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ABSTRACT

The simultaneous discovery of two polyomaviruses in humans in 1971, BK and JC viruses
(BKV and JCV), initiated the research on polyomaviruses in relation to human diseases. This
has now been intensified with the consecutive discoveries, the last three years, of three new
family members, KI, WU and Merkel cell polyomaviruses (KIPyV, WUPyV and MCPyV).
Notably, the frequent and reproductive presence of MCPyV in Merkel cell carcinoma, a rare
skin cancer of the elderly, has opened new perspectives for polyomavirus research in humans.
The ultimate aim of this thesis was to understand, prevent and cure tumour development and
disease associated to polyomavirus infection in humans.

BKV is ubiquitous and infects humans in early childhood without any symptoms. In the
context of allogeneic haematopoietic stem cell transplantation (HSCT), BKV can reactivate
and has been associated to haemorrhagic cystitis complication (HC), usually occurring within
three months after HSCT. Between 2002 and 2006, by following prospectively 175
allogeneic HSCT patients at the Karolinska University hospital Huddinge and collecting their
urine samples weekly, we have been able to confirm the significant role of BKV in the risk of
developing HC. In papers I, Il and Il we have also identified additional factors that
contribute to the prediction of this complication. More specifically, full myeloablative
conditioning and an unrelated donor graft significantly put the patients at risk for HC. A
tendency to develop HC was also observed in patients receiving an HLA mismatched
transplant. Acute graft-versus-host disease, could however not be confirmed as risk factors
for HC. There was also no significant difference in the frequency of HC if the patients
received stem cells from peripheral blood or bone marrow, while the risk for HC after using
umbilical cord blood needs to be investigated further.

In this thesis, we also especially investigated the role of the new polyomaviruses in relation to
some specific human cancers. In paper IV, we tested 38 mucosal melanomas for the presence
of BKV, JCV, KIPyV, WUPyV and MCPyV DNA. Mucosal melanomas are malignant
tumours of the skin areas that are not exposed to UV-light. Therefore, some aetiological
factors, like viruses, remained to be uncovered. The absence of any polyomavirus tested
suggests that these viruses do not play an aetiological role in these tumours.

In paper V we tested 31 neuroblastomas and 25 childhood CNS tumours for the presence of
the recently discovered KIPyV, WUPyYV and MCPyV. The absence of these viruses, despite
highly sensitive methods and good DNA quality, suggests again that these viruses are not
involved in these paediatric nervous system tumours. However, the results from the 25 CNS
tumours remain preliminary since this material included a variety of diagnostic subsets.
Furthermore, our results do not exclude the possibility that other so far not detected infectious
agents could be involved in this disease.
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1 PREFACE

This past decade and the last three years in particular have been very exciting for
polyomavirus research in general. The Polyomaviridae family has grown with many new
members, three of them being recently described in humans. Notably, one polyomavirus was
discovered in a human tumour, thereby opening a very special new area for polyomavirus
research in humans.

Over half a century ago and for many decades, our knowledge of polyomaviruses was mainly
extrapolated from research on murine polyomavirus (MPyV) and simian virus 40 (SV40),
both being excellent and exciting laboratory models. In 1971 the first two polyomaviruses
detected in humans, BK-virus (BKV) and JC-virus (JCV), were reported and the effects of
these viruses in immunosuppressed patients have slowly been unravelled. In 2007-2008, as
mentioned above three new polyomaviruses, KI, WU and Merkel cell polyomaviruses
(KIPyV, WUPyYV and MCPyV) were described in humans and have further enriched the field
of polyomaviruses.

My thesis focuses on two different fields of polyomavirus infection in humans. One is the
study of the pathogenesis of BKV in allogeneic haematopoietic stem cell transplanted
(HSCT) patients with an attempt to increase the understanding of the association of BKV to
hemorrhagic cystitis (HC) and which factors increase the risk to develop HC. The other has
been to study the three newly reported polyomaviruses in the context of some human cancers.



2 POLYOMAVIRUSES

2.1 A SHORT HISTORY
2.1.1 The sunrise of viral oncology — Murine polyomavirus

In 1953, Ludwik Gross observed that mouse leukaemia extracts inoculated into newborn
mice induced the development of salivary gland carcinomas in a large proportion of the
animals’. This finding later led to the isolation of a small DNA tumour virus by Stewart and
Eddy?. This virus was subsequently shown to induce a variety of tumours in newborn mice
and revived the interest in tumour virology. The virus itself was named “poly” “oma” (Greek,
for many tumours)® and today, it is commonly known as murine polyomavirus (MPyV) and
Polyomaviridae is the name of the whole family.

2.1.2 The Polyomaviridae Golden History

Shortly after the description of MPyV, another important member of the polyomavirus
family, SV40 was isolated from rhesus monkey kidney cell lines being used in the late 1950s
to produce polio vaccines*®.

Consequently, during the following fifty years, work on MPyV and SV40 would lead to some
of the most important paradigms in normal and tumour cell biology”.

Once the structure and the genome of MPyV and SV40 had been well defined, the genome
mapping studies with temperature sensitive mutants® showed that transformation defective
mutants all mapped onto the early regions of MPyV and SV40. Thus this also indicated that
the late region was not involved in tumour transformation. The viral genes required for
cellular transformation of MPyV and SV40 were then described, large T and small t-antigens
(LT and ST) and later also middle T-antigen (MT) for MPyV, and this led to the discovery of
two major cellular tumour suppressors. More specifically, in the late 1970’s, two independent
groups reported that SV40 LT immunoprecipitated with a protein of a molecular weight of
53,000 Da’*. Initially identified as the non-viral T-antigen, it is now commonly named p53.
The nature of the interaction of LT with p53 was later revealed in the 1980’s, when p53 was
recognized as a tumour suppressor antigen, and its function was compromised by binding to
LT. Similarly, the retinoblastoma gene product (pRb) (named Rb in figure 1), another tumour
suppressor, was observed to bind to oncogenes of different DNA tumour viruses such as e.g.
SV40 LT, adenovirus E1A™ and HPV16 E7%,

In parallel, in the field of tumour immunology, MPyV-induced tumours transplanted into
fresh syngeneic hosts were rejected when the animals had been vaccinated with MPyV-



induced tumour lysate, or MPyV itself. This observation led to the definition of the tumour
specific transplantation antigen (TSTA), the antigen inducing this rejection®**®. TSTA was
only detectable in MPyV-transformed or infected cells, but it was not clear whether the
antigen was virus-encoded or if it was a virus induced host antigen. Finally it was revealed to
consist of different peptide epitopes derived from proteins of the early region (LT, MT and
ST)*"?. Similar findings were found in parallel in the SV40 system'®#%’,

2.1.3 The polyomaviruses identified so far — January 2010

Since the discovery of MPyV and SV40, the Polyomaviridae have expanded in numbers, due
to improvement of molecular techniques. In the autumn of 2009, the family includes 22
members, 5 human and 17 non-human (14 mammalian and 3 avian)®. This thesis will deal
specifically with the polyomaviruses described in humans: BKV, JCV, KIPyV, WUPyV and
MCPyV.

2.2 ORGANISATION, STRUCTURE AND FUNCTION

Much of the current knowledge of polyomavirus molecular biology today is based on studies
of MPyV and SV40 and will now be reviewed below.

2.2.1 A common genome organisation

Polyomaviridae are small DNA viruses. Their genome is constituted of a 5000 basepairs long
and circular double-stranded DNA molecule that is coated by the host-cell histones H2A,
H2B, H3 and H4 (forming the core nucleosome). The viral DNA together with 24-26 core
nucleosomes constitute the minichromosome?®, which is packaged into a capsid of about 40-
45 nm (see figure 2).

All polyomaviruses have a similar genome organization, arbitrarily divided into three
functional regions. The two regions encoding the early and late proteins are defined as the
early and late regions and are separated by a non-coding control region (NCCR) (named RR
in figure 1) that contains the origin of replication (ORI), the viral early and late promoters,
and regulatory proteins for early and late transcription. The early region consists of two
overlapping open reading frames (ORFs) encoding two early messenger RNAs (MRNAS) by
alternative splicing®, which are translated into the non-structural proteins, LT and ST. MPyV
and hamster polyomavirus (HaPyV) also produce a third alternatively spliced mRNA that
codes for MT. The late region encodes the late mMRNAs, also by alternative splicing, which
are translated into the three capsid proteins, VP1, VP2 and VP3, and a fourth protein known
as the agnoprotein (named LP1 in figure 1). The NCCR often shows multiple re-
arrangements for polyomaviruses. This accounts also for human polyomaviruses, where in
some cases the observed re-arrangements could be influenced or depend on the tissue source
from which the virus was isolated.

2.2.2 Genomic organisation of the human polyomaviruses

The two human polyomaviruses BKV and JCV have six ORFs, encoding the early regulatory
proteins LT and ST, and the late proteins, first the agnoprotein at the N-terminal end of the
late region, followed by the capsid proteins VVP1, VP2, VP3.



For BKV, the sequence designated as the *“archetypal structure” is predominant in urine
specimens from healthy individuals®>*, and denoted BKV strain WW (GenBank:
AB211371.1). Derivations from this archetypal sequence are considered to be rearranged, and
concern variations in the NCCR. Another BKV classification based on sequence variation in
the variable antigen-binding region of the major capsid protein (\VP1), defines four serologic
subtypes (see section 3.2).

Similarly JCV strain variations have also been described, all containing an archetypal
regulatory sequence®, like in the predominant European strain JCV Mad-1 (GenBank:
J02226.1, Frisque et al. 1984). However, a single serotype is reported so far (see section 3.2).

KIPyV and WUPYV are closely related and group together, and share some significant
homology with BKV and JCV with regard to genome organization and amino acid sequence
of predicted viral proteins®™?°. They also have an LT and a ST and VVP1-3, but do not possess
an agnoprotein.

Figure 1.

JCV and SV40 genomes. A) The circular, double-stranded DNA genomes of JCV and SV40 are represented.
The genomes are divided into early and late coding regions and a regulatory region (RR) containing
replication and transcription signals. The single early precursor mRNA is alternatively spliced to yield mature
transcripts encoding large T (T) and small t (t) antigens. The late region encodes three capsid proteins and a
fourth protein, LP1 (also called Agnoprotein). B) The early coding region is expanded below each genome,
and the positions of viral sequences binding to cellular Hsc70, Rb and p53 are shown.

With kind permission of Landes Bioscience and Springer Science+Business Media ©Frisque et al.,
Polyomaviruses and Human Diseases, Advances in Experimental Medicine and Biology, Vol. 577, Ahsan,
Nasimul (Ed.) 2006, ISBN: 978-0-387-29233-52006.

MCPyV on the other hand, differs from the above four polyomaviruses and is more similar to
the African green monkey lymphotropic polyomavirus (LPV)*. However, it hasalso a LT
and a ST and VP1-3, and also lacks the agnoprotein.



2.2.3 Products of the early and late regions
2.2.3.1 Large T-antigen

As described above, early observations revealed that LT is required to establish and maintain
transformation and for both viral DNA replication and stimulation of cellular DNA synthesis.
The N-terminal region is generally highly conserved and mutations in this region abrogate
transformation and the ability of the virus to make infectious virus particles®. Then I want to
mention two critical domains, the pRb and the p53 binding sites, which are essential for
transformation (see figure 1). On the one hand, the interaction of LT with the tumour
suppressor proteins pRb and the related p107 and p130 ***%“°, blocks the growth-suppressive
functions of these proteins, resulting in improper control of the G1-S checkpoint leading to
progression of the cell into the S phase as well as the activation of the p53 pathway. The
subsequent transcription of p53-dependent genes would then result in cell cycle arrest and/or
apoptosis. However, on the other hand, the interaction of LT with p53 blocks this
response*™* Finally, in the C-terminal part, MPyV LT is often truncated without affecting the
maintenance of transformation®**. Similarly, studies on MCPyV reported frequent mutations
leading to truncations in LT C-terminal end, in the helicase domain®.

2.2.3.2 Middle T-antigen

MT is exclusively expressed by MPyV and HaPyV*“*®. However, the also recently described
MCPyV?*" has an ORF with similarities to the MT-encoding ORF in MPyV and HaPyV?
although expression of MT mMRNA has so far not been detected. MT is considered to be the
major transforming protein for MPyV and HaPyV. However, MT also plays a role in
regulation of replication and transcription®.

2.2.3.3 Small t-antigen

ST is expressed by all polyomaviruses and its N-terminal part is common to both MT and LT
(see figure 1). The unique functions of small t antigen are mainly mediated by interactions
with PP2A"". By binding small t antigen, the enzymatic activity of PP2A is inhibited, and
various signal transduction pathways are hyperactivated, involving MAPK, AKT, and PI3-
K, thereby enhancing the oncogenic effects of LT.

2.2.34 VP1-3

VP1, VP2 and VP3 are the three structural proteins and build up the viral capsid structure
detailed below. VVP1, the major capsid protein, makes the outer layer of the capsid®. Most
antibodies generated in vivo are therefore directed to VP1, whereas VP2 and VVP3 (the minor
capsid proteins) are assumed to be completely hidden inside the capsid and thus not
accessible to antibodies™ (see figure 2).

2.2.3.5 The agnoprotein

The agnoprotein is a small protein (8 kDa). Deficient mutants for this protein and also
specific depletion of its expression by small interfering RNA (siRNA) revealed that BKV and
JCV agnoproteins might be involved in virion assembly, but they are not absolutely required
for viral multiplication®.



2.2.3.6 Micro RNAs

Recently, micro RNAs (miRNASs), a type of siRNAs, have been identified in a variety of
polyomaviruses and have further enriched the field of viral gene regulation.

RNA interference is an evolutionary conserved mechanism by which eukaryotic organisms
use small double stranded RNA (or siRNAs) for sequence specific gene regulation. This
mechanism is a natural biological response to protect the eukaryotic genome from parasitic
DNA, and to defend the organism against viral infection.

The miRNAs are 21 to 23 nucleotides long non-coding single stranded RNA molecules
produced from coding genes in the cellular or viral genome. The first mMIRNA whose target
was identified was encoded by SV40°2. SV40 miRNAs accumulate at late times during
infection, are perfectly complementary to early viral mRNAs, and target these for cleavage.
Thus, viral T antigen expression is reduced, but the yield of infectious virus is not altered by
SV40 miRNAs.

Sullivan et al. have described miRNAs for BKV and JCV*, MCPyV** and MPyV>°. These
miRNASs open the possibility for new targets in future therapeutics, e.g. by silencing mutated
genes in specific tissues of whole organisms.

2.2.4 Structure

Polyomavirus virions are nonenveloped
viruses and their outer shell is composed
of 360 molecules of VVP1, organised in 72
capsomeres, each comprised of a
pentameric VVP1 assembly, centred on the
vertices of a T=7 icosahedral lattice®™"".
Twelve capsomeres are pentavalent, and
sixty are hexavalent. In addition, each of
the 72 pentameres of VP1 is assembled
on the inner side of the capsid with one
molecule of VP2 or VP3.

Figure 2. Schematic inner-view of a polyoma virion.

