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My PhD thesis is written in a cumulative format and consists of a general introduction
about polyomaviruses, its related diseases and polyomavirus-specific immune response. The
cumulative part includes six publications and one manuscript: The first two publications give
an overview about polyomavirus related problems in transplant recipients and management of
polyomavirus diseases. Three publications elucidate the polyomavirus-specific immune
response to different viral proteins. The sixth publication is a case report about a patient
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1. INTRODUCTION

1.1 GENERAL INTRODUCTION TO HUMAN POLYOMAVIRUSES

Polyomaviruses are able to infect, to replicate in and to induce different diseases in natural
and accidental hosts. The following chapters focus on the two human polyomaviruses type 1
and type 2 which were first isolated in 1971 and designated BK virus (BKV) and JC virus
(JCV) after the initials of the respective patients (Gardner et al. 1971; Padgett et al. 1971).
Other polyomaviruses such as SV40, KI and WU, are also known to infect humans.

Human exposure to polyomavirus SV40 occurred through contaminated poliovirus
vaccines in the United States between 1955 and 1963. Because of the carcinogenicity of SV40
in infected rodents, many studies have been performed to determine if there is an association
between SV40 infection and cancer in human (Paracchini et al. 2006). SV40 is the best
investigated polyomavirus and most findings about polyomavirus properties are due to
extensive SV40 research.

Recently the DNA of two new polyomaviruses KI and WU could be isolated by
polymerase chain reaction (PCR) from respiratory tract samples mainly from children less
than 3 years of age (Allander et al. 2007; Gaynor et al. 2007). These two viruses share
strikingly similar properties as both do not code for agnoprotein and both are lacking the large
turmor (LT) /antigen host range domain at the carboxyl terminus, responsible for viral
assembly (Chapter 1.1.2.1) (Pipas 1992). KI and WU have an amino acid sequence
homology of 70% for LT-antigen and 65% for viral capsid protein 1 (VP1). In contrast, there
is only a low level homology to BKV and JCV (LT-antigen: 49% and 48%, and VP1: 28%
and 27%, respectively). Whether polyomaviruses KI and WU are able to induce a disease and
if they also have transforming properties needs further investigation.

The genomic organization of polyomavirus BK, JC, SV40, KI, and WU is conserved
between these viruses.

1.1.1 Polyomavirus Genomic Organization

BKV and JCV are non-encapsulated, circular double-stranded DNA viruses of
approximately 5200 base pairs and are approximately 40-45 nm in diameter. The
polyomavirus genome has a relatively simple architecture and can be divided into three parts
according to their functions: 1. Non-coding control region (NCCR), 2. Early genes (coding
for small and large tumor-antigen), and 3. Late genes (coding for viral capsid proteins 1-3 and
agnoprotein) (Figure 1.1 and Table 1.1).

The NCCR is located between the early and late coding regions and contains the origin of
DNA replication (ori), the TATA box, LT-antigen binding sites, cellular transcription factor-
binding sites, and promoter and enhancer for transcription of early and late genes (Cole et al.
2001; Moens et al. 2001). The BKV and JCV NCCR may undergo DNA rearrangement in
vitro and in vivo, and is associated with BKV nephropathy and PML (Sundsfjord et al. 1990).

The early region is the first part of the genome which is transcribed and translated during
the viral life cycle. Small tumor (sT) and LT-antigen are produced by alternative splicing of a
common precursor messenger RNA (mRNA) (Howley et al. 1975; Moens et al. 2001).

The late region is transcribed and translated after the early region and the precursor mRNA
is translated to the three capsid proteins VP1-3 and agnoprotein by alternative splicing
(Kamen et al. 1980; Moens et al. 2001).
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large T-ag

0(142) P(68) Q(39) R(63) S(63)

Figure 1.1: Polyomavirus BK genome. The NCCR contains sequence blocks (P, Q, R, S) which serve
as regulatory regions, or enhancer elements. The primary transcript from the early region is
alternatively spliced in two mRNAs encoding for small and large tumor-antigens. VP1-3 and
agnoprotein are the gene products from the late region.

adapted from (Moens et al. 1995; Slavov 2006)

Table 1.1: Polyomaviruses BK and JC genomes.

Number of bp' Homology”

BKV’ Jcv? BKV-JCV
Genome (bp) 5153 5130 74%
Early Coding Region large T-antigen 2088 2067 78%
small T-antigen 519 519 78%
Late Coding Region VP1 1089 1065 75%
VP2 1056 1035 81%
VP3 699 678 80%
Agnoprotein 201 216 72%

hp: base pairs, *Clustal W pairwise alignment, *BKV-Dunlop strain (NC001538), “JCV-Mad1 strain
(NC001699).
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1.1.2 Polyomavirus Proteins

BKYV and JCV proteins share high amino acid sequence homology (Table 1.2). Each of the
proteins are expressed at different time points during the virus life cycle and have different
functionalities important for polyomavirus propagation.

Table 1.2: Polyomaviruses BK and JC proteins.

Proteins Molecular Number of Sequence NCBI
Weight Amino Acids Homology1 Accession
(kDa) Number
BKV JCV  BKV-JCV BKV JCV
Early Proteins
Large T-antigen 79 695 688 83% P03071 AAAS82102
Small T-antigen 20 172 172 78% P03082 AAAS82103
Late Proteins
VP1 40 362 354 78% P03088  AAAS82101
VP2 37 351 344 79% P03094  AAA82099
VP3 26 232 225 75% P03094 AAA82100
_Agnoprotein 8 66 71 59% P03085 AAA82098

! Clustal W pairwise alignment

1.1.2.1 Early Proteins Small and Large T-Antigen and Their Role in Cell
Transformation and Autoimmunity

The early protein sT-antigen binds to protein phosphatase 2A (PP2A), a host cell enzyme,
leading to simultaneous activation of several pathways promoting cell proliferation. PP2A,
the only confirmed cellular target of sT-antigen, is critical for cell homeostasis and essential
for cell survival, cell cycle regulation, DNA damage response and embryonic development
(Janssens et al. 2001; Sontag 2001). Mutation or lower expression levels of PP2A have been
found in certain cancers. The absence of sT-antigen does not impair viral replication, but sT-
antigen mutants are unable to drive cell proliferation and fail to transform host cells (Moens et
al. 2001; Skoczylas et al. 2004; Ahuja et al. 2005; White et al. 2005).

Interest in the transforming ability of polyomaviruses has been triggered by the detection
of SV40 DNA sequences in some human tumors and has revealed cell transforming properties
of LT-antigen. The binding of LT-antigen to the heat shock chaperone (hsc70), the
retinoblastoma family (Rb-family) of tumor suppressors, and to the tumor suppressor p53,
contribute to transformation (Ali et al. 2001; Saenz-Robles et al. 2001; Sullivan et al. 2002;
Garcea et al. 2003).

The structure of the LT-antigen is shown in Figure 1.2. Analysis of this protein revealed
different domains and functions during polyomavirus life cycle (Chapter 1.2.1). Firstly, LT-
antigen serves as a DNA helicase and promotes the assembly and function of host cell
proteins. Secondly, it drives the host cell into S-phase by binding and inactivating the
retinoblastoma susceptibility protein (Rb) family (Dyson et al. 1989; Ewen et al. 1989;
Hannon et al. 1993; Harris et al. 1996; Caracciolo et al. 2006). Disruption of the Rb-E2F
complex by LT-antigen leads to an increase of E2F activity, a transcription factor facilitating
the S-phase progression of the host cell and thus leads to inappropriate cell proliferation
(DeCaprio et al. 1988; Dyson et al. 1990; Harris et al. 1996; Krynska et al. 1997). The Rb




INTRODUCTION

motif LXCXE is required to induce high-density cell growths and release of E2F from Rb
(Zalvide et al. 1995). E2F release from Rb is also mediated by the J-domain containing the
HPDKGG motif which recruits the heat shock protein 70 to the Rb-E2F complex where the
action of the Hsp70-mediated ATP hydrolysis liberates E2F (Campbell et al. 1997; Sullivan et
al. 2002). The J-domain is not only responsible for cell transformation but is also required for
viral DNA replication and virion assembly (Peden et al. 1992; Spence et al. 1994).

