnet. Are routine susceptibility studies necessary?].
Enferm. Infecc. Microbiol. Clin. 20:25-27.

68



Reference List

Love S, Barber R, Wilcock GK. 1999. Increased poly(ADP-ribosyl)ation of nuclear proteins in
Alzheimer's disease. Brain 122 ( Pt 2):247-253.

MacDonald G, Shi L, Vande VC, Lieberman J, Greenberg AH. 1999. Mitochondria-dependent and -
independent regulation of Granzyme B-induced apoptosis. J. Exp. Med. 189:131-144.

Mandir AS, Przedborski S, Jackson-Lewis V, Wang ZQ, Simbulan-Rosenthal CM, Smulson ME,
Hoffman BE, Guastella DB, Dawson VL, Dawson TM. 1999. Poly(ADP-ribose) polymerase
activation mediates 1-methyl-4-phenyl-1, 2,3,6-tetrahydropyridine (MPTP)-induced
parkinsonism. Proc. Natl. Acad. Sci. U. S. A 96:5774-5779.

Marshall LJ, Major EO. 2010. Molecular regulation of JC virus tropism: insights into potential
therapeutic targets for progressive multifocal leukoencephalopathy. J. Neuroimmune.
Pharmacol. 5:404-417.

Martinvalet D, Thiery J, Chowdhury D. 2008. Granzymes and cell death. Methods Enzymol. 442:213-
230.

McGrath N, Anderson NE, Croxson MC, Powell KF. 1997. Herpes simplex encephalitis treated with
acyclovir: diagnosis and long term outcome. J Neurol. Neurosurg. Psychiatry 63:321-326.

Meinke G, Phelan P, Fradet-Turcotte A, Archambault J, Bullock PA. 2011. Structure-based design of
a disulfide-linked oligomeric form of the simian virus 40 (SV40) large T antigen DNA-
binding domain. Acta Crystallogr. D. Biol. Crystallogr. 67:560-567.

Minguet S, Swamy M, Alarcon B, Luescher IF, Schamel WW. 2007. Full activation of the T cell
receptor requires both clustering and conformational changes at CD3. Immunity. 26:43-54.

Miramar MD, Costantini P, Ravagnan L, Saraiva LM, Haouzi D, Brothers G, Penninger JM, Peleato
ML, Kroemer G, Susin SA. 2001. NADH oxidase activity of mitochondrial apoptosis-
inducing factor. J. Biol. Chem. 276:16391-16398.

Modjtahedi N, Giordanetto F, Madeo F, Kroemer G. 2006. Apoptosis-inducing factor: vital and lethal.
Trends Cell Biol. 16:264-272.

Monaco MC, Jensen PN, Hou J, Durham LC, Major EO. 1998. Detection of JC virus DNA in human
tonsil tissue: evidence for site of initial viral infection. J. Virol. 72:9918-9923.

Mori M, Kurata H, Tajima M, Shimada H. 1991. JC virus detection by in situ hybridization in brain
tissue from elderly patients. Ann. Neurol. 29:428-432.

Munoz-Marmol AM, Mola G, Fernandez-Vasalo A, Vela E, Mate JL, Ariza A. 2004. JC virus early
protein detection by immunohistochemistry in progressive multifocal leukoencephalopathy: a
comparative study with in situ hybridization and polymerase chain reaction. J. Neuropathol.
Exp. Neurol. 63:1124-1130.

Nikolaev A, McLaughlin T, O'Leary DD, Tessier-Lavigne M. 2009. APP binds DR6 to trigger axon
pruning and neuron death via distinct caspases. Nature 457:981-989.

Olsson M, Zhivotovsky B. 2011. Caspases and cancer. Cell Death. Differ.
Otera H, Ohsakaya S, Nagaura Z, Ishihara N, Mihara K. 2005. Export of mitochondrial AlIF in

response to proapoptotic stimuli depends on processing at the intermembrane space. EMBO J.
24:1375-1386.

69



Reference List

Outeiro TF, Grammatopoulos TN, Altmann S, Amore A, Standaert DG, Hyman BT, Kazantsev AG.
2007. Pharmacological inhibition of PARP-1 reduces alpha-synuclein- and MPP+-induced
cytotoxicity in Parkinson's disease in vitro models. Biochem. Biophys. Res. Commun.
357:596-602.