2.2.5 Attachment and entry into the cell

Polyomaviruses have the ability to bind to many types of cells depending on the various
forms of carbohydrates they express on their surface as primary attachment receptors. These
receptors determine the endocytic pathway the viruses will be taken up by. Early studies
suggested that SV40 uses the major histocompatibility complex (MHC) class-1 antigens to
bind the cell®®, but finally expression of MHC class-1 antigens on human kidney epithelial
cells is not sufficient for SV40 infection®. Recent results indicate that SV40 utilizes the
ganglioside, GM1, which is more consistent with the route of entry of the virus through
caveolae®™. BKV takes the same pathway®’: it binds the gangliosides GD1b and GT1b%,
which then accumulate in the caveolae. A recent report suggests that MCPyV also binds a



ganglioside®. JCV preferentially utilizes o(2,6)-linked sialic acid attached to the 5-HT(2A)
serotonin receptor™ and is internalized by clathrin-dependent endocytosis®.

2.2.6 Permissivity, assembly and release

Cell surface receptors for the polyomaviruses appear on many cell types and tissues.
However productive or non-productive (transforming) infection may not occur, even with
viral attachment and internalization. Thus, this reveals the intracellular control of viral
processing in the cytoplasm or the nucleus®. Indeed very early studies on the lytic cycle and
transformation by MPyV and SV40 have shown that not all cells support replication of the
virus®. At the time the cells were therefore divided into “permissive” and “non” or “semi-
permissive” cells. Permissive cells supported viral replication and were regarded to less often
acquire the transformed phenotype, while transformation was suggested to be a characteristic
of a failed lytic infection. Polyomaviruses most likely persist as infectious virus in semi-
permissive cells, where a low virion output is minimally injurious to the host. However,
changes in the microenvironment may convert these or neighbouring cells into a state fully
permissive for productive viral infection®”.

In general transcription starts from the early region the first 24 hours, thereafter, viral
replication and transcription from the late region takes place. Viral particles are then
assembled with capsomeres of late viral proteins and incorporation of the DNA into the
virion. By 48-72 hours post infection, the first viral particles can be released. The manner by
which polyomaviruses leave the cell is still poorly understood. Some studies indicate that the
virus causes lysis, while others indicate that virus can be shed from intact cells®.

2.3 PATHOGENICITY OF POLYOMAVIRUSES

The immune system is extremely important for the control of the deleterious effects of
polyomavirus infection. As mentioned above, under normal circumstances, the virus most
likely stays latent in semi-permissive cells with the occasional outburst of viral shedding.
However, when the immune system is suppressed polyomavirus infections may result in
different diseases or tumour development.

MPyV has often been used in laboratory settings to study the mechanism of immunological
control of persistent viral infections in the natural host of the virus. The outcome of MPyV
infection in various immunodeficient adult mice has been reviewed by Swanson et al®’. The
T-cell immune compartment as well as the presence of MHC class-1 molecules allowing for
the presentation of tumour specific antigens, i.e. peptides derived from T-antigens, seem to be
key components to control MPyV infections and the development of tumours' "%
Moreover, it has also been shown that organs harbouring high levels of viral DNA are those
that preferentially develop MPyV-induced tumours™.

Nevertheless, with few exceptions, e.g. MPyV in newborn mice (with an immature immune
system), HaPyV in lymphoma, and MCPyV in Merkel cell carcinoma, polyomaviruses do not
naturally cause tumours in their hosts.



Similarly, clinical diseases associated to polyomaviruses seem to be observed exclusively in
immune suppressed individuals. Avian polyomaviruses are the exception and cause life
threatening diseases in their host. In humans, the most prevalent diseases associated to
polyomaviruses will be reviewed below in section 3.3.

2.4 IMMUNITY TO POLYOMAVIRUSES

Both cellular and humoral immunity are involved in response to viral infections. In the
polyomavirus family, much of the knowledge about immune responses to polyomavirus
infection comes from experiments in mice with the MPyV, which I will shortly present
below.

2.4.1 B-cell response

Similar to other viral infections, MPyV induces a neutralizing antibody response. As
mentioned above, already over 50 years ago, MPyV was shown to have the potential to
induce tumour development *. Early reports by Eddy BE et al. also showed that neonatal
mice born to MPyV infected mothers were resistant to tumour development induced by
MPyV inoculation, due to the protective effect of maternal antibodies. Additionally, in
neonatal mice free from MPyV, and with no maternal antibodies against MPyV, it was shown
that MPyV-induced tumour development could be prevented by passive transfer of antival
antibodies™. In addition, to prevent subsequent infection, MPyV-specific antibodies also play
an important role in controlling ongoing infection by decreasing the viral load”®. However B
cell responses, alone, are not capable of preventing tumour development, instead here the T-
cell response is essential” (see also below). Similarly, from studies on clinical diseases
associated to BKV and JCV in immunosuppressed individuals, it appears that humoral
immune responses to BKV or JCV neither protect against the development of the disease, nor
clear the disease .

Antibody responses to MPyV are mainly directed against VP1, which is exposed on the
outside of the capsid. Hence, it is also possible to achieve protection against MPyV infection
in mice vaccinated with VP1 produced virus like-particles (VLPs). Notably while the
antibodies recognizing the whole viral capsid (mainly VVP1) persist once the immune system
is activated, antibodies to polyomavirus T-antigens are relatively rare, although most
individuals are infected with the virus, indicating that the latter antibodies are primarily
linked to episodes of productive infections ™.

2.4.2 T-cell response

To protect against tumour development, the T-cell system is mandatory, and this was
established also for MPyV and SV40 induced tumours several decades ago in experiments
with thymectomized mice’. Furthermore, it was possible to inhibit MPyV induced tumour
development after inoculation of MPyV into neonatal mice after passive transfer of immune
T-cells™.

Later, it was established that relevant and protective immune responses to inhibit tumour
development or to induce tumour rejection required T-cell responses directed against viral



peptides® . Regarding virus persistence and tumour development, in single newborn CD4-/-
, or CD8-/- or double CD4-/- 8-/- C57BI/6 knockout mice, Berke et al. could establish that
CDB8+ T-cells were most likely slightly more essential than CD4+ cells for inhibiting tumour
development’®™. Furthermore, only CD4-/- 8-/- double knockout adult mice developed
tumours after inoculation with polyomavirus. In addition, for tumour rejection in already
immunised mice, removal of both CD4+ and CD8+ T-cells was however necessary to
abrogate the immune response after previous immunisation with polyomavirus®.

More recently, a manifestation of JCV reactivation, the progressive multifocal
leukoencephalopathy (PML), has been reported after treatment with natalizumab for multiple
sclerosis (MS) and Crohn’s disease®. The action of natalizumab, an antibody against a-4
integrins, which suppresses T-cell-mediated responses by blocking the binding of
lymphocytes and monocytes to endothelial cells for trafficking of these cells across biological
barriers, has also shed some light on T-cell responses to JCV. PML is the only opportunistic
infection associated with natalizumab and therefore this drug seems to impair an aspect of the
specific immune response to JCV. In fact, in MS patients treated with natalizumab, CD4/CD8
T-cell ratios in cerebrospinal fluid were reduced to levels similar to those observed in patients
with acquired immunodeficiency syndrome (AIDS)®, even though this study did not report
the PML occurrence in these patients. Nevertheless, this suggests that the cytotoxic T
lymphocyte (CTL) response, necessary for the control of PML®*#%, seems to require CD4 T
cell help that may be impaired with natalizumab treatment’.

Other studies on clinical diseases associated to polyomavirus in immunocompromised
patients, have shown that a robust BKV-specific CTL response may not protect against viral
reactivation within the allograft, because of the T cells being unable to recognize epitopes
presented on HLA-mismatched allograft cells. In fact there is evidence for an increased
incidence of BKV-associated nephropathy (BKVAN) in recipients of HLA-mismatched
kidney allografts®*®°. Similarly, I will present in this thesis our results on the effect of HLA
mismatch in BKV-associated hemorrhagic cystitis (Paper I11).



3 POLYOMAVIRUSES IN HUMANS

Five polyomaviruses have been described in humans so far and one polyomavirus (SV40) has
been distributed to humans during the early era of polyomyelitis vaccination. BKV and JCV
were isolated almost simultaneously and published side to side in the same issue of the
Lancet in 1971. BKV was identified by cytology, electron microscopy and virus culture from
the urine of a renal transplant patient®®, while JCV was cultivated and seen in electron-
microscopic examination of sections from the brain of a patient with PML®’. In 2007, KIPyV
and WUPYV were reported consecutively, both detected from nasopharyngeal aspirates®.
Finally, more recently in 2008, MCPyV was detected in Merkel cell carcinoma (MCC)*'.

3.1 ROUTE OF TRANSMISSION AND PERSISTENCE

BKYV and JCV primary infections are unapparent and rarely cause clinical disease, although
respiratory symptoms or urinary tract disease are sometimes found together with BKV
infection®® . Additionally, BKV and JCV can be detected in tonsillar tissue from both
paediatric and adult donors®™%. It has been reported that JCV can replicate, not only in glial
cells™, but also in primary B-lymphocytes and tonsillar stromal cells®, supporting the notion
that the respiratory tract is the primary site of viral infection. After the initial infection, both
BKV and JCV are suggested to disseminate and establish persistent infection in the urinary
tract®; their occasional detection in lymphocytes suggested these cells to be carriers for these
viruses to their specific sites”'%. In the case of JCV, persistent infection is also established

in the brain 1.

Although many reports have confirmed the discovery of KIPyV and WUPYV in
nasopharyngeal aspirates from patients suffering from acute respiratory diseases, so far the
data do not suggest that KIPyV and WUPYV are aetiological agents for acute respiratory
diseases %1%, However, their detection in the respiratory tract could still be concordant with
a respiratory route of transmission™*®*%".

There is limited information regarding the tropism of MCPyV, since the research conducted
so far has focused on its presence in MCC (will be discussed further in section 3.3.3).
Nonetheless the discovery in MCC indicates a tropism for neuroepithelial cells. However
MCPyV was recently also found in nasopharyngeal aspirates and tonsillar tissues *°1%81%°
possibly suggesting a similar route of transmission to that of the other four polyomaviruses.
Moreover, MCPyV sequences have been found in other tumours of the skin 04,

3.2 GEOGRAPHIC REPARTITION AND AGE PREVALENCE

The diagnosis of a past polyomavirus infection is generally performed by serology, while for
the detection of reactivations molecular techniques are necessary. Four serogroups are
distinguishable for BKV: BKV prototype (1), BKV SB (II), BKV AS (IIl) and BKV IV '*°,
while JCV strains are all members of a single serotype, Mad-1''®. Humans infected with
BKV and JCV produce VP1-specific antibodies. Certain epitopes are associated with
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hemagglutination and others with cellular binding. Hemagglutination inhibition assays are
simple and the method of choice to measure antibody titres of BKV and JCV'', although
neutralization assays and immunoassays with VLPs are also used to measure antibody levels
in human serum %,

Serological data obtained over 40 years demonstrate that infection with BKV and JCV is
established in early childhood and occurs globally with similar frequency in industrial and
developing countries. BKV infects children at early age'® with seropositivity reaching
around 90% in children aged 5 to 9 **2!, JCV seropositivity increases more slowly to 50 %
after the age of 10 **?! and reaches 72 % among the mothers >25 years of age'®. After
that, BKV and JCV establish a lifelong persistence, with a consistently high seropositivity,
comparable through the different age groups *2°%'?% Serology is therefore not routinely
applied for the diagnosis of BKV/JCV reactivation-induced disease. However, as mentioned
in section 2.4.1, it has been suggested that antibodies against LT might be an alternative for
the diagnosis of BKV reactivation.

Also the three new polyomaviruses show high serological prevalence values, 55-90% for
KIPyV, 69-98% for WUPYV 1% 46-88% for MCPyV strain 339 #4121’ \yhile MCPyV
variant 350 exhibited a lower prevalence (25%)**%. The seroprevalences were similar in a
healthy adult population as compared to a young population, suggesting again that, for all
five polyomaviruses described in humans, the exposure may occur early in childhood*?®.

Since infections with SV40 and LPV have occasionally been discussed in humans, | would
like to mention also that a low seroprevalence for SV40 (9%) as well as LPV (15%) has been

reported in humans'?.

3.3 REACTIVATION AND RELATIONSHIP TO DISEASE
3.3.1 Reactivation manifestations

None of the presently known polyomaviruses in humans cause any significant disease in
immunocompetent individuals as far as we know. This is also the case for SV40 transmitted
by poliomyelitis vaccines. However, in immunocompromised individuals, as discussed
above, polyomaviruses can become pathogenic, through a reactivation from a persistent sub
clinical state to a lytic infection resulting in viruria and viremia, potentially leading to severe
or fatal diseases. If primary polyomavirus infection in immunosuppressed individuals causes
similar diseases as after reactivation of the same viruses has not been studied extensively.

In healthy adults, BKV reactivation can occasionally manifest as BK-viruria although it is
usually less common than JC-viruria *®, However, in HSCT and renal transplantation, BKV
reactivation is frequently observed, both in the urine and the serum of the patients. In some
allogeneic HSCT patients BKV can induce hemorrhagic cystitis, while in some renal
transplant patients it can cause a nephropathy (described in more details below). In addition,
BKYV reactivation has also been observed in other immunocompromised individuals e.g. in
patients with autoimmune diseases such as systemic lupus erythematosus, solid organ
transplants recipients, and AIDS patients 12>1%3,
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In healthy adults, JCV reactivation often manifests as JC-viruria. However, JCV causes PML
in immunosuppressed patients, e.g. HIV positive patients or patients with lymphoproliferative
diseases, during transplantation and chemotherapy, as well as in inherited
immunodeficiencies***®.

KIPyV, WUPyV and MCPyV have all been detected in nasopharyngeal aspirates (see above
in section 3.1), but KIPyV and WUPYV have so far not been associated to human diseases.
MCPyV was isolated from a MCC, a disease of elderly and immunosuppressed individuals,
but we do not know if these new viruses are associated with any other diseases in the
immunosuppressed. Moreover, we still do not know where they are latent and how they
reactivate.

SV40 was inoculated to almost 100 million people during the early era of polio vaccination
and has not induced a burst of SV40 induced tumours as originally could have been feared.

Below | will briefly describe some of the most prominent diseases associated with
polyomaviruses in humans.

3.3.2 BKV-associated Hemorrhagic Cystitis

BKV-associated hemorrhagic cystitis (BKVHC) is a complication observed in
immunosuppressed patients receiving allogeneic HSCT ****%2 and will be described in more
detail in section 4.2.

3.3.3 BKV-associated Nephropathy

After renal transplantation, BKV-associated nephropathy (BKVAN) is an important cause of
renal allograft dysfunction, which incidence is increased today due to the more efficient
immunosuppressive drugs given after renal transplantation ***. BKVAN is to be suspected in
renal transplant patients showing a rise in serum creatinine levels during routine follow-up.
The diagnosis is typically established by histological examination of kidney biopsies.
However there is an increased interest in the use of less invasive diagnostic methods such as

urine cytology or quantification of viral load in blood and urine'*.