A DNA-bindi ATP binding, ATPase
1| J-domain |Rb do'm;“in‘“g ZnF HR | 695
| |
HPDKGG ‘ NLS
LXCXE
B 0 .
Cysteine Cysteine motif:

1| J-domain 172

motif CX,CX,CXCX,CX,,CXCX,CX,WFG

HPDKGG

Figure 1.2: A) BKV LT-antigen and B) BKV sT-antigen protein structure. J-domain, LXCXE-domain
and ATPase-p53-domain are able to bind to host cell proteins, NLS: nuclear localization signal
necessary for the nuclear transport, ZnF: zinc finger region modulates DNA-binding specificity of LT-
antigen, HR: host range domain is required for viral assembly. N-terminal region is identical for LT-
and sT-antigen. The C-terminal region of sT-antigen contains a stretch of cystein residues.

adpted from (Pipas 1992; Caracciolo et al. 2006)

A third target of LT-antigen is the tumor suppressor protein p53, the main mediator of the
checkpoint in the cell cycle and initiator of programmed cell death. LT-antigen binds with its
ATPase-p53 binding domain and inactivates p53, thus preventing inhibition of the cell cycle
and apoptosis (Bollag et al. 1989; Krynska et al. 1997). The zinc finger (ZnF) region is
located between the ori DNA binding and ATPase domains and may play a role in
oligomerization of the protein (Loeber et al. 1989). Additionally it functions mainly in the
replication of viral DNA and modulates the DNA-bindings specificity of LT-antigen (Pipas
1992; Nemethova et al. 2004). The host range (HR) domain is located at the C-terminus of
LT-antigen and is required late in viral productive infection and viral assembly (Pipas 1985;
Khalili et al. 1988; Stacy et al. 1989). The nuclear localization signal (NLS) is the minimal
signal sufficient for the nuclear transport of LT-antigen (Zanta et al. 1999).

In vitro studies have shown the ability of BKV sT- and LT-antigen to induce mutations in
rodent and human cells (Trabanelli et al. 1998). It could also be shown that LT-antigen not
only induce mutations in rodent cells but may also transform these cells into a neoplastic
phenotype (Imperiale 2000; Imperiale 2001; Tognon et al. 2003). These rodent cells
expressed LT-antigen in their nucleus and the viral DNA was integrated into the cell genome.

Evidence of a possible role for BKV in human cancer has been supported by the detection
of BKV-DNA in a range of human tumors such as brain tumors, neuroblastoma, bone tumors,
insulinomas, Hodgkin's diseases, Kaposi's sarcoma, urinary tract tumors and genital tumors
(Tognon et al. 2003). Clearly, it needs more investigation to prove that BKV infection is a
risk factor for the development and/or progression of BKV-associated human tumors as viral
DNA detection alone is not evidence enough.
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LT-antigen was also linked to the production of autoimmune T- and B-cells directed
against nucleosomes, particularly to double stranded DNA (dsDNA) and histones. Anti-
dsDNA antibody is a marker for systemic lupus erythematosus (SLE), a disease with a wide
variety of unrelated manifestations. Several steps are necessary to break the self-tolerance and
to develop dsDNA-specific B-cells for autoimmunity progression. Different pathways may
lead to autoimmunity: 1. Autosensitization by release of true autoantigens due to tissue injury,
2. B- and T-cell activation by cross-reactive viral peptides (mimicry), 3. B- and T-cell
activation due to presentation of a self-ligand complexed with a non-self molecule, and 4. T-
cell activation due to non-specific bystander activation of autoreactive T-cells (Van Ghelue et
al. 2003). Here only the last two points will be addressed to the role of LT-antigen in the
context of autoimmunity.

Histone- LT-
specific specific
T-Cell T-Cell

Functional histone-
specific T-cell

Figure 1.3: A) BKV-infection of a host cell (1), viral-genome release into the nucleus (2).
Transcription (3), mRNA transport to the cytoplasm (4) and translation into viral proteins, including
LT-antigen (LT) (5). LT-binding to cellular chromatin (6) and liberation from the host cell (7). B) The
LT-antigen/cellular chromatin-complex can then be recognized, internalized, processed, and presented
by B-cells. LT-specific T-cells secrete IL-2 upon recognition and may activate histone-specific T-cells
in the microenvironment. LT: LT-antigen, HP: histone protein.

adpted from (Van Ghelue et al. 2003)
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Upon host cell infection polyomaviruses start with the production of viral proteins,
including LT-antigen which is able to bind host cell nucleosomes (Andreassen et al. 1999;
Bredholt et al. 2001). After release of this complex, B-cells may internalize and present both,
LT-antigen and histone-derived peptides to T-cells (Figure 1.3 A).

Responder LT-antigen-specific T-cells secrete IL-2 upon peptide recognition and may then
nonselectively activate autoimmune, histone-specific T-cells which are present in the
microenvironment (Figure 1.3 B) (Beverly et al. 1992; Jenkins 1992). These histone-specific
T-cells may clonally expand if histone-derive peptides are presented by antigen presenting
cells (APC) and if sufficient costimulatory signals are available. Furthermore, these T-cells
then stimulate the DNA-specific B-cells to proliferate and differentiate into an anti-DNA
antibody producing plasma cell and result in autoimmunity.

1.1.2.2 Late Proteins VP1-3 and Agnoprotein

The three viral proteins VP1, VP2 and VP3 are expressed late in infection and form a
icosahedral capsid which encapsulates the viral DNA. The BKV and JCV capsid contains 360
VP1 monomers arranged in 72 pentameric subunits with each pentamer associated with one
peptide of either VP2 or VP3 (Figure 1.4) (Liddington et al. 1991).

Figure 1.4: Polyomavirus particle consisting of 72 pentameric subunits of VP1 associated with either
VP2 or VP3.
(Slavov 2006)

BKV-VP3 is identical with the VP2 C-terminus (amino acids 120-351) and consists of a
DNA binding domain, a nuclear localization signal, and a VP1 interacting domain (Figure
1.5). Polyomavirus assembly consists of two phases: 1. The "subvirion" assembly phase,
where pentamerized VP1 associates with VP2 and VP3 in the cytoplasm. All three capsid
proteins harbor a NLS and the "subvirion" complex is transported into the nucleus. 2. During
the "virion" assembly phase, the viral genome is packaged. For virion formation, the capsid
proteins are sequentially arranged on the viral minichromosome. It is hypothesized that six
DNA binding domains are involved in the packaging of the viral genome: five from the VP1
pentamer and one from either VP2 or VP3. It has been shown that both minor capsid proteins
are required for the viral life cycle, including the proper packaging of the genome (Clever et
al. 1993; Dean et al. 1995; Gasparovic et al. 20006).
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Unigue N-terminus

1 of VP2 120 Identical C-terminus of VP2 and VP3 351
m VP1 interacting DNA-binding
domain domain
Myristil group
NLS
B 120 Identical C-terminus of VP2 and VP3 351

VP1 interacting
domain

DNA-binding
domain

NLS

Figure 1.5: A) BKV-VP2 and B) BKV-VP3. The C-terminal residue is identical (amino acid 120-351)
and consists of a VP1 interacting domain, a NLS and a DNA-binding domain. The unique N-terminus of
VP2 is hydrophobic and possesses a fatty acid myristyl group which is added during synthesis.

adapted from (Clever et al. 1991; Daniels et al. 2006; Nakanishi et al. 2006).