Padgett BL, Walker DL, ZuRhein GM, Eckroade RJ, Dessel BH. 1971. Cultivation of papova-like
virus from human brain with progressive multifocal leucoencephalopathy. Lancet 1:1257-
1260.

Pastorekova S, Parkkila S, Pastorek J, Supuran CT. 2004. Carbonic anhydrases: current state of the art,
therapeutic applications and future prospects. J. Enzyme Inhib. Med. Chem. 19:199-229.

Perry G, Nunomura A, Lucassen P, Lassmann H, Smith MA. Apoptosis and Alzheimer's disease.
Science 1998 Nov 13; 282:5392-5399.

Pina-Oviedo S, Urbanska K, Radhakrishnan S, Sweet T, Reiss K, Khalili K, Del VL. 2007. Effects of
JC virus infection on anti-apoptotic protein survivin in progressive multifocal
leukoencephalopathy. Am. J. Pathol. 170:1291-1304.

Pipas JM. 2009. SV40: Cell transformation and tumorigenesis. Virology 384:294-303.

Pospisilik JA, Knauf C, Joza N, Benit P, Orthofer M, Cani PD, Ebersberger I, Nakashima T, Sarao R,
Neely G, Esterbauer H, Kozlov A, Kahn CR, Kroemer G, Rustin P, Burcelin R, Penninger JM.
2007. Targeted deletion of AIF decreases mitochondrial oxidative phosphorylation and
protects from obesity and diabetes. Cell 131:476-491.

Post MJ, Hensley GT, Moskowitz LB, Fischl M. 1986. Cytomegalic inclusion virus encephalitis in
patients with AIDS: CT, clinical, and pathologic correlation. AJR Am. J. Roentgenol.
146:1229-1234.

Quinnan GV, Jr., Masur H, Rook AH, Armstrong G, Frederick WR, Epstein J, Manischewitz JF,
Macher AM, Jackson L, Ames J, . 1984. Herpesvirus infections in the acquired immune
deficiency syndrome. JAMA 252:72-77.

Rafailidis P1, Mourtzoukou EG, Varbobitis IC, Falagas ME. 2008. Severe cytomegalovirus infection
in apparently immunocompetent patients: a systematic review. Virol. J. 5:47.

Reth M. 1989. Antigen receptor tail clue. Nature 338:383-384.

Richardson EP, Jr., Webster HD. 1983. Progressive multifocal leukoencephalopathy: its pathological
features. Prog. Clin. Biol. Res. 105:191-203.

Richardson-Burns SM, Kleinschmidt-Demasters BK, DeBiasi RL, Tyler KL. 2002. Progressive
multifocal leukoencephalopathy and apoptosis of infected oligodendrocytes in the central
nervous system of patients with and without AIDS. Arch. Neurol. 59:1930-1936.

Russell JH, Ley TJ. 2002. Lymphocyte-mediated cytotoxicity. Annu. Rev. Immunol. 20:323-370.

Saada MC, Vullo D, Montero JL, Scozzafava A, Winum JY, Supuran CT. 2011. Carbonic anhydrase |
and Il activation with mono- and dihalogenated histamine derivatives. Bioorg. Med. Chem.
Lett.

Sandyk R. 1983. Progressive multifocal leuco-encephalopathy. S. Afr. Med. J. 64:320-321.

Shieh MT, Spear PG. 1994. Herpesvirus-induced cell fusion that is dependent on cell surface heparan
sulfate or soluble heparin. J. Virol. 68:1224-1228.

70



Reference List

Shimeld C, Efstathiou S, Hill T. 2001. Tracking the spread of a lacZ-tagged herpes simplex virus type
1 between the eye and the nervous system of the mouse: comparison of primary and recurrent
infection. J. Virol. 75:5252-5262.

Silva CA, Oliveira AC, Vilas-Boas L, Fink MC, Pannuti CS, Vidal JE. 2010. Neurologic
cytomegalovirus complications in patients with AIDS: retrospective review of 13 cases and
review of the literature. Rev. Inst. Med. Trop. Sao Paulo 52:305-310.