The relation between the level of BKV replication and the development of BKVAN, and
graft failure, is poorly understood. The determination of BKV replication in the urine has
become the most pivotal test to exclude BKVAN. In patients with BK-viruria, plasma loads
exceeding 10,000 copies/ml permit a presumptive diagnosis of BKVVAN that needs to be
confirmed subsequently by biopsy. In general, screening is recommended every three months

during the first two years after transplantation*.

3.3.4 JCVin Progressive multifocal leukoencephalopathy

PML is a demyelinating disease of the central nervous system caused by JCV lytic infection
of oligodendrocytes **%. PML is characterised by symptoms including hemiplegia,
monoplegia, akinesia, visual disturbances like diplopia, and dementia. It usually develops
only in individuals with a severely compromised immune system. With the emergence of
Human immunodeficiency virus (HIV), PML is considered as an AIDS-defining disease
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affecting around 5% of HIV-infected patients. However, the introduction of highly active
antiretroviral therapy for HIV has induced a significant decrease in PML among HIV patients
in industrialised countries the past decade **, with one downside: the development of an
immune reconstitution inflammatory syndrome in tandem with the recovering of the
immune system 474,

3.3.5 MCPyV in Merkel cell carcinomas

MCPyV is observed in around 80% of all MCC, a rare disease of the elderly and
immunosuppressed 3"112155°183 - pgwever, only a few studies report its integration in
tumour cells ****. Today there is still a debate regarding the causal relationship between
MCPyV and MCC '®.

3.3.6 SV40 polio vaccination and malignant mesothelioma?

Early studies have shown that SV40 was able to induce tumours in hamsters and transform
human cells in culture and hence was potentially oncogenic'®. Later, simian cell lines were
used to produce polio vaccine and around 98 million children and adults in the USA and
world-wide were vaccinated with SV40 contaminated polio vaccine'®’. Luckily, an epidemic
of SV40 induced tumours did not occur in the vaccinated subjects. However, several reports
have indicated the presence of SV40 in malignant mesotheliomas, hence the role of SV40 in
forming human malignancies is still not completely clear even today.

Our group examined the presence of SV40 in Swedish pleural malignant mesotheliomas from

patients born 1893-1958 8. After that, Sweden produced SV40 free polio vaccines from
1958 %,
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4 ALLOGENEIC HEMATOPOIETIC STEM CELL
TRANSPLANTATION

In order to better understand BKVHC as a complication after allogeneic stem cell
transplantation, a short presentation of this context is necessary.

4.1 SHORT PRESENTATION

Haematopoietic stem cell transplantation (HSCT) is a therapeutic procedure, which has
evolved explosively the recent fifty years. Today HSCT is used as a cure for haematological
malignancies and non-malignant haematological disorders (e.g. aplastic anaemia,
myelodysplastic syndrome, immunodeficiency syndromes, and inborn errors). It has also
been attempted as therapy in patients with solid tumours (e.g. sarcomas, neuroblastomas,
breast, testicular cancer) and in severe cases of autoimmune diseases.

HSCT can be divided into three groups: autologous, syngeneic and allogeneic. In autologous
HSCT the patients receive their own stem cells that are harvested previous to transplantation.
In allogeneic HSCT the patient receives stem cells from another non-related or related
individual, while in syngeneic HSCT the stem cell donor is defined as genetically identical,
I.e. @ monozygotic twin. This thesis focuses on allogeneic HSCT.

The source of HSCT was initially limited to the bone marrow and the procedure therefore
called bone marrow transplantation (BMT). Today the procedure is summarized as HSCT
since the source of the hematopoetic stem cell can vary. Hematopoeitic stem cells can be
mobilized in peripheral blood in higher amounts than in bone marrow after administration of
G-CSF, thus named the G-CSF-mobilized peripheral blood stem cells (PBSC), which started
to be used in 1993 *"**"* Umbilical cord blood (UCB) is another source of peripheral blood
stem cells, which started to be used in 1989 "2, However, since the volume of cells collected
in UCB is more limited than with PBSC, HSCT performed with UCB was originally only an
option in children. Today, HSCT is often performed with more than one UCB donor to
enhance engraftment and also to allow its use in adults.

4.1.1 MHC complex antigens and antigenic presentation
4.1.1.1 The first steps of transplantation immunology

By the end of the 1950s, the first allogeneic HSCTs were performed in the USA and in
France ", but it took another ten years for the first two successful cases of HSCT to be
reported (see paragraph 4.1.1.2). In fact, the first 200 transplants reviewed by Mortimer M
Bortin'™, described a generally poor outcome. Some patients with engraftment died of an
immunological reaction characterized by skin lesions, weight loss and diarrhoea, today
recognized as graft versus host disease (GVHD). The lack of knowledge regarding the
immunological reactions involved and more specifically the MHC antigen system explains in
part the low success rate of these early attempts. Hence, a major breakthrough for
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transplantation immunology was the discovery of the antigens of the MHC system and the
human leukocyte antigens (HLA), and their role for allograft transplantation *"**'®,

The MHC includes a set of closely linked genes, present in the genome of all vertebrates. The
human MHC, also called HLA, is localized on the short arm of the chromosome 6. No other
known human loci are as polymorphic as some of the HLA loci, and the number of alleles
known in January 2010 were 4556 (http://hla.alleles.org/alleles/index.html). It is divided into
three regions, class-1, class-11 and class-111. The class-1 HLA-A, -B, -C antigens are highly
polymorphic glycoproteins expressed on the surface of most nucleated cells in the body. The
class-Il HLA-DR, -DQ and —DP antigens are only found on a limited number of cell types.
They are mainly expressed on the cells of the immune system called professional antigen
presenting cells, for example B-cells, monocytes, macrophages and dendritic cells. The HLA
class-111 molecules are very diverse soluble molecules, including complement factors, heat
shock proteins and certain cytokines.

The biological role of these MHC molecules, and especially their role for allograft
transplantation was not fully understood until Zinkernagel and Doherty in 1974 showed that
MHC class-1 molecules act as a guiding system for T-cells in the immune defence”®. The
same findings were later expanded for MHC class-11 and the general rule is that T-cells can
only recognize antigens that are processed and presented on the cell surface. We call this co-
recognition of peptide-MHC complex. This recognition is also MHC restricted, i.e. in general
the T-cell will recognise a cell presenting a “foreign peptide” in the context of the same MHC
antigen as itself. The peptide-MHC complex can be formed via two different pathways.
Endogenous antigens, such as viral proteins that are produced within the cell, are degraded
into small peptides in the cytosol and processed on MHC class-1 molecules present in the
endoplasmic reticulum membrane and then transported to the cell surface. Exogenous
antigens (proteins) on the other hand, are internalized e.g. into lysosomes and are degraded
into peptides that in the cells are processed and presented on MHC class-I1l1 molecules. Thus,
HLA class-1 molecules generally present intrinsic antigens to the CD8 molecules of cytotoxic
T cells, which are important in controlling viral infections by killing infected cells. HLA
class-1l molecules, on the other hand present extrinsic antigens to the CD4 molecules of
helper T cells, which aid B cells in generating antibody responses to extracellular protein
antigens.

4.1.1.2 The first successful HSCT and HLA-typing today

Simultaneously in 1968, the first two successful cases of HSCT with HLA-identical sibling
donors were reported in patients with immunological deficiencies %!, From then, it
became evident that HLA matching is important for successful transplantation, by
significantly improving engraftment and decreasing the outcome of GVHD %2,

The first classic choice in the search for a stem-cell donor was as mentioned above therefore
an HLA-identical sibling donor. However, in practice only 30% of the patients can benefit
from an HLA-identical sibling donor '®3. Therefore the evaluation of alternative donor
sources has been crucial for the development of HSCT.
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Additionally, when DNA based typing methods started to replace HLA class-Il serology in
the end of the 1980s, the results after transplantation with grafts from unrelated donors started
to improve. PCR with sequence-specific primers for HLA class-11 typing was developed and
used at Karolinska University Hospital Huddinge ****¥* and later applied for HLA class-1 ***
188 Genomic HLA-typing, together with the conditioning regimens used at this hospital,
explains in part why the incidence of acute GVHD was reported to be similar for patients
transplanted with grafts from HLA-identical siblings and HLA-matched unrelated donors
identical for HLA-A, -B, and -DR™. In contrast during the same period, in many other
studies from the 1990s, both GVHD and graft rejection were more common after MUD

transplantations than after HSCT with matched siblings'®.

Today, thanks to the development of large donor registries, the chance for a patient to find a
matched unrelated donor is about 80% (www.bmdw.org). For the remaining patients, grafts
from HLA-haploidentical or partially mismatched related donors are potential possibilities for
most patients, especially in children where parents may be motivated to serve as donors'".
Finally all patients lacking an HLA-matched unrelated bone marrow donor are potentially
eligible for cord blood transplants, because up to two HLA-antigen mismatches are

acceptable®.

4.1.1.3 Minor histocompatibility antigens and ABO antigens in HSCT

Despite the ideal setting of HLA matching of patient and donor, optimal patient conditioning
and post-SCT GVHD prophylaxis (detailed below in paragraphs 4.1.2 and 4.1.3), a
significant number of patients suffer from GVHD, quite a few relapse with their malignant
disease, while fewer patients reject the SC graft (host-versus-graft disease).

Originally, histocompatibility (H) antigens were divided into major and minor antigens
depending on skin graft rejection. Major histocompatibility antigens were later defined as
being coded by genes located within the MHC. Minor antigens were early described as a
number of distinct genetic loci outside of the major complex™.

In the HLA-matched patient/donor combination, minor H antigens are considered as the key
molecules responsible for the immune responses in both graft-versus-host and host-versus-
graft directions'*. Historically, minor H antigens were initially identified in the mid-1970s as
antigens responsible for T-cell reactivation in the host-versus-graft direction after BMT**1%,
Minor H antigens, as defined today, are peptides derived from self-proteins containing amino
acid differences among the population and thus also possibly different between the HLA-
matched patient and donor. Again also here, the patient most likely shares minor H-antigens
more frequently with related donors as compared to non-related donors. Minor H antigens are
encoded by autosomes and sex chromosomes; they can be inherited independently from the
HLA molecules™*. The minor H peptides generated from the minor H proteins are presented
to the immune system in the binding grooves of HLA class-I and HLA class-11 molecules.
They can induce strong T-cell responses between HLA-matched minor-H-antigen-
mismatched individuals.

Recently, minor H antigens related to gender have been shown to induce a beneficial graft-
versus-leukaemia (GVL) response, when female grafts are transplanted into male
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patients'®"**®, Interestingly, while GVHD is mainly mediated via broadly expressed minor H
antigens, the GVL-reactivity is mediated by both broadly expressed and haematopoietic-
system-restricted minor H antigens. This differential expression of broad and
tissue/malignancy-restricted minor H antigens is the basis for targeting cancer with minor-H-
antigen-specific immunotherapy with low risk of GVHD.

The ABO-histo-compatibility blood group antigens may also have an impact on the HSCT

outcome. Haemolysis, delayed engraftment and GVHD can arise from an ABO-mismatch
199,200

4.1.2 GVHD and GVL effect

GVHD is one of the most important complications in HSCT, and is associated to
considerable morbidity and mortality. Hence, for allogeneic HSCT a subtle balance has to be
found in order to prevent GVHD and at the same time preserve the GVL effect.

4.1.2.1 Graft-versus-host disease

GVHD can be classified as acute or chronic based on timing of onset and clinical features and
is graded I-IV dependent on severity®’. Acute GVHD (aGVHD) develops within the first 2
months of allogeneic HSCT and affects mainly the skin, the gastrointestinal tract, and the
liver. Development of grade Il to IV aGVHD is associated with decreased survival in patients
with allogeneic HSCT %22, Chronic GVHD (cGVHD) has a later onset than aGVVHD and is
often clinically distinct. Patients can manifest sclerodermatous skin changes,
keratoconjunctivitis, sicca syndrome, lichenoid oral mucosal lesions, oesophageal and vaginal
strictures, liver disease, and pulmonary insufficiency ***. Although limited cGVHD often
resolves spontaneously with minimal intervention, extensive cGVHD requires prolonged
immunosuppressive treatment and is associated with significant morbidity and mortality.

4.1.2.2 Physiopathology, prevention and treatment of aGVHD

Acute GVHD is suggested to occur in 3 phases: (1) tissue damage from conditioning, (2)
donor T-cell activation, and (3) inflammatory effectors. In the earliest phase, inflammatory
cytokines are released from host tissue in response to damage by the pre-transplantation
conditioning regimen 2%. In the second phase, donor T-helper 1 (Thl) cells are activated
upon recognition of alloantigen and they secrete interleukine-2 (IL-2) and interferon-gamma,
which in turn initiates recruitment of other T cells, such as CTLs, natural killer (NK) cells,
monocytes, and macrophages?®. In the last phase, mononuclear cells primed by Thil
cytokines secrete more tumour necrosis factor-alpha and interleukine-1, which induce cellular
damage or apoptosis, and restart the cycle of inflammation.

Current approaches for the prevention and treatment of GVHD involve a wide range of
approaches from a mild anti-inflammatory agent to direct blockade of T-cell function and the
combination of different treatments. Milder treatments include e.g. corticoids. The selective
down-regulation of T lymphocytes can be obtained by inhibiting cellular proliferation
(methotrexate), inhibition of de novo purine synthesis (mycophenolate mofenil), suppression
of IL-2 secretion by blocking calcineurin activity (cyclosporine, FK-506), interfering with
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downstream growth signalling pathways (sirolimus), and reduction of T-cell responsiveness
by blocking the IL-2 receptor (daclizumab).

One of the most effective means of GVHD prophylaxis however, is depletion of T cells from
the donor inoculum %’. However, from 1981 to 1986, hundreds of clinical trials with in vitro
T cell depletion of the graft, avoiding GVHD, also revealed important negative effects e.g. an
increased incidence of graft rejection, a delayed immune reconstitution, an increased
incidence of Epstein-Barr virus-associated post transplantation lymphoproliferative disorders
(EBV-PTLDs) and an increased rate of disease relapse”’. The recent years have seen the
development of in vivo prophylactic and therapeutic startegies using T-cell depletion. On the
therapeutic front, many agents have been tested in steroid-refractory aGVHD, the most
promising being the mesenchymal stem cells?®. On the prophylactic front, in-vivo T-cell
depletion methods, use horse- or rabbit-derived anti-thymocyte globulin (ATG) or

alemtuzumab, as a complement to the pharmacologic prophylaxis listed above?®

4.1.2.3 Realizing the Graft-versus-leukaemia effect

From the first transplantation attempts, the majority of patients suffered from an
immunological reaction of donor origin against the recipient (GVHD). Evidence that the allo-
immune reaction responsible for GVHD also involved a powerful immune response to
leukaemia was put forward by Barnes and Loutit, who observed that mice given an
experimental leukaemia and then transplanted with allogeneic marrow and spleen cells
showed leukaemia regression at the time they succumbed to GVHD?'°. The first evidence of
the GVL effect in man was shown by Weiden et al. who statistically associated acute and
chronic GVHD with reduced relapse rate in leukaemia patients”**. As mentioned above, in
the mid 1980s, new techniques to deplete the T cells from the graft in vitro were developed to
reduce the complications due to GVHD, but the high rate of relapse secondary to this
treatment enlightened the importance of the anti-tumour effect of the donator T cells or GVL
effect 22, In a key study from the International Bone Marrow Transplant Registry, the
relationship of GVL effect with allo-reactive transfused lymphocytes was confirmed in a
large retrospective patient series, showing that relapse risk was higher in in vitro T-cell-
depleted HSCT, and reduced in the presence of acute and chronic GVHD 2%,

The GVL effect is mediated by donor-derived T lymphocytes, but possibly also other cells
such as e.g. NK cells may be involved®®. These cell types have distinct mechanisms of
interaction with the malignant cell target. After transplantation the cytokine milieu is
favourable for an early establishment of a GVL effect, but the need to prevent GVHD limits
the full potential of this process. Interestingly, whereas NK cells may mediate GVL effects,
they may not been implicated in GVHD?".