Virus-like particles (VLPs) are morphologically similar to natural virus particles, but are
not infectious due to the lack of genome. VLPs are composed of VP1 alone and are capable of
self-assembly for both BKV and JCV (Chang et al. 1997; Li et al. 2003).

Agnoprotein is a small highly basic protein with multiple roles, such as interacting with
cellular proteins, facilitating the efficient packaging of viral capsid proteins, regulating viral
transcription and translation. Additionally, agnoprotein was found to interact with LT-antigen
and downregulate viral gene expression and DNA replication (Cole 1996; Safak et al. 2001).
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1.2 POLYOMAVIRUSES IN IMMUNOCOMPETENT HOSTS

1.2.1 Polyomavirus BK and JC Infection and Life Cycle

The mode of transmission of BKV and JCV is not completely resolved but the infection
occurs most probably via oral and/or respiratory routes during pregnancy, transfusion, or
transplantation (Hirsch et al. 2003) and occurs asymptomatically in 50%-90% of the
population (Figure 1.6) (Moens et al. 1995; Knowles et al. 2003).

1007
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Figure 1.6: Age dependent polyomavirus BK and JC seroprevalence.
adapted from (Knowles et al. 2003)

The infectious life cycle of polyomaviruses can be divided into an early and a late stage. In
the early stage, the virus interacts with the surface of the host cell, enters the host cell and
starts to replicate the viral DNA. The late stage includes the assembly of new virions and the
release of viral progeny which complete the viral replication cycle (Figure 1.7).

Both viruses, BKV and JCV, bind sialic acid for the host-cell entry (BKV: terminal a.2-3-
linked sialic acid, JCV: terminal «2-6-linked sialic acid). While BKV interacts with
gangliosides GC1b and GT1b, JCV depends on the serotonin receptor SHT»4 to infect cells.
Host-cell invasion occurs by caveolae-mediated endocytosis (BKV) or via clathrin-coated pits
(JCV) (Dugan et al. 2006; Gee et al. 2006; Low et al. 2006). Upon host cell entry,
polyomaviruses are transported to the nucleus by the cytoskeletal transport machinery
(Dohner et al. 2005).

In the nucleus, polyomaviruses are uncoated and transcription of the early viral genes, sT-
and LT-antigens, is initiated. Subsequent to early transcription is the switch to DNA-
replication, initiated by LT-antigen, which binds to the origin of replication. LT-antigen is a
strong activator of the late viral promoter (Henson 1995). Expression and nuclear localization
of the viral capsid protein VP1-2, leads to the assembly of the virion and DNA packaging.
The newly packaged virion progeny is then released by a lytic rupture of the host cell
(Clayson et al. 1989; Imperiale 2001).
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Figure 1.7: Polyomavirus life cycle. Entry into the host cell and viral DNA-replication in the nucleus
happens in the early onset of infection. The late onset includes all subsequent events leading to the
assembly of virions and the release of viral progeny.

adapted from (Fishman 2002)
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1.2.2 Polyomavirus BK and JC Latency and Reactivation

During primary infection (Table 1.3), different host cells, including lymphoid tissues,
brain, liver, and renourinary tract, are exposed to the polyomaviruses. The most important
sites are the renal tubular epithelial cells and the urothelial cell layer where BKV and JCV
reside in a nonreplicative latent state and from where they may reactivate. Reactivation in
immunocompetent hosts occurs in up to 10% and 40% for BKV and JCV, respectively (Ling
et al. 2003; Polo et al. 2004). Such a reactivation is characterized by histologically (decoy
cells) and PCR (DNA) detection of the virus in urine. However, viral replication is effectively
suppressed in immunocompetent individuals and polyomavirus-associated disease is only
seen in severely immunocompromised hosts.

Table 1.3: Polyomavirus infections: terminology.

Definition
Primary Infection  Initial infection of host with polyomaviruses including viremic spread
to permissive tissues with insignificant clinical symptoms.

Latent Infection Dormant asymptomatic infections of permissive cells (e.g. renal
tubular, transitional cells) following the primary infection; virus
detection only with molecular techniques.

Virus-Replication Case with evidence of virus multiplication obtained by detection of
infectious virus, virions, structural proteins or their mRNA, or cell-
free DNA in nonlatency sites (e.g., plasma or CSF); by cytological
analysis (of decoy cells); or by histological analysis.

Virus-Disease Case with histological evidence of BKV-mediated organ pathology

adapted from (Hirsch et al. 2003; Hirsch 2005; Nickeleit et al. 2006).

-11 -
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1.3 POLYOMAVIRUSES IN IMMUNOCOMPROMISED HOSTS

Diseases caused by polyomaviruses are typically observed in immunosuppressed
individuals, who are not able to mount a protective immune response to control the viral
replication. BKV-associated diseases are hemorrhagic cystitis (HC) in hematopoietic stem
cell transplant (HSCT) recipients, and polyomavirus-associated nephropathy (PVAN) in
kidney transplant (KT) recipients. JCV is the causing agent for progressive multifocal
leukoencephalopathy (PML) in human immunodeficiency virus positive (HIV+) patients.

1.3.1 Polyomavirus JC: Progressive Multifocal Leukoencephalopathy in
HIV+ Patients

PML is a fatal demyelinating disease of the central nervous system in patients with an
impaired immune system. JCV is the causing agent of PML and brain biopsies show lesions
which may range from small to several millimeters in diameter. Progression of PML results in
the enlargement and confluence of these lesions. JCV lytically infects and destroys
oligodendrocytes, the myelin-producing cells. The infection of astrocytes ends with an
abortive replication and causes morphological changes in those cells, resembling transformed
cells (Reiss et al. 2003). Patients with PML suffer from cognitive disturbances, visual
impairment, sensory loss, speech and language disturbance (Brooks et al. 1984; Berger et al.
1998).

PML occurs mainly in HIV+ patients, but is also seen in other individuals with impaired
immunity: 80% of reported cases have AIDS, 13% suffer from hematological malignancies,
5% are transplant recipients, and 2% have chronic inflammatory diseases (Koralnik 2006).
Diagnosis involves brain biopsies which are not always appropriate due to their invasive
nature. Detection of JCV DNA in cerebrospinal fluid (CSF) by PCR can also be used for
diagnosis with a diagnostic specificity of 100% and sensitivity of 80% (Hirsch et al. 1998). In
addition, JCV-DNA is detectable in B-lymphocytes in the brain and can be also found in the
blood of >95% of PML patients (Houff et al. 1988; Sweet et al. 2002). PML has a significant
mortality rate in HIV+ patients and before highly active antiretroviral therapy (HAART) the
median survival rate of AIDS patients was 3.5 months (Berger et al. 1998; Tassie et al. 1999).
After introduction of HAART the median survival rate increased to 2.2 years in 63% of the
patients (De Luca et al. 2000; Berenguer et al. 2003).

Recently, it has been shown that JCV was also reactivated in multiple sclerosis patients
receiving Natalizumab (Tysabri®). Natalizumab, a monoclonal antibody against integrin,
significantly increased the risk for developing PML. The incidence of PML was 1 in 1000
Natalizumab-treated patients, which is substantially lower than the incidence in AIDS patients
(Berger et al. 2006).

1.3.2 Polyomavirus BK: Hemorrhagic Cystitis in Hematopoietic Stem Cell

Transplant Recipients

HC is a significant complication following HSCT and is characterized by painful
hematuria due to hemorrhagic inflammation of the bladder. It is not clear what factors lead to
HC but chemo-irradiation, cytopenia, viral infections (Adenovirus, Cytomegalovirus, BKV)
and alloimmune reactions may contribute to the disease (O'Reilly et al. 1981).