Skoldenberg B, Forsgren M, Alestig K, Bergstrom T, Burman L, Dahlgvist E, Forkman A, Fryden A,
Lovgren K, Norlin K, . 1984. Acyclovir versus vidarabine in herpes simplex encephalitis.
Randomised multicentre study in consecutive Swedish patients. Lancet 2:707-711.

Smith GL, Symons JA, Khanna A, Vanderplasschen A, Alcami A. 1997. Vaccinia virus immune
evasion. Immunol. Rev. 159:137-154.

Smith S. 2001. The world according to PARP. Trends Biochem. Sci. 26:174-179.

Stam NJ, Vroom TM, Peters PJ, Pastoors EB, Ploegh HL. 1990. HLA-A- and HLA-B-specific
monoclonal antibodies reactive with free heavy chains in western blots, in formalin-fixed,
paraffin-embedded tissue sections and in cryo-immuno-electron microscopy. Int. Immunol.
2:113-125.

Steiner I, Budka H, Chaudhuri A, Koskiniemi M, Sainio K, Salonen O, Kennedy PG. 2005. Viral
encephalitis: a review of diagnostic methods and guidelines for management. Eur. J. Neurol.
12:331-343.

Stone MJ, Hawkins CP. 2007. A medical overview of encephalitis. Neuropsychol. Rehabil. 17:429-
449.

Superti F, Ammendolia MG, Marchetti M. 2008. New advances in anti-HSV chemotherapy. Curr.
Med. Chem. 15:900-911.

Susin SA, Lorenzo HK, Zamzami N, Marzo |, Show BE, Brothers GM, Mangion J, Jacotot E,
Costantini P, Loeffler M, Larochette N, Goodlett DR, Aebersold R, Siderovski DP, Penninger
JM, Kroemer G. 1999. Molecular characterization of mitochondrial apoptosis-inducing factor.
Nature 397:441-446.

Swain SL. 1983. T cell subsets and the recognition of MHC class. Immunol. Rev. 74:129-142.

Tan CS, Dezube BJ, Bhargava P, Autissier P, Wuthrich C, Miller J, Koralnik 1J. 2009a. Detection of
JC virus DNA and proteins in the bone marrow of HIV-positive and HIV-negative patients:
implications for viral latency and neurotropic transformation. J. Infect. Dis. 199:881-888.

Tan K, Roda R, Ostrow L, McArthur J, Nath A. 2009b. PML-IRIS in patients with HIV infection:
clinical manifestations and treatment with steroids. Neurology 72:1458-1464.

Tortorella D, Gewurz BE, Furman MH, Schust DJ, Ploegh HL. 2000. Viral subversion of the immune
system. Annu. Rev. Immunol. 18:861-926.

Vaidya S, Hardy JA. 2011. Caspase-6 latent state stability relies on helical propensity. Biochemistry
50:3282-3287.

Veto S, Acs P, Bauer J, Lassmann H, Berente Z, Setalo G, Jr., Borgulya G, Sumegi B, Komoly S,

Gallyas F, Jr., llles Z. 2010. Inhibiting poly(ADP-ribose) polymerase: a potential therapy
against oligodendrocyte death. Brain 133:822-834.

71



Reference List

Vincze O, Tokesi N, Olah J, Hlavanda E, Zotter A, Horvath I, Lehotzky A, Tirian L, Medzihradszky
KF, Kovacs J, Orosz F, Ovadi J. 2006. Tubulin polymerization promoting proteins (TPPPs):
members of a new family with distinct structures and functions. Biochemistry 45:13818-
13826.

Virag L, Szabo C. 2002. The therapeutic potential of poly(ADP-ribose) polymerase inhibitors.
Pharmacol. Rev. 54:375-429.

Wagner L, Sunder-Plassmann G, Base W, Wiesholzer M, Sexl V, Lang G, Worman CP. 1993. In vivo
and in vitro primed lymphocytes. Correlation of cytochemically detected BLT-specific
lymphoid serine protease with cytotoxic activity. J. Immunol. Methods 160:173-180.

Walker DL, Padgett BL. 1983. The epidemiology of human polyomaviruses. Prog. Clin. Biol. Res.
105:99-106.