The GVL effect, also called the graft-versus-tumour effect, is the base of HSCT used against
solid tumours.
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4.1.3 Conditioning and Immunosuppression

Conditioning is necessary before HSCT and has three main objectives™*:

* To eliminate leukaemia cells

e To provide adequate immunosuppression to prevent graft rejection

» To eliminate the recipient haematopoietic stem cells to make place
for the graft in the bone marrow.

Conditioning regimens differ depending on the diagnosis of the patient and on the
compatibility between the donor graft and the recipient. In the case of a malignant disease the
main goal is to eradicate as many malignant cells as possible to diminish the tumour load and
prevent relapse. Patients with malignant disease gain from mild graft versus host disease,
since GVHD is correlated to the GVL effect. Therefore, immunosuppressive treatment is
discontinued as soon as possible, since prolonged immunosuppression increases the risk of
relapse. In non-malignant diseases, the main purpose of the conditioning is to avoid graft
rejection. A harsher regimen in that case may still be motivated if there is a high degree of
incompatibility with the graft. Conditioning regimens can be classified in two major
principles, full myeloablative conditioning (MC) and reduced intensity conditioning (RIC).

4.1.3.1 Myeloablative conditioning

Historically, a standard or myeloablative regimen was used, since it was assumed that
increased conditioning intensity was associated to an increased anti-leukaemic effect. The
most commonly used MC was developed by the Seattle group in the early 1970s, and
consisted of total body irradiation (TBI) of 10 Grays (Gy) preceded or followed by
Cyclophosphamide (Cy)*®. In the following years other drugs were tested Etoposid,
Melphalan, Ara-C, which are less commonly used nowadays.

TBI was initially given in one fraction with varying dosage, leading to early and late
secondary effects, e.g. severe cognitive sequelae in young children. Nowadays, fractioning of
the dose maintains the same anti-leukaemic and immunosuppressive effect, but irradiation
toxicity is reduced. For example, at the Karolinska University hospital Huddinge, twelve Gy
fractioned-TBI (fTBI) is given as 3 Gy per day during four days.

Cyclophosphamide is not regarded as myeloablative, but has a strong immunosuppressive
effect. To prevent HC, Cy is infused together with MESNA/Uromitexan under hyper
hydration to protect the walls of the urinary tract against the drug metabolites.

Busulfan (Bu) combined with Cy can replace the Cy/TBI regimen. No preventive measures
are uesd to prevent HC under the period where Bu is given alone, even though Bu has been
reported associated to HC**?'%2!® The Bu/Cy combination is used especially in children,
because they are more sensitive to the toxic effects of irradiation. However, compared to
TBI/Cy, Bu/Cy increases the risk for veno-occlusive disease and occasionally irreversible
alopecia, but it has fewer severe late effects on general development, on CNS and a lower
risk of cataract formation.
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MC can lead to a major toxicity, thus limiting its use in elderly patients.. The drugs have
secondary effects on different organs e.g. the heart, the lungs, the liver or the central nervous
system. In addition, the intensity of the conditioning is associated to a higher risk for
GVHD?, since the conditioning regimen is both immunosuppressive and cytotoxic, through
cell damage and increase of cytokine levels, therefore enhancing the activation of GvHD.
Moreover, following a standard myeloablative regimen, a complete aplasia is obtained
earlier, thus prolonging the period where the patient is extremely sensitive to infections or
bleedings. These complications are the reason why reduced intensity conditioning started to
be used.

4.1.3.2 Reduced Intensity Conditioning

The primary objectives of a reduced intensity conditioning (RIC) are to reduce the incidence
and the severity of acute GVHD, to reduce the infectious complications, as well as to reduce
the toxic mortality due to the high doses of chemotherapy and radiotherapy. The aplasia
following RIC usually less pronounced (but it depends on the regimen), and presents a
prolonged period of mixed chimerism (simultaneous presence of haematopoietic stem cell
from the donor and the recipient) over 1 to 3 months. Furthermore, the reduced toxicity of
this regimen expanded the clinical use of allogeneic HSCT to patients over 55 years old and
those with co-morbidities.

This new strategy focuses on immunosuppression rather than on myeloablation. In fact the
role of the graft immune effectors in the allogeneic antitumour effect mechanisms started to
be understood, and it was assumed that, in RIC, the transplanted cells would gradually
eradicate the lymphohematopoeitic system of the host, as well as the remaining malignant
cells.

In 2001, RIC was provided to patients for the first time in a clinical trial ?*. This regimen
typically includes a purine analogue, such as Fludarabin, an alkylating agent, or low-dose
TBI (2 Gy alone or with chemotherapy) 2. Hence RIC should not be used for highly
proliferative malignant disorders because of the prolonged mixed chimerism, and because a
rapid complete chimerism is related to an early GVL effect. At Karolinska University
Hospital Huddinge, when comparing MC versus RIC, a higher graft failure was observed for
patients receiving RIC %2,

4.1.4 Immune reconstitution

Secondary to the conditioning and the transplantation, the immune system is dysfunctional.
Both the innate and the adaptive immunity have to recover for the transplantation to be
successful. Following the myeloablative therapy and stem cell transplantation a severe
neutropenia phase occurs with a major risk for bacterial, viral and fungal infections.

4.1.4.1 Recovery of innate immunity

The innate immunity includes granulocytes, antigen presenting cells and NK-cells and
complement.
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An expansion of donor granulocytes after MC occurs within 14-21 days after HSCT and
reduces the risk for infection with bacteria and fungi. It is defined by the first day with a
minimal absolute neutrophil count of 0.5 x10%1 ?**. The duration of granulopenia depends on
the nature of the transplant. More stem cells can be collected with PBSC transplantation, thus
speeding up the engraftment. UCB is associated with slower engraftment and an increased
risk of all types of infections, counterbalanced by a lower incidence of severe graft-versus-
host disease®>. Commonly, the time observed between receiving the stem cell transplantation
and the engraftment is 12-13 days after PBSC, 16-18 days after BMT, and 21 days or longer
for UCB. RIC reduces the period and intensity of neutropenia and mucositis, but the overall
risk of infectious complications due to opportunists during the first year after HSCT is not
decreased since the early reduction in infections is counterbalanced by an increased risk for
infections occurring later when complete chimerism is achieved.

NK cells are the first lymphogenous cells to repopulate after engraftment. Donor-versus-
recipient NK cell alloreactivity derives from a mismatch between inhibitory receptors for
self-MHC class | molecules on donor NK clones and the MHC class | ligands on recipient
cells. In haploidentical transplantation, where they seem to be mainly studied, alloreactive
NK cells of donor origin were detectable from 1 to 3 months up until at least 12 months
post-transplantation. They seem to be important for the antiviral immunity, GVL effect and

graft rejection %%,

Antigen-presenting cells numbers may be only half of the normal level by 1 year®®.

4.1.4.2 Adaptive immunity recovery

Cell mediated immunity includes T and B lymphocytes, and is mainly donor-derived after
HSCT.

The T lymphocyte population includes CD8+ and CD4+ T lymphocytes. CD8+ T
lymphocytes recover fairly rapidly by 3 months post-HSCT, and normalize within 1 year.
CD4+ T lymphocyte reconstitution is generally slower, and can take up to 20 months,
depending on the activity of the thymus. The speed of T lymphocyte recovery is associated to
the size of the T lymphocyte inoculum, which is higher in G-CSF-mobilized PBSC than in
bone marrow or in cord blood. Moreover, even if recipients have normal total lymphocyte
counts within two months after HSCT, they have abnormal CD4/CDS8 ratios, reflecting their
decreased CD4 and increased CD8 cell counts. The number of naive CD4+ T cells in the
peripheral blood of patients after HSCT is very low, since the graft contains only mature
memory cells with restricted diversity of T cell receptors®®.

The B lymphocyte population is restored approximately 6 months after HSCT, but its ability
to produce antibodies is frequently decreased due to lack of T cell help. Serum isotypes
develop in the order they develop in children, IgM followed by IgG within one year after
HSCT, although levels of some 1gG (IgG2 and 1gG4) and IgA can remain low for years post-
transplantation”® especially in patients suffering from chronic GVHD. Moreover, re-
vaccination is sometimes necessary.
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4.1.5 Immune reconstitution syndrome

Little is known about immune response to polyomaviruses in humans, although
polyomaviruses in humans have been mainly studied in different contexts of
immunosuppression (described above in section 3.3).

However, as early as in 2000, just before | started with my studies in this thesis, Isabelle
Binet et al. suggested that the pathogenesis of late-onset hemorrhagic cystitis complicating
allogeneic HSCT corresponds to a sequence of events reminiscent of an immune
reconstitution syndrome. The authors assumed that “a sequence of events might be required
such as urothelial injury by the conditioning procedures including Bu, Cy, acrolein, and TBI,
followed by high-level BKV replication during the immunodeficient phase and subsequently
an exacerbated inflammatory response with reconstitution of the cellular immunity, which is
consistent with the late onset hemorrhagic cystitis”. Moreover, this model can easily be
accommodated with other contributing or substituting antigens such as cytomegalovirus and

adenovirus®%.

4.1.6 Infectious complications of HSCT

Infections are among the most important causes of morbidity and mortality after HSCT.
According to Marty and Rubin?’ three factors should be considered in the context of
transplantation: Exposure, Darwinian competition at a specific site, and the status of immune
suppression. Exposure can be environmental (community or hospital exposure) or
endogenous (previous colonization, central and peripheral venous lines, disruption of
mucosal membranes). The presence of particular organisms at a given site is the result of a
selection process among different microbial species, so called the Darwinian competition.
Additionally, in the specific context of HSCT two major determinants are involved: the rate
at which bone marrow and immune reconstitution occur, and whether or not significant
GVHD is occurring. In fact, the use of intensive GVHD prophylaxis (in vitro or in vivo T-cell
depletion or pharmacological prophylaxis) complicates the situation because it is associated
with an impaired post-transplant immune reconstitution, which increases the risk of
infections, as well as the reduces the GVL effect leading to increased relapse rates’®. In this
paragraph, | will detail the dynamics of engraftment before describing some viral
complications after HSCT

4.1.6.1 The different engraftment phases

The timetable of infection for HSCT patients receiving MC can be divided into 3 phases (see
also figure 3) the immediate post-transplant period, the intermediate post-transplant phase,
and the late transplant phase. For patients receiving RIC these periods are more blurred.

The immediate post-transplant period (pre-engraftment phase) defined as days 0 to +30,
coincides or overlaps with the agranulocytic phase. Common infections during this period are
e.g. those with gram negative Escherichia Coli, Klebsiella pneumoniae and Pseudomonas
aeruginosa, and gram positive Coagulase negative staphylococci, Staphylococcus aureus and
streptococci, as well as other aerobic bacteria®®??°. Notably, to prevent infections,
prophylactic fluoroquinolones and systemic antifungals are administred.
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Figure 3.

Timetable of infection after HSCT. Infections are graphed in relation to evolving underlying host defects
during the transplantation process. The risk density is represented by the bar underlying a specific pathogen(s).
*Highlights microorganisms for which an established antimicrobial strategy is commonly used in clinical
practice. HHV6, human herpesvirus-6.

©Wiley-Blackwell, Marty and Rubin 2006

Later, during the intermediate post-transplant phase (post-engraftment phase), from day +30
up to approximately three months after HSCT, there is a lower risk for bacterial and fungal
infections. This risk may however persist in the presence of GVHD, due to additional
suppression of immune function. Nevertheless, during the intermediate post-transplant phase,
T cell function is still poor and associated with high risk of viral infections such as
cytomegalovirus and adenovirus, as well as BKV, and Aspergillus or other moulds®® . Again,
the situation is worsened by GVHD?', EBV-reactivation, and EBV-PTLDs. In addition, all
through the aplastic period, fungal infections (mainly caused by Aspergillus and Candida
species) and reactivation of herpes simplex virus (HSV) in seropositive patients might also
occur.

During the late post-transplant phase, after day +100, patients are at low risk of serious
infection, unless they have ongoing cGVHD *. Infections are more often due to varicella
zoster virus (VZV), community-acquired infections, or in patients with cGVHD, recurrent
bacterial infections especially pneumococci and other bacteria having a polysaccharide
capsule?¥2®,

4.1.6.2 Viral infections after HSCT

In principal, all latent virus infections may potentially be reactivated after HSCT. They may
be life threatening, especially when affecting lungs, liver or CNS. Examples of viral
reactivations and infections under HSCT are e.g. those with Herpes viruses: CMV especially,
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but also HSV, VZV, HHV-6, and EBV; Infections with viruses of the respiratory system:
adenoviruses, Influenza A and B, Parainfluenza, Respiratory syncytial virus,
Metapneumovirus, and enteroviruses; BKV reactivation is also common, and it is possible
that also reactivation of other polyomavirus and papillomavirus infections occur.

CMV primary infection occurs in 80% of the general population and gives rise to a cell
mediated immune defence. While CMV is relatively non-pathogenic in healthy individuals, it
is a major cause of opportunistic disease in humans with impaired cellular immunity. In these
hosts, CMV can cause multi-organ disease including pneumonitis, chorioretinitis, hepatitis,
gastrointestinal disease, myocarditis, meningoencephalitis, endocrinal impairments, as well as
cutaneous manifestations.

In the context of allogeneic HSCT, the period between engraftment to day +100 after SCT,
characterized by deficiency of the cellular immunity, is the classical phase for reactivation of
CMV. Since almost all patients will reactivate CMV after HSCT and up to one third develop
symptomatic infection, CMV disease causes high morbidity and mortality in HSCT, and is
one of the most important obstacles in successful transplantation*®?%. Especially, CMV
seronegative patients receiving a CMV+ donor can, if left untreated, develop a life-
threatening disease.