HC can generally be divided into the early and late onset complications. Early onset is
mainly related to wuroepithelial toxicity from conditioning regimen (chemotherapy,
cyclophosphamide, and busulphan) (Tsuboi et al. 2003). Late onset complications have been
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linked to several risk factors as unrelated donors, occurrence of graft-versus-host disease, and
virus infections (Seber et al. 1999; Cesaro et al. 2003; El-Zimaity et al. 2004).

First evidences of the role of polyomavirus in complications in HSCT recipients was
discovered in the 1980s with the detection of BKV in urine of those patients (O'Reilly et al.
1981; Arthur et al. 1986). Nearly 77% of HSCT recipients shed the BKV into urine, but only
5% - 34% developed HC (Azzi et al. 1999; Priftakis et al. 2003). Later studies showed that
those patients suffering from HC had a significantly higher BKV load in urine compared to
the asymptomatic immunocompromised patients (Figure 1.8) (Bedi et al. 1995; Azzi et al.
1999; Leung et al. 2005). BK viruria in HSCT recipients was as high as 10%-10'° copies/ml
and patients with a BKV load in urine >10" copies/ml were at higher risk of developing HC.
Not only the amount of BKV in urine is a risk factor but also the dynamics of viruria over
time. Eight of 29 patients with HC showed a peak >3log higher compared with patients
without HC (0/39) (Leung et al. 2005).

4 HSCT patient with HC
m HSCT patient w/o HC
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Figure 1.8: Higher BKV load in urine in patient with HC (diamonds) compared to patients without HC
(squares). Peaking of BKV load in urine in HSCT patients with HC and low-level BK viruria in HCST
patients without HC (NS: not significant, ¥*P<0.05 **P<0.01 ; ***P<0.001).

adapted from (Leung et al. 2005)

HC is rare in allograft recipients and AIDS patients, suggesting that HSCT-specific factors
are necessary for causing the disease (Gluck et al. 1994). It can be suggested that pathogenesis
of post-engraftment HC is divided into three phases: Phase 1 includes uroepithelial damage
caused by chemotherapy/irradiation during the conditioning regimen. This is followed by
uroepithelial regeneration which provides an appropriate cellular milieu for BKV-replication.
In phase 2, BKV is able to replicate due to the immunosuppressive effects of the conditioning
as BKV-specific cellular immunity is decreased. BKV-replication then leads to cytopathic
effects and shedding of the virus in the urine. In phase 3, hematopoietic reconstitution leads to
the recovery of BKV-specific immunity and this immunological reaction causes extensive
mucosal damage and severe HC (Binet 2000; Hirsch et al. 2003; Leung et al. 2005).
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1.3.3 Polyomavirus BK: Polyomavirus-Associated Nephropathy in Kidney

Transplant Recipients
BKYV is an opportunistic pathogen in KT recipients and causes PVAN in up to 10% of the
patients with graft loss in up to 80% of the cases (Hirsch 2005). Even though BKV is the
main causing agent of nephritis in KT recipients, rare cases of PVAN have been reported due
to JCV or SV40 (Kazory et al. 2003; Wen et al. 2004). The role of BKV-replication in non-
renal solid organ transplantation is not clearly understood, and the best investigated data come
from KT recipients.

1.3.3.1 Risk Factors

The risk factors for developing PVAN in KT recipients are controversial, but it seems that
multiple factors are required, including characteristics of the patient (>50 years, male gender,
white race, BKV-seronegative status prior transplantation, diabetes), the transplant (HLA-
mismatch, prior acute rejection, ischemia), the immunosuppression (triple combination of
tacrolimus/mycophenolate mofetil/prednisone, drug level, anti-rejection treatment as anti-
lymphocyte globulin), and the virus (serotype, genome mutations, genome rearrangements,
immune evasion, and fitness) (Figure 1.9) (Hirsch et al. 2003; Hirsch 2005).

Antivirals
e Cidofovir?

o [ eflunomide?

e Fluoroquinolone?
e Immunoglobulins?
o T-cell transfer?

Patient

o Fitness

Co-Infections Immune dysfunction

Inflammations o Inherited
e JCV, SV40, CMV, ® Acquired
HIV? e Therapeutic

mismatches
o Injury/regeneration
e Latent infection

(tacrolimus, MMF,
sirolimus, steroids,
antilymphocytes
globulins)

e [nflammation
(neutrophils,
macrophages,
cytokines)

e Growth factors

Figure 1.9: Risk factors for PVAN development: multiple factors deriving from the virus, patient and
organ are necessary for development of PVAN.
adapted from (Hirsch et al. 2003)

From all of these risk factors, immunosuppression is generally accepted as the key
modulator increasing the risk for PVAN. The new potent immunosuppressive drugs,
tacrolimus and mycophenolate mofetil (MMF), have been significantly associated with BK'V-
replication and progression to the disease (Brennan et al. 2005).
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1.3.3.2 Diagnosis & Monitoring

Different diagnostic tools, such as detection of decoy cells and BKV-DNA in urine and
detection of BKV-DNA in plasma, have been used to screen patients for BKV-replication.
Measurement of BKV-DNA load in plasma correlates closely with allograft involvement, and
monitoring of the BKV-load seems to be suitable for patient monitoring (Nickeleit et al.
2000). KT patients with a BKV plasma load of >10'000 DNA copies/ml are at high risk of
developing PVAN (Hirsch et al. 2001; Hirsch et al. 2002).

The road to PVAN includes different stations (Table 1.4): 1. Possible PVAN in presence
of BK-viruria but absence of -viremia, 2. Presumptive PVAN in the presence of viruria and
viremia, and 3. Definitive PVAN with histological evidence of BKV (Hirsch et al. 2005).
Definitive PVAN can only be proven by biopsies that have a high specificity but are limited
due to their invasive nature, their sampling error because of focal distribution and their
frequent misinterpretation as graft rejection (Randhawa et al. 1999). A lack of detectable
BKV-DNA in urine practically excludes PVAN due to its high negative predictive value.

Table 1.4: Road to PVAN.

Urine Plasma Biopsy Definition

Possible b - - Presence of BK viruria

Presumptive +) + - BKYV load >10'000 DNA copies/ml in plasma,
BKYV load >10" DNA copies/ml in urine

Definitive (1) (1) + Histological evidence of allograft involvement

adapted from (Funk 2007, USGEB, poster number 100) and (Hirsch et al. 2005)

Histological outcome of PVAN can be divided into three patterns (A, B or C) according to
the progression of the biopsy (Table 1.5). Viral cytopathic changes in the kidney result from
accumulation of newly formed virions in the cell nucleus and cellular lysis. The following
lesions are multifocally distributed in the graft and PVAN progression results from
enlargement of these infected foci (Figure 1.10 A) (Drachenberg et al. 2003). To confirm the
polyomavirus origin of infection, staining for SV40 LT-antigen is usually performed, which
cross-reacts with BKV- and JCV-LT-antigen (Figure 1.10 B) (Hirsch 2002; Hirsch 2005).
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Table 1.5: Histological patterns of PVAN.

A Viral cytopathic changes only, in near-normal renal parenchyma. Negligible or
absent tubular atrophy, interstitial fibrosis, and inflammation.

B Combination of viral cytopathic changes and focal/multifocal areas of tubular
atrophy/interstitial fibrosis/inflammation.

B1 <25% of the core shows tubular atrophy/interstitial fibrosis/inflammation.
The majority of the core lacks features of scarring.

B2 26-50% of the core shows tubular atrophy/interstitial fibrosis/inflammation.
Significant areas of the biopsy lack features of scarring.

B3 >50% of the core shows tubular atrophy/interstitial fibrosis/inflammation.
Only a minority of the core lacks features of scarring.