Wang Y, Kim NS, Haince JF, Kang HC, David KK, Andrabi SA, Poirier GG, Dawson VL, Dawson
TM. 2011. Poly(ADP-ribose) (PAR) binding to apoptosis-inducing factor is critical for PAR
polymerase-1-dependent cell death (parthanatos). Sci. Signal. 4:ra20.

Wang Y, Kim NS, Li X, Greer PA, Koehler RC, Dawson VL, Dawson TM. 2009. Calpain activation
is not required for AIF translocation in PARP-1-dependent cell death (parthanatos). J.
Neurochem. 110:687-696.

Watanabe C, Shu GL, Zheng TS, Flavell RA, Clark EA. 2008. Caspase 6 regulates B cell activation
and differentiation into plasma cells. J. Immunol. 181:6810-6819.

Weber T. 2008. Progressive multifocal leukoencephalopathy. Neurol. Clin. 26:833-8xi.

Webster HD, Shii H, Lassmann H. 1985. Immunocytochemical study of myelin-associated
glycoprotein (MAG), basic protein (BP), and glial fibrillary acidic protein (GFAP) in chronic
relapsing experimental allergic encephalomyelitis (EAE). Acta Neuropathol. (Berl) 65:177-
189.

Weissert R. 2011. Progressive multifocal leukoencephalopathy. J. Neuroimmunol. 231:73-77.

White MK, Khalili K. 2011. Pathogenesis of progressive multifocal leukoencephalopathy--revisited. J.
Infect. Dis. 203:578-586.

Whitley RJ, Alford CA, Hirsch MS, Schooley RT, Luby JP, Aoki FY, Hanley D, Nahmias AJ, Soong
SJ. 1986. Vidarabine versus acyclovir therapy in herpes simplex encephalitis. N. Engl. J. Med.
314:144-149.

WuDunn D, Spear PG. 1989. Initial interaction of herpes simplex virus with cells is binding to
heparan sulfate. J. Virol. 63:52-58.

Wuthrich C, Kesari S, Kim WK, Williams K, Gelman R, Elmeric D, De GU, Joseph JT, Hedley-
Whyte T, Koralnik 1J. 2006. Characterization of lymphocytic infiltrates in progressive
multifocal leukoencephalopathy: co-localization of CD8(+) T cells with JCV-infected glial
cells. J. Neurovirol. 12:116-128.

Yogo Y, Kitamura T, Sugimoto C, Ueki T, Aso Y, Hara K, Taguchi F. 1990. Isolation of a possible

archetypal JC virus DNA sequence from nonimmunocompromised individuals. J. Virol.
64:3139-3143.

72



Reference List

Yu SW, Andrabi SA, Wang H, Kim NS, Poirier GG, Dawson TM, Dawson VL. 2006. Apoptosis-
inducing factor mediates poly(ADP-ribose) (PAR) polymer-induced cell death. Proc. Natl.
Acad. Sci. U. S. A 103:18314-183109.

Yu SW, Wang H, Poitras MF, Coombs C, Bowers WJ, Federoff HJ, Poirier GG, Dawson TM, Dawson
VL. 2002. Mediation of poly(ADP-ribose) polymerase-1-dependent cell death by apoptosis-
inducing factor. Science 297:259-263.

Yu SW, Wang Y, Frydenlund DS, Ottersen OP, Dawson VL, Dawson TM. 2009. Outer mitochondrial
membrane localization of apoptosis-inducing factor: mechanistic implications for release.
ASN. Neuro. 1.

Zamora MR. 2011. DNA viruses (CMV, EBV, and the herpesviruses). Semin. Respir. Crit Care Med.
32:454-470.

73



74



Attachments

10.Attachments

10.1 Curriculum vitae

Personal Data
Name

Date of birth
Place of birth
Citizenship
Contact
Education
1994 - 1998

1998 — 2006

June 2006
since October 2006

since March 2011

Susanne Laukoter
19" of January 1988
Linz, Upper Austria
Austrian

laukoter.susi@gmx.at

Primary School

Volksschule (VS 2) Bertha von Suttner, Linz
Secondary School

Europagymnasium Auhof (Lycée), Linz
Matura

Study of Molecular biology

University of Vienna

Diploma thesis

75


mailto:laukoter.susi@gmx.at