Therefore the intensive attempts to find effective treatment against CMV disease were made
from the very early successful HSCTs. Today, the recommendations are the use of
chemoprophylaxis, pre-emptive therapy (early treatment of CMV infection before the
occurrence of CMV disease) or treatment of symptomatic CMV infection, when the risk of
development of CMV disease is high, in immunosuppressed patients’. More specifically, it
is recommended that a seronegative patient should not receive a graft from a CMV+ donor if
possible, but there is no clear evidence that a seropositive patient would benefit more from a
seronegative donor than from a seropositive one. Pre-emptive treatment strategies, based on
PCR-surveillance of CMV, have greatly reduced the risk of fatal disease. Most currently used
antiviral agents active against CMV are nucleoside analogues (Acyclovir, Valacyclovir,
Ganciclovir, Foscarnet and Cidofovir). Recently, the generation of CMV-specific T cells or
CMV-primed dendritic cells can be potential alternatives to antiviral treatment strategy’>.

EBV is latent in B lymphocytes, in the blood and the marrow of most adults. Most children in
the developing world get an asymptomatic primary infection within the first 3 years of life,
whereas in the Western world, half of the population acquires the virus in young adulthood
with an infectious mononucleosis®.

In the context of immunosuppression, EBV-reactivation occurs, in organ transplantation, but
also in HSCT, especially with T-cell depletion®*®?*2, When T-cell recovery is delayed, the T-
cell surveillance is absent and EBV has the propensity to drive B-cell into uncontrolled
proliferation, which is called the post-transplant lymphoproliferative disease (PTLD) and is a
life threatening condition®?®. The disease presents with fever, adenopathy or non-specific
symptoms and, occasionally, with acute systemic disease. Generally most PTLDs arise within
one year after transplantation”®. PTLD incidence is generally less than 1% for allogeneic
HSCT recipients but this can rise dramatically among patients receiving T-cell depleted grafts
(in vitro depletion) after SCT?*. The depletion of the graft B cells in some protocols have
markedly reduced the risk of PTLD?**. Another therapeutic approach is to restore EBV

immunity by adoptive transfer of EBV-specific cytotoxic T-cells?*.
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BKV reactivation is observed as viruria and viremia mostly in immunosuppressed patients,
but it can, as mentioned above, also be observed in the urine of healthy individuals (see
section 3.3.1). In the context of HSCT, BKV reactivation is frequent, since the life long
persistence is 72-98% (paragraph 3.2) and seen the first 100 days after HSCT as viruria in
patients, both with and without HC. Clinical manifestations of BKV are almost exclusively
late hemorrhagic cystitis (see paragraph 4.2), but in some sporadic cases transient hepatic
dysfunction***?*" pneumonia 28, and meningo-encephalitis %*°, have been reported.

Adenovirus reactivation has also been reported after HSCT and represents a well-known
cause of disease in these patients. It is associated with gastroenteritis, hepatitis as well as in
disseminated disease, especially in children”. Adenovirus disseminated disease is most
commonly seen following conditioning regimens that include in-vivo or ex-vivo T-cell
depletion®®. Strict isolation of patients with viral gastroenteritis is mandatory nowadays
within HSCT units in order to decrease the risk of epidemic diffusion. In addition, adenovirus
has been associated with HC (see section 4.2.4)
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4.2 HEMORRHAGIC CYSTITIS
4.2.1 Definition

Hemorrhagic cystitis (HC) was originally observed as a self-limited disease occasionally seen
in children as well as adults, characterized by sudden onset of haematuria, dysuria, frequency
and supra-pubic pain. It must be differentiated from serious renal disorders, as well as from
urinary tract infections, which are characterized by bacteriuria.

However, in different contexts like e.g. HSCT, HC seems to differentiate into distinct entities.
Today, it is generally recognized that toxic HC (also called early onset HC) occurs within 24
to 48 hours after treatment with Cy, or other immunosuppressive agents with bladder toxicity
such as Bu, ifosfamide, etc. A different entity is late onset HC, occurring from one week to 3
months after HSCT, and assumed to have an infectious origin.

Clinically, HC can be graded from I to IV, from microscopic (grade 1) /macroscopic
hematuria (grade Il) - to painful blood transfusion depending cystitis — to severe painful
cystitis with clotting (grade 111) — to obstruction of the urethra due to clotting and urosepsis
(grade 1V) with high mortality®™".

4.2.2 From idiopathic to viral origin

Historically, the aetiology of HC remained vague until the end of the 1960s, when virus
isolation procedures became more widely used in the study of urinary-tract disease.

In 1968, Numazaki et al. reported for the first time the presence of a viral agent in the urine
of eleven immunocompetent (non HSCT) children suffering from HC®2 These results were
confirmed, with adenovirus 11 and 21 2%%®,

It was in 1976 that Hashida et al. first raised the issue that another virus could cause HC, after
the observation by electron microscopy of papovavirus-like particles in the nuclei of cells
from the urine of an immunocompetent boy with HC **. At that time, papoviruses had just
recently been identified ®%°%% byt never associated with any clinical manifestations.
Therefore in their report Hashida et al. could not eliminate the idea that the viral particles
came from a passenger virus with no etiologic significance for HC.

It was not until 1982 that Mininberg et al. described the first cytopathic effect in the nucleus
of cells typical for polyomaviruses in the urine of a 3-year-old boy with non-hemorrhagic
cystitis®. Padgett et al. inoculated the urine onto primary human foetal glial cells, known to
support the multiplication of polyomaviruses, adenoviruses and cytomegalovirus, all with
distinguishable cytopathic effects, and could identify BKV®.

4.2.3 Drug-associated Hemorrhagic cystitis

HC has also been observed after treatment with some drugs. HC has particularly been well
described after treatment with cyclophosphamide, a cytotoxic alkylating agent, developed by
Arnold and Bourseaux in 1957°° and which has been in use for treatment of neoplastic
disease since 1958. The bladder damage due to this drug has been recorded in man since
1960. The usual picture is the development of haematuria, dysuria within 24 to 48 hours of
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large intravenous infusions of the drug, and these side effects last four to five days and
subside spontaneously. Cases of severe and prolonged bleeding are rare, and therefore the
serious and even lethal potentiality of this complication is not generally appreciated.
Nevertheless, they do occur®®%? with some reports of fatal cases®®"?*’. Interestingly, Hutter
et al. reported that severe and prolonged HC developed in only a few patients on long-term
Cy therapy, suggested the possibility of alternative factors predisposing patients for the

development of HC in the discussion®®*.

In 1969 a case of severe hemorrhagic cystitis following Cy administration was reported, with
the detection of CMV inclusions in the bladder”®®. Although the presence of CMV appeared
to be incidental, the authors raised the possibility that CMV could enhance the susceptibility
of the bladder to the effects of the drug. In fact the outcome of “sterile” hemorrhagic cystitis
was a common finding with the wider use of Cy, in 2 to 40 % of the patients.

4.2.4 Hemorrhagic cystitis in the context of HSCT

After having covered this extensive but rather necessary background on allogeneic HSCT as
well as some historical data about HC, in general, | would like to go more in detail in the
section below regarding the association of BKV with the HC occurring during the
intermediate post-transplantation phase.

4.2.4.1 Different viral etiologies

As | discussed earlier, the definition of HC has been deployed over time with the discovery of
a variety of viral agents in the urine of the patients presenting the so-called “sterile or bacteria
free” hemorrhagic cystitis.

With more broad use of allogeneic HSCT, CMV infection was observed as one of the major
complications and clinicians started to follow the shedding of the virus in the urine of all
patients post-transplant as a routine screening. At the Royal Postgraduate Medical School, all
urine specimens were inoculated into human embryo lung fibroblasts®®®. The observation by
Rice and Bishop of an unusual cytopathic effect in four cases led to the identification of BK
virus, with the detection of a large number of viral particles in electron-microscopy. This
clarified an earlier report by O’Reilly who observed papovavirus particles in the urine of
bone marrow recipients?®”’. The same year, Arthur et al., confirmed these results in urine
using DNA hybridization for detection of BKV viral DNA and a double-antibody indirect

enzyme-linked immunoabsorbent assay (ELISA) for detection of BKV viral capsid protein®”.

The association of BK virus with HC in the context of BMT was first studied in more detail
by Arthur et al.**%: in a prospective study, they cultured urine of BMT patients with the aim to
follow viruria, i.e. with the possibility to isolate CMV, adenovirus as well as BKV. BKV was
detected in at least one urine specimen from 25/53 (47%) recipients of BMT. Among the 38
recipients of allogenic BMT, HC was observed in 71% of the 21 patients excreting BKV,
versus 24% of the 17 patients with BKV negative urine (the urines were examined for the
presence of BKV by ELISA and DNA hybridization assays). BKV was hence associated to
HC in 16/18 cases where the disease was adequately characterized. One HC case was linked
to adenovirus 11, and 3/6 patients with CMV in their urine also had HC. Today, it is known
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that 50-100% of all allogeneic HSCT patients show reactivation of BKV as BK-viruria
between 14 days and three months after HSCT, and 6-40% of these patients develop HC ***
Y1 However, it is not easy to predict which patients will develop HC and if HC will take a
mild or serious course.

Since adenovirus is the most common cause of viral acute HC in childhood, it could also be a
major cause of HC after BMT. As reported earlier, outside of the context of BMT, the finding
of adenovirus in the urine of patients with acute HC was more common in Japan compared
with reports from USA (see paragraph 4.2.2). Indeed, also in the context of BMT, Japanese
authors®’*?"? found adenovirus in urine more often than others®’*?". Notably, Childs et al.
could show an increased rate of adenovirus associated HC in a population of T cell-depleted

allogeneic BMT recipients®'®.

Cytomegalovirus induced HC is very uncommon although CMV is a major cause of
morbidity and mortality after HSCT and has various other clinical presentations (see
paragraph 4.1.6.2). In the literature, one can read occasional case reports’ "2’ and a single
cohort study 2”°, which unfortunately did not follow BKV reactivation.
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5 POLYOMAVIRUS IN CANCER

In 1976, Padgett and Walker wrote: “[Since] BKV and JCV [are] viruses that infect children
at early age, infect a large portion of the human population, infect deep organs and tissues,
and are representatives of a tumour-producing family of viruses, it is necessary to investigate
the possible role of these viruses in the aetiology of human tumours”. Today similar features
are described, step-by-step, for the newly discovered KIPyV, WUPyV and MCPyV, and
therefore it is, for us, equally important to investigate the possible role of these viruses in the
aetiology of human tumours. This causal relationship will now be discussed in the second
part of this thesis.

5.1 TUMOURS OF THE CENTRAL AND PERIPHERAL NERVOUS SYSTEMS
5.1.1 Childhood brain tumours overview
5.1.1.1 Epidemiology

Central Nervous System (CNS) tumours are the most common solid tumours in children and
account for 27% of all childhood malignancies, second only to leukaemia”®. More than 50%
of all childhood CNS tumours are gliomas and, in contrast to adults, most childhood gliomas
are classified as low grade. Notably, childhood high-grade gliomas differ biologically from
those occurring in adulthood®".

Figure 4. Glioblastoma multiforme, the most malignant paediatric CNS tumour.

They vary in type, location and growth rate, and cause therefore different symptoms that also
depend on the age of the child. The acute symptoms often reveal a hydrocephalus. Thus, a
specific diagnosis is difficult. The exact localisation and some important diagnostic features
of CNS tumours are established through imaging of the brain e.g. by a computed
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tomographic examination or magnetic resonance imaging, but the tumour type is usually
established by histopathology even though the pathologist might be wrong since he is only
looking at a very small area of the tumour.

Treatment depends on the size, location, expected growth rate of the tumour and the age of
the child, and consists mainly of surgery, radiation therapy and chemotherapy. A few
experimental therapies may be offered in the context of clinical trials at large hospitals. The
survival of children with CNS tumours varies depending on the diagnosis, but also on the
therapeutic tools available. Relative survival probability is the lowest for patients who have
high-grade gliomas (including, in children, glioblastoma multiforme and anaplastic
astrocytoma).

Nonetheless, the cause of CNS tumours in children is virtually unknown, the only established
risk factors remain exposure to therapeutic ionizing radiation, rare mutations of penetrant
genes (including the tuberous sclerosis complex, neurofibromatosis types 1 and 2, and
familial history)®®2. If viruses contribute to the development of some tumours types,
vaccination could eliminate some of these tumours in the future and immunotherapy could be
an option for treatment.

5.1.1.2 International Classification and dominant types

CNS tumours are classified, on the basis of histopathology, into the following major six
groups: Astrocytomas, Ependymomas, Medulloblastomas/PNET, Other Gliomas, Other
specified neoplasms, and Unspecified intracranial and intraspinal neoplasms. In children,
medulloblastoma/PNET is the most common malignant CNS tumour, followed by pilocytic
astrocytoma, a low-grade astrocytoma. | will only detail below the most common types.

Table 1. Relative frequencies of CNS tumours in Sweden between 1984 and 2005

CNS tumours Diagnostic groups* VCTB
1984-2005**

Ependymoma 10.5%
Astrocytoma 44.6%
Medulloblastoma/PNET 18.8%
Other Gliomas 10%

Others specified neoplasms 13.5%
Unspecified intracranial/intraspinal neopl. 2.5%

* according to the “classification scheme for childhood cancer” (Birch and Marsden®)

** from the Swedish Childhood CNS Tumour Working Group (VCTB) (Lannering et al )
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Ependymomas are mostly tumours from the posterior fossa and account for 10% of
childhood CNS tumours®. In therapy, gross total resection is crucial with a significant
impact on survival. Therefore second-look surgery can be needed and is warranted. As a
complement, focal radiation to primary tumour bed is part of the “standard of care”.
Chemotherapy can be useful in very young children to avoid radiation. Unfortunately, half of
the patients diagnosed will experience relapse, and surgical resectability is also for them the
first modality to be explored.

Medulloblastomas/PNET represent the most common malignant brain tumour in children
(15-20% of all childhood brain tumours) and reaches a peak incidence between 5 and 7 years
of age?®. Medulloblastomas are midline tumours that arise from one of the cerebellum’s two
germinal zones —either the ventricular zone or the external granular layer®®’. Primitive Neuro-
Ectodermal Tumours (PNET) are similar tumours occurring in all other locations. Treatment
for medulloblastoma and PNET consists of total resection by surgery, usually followed by
craniospinal radiation therapy associated with chemotherapy during and after radiation.

Gliomas are the largest group of childhood CNS tumours and are classified into low-grade
and high-grade gliomas. Additionally, brainstem gliomas are much more frequent in children
and may represent a distinct biological entity”®. Low-grade gliomas cover the majority of
childhood CNS tumours (35-40%) and are often found in the posterior fossa, but they can
also be supratentorial and located in the optic tract or hypothalamus. The predominant type is
pilocytic astrocytoma from the posterior fossa (25% of childhood CNS tumours). Notably,
the optic/chiasmatic gliomas can be associated with Neurofibromatosis while subependymal
Giant cell astrocytomas are part of the Tuberous Sclerosis syndrome. The treatment starts
with surgery if possible, and chemotherapy or radiotherapy depending on the age. High-
grade gliomas comprise, in children, anaplastic astrocytomas and glioblastomas, and
represent 8-10% of all paediatric CNS tumours. They are mainly supratentorial, and
aggressive, with a poor prognosis. Therapeutic strategies combine surgery, chemotherapy and
radiation. Brain stem gliomas (included in the Other gliomas group) arise in the central area
of the brain and account for 10-20% of childhood CNS tumours. The majority are diffuse
pontine gliomas with a median survival time of shorter than one year. They are difficult to
treat since surgical removal is not possible, and conventional radiotherapy is therefore the
standard treatment. The combination with anti-angiogenic therapy might be used in
experimental protocols.