C Very scarce viral cytopathic changes in diffusely scarred renal tissue. Extensive
tubular atrophy/interstitial fibrosis/inflammation involving the entire tissue core
with no residual areas of nonatrophic tubules.

adapted from (Drachenberg et al. 2004)

Figure 1.10: A) Focal infiltrates and enlarged nuclei (arrow) in kidney biopsy, B) Staining for SV40
LT-antigen which demonstrates numerous viral inclusions (brown) in infected tubular epithelial cells.
(Schaub et al. 2007)

1.3.3.3 Treatment of PVAN

Current management strategy is to lower immunosuppressive levels to allow
immunological clearance of BKV-replication. Lowering the immunosuppressive dosage can
be achieved by three different strategies: 1. Reduction (MMF, tacrolimus and cyclosporine),
2. Stopping (MMF), or 3. Switching (from FK506 -> cyclosporine or sirolimus, or from MMF
-> leflunomide) of the drug (Hirsch et al. 2002; Wali et al. 2004). However, reduction of
immunosuppressants bears the risk for rejection and is histologically difficult to distinguish
from immune reconstitution inflammatory syndrome (IRIS) (Hirsch et al. 2003). IRIS is a
strong inflammatory response due to recovery of different immune cells (NK, T-cells) which
attack the abundant viral antigens and polyomavirus-infected cells.

There is no established antiviral therapy to control BKV-replication, but some compounds
including cidofovir, leflunomide, quinolone, intravenous immunoglobulines, and lactoferrin
have been found to have anti-polyomavirus properties (Figure 1.11) (Josephson 2005; Longhi

-16 -



INTRODUCTION

et al. 2006; Rinaldo et al. 2007). Cidofovir is given intravenously for CMV retinitis treatment
in AIDS patients but the use of cidofovir is limited due to nephrotoxicity. In vitro studies
revealed that cidofovir is also effective against mouse polyomavirus and SV40 (Andrei et al.
1997). The mechanism by which cidofovir mediates anti-polyomavirus activity is not known.
However the effectiveness in vivo is unclear and prospective studies are missing.

A : Cidofovir
N
|
gy ™
T
OH
B IIl Leflunomide

| |

Hh@ g Ciprofloxacin

Figure 1.11: Compounds with anti-polyomavirus properties. A) Cidofovir, commonly used for CMV
treatment, B) Leflunomide, approved for use in rheumatoid arthritis, and C) Ciprofloxacin, an
antibiotic normally used to inhibit the activity of type II bacterial topoisomerase.

adapted from (Rinaldo et al. 2007)

Leflunomide is an antiproliferative agent which limits cellular and humoral immune
response. It is approved for use in rheumatoid arthritis but has also been found to have
antiviral properties. Leflunomide may cause severe liver injury which occurs mostly within
the first 6 months of initiation. In a small study, 17 patients with biopsy-proven PVAN
underwent treatment with leflunomide. Those patients with a leflunomide blood level of >40
ug/ml (15/17) cleared the virus or had progressive reduction of BKV. Even though this result
looks promising the known risk of toxic effects has to be taken into account (Williams et al.
2005).

The quinolone antibiotic ciprofloxacin has been shown to suppress BKV-replication and
thus favors the outcome of HC in HSCT recipients. Quinolones inhibit DNA-gyrase in
prokaryotes and suppress BKV-replication. None of the patients with significant BK-viruria
suppression developed HC. Nevertheless, these results have to be validated with a larger study
group.

The effect of immunoglobulins as anti BK-virals is not clear. In a study with eight patients
suffering from PVAN, immunoglobulins were administered and immunosuppression was
lowered. In follow-up biopsies only one patient was positive for PVAN and after 15 months
of follow up seven out of eight patients had functional grafts (Sener et al. 2006).
Unfortunately, it remains unclear whether this outcome was due to the immunoglobulins or
due to reduced immunosuppressants.

Lactoferrin is an iron-binding glycoprotein and plays an important role in fighting
parasitic, mycotic, bacterial and viral infections. In an in vitro assay with Vero (green monkey
kidney) cells, Longhi et al. could demonstrate that lactoferrin inhibits BKV infection by
directly binding to viral particles (Longhi et al. 2006). The efficacy of all these compounds is
controversial and large studies are missing.
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1.4 POLYOMAVIRUS-SPECIFIC IMMUNE RESPONSE

The key element of polyomavirus disease is the disruption of the balance of the viral
replication and the host immune control. Currently, there is only limited knowledge of the
humoral and cellular immune response to BKV and JCV.

1.4.1 Humoral Immune Response

BKV-specific neutralizing antibodies reduce the abundance of infectious virus particles,
prevent a systemic spread of the pathogen in vivo and are directed against the viral capsid
protein VP1 (Comoli et al. 2006). The exact role of BKV-specific antibodies in a kidney
transplant setting is controversial. It seems to be that BKV-seropositivity prior to
transplantation does not protect from BKV-replication and subsequent disease, and that
antibody titers increase only after resolution of viremia (Comoli et al. 2004; Hariharan et al.
2005). It has been shown that in pediatric KT recipients a BKV-seronegative status is strongly
associated with viral replication and progression to PVAN (Ginevri et al. 2003; Smith et al.
2004). The role of antibodies against JCV is not yet clear, but some reports describe a
decrease of JCV-DNA in the cerebrospinal fluid (CSF) with a parallel increase of anti-VP1
antibody titer (Giudici et al. 2000; Guillaume et al. 2000).

Polyomavirus-specific antibodies clearly deserve more attention, in particular in context of
using them as biomarkers to monitor KT recipients.

1.4.2 Cellular Immune Response

A protective immune response to viruses is established upon recognition of viral peptides
by CD8+ (responsible for killing the virus-infected cell) and CD4+ effector T-cells (helping
B-cells to produce anti-viral antibodies). For viral-peptide recognition by the T-cell receptors,
the antigen has to be loaded on APC. APCs present antigens on major histocompatibility
complex (MHC) molecules which appear in two distinct classes: MHC class I (MHC 1) or
MHC class II (MCH II). MHC I are present on all nucleated cells while MHC II are mainly
present on specialized APCs. Viral peptides are classically bound on MHC I and recognized
by CD8+ T-cells. CD4+ T-helper (Th) cells are activated by antigens bound on MHC 1II and
either activate macrophages (Thl-cells) or B-cells (Th2-cells). Only few BKV- and JCV-
epitopes are known to induce CD8+ or CD4+ cellular immune responses (Table 1.6).
Epitopes recognized by T-cells may serve as vaccination strategies or adoptive T-cell transfer
as a therapeutical option for treating or preventing the viral disease. This has already been
demonstrated for HSCT or SOT recipients who received ex vivo expanded CMV- or EBV-
specific cytotoxic T-lymphocytes (CTLs) (Riddell et al. 1992; Papadopoulos et al. 1994;
Rooney et al. 1995; Heslop et al. 1996; Comoli et al. 2002). Ex vivo expansion has also been
developed for BKV-specific CTLs showing that these cells can efficiently lyse BKV-infected
cells (Comoli et al. 2003).

Epitope mapping of immunogenic peptides is possible by using peptide libraries for in
Vitro testing, or in a more convenient way, by computer prediction. In vitro epitope mapping
is very time consuming and expensive, but naturally processed epitopes can be found with
this method and it is HLA-independent. Computer prediction may miss some epitopes
because algorithms are not available for all HLA-types.
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Table 1.6: BKV- and JCV-epitopes inducing a cellular immune response.

Virus  Peptide Length Sequence HLA Reference
BKYV LTy 15aa GNLPLMRKAYLRKCK HLA-B*0702 (Li et al. 2006)
HLA-B*08
LT,; 9aa LPLMRKAYL HLA-B*0702 (Li et al. 2006)
HLA-B*08
LT3, 9aa MLTERFNHIL HLA-A*02 (Randhawa et al. 2006)
LT 46 9aa VIFDFLHCI HLA-A*0201 (Provenzano et al. 2006)
LTy 9aa FLHCIVFNV HLA-A*0201 (Provenzano et al. 2006)
LTss; 15aa I[YLRKSLQNSEFLLE' HLA-B*0702 (Li et al. 2006)
HLA-B*08
LTss; 15aa KSLQNSEFLLEKRIL? HLA-B*0702 (Li et al. 2006)
HLA-B*08
LTs 9aa LLLIWFRPV HLA-A*0201 (Provenzano et al. 2006)
LT3 15aa TFSRMKYNICMGKCI®  HLA-B*0702 (Li et al. 2006)
HLA-B*08
VP14 9aa AITEVECFL* HLA-A*0201 (Chen et al. 2006)
VP1,08 9aa LLMWEAVTV® HLA-A*0201 (Chen et al. 2006)
JCV  LTss, 15aa AYLRKSLSCSEYLLE' HLA-B*0702 (Li et al. 2006)
HLA-B*08
LTs 15aa  KSLSCSEYLLEKRIL>  HLA-B*0702 (Li et al. 2006)
HLA-B*08
LT, 15aa TFSTMKANVGMGRPI® HLA-B*0702 (Li et al. 2006)
HLA-B*08
VP1,36 9aa SITEVECFL! HLA-A*0201 (Du Pasquier et al. 2003)
VP1,100 9aa ILMWEAVTL’ HLA-A*0201 (Koralnik et al. 2002)

1 BKV and JCV homologues peptides

The importance of developing an effective immune response to polyomaviruses was also
illustrated for JCV, the causing agent of PML. CTL-response to JCV-VP1 peptide
ILMWEAVTL was recognized in five of seven (71%) PML survivors but in zero of six PML
progressors (Koralnik 2002). Furthermore, PML patients showed reduced JCV-specific CD4+
T-cell response and restoration was associated with JCV clearance from CSF which indicates
the importance of CD4+ response in preventing PML (Koralnik 2002; Gasnault et al. 2003).

Further studies are needed to understand the interplay of the immune response and viral
reactivation and replication.
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2. AIM

The aims of the present study were: 1. To elucidate the BKV-specific cellular immune
response to LT-antigen, capsid protein VP1 and agnoprotein in healthy blood donor (HB) and
KT recipients, 2. To illustrate the interplay between BKV-replication and cellular immune
response, and 3. To test for cross-stimulation of JCV proteins LT-antigen, VP1 and
agnoprotein in the same KT patients, due to the 75% homology to BKV.

To test BKV- and JCV-specific cellular immune response in HB and KT recipients,
peptide libraries of three BKV-proteins (LT-antigen, VP1 and agnoprotein) and three JCV-
proteins (LT-antigen, VP1 and agnoprotein) were used for PBMC stimulation. The cellular
immune response to the different peptides was measured by ELISpot assay, using [FN-y as a
marker for peptide-specific immune response.
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3. SUMMARY OF RESULTS

Polyomavirus BK is an emerging pathogen in KT recipients. New potent
immunosuppressive drugs promote reactivation and replication of BKV and progression
towards PVAN. PVAN occurs in up to 10% of the KT recipients with a graft loss in up to
80% of the cases. New potent immunosuppressive drugs, as MMF) and FK506 are risk factors
for developing PVAN. As no proven antiviral drugs are available, the only therapy of choice
is the reduction of immunosuppressiva in order to regain BKV-replication control (H. H.
Hirsch, M. Dickenmann, S. Binggeli, J. Steiger, Schweiz Med Forum 2004; 4:538-541).

BKYV-specific cellular and humoral immune response is not well characterized. Recent
findings have shown that BKV-seropositive patients prior to transplantation are not protected
from BKV-replication. In contrast, BKV-specific cellular immune response correlates with
the diagnosis of PVAN (P. Comoli, S. Binggeli, F. Ginevri, H. H. Hirsch, Transplant
Infectious Disease Jun 2006; 8(2):86-94, Review).

The aim of this study was to investigate the interplay of BKV-specific immune response
and BKV-replication in blood samples of KT recipients. We examined the BKV-specific
immune response by ELISpot assay in KT. PBMC of KT recipients were stimulated with
BKYV LT-antigen and BKV-VP1 peptide libraries. The BKV-specific immune response was
measured by the detection of IFN-y by ELISpot assay. From the results of a pilot study with
eight patients we were able to deduce that the dynamics of viral-replication rather than the
viral load correlates with a protective immune response (S. Binggeli, A. Egli, M.
Dickenmann, I. Binet, J. Steiger, H. H. Hirsch, American Journal of Transplantation, Sep
2006; 6(9):2218-9).

To corroborate this previous observation the BKV-specific cellular immunity in 42 KT
recipients and 10 HB were tested. The KT patients were divided into two groups: patient
group 1 with an increasing or stable viral load (inc/hi)' and patient group 2 with a decreasing
viral load or after resolved PVAN (dec)”. Indeed patients in group 2 showed a significantly
higher immune response upon stimulation with BKV-LT and BKV-VPI1 than patients in
group 1 (P=0.003, P=0.001, respectively, Wilcoxon, two-sided). Detailed analysis revealed a
cut-off of >69 SFU/Mio PBMC for BKV LT-antigen, but not for BKV VPI, with
significantly more KT patients from group 2 (dec) than from group 1 (inc/hi). This cut-off has
to be validated in a prospective study and also analyzed whether such a cut-off can be used for
immunosuppressive reduction guidance.

BKV-specific cell expansion was tested in a short-term culture in the presence of either
BKV-LT or -VP1. After 9-day culture, PBMC were restimulated with BKV-LT or -VP1 and
the responses were then compared with responses to direct stimulation (without prior
cultivation). BKV-LT and -VP1 specific cellular immune responses were significantly higher
after 9-day cultivation than after direct stimulation (P=0.002, P=0.003, respectively,
Wilcoxon, two sided).

Due to high sequence homology between JCV and BKV, JCV-LT and -VP1 overlapping
peptide pools were used to test PBMC-cross recognition. JCV-LT and -VP1 responses were
significantly lower than BKV-mediated response (P=0.008, P<0.001, respectively, Wilcoxon,
two-sided). Comparison of JCV- and BKV-specific responses after 9-day culture revealed that
the BKV-VP1 response was significantly higher than the JCV-VP1 (P=0.016, Wilcoxon, two
sided), but no significant difference was observed for LT-antigen (S. Binggeli, A. Egli, S.
Schaub, I. Binet, M. Mayr, J. Steiger, H. H. Hirsch, American Journal of Transplantation, Mar
2007; 7:1-9).

! Group 1: increasing or persisting plasma BKV loads of >10* DNA copies/ml and <1.5 log.
2 Group 2: decreasing viral load >1.5 log.
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Agnoprotein, a late viral protein, is highly expressed upon infection. We investigated
whether agnoprotein is able to induce a BKV-specific immune response and whether it may
serve as a diagnostic marker. Immunostaining revealed that agnoprotein was highly expressed
in the cytoplasm of infected cells and was only seen in combination with BKV-LT which is
located in the nucleus. Interestingly, BKV-agnoprotein specific cellular and humoral immune
responses were scarcely detected in HB or KT recipients. There are only few published
studies concerning BKV-agnoprotein, and further investigations are necessary to fully
understand the function of agnoprotein during infection. (D. Leuenberger, P. A. Andresen, R.
Gosert, S. Binggeli, E. H. Strom, S. Bodaghi, C Hanssen Rinaldo, H. H. Hirsch, Clinical and
Vaccine Immunology, Aug 2007; 14(8): 959-968).