5.1.2 Neuroblastoma overview

Neuroblastoma is a malignant embryonic tumour of the neural crest cells, most common
among children less than 1 year of age worldwide. Each year, approximately 1500 cases
occur in Europe and 700 in the USA and Canada®®®, accounting for about 28% of all cancers
diagnosed in European and US infants, and for 5,5% of all childhood cancers, being the most

common extra cranial solid tumour inchildhood after lymphomas®®.

The neural crest cells arise in the third to fourth week of embryonic development and some of

these cells differentiate and migrate to create the sympathetic nervous system.
Neuroblastomas may arise anywhere along the sympathetic nervous system, but are found
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most frequently in the adrenal glands (approximately 40% of tumours) or elsewhere in the

abdomen, chest, or pelvis?®.

The diagnosis of neuroblastoma is based on the tumour biopsy that is useful for determining
genetic aberrations, which have to be taken into consideration for the therapeutic decision.
For low risk tumours surgical resection may be curative and for some tumours even
observation alone could be the best approach. Children with high-risk disease need a
multimodal therapy with intensive induction chemotherapy followed by an attempt to radical
surgery and irradiation of the primary tumour to achieve local control, even though they have
a poor prognosis®®°.

5.2 TUMOURS OF THE SKIN

The skin is the outside barrier of the body to the environment and the first organ to come in
contact with infectious agents. Some of these infectious agents, such as e.g. some types of
human papillomaviruses and herpesvirus 6/8 are associated to different types of cancer in the
skin, e.g. non-melanoma skin cancer in Epidermodysplasia Verucciformis and Kaposi
sarcoma 2**#* Recently, Yuan Chang and Patrick Moore and their team, who discovered
HHV-8 in Kaposi sarcoma in 1994, identified MCPyV in MCC, a skin carcinoma of
neuroepithelial origin®’.

Today it is known that the skin is the main site of latency for many more types of
papillomaviruses® and since this family is closely related to the polyomavirus family, it is
possible that we, with the increase of the sensitivity of the molecular techniques, may detect
more polyomaviruses in the skin. The known neurotropism of MCPyV in MCC has oriented
my interest in studying a possible relationship between mucosal melanoma, which are not
primarily caused by Ultraviolet (UV)-light exposure, and polyomaviruses.

5.2.1 Merkel cell carcinomas

Two well known factors are important for the development of MCC, an uncommon and
aggressive skin cancer: UV-light exposure and age, with 90% of the patients being over the
age of 507, Moreover there is a striking epidemiologic association between
immunosuppression and MCC, chronically immunosuppressed individuals have 15 times the
risk of age-matched controls to develop this cancer™®. Interestingly there are several reports
of MCC regression following restoration of immune function®®*%,

Very recently the discovery of a new polyomavirus in MCC*" has opened up new avenues for
polyomavirus research and also new therapeutic possibilities for MCC like anti tumour-
vaccines. In fact the incidence of MCC has tripled over the past 20 years because of
improved detection and a rise in the number of elderly and immunosuppressed individuals
who are at risk®”.

Today, significant observations suggesting that MCPyV contributes to the development of

MCC (detailed below in paragraph 5.3) coexist with arguments against an essential role for
MCPyV in MCC oncogenesis'®>2%3%.
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5.2.2 Mucosal melanomas

The single most important factor for the development of malignant melanomas of the skin is
UV-light radiations. In addition, numerous other risk factors or cofactors have been
demonstrated, such as, e.g., hereditary/familial predisposition, a large number of nevi, the
skin phenotype, and the hair and eye colours®*. However, UV radiation presumably cannot
be responsible for some subgroups of cutaneous melanomas on body surfaces more or less
sheltered from the sun, such as the acral lentiginous melanomas of the palms, soles, and sub-
ungual areas. Moreover, melanomas can appear on body surfaces completely sheltered from
the sun, e.g., mucosal membranes of the sinonasal cavity, the anus-rectum, the vulva-vagina,
and the penis. Some other interesting features that raised our interest are their questioning
density and their age-standardized incidence. These melanomas, sometimes named
extracutaneous melanomas, are rare in absolute numbers compared to the cutaneous
melanomas, but are similar to them if density (i.e., the average number of tumours per square
unit of body surface area) is taken into account’®’. Moreover, the density of ano-rectal
melanomas density has been shown to be higher than that of cutaneous melanomas on
average®®. They also have a high age-standardized incidence, with age peaking at 75-84
years in both genders in primary ano-rectal malignant melanomas®®, and with 75% of the
patients with vulvar melanoma and 73% with vaginal melanoma being older than 60 years of
age®™, thus being a pathology of the elderly. Finally, melanocytes are embryologically
derived from the neural crest and migrated to the basal layer of the epidermis, and this
neuroepithelial origin is of particular interest in relation to the neurotropism of polyomavirus
in humans.

Figure 5. Primary ano-rectal malignant melanoma. Courtesy of Dr PJ Nilsson

Additionally, there are biological differences between cutaneous and extracutaneous
melanomas and it is possible that by comparing extracutaneous melanomas with cutaneous
melanomas, we may find non-UV-light-associated factors or cofactors in melanoma genesis.
Viruses could be such factors. It is possible that DNA viruses are associated with melanoma
genesis, even if this is so far has been extremely difficult to demonstrate. In previous reports,
we have investigated whether HPV or any of the eight viruses of the human herpesvirus
group were present in more than 40 extracutaneous melanomas. No HPV DNA-positive
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melanoma was detected, although different general primers and several type-specific primers
were used, and only two herpesvirus-positive melanomas were detected, indicating that
neither HPV nor viruses of the herpesvirus family are major etiological agents for
extracutaneous melanomas®>>®. In this thesis we have analysed for the presence of all 5
human polyomaviruses in extracutaneous melanomas.

5.3 INVITRO AND IN VIVO EVIDENCE

SV40, BKV and JCV can cause tumour transformation in experimental animals.
Furthermore, in all these cases, there is evidence of viral gene expression®”, suggesting that
the viral products are of importance for the transformed state. However, integration of the
virus is not always necessary for transformation.

JCV has a unique tropism for replication in glial cells and its replication in humans causes a
fatal demyelinating disease of the central nervous system, PML, where the death of
oligodendrocytes leads to development of focal areas of progressive demyelination'*. Three
decades of research demonstrated the ability of JCV to transform cells in culture, particularly
cells of glial origin including human fetal glial cells and primary hamster brain cells*®. In
laboratory animals, many studies have established the highly oncogenic potential of JCV.
Moreover, JCV is the only human polyomavirus that induces solid tumours in non-human
primates. JCV inoculation intracerebrally, subcutaneously, or intravenously, induces
astrocytomas, glioblastomas and neuroblastomas in owl and squirrel monkeys®***3", as well
as glioblastomas, medulloblastomas, pineocytomas, and other neuroectodermal tumours
when inoculated intracerebrally, intraperitoneally or subcutaneously into newborn Syrian
hamsters 2. In transgenic mice, JCV T antigen expression induces adrenal
neuroblastomas™®, neuroectodermal tumours®’, pituitary gland tumours®*%,

In humans JCV has also been found associated with CNS tumours in patients without PML.
More specifically, the DNA sequence of JCV as well as expression of JC viral oncoprotein T
antigen, LT, was demonstrated in the brain of an immunocompetent patient with
oligoastrocytoma®®, and in the brain of children with medulloblastomas®?. However, there
are numerous reports, where JCV has not been found in tumours of the CNS, including a
recent comprehensive investigation by Rollison et al.**, and so far, the evidence is not
sufficient to conclude that there is an increased ability of the virus to enter and/or replicate in
pathological brain tissue, or that JCV indeed contributes to the process of transformation or

neoplastic progression in humans®,

BKV is also highly oncogenic in young or newborn mice, rats and hamsters, inducing
ependymoma, neuroblastoma and pineal gland tumours **. In humans, there are conflicting
reports about the role for BKV in the aetiology of brain tumours, where the use of PCR to
enhance assay sensitivity must lead to extreme care in interpretation®”. Rollison et al.
addressed this question by a parallel investigation of 225 brain tumours in two different
laboratories: one laboratory found 3 BKV positive samples with PCR followed by Southern
blot analysis, while the other reported no BKV-positive samples by real-time PCR indicating
that BKV does not play a major role in human brain tumours®. In a similar way, a possible
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role for BKV in the aetiology of embryonal neuroblastomas of the sympathetic nervous
system was suggested®?* but could not be confirmed*®*“.

With the discovery of MCPyV in 2008, for the first time a strong association between a
human cancer of neuroepithelial origin and a polyomavirus was demonstrated and later
confirmed by several groups®”***'121%5183  The presence of MCPyV in MCC, its
integration®”*® and its clonal mutation in the C-terminal region of the LT* have been
demonstrated. The presence of MCPyV, thus merits further investigation both on the
epidemiological and in vitro level in order to conclude a direct oncogenic role of this
polyomavirus.

So far KIPyV and WUPYV have not been associated to human diseases. As members of the

polyomavirus family, all three viruses can however be potentially oncogenic and this
compelled us to investigate for their presence in human tumours.
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6 AIMS

Our ultimate aim is to understand, prevent and cure tumour development and disease
associated to polyomavirus infection in humans.

For this purpose we have worked in two directions, on the one hand on the role of BKV in the
risk for the development of HC in allogeneic HSCT patients, and on the other hand on the
human polyomaviruses detection in cancer, with focus on the following aims.

» To identify factors that, together with BK virus infection increase the risk for
development of hemorrhagic cystitis in allogeneic HSCT patients, in order to target
patients at risk who could receive early treatment to prevent the disease (Papers I, 1l
and I11).

* To examine if the newly discovered members of the Polyomaviridae in humans are
associated with tumour development (Papers IV and V).
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7 PATIENTS, MATERIAL AND METHODOLOGICAL
CONSIDERATIONS

7.1 ALLOGENEIC HSCT PATIENTS

In this thesis, 175/269 (65%) successive allogeneic HSCT patients, undergoing 179 HSCT
events, accepted to participate in this study®. The prospective patient collection started in May
2002 and ended in December 2006 at the Karolinska University Hospital Huddinge.

During this study, in order to collect data regarding the diagnosis of HC, other infections
post-transplantation and GVHD, | went through the patient files of all 175 HSCT patients.

Donor and Stem cell sources

Haematopoietic stem cells were obtained from bone marrow, peripheral blood or umbilical
cord blood, either from related donors (RD) or unrelated donors (URD) registered in national
or international donor centres. Of the 179 transplantation events, 66 (37%) were performed
with grafts received from a sibling donor (RD), while 113 (63%) were performed with grafts
from unrelated donors (URD), and among them 9 received unrelated cord blood transplants
(UCB). In addition to these nine UCB transplantations, 39/179 (22%) were performed using
bone marrow stem cells (BM) and 131/179 (73%) using peripheral blood stem cells (PBSC).

Conditioning regimen specificities for this cohort

A reduced intensity regimen was given in 108/179 (60%) HSCT events; The most common
protocols were Flu combined with Bu (Slavin protocol) given to patients with myeloid
malignancies, Flu in combination with Cy to patients with solid tumours or CLL, Flu with 2
Gy of TBI given to patients with multiple myeloma, Flu and treosulphan for patients with
non-malignant disorders, and Flu, Cy, and 6 Gy TBI given to patients with lymphoid
malignancies. Notably, all 21 patients in the solid tumour group received RIC.

Myeloablative conditioning (MC) was given in the remaining 71 (40%) HSCT events; 12 Gy
f-TBI with Cy, or Bu and Cy, or BEAM.

Moreover, at the time of the study, all patients receiving a URD graft or a mismatched sibling
donor graft were treated with in vivo T-cell depletion with ATG. Additionally, some patients
transplanted for a myelodysplasic symdrome received alemtuzumab (Campath®).

During the time of this study, Fluoroquinolones (Ciproxin®) were systematically used for all
patients as a preventive therapy against bacterial infection. Adults received 500 mg 1x2,
children over 40kg received 250 mg 1x2, and small children received 100 mg 1x2.

40
* conducted according to permissions 357/01 and 2007/1673-31 from the human research ethics committee of
Karolinska Institutet
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Definition of late onset BKV-associated HC cases

All cases of haematuria, even microscopic haematuria, reported by the patients/paramedical
or medical staff, were recorded on a computerized patient files system (Take Care®), making
it possible to perform a retrospective identification of the HC cases. Thirty-three patients
were initially categorized as having HC. We first eliminated, based on the patients files, all
the other possible causes of acute HC, due to conditioning toxicity, thrombocytopenia,
bacterial infections, adenovirus and CMV cystitis. Twenty-seven patients with HC remained
defined as late onset HC (i.e. > 1 week after HSCT in our study).

Definition of GVHD
GVHD was graded from I to 1V as defined previously in section 4.1.2.1.

Urine samples

Over eight hundred urine samples (1-28 samples/patient) were collected prospectively during
hospitalisation and follow up, from the week of conditioning up to one year after
transplantation.

7.2 MUCOSAL MELANOMAS

Thirty-eight adult patients with primary mucosal melanomas resected at the Karolinska
University Hospital were included in this thesis project . The tumours were paraffin-
embedded and had been previously tested for the presence of papillomaviruses and herpes
viruses®®>3%,

In all, 38 samples were tested with the nested PCR to detect BKV, JCV and SV40, but due to
lack of material only 37 samples could be further tested with the KI- and WUPyV PCR, and
only 36 samples were tested with the MCPyV PCR.

7.3 NEUROBLASTOMAS

Thirty children aged 0 to 11.5 years old, diagnosed between 1991 and 2008 with
neuroblastoma operated at Karolinska University Hospital were included in this thesis
project . Thirty-one fresh frozen neuroblastomas were collected prospectively. More
specifically, one patient had two biopsies from separate manifestations of multifocal

disease®?.

Six tumours had been previously tested for BKV DNA detection®?*. During this study, the
tumors were tested with the KI- and WUPyYV PCR, and the MCPyV PCRs.
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Karolinska Institutet.

™ conducted according to permissions 03-736 and 2007/1253-31/3 from the human research ethics committee
of the Karolinska Institutet
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7.4 CENTRAL NERVOUS SYSTEM TUMOURS AND PATIENT SERA

In all, 25 patients aged 0 to 18 years old with CNS tumours operated between March 2008-
September 2009 at Karolinska University Hospital were included in this thesis project, which
was conducted according to permission 2007/1253-31/3 from the human research ethics
committee of the Karolinska Institutet.

Twenty-five fresh frozen CNS tumours were collected prospectively. In the operation room a
biopsy measuring in average 2x2 mm could be collected from each tumour (a larger material
was sometimes available). Additionally, in 14 cases, pieces from the ultrasound aspirate
could be obtained at the end of the operation. For 18/25 patients blood samples could be
collected at the operation room, or within 1 week after operation, from which sera was
extracted and stored at -20° C.

During this study, in order to follow and collect data, with regard to diagnosis, disease and
patient history, | went through the patient files of all 25 patients with CNS tumours. In
parallel, the tumors were tested with the KI- and WUPyV PCR, and the MCPyV PCRs.

7.5 PCRDETECTION AND SENSITIVITY

BKV and JCV detection

A nested PCR was designed to detect BKV and JCV (papers I-1V) *2°, which inner primers
have been previously described **”. This PCR is also able to detect SV40, and all three
detected viruses give amplicons of similar size. Therefore, in order to differentiate the three
viruses, we performed a cleavage of the amplicons by Hinf I restriction enzyme, as described

previously*?.

P1, P2 and P4 primers had 100% homology with BKV strains MM (V01109), Dunlop
(accession no) and AS (accession no), as well as JCV strain Mad-1 (NC_001699). Notably,
some mismatches for P3 were present with JCV strain Mad-1 (NC_001699) and BKYV strains
MM (V01109). This PCR could detect 30 copies of JCV and 40 copies of BKV in recent tests
(data not shown). All primers were mismatched with SV40 (see table 1), even though we still
could detect this virus (data not shown).

Additionally a real time quantitative PCR for BKV was used in the ABI prism 7700 system,

which could detect 10°to 10° copies®®.

We tested all urine specimens from the HSCT patients without preliminary DNA extraction,
in both PCR assays in Papers | and Il. In Paper Ill, the urine samples of the additional
patients were only tested qualitatively with the Nested PCR. Notably, the Nested PCR
inhibition by urine components was prevailed with the use of two different volumes of
template in each PCR reaction, 2,5 and 5 ul*?. Similarly, in order to avoid the real time PCR
inhibition by urine components, we diluted the urine specimens up to 1:500 before running
them, as suggested by Biel et al.**°,
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Although we have detected dual infection in some samples, we cannot exclude the eventual
competition between BKV and JCV in this assay(data not shown).

KIPyV and WUPyV detection

The PCR used for the simultaneous detection of the related KI and WU polyomaviruses
could detect as few as 10 copies of a KIPyV VVP1 gene containing plasmid corresponding to a
detection limit of <0.001 viral DNA copies/cell genome.

MCPyV detection

For detection of MCPyV we performed a previously established PCR assay using primers
situated outside of the helicase domain and generating an amplicon of 138 bp. With this
assay, 1000 copies of a plasmid, pUC57MC1, containing the corresponding region of LT
could be detected corresponding to a detection limit of <0.1 viral DNA copies/ cell genome.

In addition, we also used a previously established real time quantitative PCR for MCPyV'%®,

where a plasmid control with 2 copies/reaction was reproducibly positive, corresponding to
<0.0002 copies/cell genome.
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Table 2. Sequence of primers used in PCR for detection of BKV, JCV and SV40, KIPyV
and WUPyV, and MCPyV.

Name™® Sequence 5’-3’ Virus Region Position (bp) Genbank accession no.

Nested outer primers*

P-3 GTATACACAGCAAAGGAAGC® BKV LT 2475-24947 V01109 (BKV MM strain)
GTATACACAGCAAAGGAAGC® JCV LT 4179-4198° NC_001699 (JCV Mad-1 strai
GTATACACAGCAAAGGAAGC® SV40 LT 4327-4346" AF316139 (SVV40 776 strain)

P-4 GCTCATCAGCCTGATTTTGG BKV LT 2827-2846
GCTCATCAGCCTGATTTTGG JCV LT 4790-4809
GCTCATCAGCCTGATTTTGG® SV40 LT 4940-4959

Nested inner primers?

P-1 AGTCTTTAGGGTCTTCTACC BKV LT 2551-2570 V01109 (BKV MM strain)
AGTCTTTAGGGTCTTCTACC v LT 4255-4274°  NC_001699 (JCV Mad-1 strail
AGTCTTTAGGGTCTTCTACC® SV40 LT 4406-4425" AF316139 (SV40 776 strain)

P-2 GGTGCCAACCTATGGAACAG BKV LT 2707-2726
GGTGCCAACCTATGGAACAG v LT 4408-4427
GGTGCCAACCTATGGAACAG® SV40 LT 4453-4572

BKV Q-PCR®
BK-S GGGGCGACGAGGAT AAAATGAAGA BKV LT 4994-5017 V01108 (BKV Dunlop strain
BK-AS GCAATCTATCCAAAC CAAGGGCTCTT 4746-4771
BK-probe 6-FamTTTTTGGAACAAATAGGCCATT 4834-4872
CCTTGCAG-TAMRA
KIPyV2263.F TTGGATGAAAATGGCATTGG KIPyV VP1 2263-2282° EF127906
WUPYV VP1 2411-2430 EF444550
KIPyV2404.R TAACCCTTCTTTGTCTAAAATGTAGCC®  KIPyV VP1 2404-2378
WUPYV VP1 2552-2526
MCPyLT1709.F CAGGCATGCCTGTGAATTAGGATG MCPyV LT 1709-1732° EU375803
MCPyLT1846.R TCAGGCATCTTATTCACTCC MCPyV LT 1846-1827

MCPyV Q-PCR*

LT.1F CCACAGCCAGAGCTCTTCCT MCPyV LT 1034-1053 EU375803
LT.IR TGGTGGTCTCCTCTCTGCTACTG 1179-1157
LT probe FAM-TCCTTCTCAGCGTCCCAGGCTT 1065-1086

CA-TAMRA

* First described in Goh et al."®
*First described in Bogdanovic et al *%° 5Site of mismatch with the corresponding virus sequence
*First described in Arthur et al *’

® First described in Priftakis et al.**
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8 RESULTS

8.1 PAPERSI, Il AND I

Paper I: Association between a high BK virus load in urine samples of patients with
graft versus host disease and development of hemorrhagic cystitis after hematopoetic
stem cell transplantation.

Aim. To examine the temporal relationship between HC and BK viruria, viral load, GVHD,
and conditioning regimen, in a pilot study.

In this first study (Paper 1), a pilot study with 31 patients, we collected 170 urine samples
between 1-360 days after HSCT and analysed for BK-viruria and viral load. BKV viral load
was followed at different time points after HSCT. Furthermore, we separately examined
patient files to identify which patients developed HC and which factors were associated to the
development of HC. HC patients and grading of HC were defined as described above (see
section 7.1) and GVHD was assessed and graded as described above (see sections 7.1 and
4.1.2.1).

Of the 31 patients, 17 (10/18 children and 7/13 adults) excreted BKV in their urine (55%), of
which 6/17 (3/10 children and 3/7 adults) developed HC. In addition, we could show that
BKV DNA and particularly >10° BKV copies/pl of urine occurred prior or adjacent to HC
and was predictive for HC (p=0.01). In addition, the presence of BKV together with GVHD
prior to HC has a predictive ability for HC (p=0.02).

We concluded from the above data that a high viral load together with GVHD prior or at the
time of HC could be indicative of a risk for development of HC.

Paper I1l: The incidence of hemorrhagic cystitis and BK-viruria in allogeneic
hematopoietic stem cell transplanted patients according to the intensity of the
conditioning regimen.

Aim. To confirm the results from the pilot study above, and examine for additional risk
factors in an extended study.

To confirm our data and also examine the influence of conditioning and donor source the
study was later expanded to include 90 patients (Paper I1), counting the 31 patients described
previously. In total 300 urine samples, including the 170 samples described previously, were
collected and analysed for BK-viruria and viral load. The results were correlated to patients’
data, including the conditioning regimen, the donor source and patient history of GVHD and
HC. HC patients and GVHD were defined as in Paper I.
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Forty-seven (52%) patients received MC and 43 (48%) RIC. Fifty-eight (64%) patients had
an URD and 32 (36%) had a RD. HC developed in 15 (17%) patients and 39 (43%) patients
excreted BKV in their urine. We confirmed that BK-viruria and >10° BKV copies/ul urine
were more common in HC patients, than in non-HC patients (p=0.008 and p = 0.001,
respectively).

Despite our previous findings (Paper 1), there was no difference in the frequency of acute
GVHD in patients with HC and without HC, or in patients receiving RIC and MC, or in
patients receiving RD and URD graft. Furthermore, there was no difference in the risk for
having a viral load >10° BKV copies/ul urine for patients receiving RIC and MC or in
patients transplanted with RD and URD. However, we noticed that none of the 16 patients
transplanted for the treatment of non-hematopoietic solid tumours developed HC, and none of
them had received a MC, bringing our attention to conditioning as a risk factor for HC.
Indeed, BK-viruria and HC were less common in patients receiving RIC compared to patients
receiving MC (p = 0.01 and p=0.004 respectively). In addition HC was less common in
patients receiving RD as compared to patients with URD grafts (p=0.02).

We thus concluded that patients presenting BK viruria, receiving a transplant from an URD
or receiving MC had an increased risk for developing HC.

Paper Ill: Haemorrhagic cystitis and BK-viruria are more frequent in allogeneic
haematopoietic stem cell transplanted patients receiving full conditioning regimen and
unrelated HLA mismatched grafts.

Aim. To examine the impact of recipient-donor HLA matching on HC development.

In continuation, together with the influence of conditioning regimen and the donor
background, we also wanted to examine the impact of HLA matching in HC development
(Paper 111). For this purpose we followed 175 allogeneic HSCT patients, including most of
the 90 patients from Paper Il, undergoing 179 HSCT events. In this study altogether 71
(40%) HSCTs were performed with MC and 108 (60%) with RIC. Sixty-six (37%) HSCTs
were performed with RD grafts and 113 (63%) with URD grafts, of which 9 were UCB.

Since this paper describes all HSCT patients included in this thesis a more detailed
description of our results is presented here.

HC events

In all, 27 patients (15%) developed HC between 9-158 days after HSCT, of which 26 cases
occurred during a first HSCT event, and one during the second HSCT. Moreover, most
patients (70%) had severe HC grades (lII or V), while moderate HC (grade II) was
documented in 30% of the patients.

BK-viruria

BK-viruria was observed after 83/179 HSCT and occurred primarily during the first 6 months
after HSCT. BK-viruria was more common after MC as compared to using RIC (p < 0.001)
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and when having a HLA-mismatched donor (p < 0.01), but there was no difference between
HSCT performed with RD and URD grafts.

HC and BK-viruria and other factors such as conditioning, donor source and
HLA

BK-viruria was determined in 23/27 HC events and BK-viruria during the first 6 months after
HSCT was more common in HC patients than in non-HC patients (p<0.0001). Moreover,
most HC patients, i.e. 89% (24/27) of all, and 90% (21/23) of those with BK-viruria,
developed HC within the first 2 months after HSCT.

HC was more frequent during HSCT performed with MC than with RIC (p<0.0001). And
having a URD rather than an RD graft was more common (p<0.05) in the HC patients group.

In addition, having a HLA-mismatched donor was also more frequent in patients with HC
than in patients without HC (p<0.05). There were too few cases to make any additional
correlations, but some tendencies could be observed. More specifically, a graft with a major
HLA (HLA-A*, -B*, or DRB1*) mismatch was more common in HC cases (7/27, 26%) than
in HSCT events without HC (15/152, 10%) (p=0.054), whereas having a minor HLA (HLA-
C*, -DQA*, -DQB*) mismatch did not make any difference between the two groups.
Furthermore, neither HLA class-I mismatches (HLA-A*, -B* and —-C*) nor HLA class-11
mismatches (HLA-DRB1*, -DQA*, -DQB*) were significantly associated to the occurrence
of HC (data not shown).

Summarizing the above, in a multivariate logistical regression analysis, we found that
significant independent risk factors for HC were BKV (OR 6.7; 95% CI 2.0-21.7; p = 0.001),
MC (OR 6.0; 95% CI 2.1-17.3; p < 0.001) and URD (OR 3.4; 95% CI 1.1-10.6; p = 0.03),
while male gender again had a borderline effect (OR 2.8; 95% CI 0.95-8.4; p > 0.06).

Since the use of an URD graft was a risk factor for HC, we also constructed multivariate
models separately for patients receiving RD or URD grafts. In patients receiving URD grafts,
BKV (OR 5.5; 95%CI 1.6-18.3) and MC (OR 4.4; 95% CI 1.4-13.2; p = 0.009) increased the
risk for HC in patients, while no factor was identified increasing the risk for HC in patients
receiving RD grafts.

Figure 6. Independent risk factors for Hemorrhagic Cystitis
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To conclude, BK-viruria was correlated to HC, and an increased risk for HC was confirmed
for patients receiving MC or an URD graft. Furthermore, HLA disparity was found to be a
significant risk factor for BK-viruria (p < 0.01) and also important for HC (p<0.05).

In a multivariate logistical regression analysis, BK-viruria, MC and URD graft remained
independent risk factors for HC development. Furthermore, when analysing patients
receiving RD or URD grafts separately, BKV and MC remained independent risk factors for
patients with URD grafts, but not with RD grafts.

8.2 PAPERIV

DNA from BK virus and JC virus and from KI, WU, and MC polyomaviruses as well as
from simian virus 40 is not detected in non-UV-light-associated primary malignant
melanomas of mucous membranes.

Aim. To examine the presence of the known human polyomaviruses in extracutaneous
melanomas, a skin cancer of the sun sheltered body surfaces, where UV light cannot explain
carcinogenesis.

Thirty-eight mucosal melanomas were analysed for the presence of BKV, JCV, SV40, KI,
WU and MCPyV DNA. After DNA extraction, to test if the DNA was amplifiable by PCR, a
PCR (S14PCR) of a household gene was run. Thereafter the presence of polyomavirus DNA
was examined by nested PCR for BKV, JCV, and SV40, a newly designed PCR for KIPyV
and WUPyV, and a newly designed PCR for MCPyV. None of the tumours exhibited the
presence of polyoma DNA in any of the samples.

Our conclusion was therefore that the so far known human polyomaviruses do not play any
role in the development of the 38 tested extracutaneous melanomas.

8.3 PAPERYV

DNA from KI, WU and Merkel Cell Polyomaviruses is not Detected in Childhood
Central Nervous System Tumours or Neuroblastomas.

Aim. To examine the existence of the newly discovered polyomaviruses in neuroblastomas
and CNS tumours of children, where efforts to confirm the presence of JCV, BKV or SV40
have been inconclusive.

Thirty-one neuroblastomas and 25 childhood CNS tumours were collected. After DNA
extraction, to test the quality of the DNA a S14 PCR was run as in paper 1V.

Polyomavirus DNA was then tested for, but not detected when using a PCR detecting KIPyV
and WUPyV, and a newly designed PCR for MCPyV complemented by a real-time PCR
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detecting MCPyV LT. Hence, none of the tumours exhibited the presence of polyoma DNA
in any of the samples.