As no antiviral treatment is available for BKV, the only therapy is the reduction of
immunosuppressive drugs in order to regain immunological control over BKV-replication and
PVAN. However reduction of immunosuppressants upon PVAN diagnosis bears the risk of
rejection or inflammatory response to BKV. It is difficult to distinguish between these two
outcomes because specific markers are yet lacking. Therefore, it is pivotal to record the
clinico-pathological course of the KT patient in order to correctly diagnose the problem as the
therapies are completely different. Measuring the BKV-specific cellular immune response
may support and complement other markers, such as PCR analysis and biopsies, to better
distinguish between rejection and BKV-specific immune response. (S. Schaub, M. Mayr, A.
Egli, S. Binggeli, B. Descceudres, J. Steiger, M. J. Mihatsch, H. H. Hirsch, Nephrology
Dialysis Transplantation, Aug 2007; 22(8): 2386-90).

Finding the optimal immunosuppressive drug level is crucial for preventing rejection
(under-immunosuppressed) and viral replication (over-immunosuppressed). Our current study
showed a cut-off level of 6.65 ng/ml FK506 drug level in blood, dividing those KT patients
with and without BKV-replication control (ROC-curve: AUC=0.897, sensitivity=78%,
specificity=86%). If this cut-off is validated by a well designed prospective study, it may
serve as a guideline to administrate the optimal drug level. (S. Binggeli, 2007, current results).

BKYV-specific epitopes have received considerable attention in the last five years. We
started with the epitope mapping in a kidney patient with the most common HLA-type: HLA-
A*01, HLA-B*08. First screening of BKV-LT revealed ten 15aa long peptides with
immunogenic potential. Three of these ten peptides were further investigated for cross-
recognition with the homologous JCV-peptides. Even though response to the three JCV-
peptides was lower, cellular immune response could be clearly detected. It needs further
investigation to find more BKV-specific epitopes and also to test the ability of CD8+ T-cells
to kill BKV-antigen presenting cells. (S. Binggeli, 2007, current results).
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Zusammenfassung

Polyomaviren wie das BK- und JC-Virus sind ent-
wicklungshiologisch alte, wenig pathogene Erre-
ger, die sich optimal an ihren menschlichen Wirt
angepasst haben. Seit 1995 werden aber Polyo-
maviren zunehmend fiir Funktionsstérungen
in fransplantierten Nieren verantwortlich ge-
macht. Die mit dem Polyomavirus assoziierte
Nephropathie (PVAN) ist bei zirka 5% der Patien-
ten nachweisbar und kann in tiber 80% zu einem
Transplantatverlust fithren. Der Grund fiir diese
Haufung ist unklar Al aber mit der Einfithrung
von neuen Immunsuppressiva wie Tacrolimus
und Mycophenolat-Mofetil zusammen. Derzeit
gibt es keine antivirale Therapie. Einzige Be-
handlungsoption ist eine Reduktion der immun-
suppressiven Therapie, um eine verbesserte im-
munologische Kontrolle der Polyomavirusinfek-
tion zu erreichen. Die Diagnose der PYAN basiert
auf der Biopsie, wurde aber meist in einem fort-
geschritfenen Stadium gestellt. Miglicherweise
ist eine frithzeitige Diagnose kritisch fiir eine er-
folgreiche Intervention. In Basel wurde deshalb
prospektiv das Auftreten ven virusinfizierten
«Decoy-Zellen» im Urin, von BK-Virdmie und
PVAN bei 78 Patienten untersucht, die eine
Basis-Immunsuppression mil Tacrolimus oder
Myecophenolat-Mofetil erhielten. Die Ergebnisse
zeigten eine Inzidenz von PVAN von 8% (Y59%,
Konfidenzintervall 1-15%). BK-Virus-spezifische
Antikorper waren bei 80% vor Transplantation
nachweishar und schiitzten nicht vor PVAN (Se-
kundérinfektion). Mbgliche Risikolaktoren sind
vorgiangige Abstossungsepisoden und deren Be-
handlung. Die BK-Virimie konnte als Surro-
gatmarker der PVAN zur Diagnose (>10000 Ko-
pien/ml) und als Verlaufsparameter nach Reduk-
tion der Immunsuppressiva verwendet werden.

Einleitung

[fiir Patienten mit terminaler Niereninsuffizienz

gibt es derzeit zwei Behandlungsmiglichkeiten:

— Dialyseverfahren (Himo- oder Peritonealdia-
lyse) und

— Transplantation einer Spenderniere.

Beide Behandlungsmaiglichkeiten sind  heute
Routine und haben spezifische Vor- und Nach-
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teile. Vergleichsuntersuchungen zeigen aber,
dass die Nierentransplantation die Therapie der
Wahl ist, da ausser geringeren Kosten zwel
wesentliche Vorteile fiir die betroffenen Patien-
ten bestehen: geringere Mortalitit und hohere
Lebensqualitit, Trotzdem bleiben bei der Trans-
plantation weiterhin hohe Anforderungen an
Patienten, Pflege und Arzte bestehen. Offensicht-
lich kritische Punkte sind die Organspende
{Lebendspende, Leichenspende, Organknapp-
heit, Warteliste), die Planung und Durchfihrung
der Transplantation sowie die interdisziplinidre
Nachsorge der Patienten. Die Verbesserung der
Nachsorge hat bei Lebend- oder Leichenspende
in der Zeit von 1988 bis 1996 zu einem Anstieg
des Transplantatiiberlebens von 5-10% inner-
halb des ersten Jahres gefithrt [1].
Aus infektiologischer Sicht kann man die Nach-
sorge grundsitzlich in zwei Abschnitte einteilen:
In den ersten Tagen bis Wochen stehen bakterio-
logische Komplikationen im Zusammenhang mit
Chirurgie und Hospitalisation im Vordergrund
wie Katheter-, Wund- und Harnwegsinfektionen.
In den anschliessenden 6 bis 12 Monaten folgen
opportunistische Infektionen, fiir die einerseits
die notwendige immunsuppressive Behandlung,
andererseits Eigenschallen von Transplantat
und Emplinger massgeblich sind [2]. Tnfektio-
nen mit Viren stellen diesbeziiglich eine beson-
dere Herausforderung dar [3], weil

- die immunologische Kontrolle von Viruser-
krankungen zum Teil dieselben Mechanis-
men verwendel wie immunoelogische Abstos-
sungsreaktionen;
bestimmte Viren nach erfolgter Infektion in
Korperzellen des Patienten bzw. des Organs
versteckt, d.h. latent, bleiben kénnen und
dort als «Schliafer» nicht vom Immunsystem
erkannt und eradiziert werden;

- Viruslatenz und -reaktivierung klinisch und
diagnaostisch oft schwer unterscheidbar sind;
nicht pathogene Begleitreaktivierung gele-
gentlich schwer von einer eigentlichen Virus-
erkrankung abgrenzhbar ist;

— Viruserkrankungen hiufig erst spit diagno-
stiziert werden;

— antivirale Medikamente nicht verfiighar sind
oder, wenn vorhanden, diese nur die Virusre-
plikation bremsen, nichi aber zu einer Virus-
eradikation lithren.
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Ausgehend von latenten Virusinfektionen kann
es zum Wiederaufflammen der Virnsvermeh-
rung und Organschidigung kommen. Diese Re-
aktivierung wird von einem intaklen Immunsy-
stermn meist problemlos wieder unter Kontrolle
gebracht. Die zur Vermeidung ven Abstossungs-
reaktionen notwendigen Immunsuppressiven
Medikamente schrinken die immunologischen
Kontrollméglichkeiten ein. Polyomaviren entlal-
ten genau in dieser Situation ihr «krankmachen-
des» Potential im Sinne einer neuen opportuni-
stischen Komplikation [4, 5].