Additionally, available sera from 18/25 CNS tumour patients were analysed for MCPyV-
specific antibody responses, and 56% of the sera were completely negative in a highly
sensitive neutralization assay, which very accurately excludes false negative results and has
been described previously **”. Of the MCPyV antibody-positive sera, all but one had antibody
titres within two fold of the geometric mean titre (2700) calculated from an adult population
(between 47 and 75 years old) tested earlier?’. The remaining patient had an antibody titre of
98,740, which, while greater than the titres of other subjects in this study, was still below the
geometric mean titre (160,000) reported for patients suffering from MCPyV-associated
mMcc'.

In conclusion, in this pilot study MCPyV, KIPyV and WUPYV have so far not been shown to
be causative of childhood CNS tumours or neuroblastomas.
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9 DISCUSSION

STUDIES ON THE RISK TO DEVELOP BKV-ASSOCIATED HEMORRHAGIC
CYSTITIS (PAPERS I, 11, 111)

In this thesis the significance of BKV and possible co-factors for the development of HC in
allogeneic HSCT patients was studied. Our studies confirmed similar to previous studies that
the presence of BK-viruria was correlated to a higher risk of developing HC as compared to
the absence of BK-viruria. In a pilot study (Paper 1), the presence of aGVHD was, together
with BK-viruria, associated to HC development, but this correlation was not confirmed later
in an extended material. However, with a larger material (Papers Il and I11), we could show
that the use of MC and a URD were correlated to the development of HC. Finally, in a
multivariate analysis (Paper 1l1), BK-viruria, MC and URD graft remained independent risk
factors for HC development, and when analysing patients receiving RD or URD grafts
separately, BKV and MC remained risk factors for patients with URD grafts, but not with RD
grafts.

We concluded that BKV-viruria was correlated to the development of HC and although a
high BK-viral load was indicative of, it was not diagnostic for HC. In our prospective study
with 175 patients we were able to confirm the association of BK-viruria and the occurrence of
HC, first reported by Arthur et al.**2, and confirmed later by others ', However, BKV
reactivation in the urine was not exclusively found in HC patients. We also attempted to find
if BK-viral load determined in urine samples could be indicative of HC. We could show that
BK-viruria and viral load >10° BKV copies/ul urine were more common in HC than in non-
HC patients (Paper | and 11), as previously reported by others®**3%2. However, the latter
suggestion must be cautiously interpreted, since a statistically significant difference in BKV
load was not noted between RIC and full conditioning. Moreover, it is obvious that
different individuals produce different quantities of urine thus potentially also influencing
BKV load. We therefore excluded the quantification of BKV viral load in the last study
(Paper I111).

We also concluded that acute GVHD is not correlated to the development of HC. In the pilot
study in paper I, aGVHD grade Il to IV was more common in patients with HC (83%) than in
patients without HC (20%) (p=0.008) and in non-HC patients with BK-viruria (30%)
(p=0.014). However, the findings in the pilot study could not be confirmed in paper Il or 111
In paper 111, aGVHD was more common in patients with HC (44%) or with BKVHC (48%)
than during HSCT events without HC (28%), but this difference was not statistically
significant. In addition, when correcting for donor type and HLA-mismatch, there was no
influence of aGVVHD on the risk for HC in patients receiving either RD or URD grafts.

Moreover, in our population of the 27 patients with HC, 14 did not develop aGVHD grade |1
or more. In fact, 4/14 never developed any symptoms of GVHD, despite that they had MC
and had moderate to severe HC (one grade Il, two grade Il and one grade V), developing
between day 18 to 72. For these four cases, the severity of the HC argues against the
possibility that this would be an aGVHD disease strictly isolated to the bladder. In previous
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reports, as in paper I, aGVHD has been suggested to be associated or be part of the
development of HC'3#217:273333334 ‘bt \we (Paper 11) and others %33> have not been able
to confirm these observations.

We could not conclude that the stem cell source influenced the risk of developing HC in our
studies. We did not observe that obtaining a BMT graft or PBSCT was a risk for HC and the
number of UCBs was too low to draw any definite conclusions. In paper Il, 4 patients
received a UCB graft and 2/4 developed HC. In paper IlI, 9 patients received a UCB graft
and 3/9 developed HC. The limited amount of UCB transplants in our study did not allow
further conclusions. Notably, in the last study, an important proportion of these nine patients
had a constitutional immune deficiency leading to impaired immune response to viral
infection.

In this thesis study we concluded that patients receiving an URD had an increased risk for
HC. We were able to show that a URD presented a risk for the development of HC (Paper I1)
and this was in agreement to the report by El-Zimaity et al.**® published just prior to ours and
this confirmed previous suggestive reports™"***. However BK-viruria was not more common
in patients receiving a URD graft as compared to patients receiving a RD graft.

We were first to conclude that patients receiving MC have an increased risk for BKVHC as
compared to those receiving RIC, and this was simultaneously reported by others®**’. In fact,
the observation that none of the 21 patients transplanted for the treatment of non-
hematopoietic solid tumours developed HC, whereas BK-viruria was detected in 80% of
them, was enigmatic. All these 21 patients had received RIC. Moreover, they received a more
aggressive anti-GVHD prophylaxis possibly leading to a probable delayed chimerism. The
latter is tolerated in patients with non-haematopoietic cancers and thereby we speculate that
these patients could have enough autologous BKV- specific cytotoxic T cells to protect them
against BKVHC.

In our study we observed that receiving a graft with a major HLA-mismatch may play a role
in the development of BKVHC. Having a HLA-mismatch was an independent risk factor for
BK-viruria (p < 0.01), but not for HC. However, a HLA-mismatch donor was more common
in HC patients (p<0.05), but the study was too small to pinpoint the risk of developing HC to
a certain HLA antigen. However a larger study is necessary to confirm this tendency. In fact
apart from the mismatch itself, making an immune response less accurate, a second effect of
HLA-mismatch on BK-viruria may be explained by the more frequent use of anti-thymocyte
globulin treatment for recipients with HLA-mismatch grafts. Hence, BK-viruria could be
enhanced by the T-cell depletion rather than by the HLA-mismatch immunological effect.
The latter, could instead contribute to the tissue damage to the bladder, when a specific anti-
BKYV cytotoxic T-cell response from the graft is induced, due to a possible subtle imprecise
recognition of the BKV infected cells by the engrafted CD8+ T cells. In some contexts, this
phenomenon has been described as immune reconstitution disease??®3334,

Specific use of Ciprofloxacin during the aplastic phase for this cohort. During the time of this

study, Fluoroquinolones (Ciproxin®) were systematically used for all patients in the
immediate post-transplant phase, as a preventive therapy against bacterial infection (Jonas
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Mattsson personal communication). Ciprofloxacin has been reported to significantly decrease
BKV viruria, but has not been shown to reduce the incidence of HC**%. In our study, this
could explain the absence of BKV in some urine samples taken during the aplastic phase,
from patients presenting an authentic HC later on with a “delayed” BK viruria. We do not
support that BKV primary infections play a major role for HC in these patients however,
since we have shown previously that primo-infections are unlikely to occur after HSCT*.
Furthermore, in the case of a primo-infection, one would expect a severe HC in this context
of immunosuppression, but this was not the case for our patients with delayed BKV viruria.

49



POLYOMAVIRUS IN RELATION TO HUMAN CANCER (PAPERS IV, V)

In this thesis we were not able to detect polyomavirus DNA from JCV, BKYV, KI, WU or
MCPyV in mucosal melanomas (Paper 1V). In addition, we were not able to detect the
presence of KI, WU or MCPyV DNA in neuroblastomas or CNS tumours in children (Paper
V).

The methods used for the analysis have been robust and have the ability to detect between 2-
1000 copies/ PCR reaction. In each PCR reaction we have included at least 100ng DNA
corresponding to about 15 000 cells. Hence, the sensitivity of the reaction has been high and
should detect between 0.00013 and 0.06 viral DNA copies /cell genome. Hence the negative
results are not due to a low sensitivity of our assay. The fact that MCPyV is difficult to detect
has, to some extent, also been circumvented by the use of two different technologies. Indeed
it has been demonstrated 37113:155-157.160-163343 that tumours positive for MCPyV do not always
show positivity for all primer pairs. Whether this is due to a low sensitivity or different viral
strains may still have to be resolved.

There are conflicting reports showing the presence of MCPyV in other non-MCC skin
cancers™®™*. However none of these studies analysed the expression of MCPyV genes and
the presence of MCPyV was not very common, e.g. MCPyV was reported in 2/15 squamous
cell carcinomas (SCC)™?, and in basal cell carcinomas (BCC), MCPyV was detected in 3/24

tumours®!,

Nonetheless, the fact that JCV, BKV, KIl, WU and MCPyV DNA could by using these
methods still not be detected in mucosal melanomas suggests that these viruses do not play an
aetiological role for these tumours. Hence, the aetiology of these tumours still remains to be
clarified, whether it is another virus or a factor of entirely different character and not
connected to infectious agents.

We have also demonstrated the absence of the newly discovered polyomaviruses KlI, WU and
MCPyV in paediatric CNS tumours and neuroblastomas. Here, we did not analyse for the
presence of JCV and BKYV, since several previous scientific reports have performed such
studies and the presence of JCV and BKYV as aetiological agents in both neuroblastoma and
childhood CNS tumours have so far not been confirmed®934-3233%4,

Again as mentioned above the sensitivity of our assays was good and should detect down to
0.06 viral DNA copies /cell genome. Moreover, in this study, the use of a real-time combined
with a standard PCR (paper V) increased the sensitivity for MCPyV detection, and finally we
could detect less than 0.0002 copies/cell genome of MCPyV or one copy among 5000 cells.
Moreover we chose, both in the standard and the real-time PCR, a primer pair situated before
the critical helicase region, where deletions have been reported **.

Thus the data suggest that KI, WU and MCPyV are not involved in the aetiology of

neuroblastomas. Our findings do however not in any way exclude the possibility that other so
far not detected infectious agents could be involved in this disease.
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The fact that we could not detect DNA of polyomaviruses KI, WU and MCPyV in childhood
CNS tumours should however be taken with more caution, since our analysis includes a
limited number of samples from a variety of diagnostic subsets, although the proportion of
each tumour group was fairly similar to that of the Swedish registry (table 2 in paper V).
Moreover it should be noted that 6/25 (24%) patients had a genetic cancer syndrome known
to play a role for CNS tumour development, a proportion above the average population.
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10 CONCLUSIONS
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BK-viruria, full myeloablative conditioning (MC) and an unrelated donor (URD)
graft increase the risk for the development of HC after HSCT, even though MC, but
not an URD graft, was associated to BK-viruria.

Using a recipient-donor with a HLA mismatch may present an increase in the risk for
developing BKVHC, but this tendency remains to be confirmed in a larger study.

aGVHD or a specific stem cell source (BMT or PBSCT) are not significantly
associated to BKVHC in our studies, while if there is an increased risk for HC after
receiving UCB needs to be further investigated.

JCV, BKYV, KIPyV, WUPyYV and MCPyV DNA are not detected in 38 mucosal
melanomas and this suggests that these viruses do not play an aetiological role in
these tumours. Hence, the aetiology of these tumours still remains to be clarified,
whether it is another virus or something of entirely different character and not
connected to infectious agents.

KI, WU and MCPyV are not involved in the aetiology of neuroblastomas. Our
findings do however not in any way exclude the possibility that other so far not
detected infectious agents could be involved in this disease.

We have been first to report the absence of KI, WU and MCPyV DNA in childhood
CNS tumours. However, these are preliminary results that remain to be confirmed,
since our analysis includes a limited number of samples from a variety of diagnostic
subsets.



11 FUTURE PERSPECTIVES

Today, some more efforts remain to be done to identify additional factors predicting the risk
for development of BKVHC in allogeneic HSCT patients. Further down, | will briefly
mention some recent reports that could orientate further research more specifically, and the
actual treatments that could be tested in order to prevent the disease.

With regard to human polyomaviruses and cancer, | have only looked at a few viruses and a
few tumour types and the work on the brain tumours of children should be continued.
Moreover, in the future, there could be additional members of the human polyomavirus
family and then of course there will be many tumours that could be examined for the
presence of these viruses. | will not discuss this further here.

BK-viremia in relation to HC

BK-viremia has recently been shown to correlate with post-engraftment HC 3*3* but these
reports did not detect BK-viruria. However we have shown in a previous study on limited
material that no BK-viremia could be detected in some cases of BKVHC®, it is still of great
interest to investigate for the presence of BK-viremia, in addition to BK-viruria, since
detection of BK-viruria and/or BK-viremia has recently, in other reports, been shown to have
a predictive value for BKVHC™®.

Specificities of a subpopulation of unrelated donor recipients: the cord blood transplanted
patients

UCB was more common in patients with BKV-associated HC 3/23 (13%) as compared to all
HC patients 3/27 (11%) or non-HC patients 6/131 (4%). However, our material was limited
and includes patients with constitutive immune deficiencies, therefore we could not make any
further conclusions. Nevertheless, before us, Zimaty et al. reported a significant association
of UCB HSCT and HC outcome **. Furthermore, in a study focusing on cord blood
transplants Rocha et al. could show an association with the delayed engraftment and an
increased risk of all types of infections'*2. Additionally, a better HLA-matching and a higher
cell dose have been associated to better engraftment and survival in this specific type of
unrelated-donor recipients®”’. These clinicians noticed the particular severity of HC after
UCB transplantation and speculated that this could be explained by the combination of a
delayed immune reconstitution associated with the presence of the BKV (Vanderson Rocha
personal communication). However no study on this specific problem has been published so
far. Interestingly, at the University of Tokyo, the only large study focusing on HC after URD
UBC HSCT showed a questioning high cumulative incidence of HC in this cohort, within one
year after transplantation (41.8 %). Unfortunately, these authors did not study the presence of
BKYV and focused instead on adenovirus, known to be especially associated to HC in Japan
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(see section 4.2.4), which incidence in the urine was notably low in this study (3%). Whether
a high prevalence of HC is observed after UBC HSCT merits further investigation.

When to prevent or treat HC?

The final goal for the HSCT patients is to find patients at risk and try to prevent the
occurrence of BKVHC. Today several drugs are available when treatment is necessary, but
they have several side effects and can therefore not always be used in the allogeneic HSCT
setting. Carefully balanced reduction of immunosuppression plays an important role in
BKVAN treatment. From the therapeutic studies on BKVVAN, we have learned the anti-viral
efficacy of some drugs on BKV: Cidofovir 3*3* and Leflunomide, which is particularly
appealing for both its immunosuppressive and anti-viral activities®>>**. In BKVHC, the use
of Cidofovir has been studied®®**"**®, Fluoroquinolones have also been reported to reduce
BK-viral load, but no effect on the outcome of HC was observed in this limited cohort**?. In
our cohort, patients systematically received fluoroquinolones, and therefore an effect could
not be studied. However a prospective study on the early use of Cidofovir in patients at risk
for HC after allogeneic stem cell transplantation remains to be done. By better defining the
patients at risk to develop HC, we have hopefully contributed to defining which patient
groups these therapeutic trials should target.
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