Alte Viren

Polyomaviren sind bei Wirbeltieren weit verbrei-
tet und zeichnen sich durch eine hohe Wirtsspe-
zifitdt aus. Der Mensch ist der natiirliche Wirt fiir
zwel Polyomaviren, Typ 1 und Type 2, die nach
den Initialen der ersten Patienten BK- und
JC-Virus genannt werden, von denen sie vor
30 Jahren erstmals isoliert wurden. Etwa 80%
der erwachsenen Bevilkerung haben in der
Kindheit wahrscheinlich durch familidre Uber-
tragung Primérinfektionen mit beiden Polyoma-
viren durchgemacht, ohne dass dabeibesondere
Zeichen oder Symptome erkennbar wiren. Po-
Ivomaviren verbleiben lebenslang im Korper
Hauptorte dieser latenten Infektion sind die Nie-
ren und ableitenden Harnwege. Von dort kommi
es bei 1-20% der gesunden Lrwachsenen zu
spontaner Reaktivierung mit nachfolgend meist
symptomloser Ausscheidung in den Urin [4].
Hohe Durchseuchung und geringe Pathogenitit
sprechen [iir eine entwicklungsbiologisch eta-
blierte Adaptation. Tatséichlich kénnen mensch-
liche Migrationsbewegungen der letzten 100000
Jahre anhand von Polvomavirus-Geno-Subty-
pen nachvollzogen werden kann, wie dies fiir
mitochondriale DNA moglich ist. Dies gilt fiir
Wanderungshewegungen indianischer Ethnien
von Afrika iiber Asien und Alaska nach Amerika
und entsprechend Kolonisation und Sklavenhan-
del fiir das Aultreten der européischen und west-
afrikanischen Genotypen unter der heutigen
amerikanischen Bevilkerung. Auf virologischer
Elene zeigt sich die enge Verzahnung von Wirt
und Virus nicht nur in einer ausschliesslichen
Verwendung von Wirtszellenzymen [ir  die
Virusreplikation, sondern auch darin, dass bei
der Verpackung des Virusgenoms Histone der
Wirtszelle verwendet werden, die sogar in die
Virionen «entfithrt» werden [4].

Neue Immunsuppressiva

Wihrend JC-Virus als Ursache der meist tédlich
verlaufenden Hirnerkrankung PML (progressive
multifokale Leukoenzephalopathie) bei schwer
immungeschwiichien Patienten, z.B. 1 5% der
AlDS-Patienten, lange bekannt ist, bestand [ir
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das BK-Virus lange keine sichere Krankheits-
assoziation. Dies dnderte sich 1995, als unahhén-
gig in Basel und in einigen Transplantationszen-
tren der USA bei nierentransplantierten Patien-
ten eine Haufung von Polyomavirusinfektionen
mit progredientem Befall der fransplantierten
Nieren beobachtet wurde [6]. Der Grund fir die
plotzliche Zunahme ist bisher nicht geklart, aber
last alle Patienten erhielten neue potente Im-
munsuppressiva wie Tacrolimus und/oder Myeco-
phenolat-Mofetil, die meist sogar kombiniert
wurden. Mittlerweile sind auch erste Fille in
Kombination mit Sirolimus aufgetreten [4, 5].
Moglicherweise ist die Potenz dieser neueren Im-
munsuppressiva ein wichtiger Faktor fiir das
Auftreten der PVAN. Ein einziger Fall von PVAN
durch JC-Virus wurde kirzlich beschriehen
(<1% aller Fille) [7]. Die Bedeutung des ver-
wandten Affenvirus SV40, mit dem Anfang 1960
Polioimpfstoffe kontaminiert waren, wird zur
Zeit noch kontrovers diskutiert [8].

Antivirale Therapie?

Eine spezilische antivirale Behandlung existiert
derzeitnicht. Inshesondere bieten Polyomaviren
keine selektiven Angriffspunkte fir etablierte
antivirale Medikamente, wie man sie fiir die
DNA-Polymerasen der Herpesviren kennt. Ahn-
lich wie liir Zytomegalievirus-Inlektionen in der
Zeit vor Ganciclovir ist die wichtigste Interven-
tion eine Reduktion der immunsuppressiven Be-
handlung, um eine immunologische Kontrolle
der BK-Virus-Replikation zu erreichen [4]. Diese
Intervention ist nicht unproblematisch, da sich
damit das Risiko fiir eine immunoloegische Ab-
stossungsreaktion erhoht [5, 9].

Diagnose der PVAN

Die Diagnose PVAN basiert auf der mikroskopi-
schen Untersuchung einer Gewebsprobe (Biop-
sig) [10]. Besonders zu Beginn wurde die Dia-
onose hdulig verpasst bzw. erst in einem lorige-
schrittenen Stadium gestellt. Moglicherweise ist
aber eine frithzeilige Diagnose wichtig fiir eine
erfolgreiche Intervention. In Basel haben wir be-
obachtet, dass bei Patienten, die eine histo-
logisch dokumentierte PVAN entwickelten, teil-
weise Wochen vorher BK-Virus im Blut nach-
weishar war [111.

Prospektive Untersuchung zu PVAN

Wir haben deshalb prospektiv 78 Patienten, die
eine Immunsuppression mil Tacrolimus oder
Mycophenolal erhielten, bis zu 140 Wochen (Me-
dian 85) nach Niereniransplantation fiberwacht
[12].
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Unsere Ergebnisse zeigen, dass

~ bei 8% (Streuung 1-15%) eine BK-Virus-Ne-
phropathie erwartet werden kann;

— die Diagnose im Schnitt bis zu 12 Woehen fri-
her gestelll wurde als in den ersten retrospek-
tiven Untersuchungen;

— bel allen Patienten bis zu 5 Wochen vorher
eine ansteigende BK-Virus-Menge auf Werte
=>10000 Kopien/ml im Blut nachweisbar war;
bei 80% aller Patienten bereits vor Transplan-
tation BK-Virus-spezifische Antikorper nach-
weishar waren;

~ durch eine Modifikation bzw. dosierte Reduk-
tion der Immunsuppressiva die BK-Virus-
Last im Blut abmnahm;

— kein Transplantat wegen PVAN oder deren
Behandlung verloren wurde [12].

Risikofaktoren fir PVAN

Patienten nach durchgemachten Abstossungs-
reaktionen und entsprechender Behandlung
waren signifikant hiufiger betroffen. Dies unter-
stiitzt die Hypothese, dass PVAN durch das be-
sondere Zusammenwirken von mindestens zwel
Komponenten gefordert wird: Gewebeschadi-
gung durch immunologisch-entziindliche Pro-
zesse wie Abstossung sowie durch herabgesetzte
Reaktionsfihigkeit des Immunsystems [12].

PVAN-Hypothese

Obwohl eine intensive Immunsuppression einer
derwichtigsten Faktoren filr PVAN ist, gehen wir
davon aus, dass PVAN nicht allein durch eine
linison dangereuse mit neuen potenten lmmun-
suppressiva zustande kommt, sondern durch
multiple, sich ergdnzende Faktoren, die zusam-
men eine Nische fiir diese neue opportunistische

Komplikation eines eigentlich relativ harmlosen

Erregers hilden [4):

— zelluldr: Tubuluszellschédigung, Regenera-
tion, Zytokinwirkung;

— immunologisch: schwere Immunsuppression
mit neuen Immunsuppressiva, HLA-Mis-
match, Primoinfektion, neuer Serotyp;

~ viral: Primoinfektion, Zweitinfektion mit
neuem Serotyp, adaptierter hoch replizieren-
der neuer Genotyp.

Griinde fiir diese Annahme liegen nicht zuletztin
der Beobachtung, dass PVAN in allogenen Nie-
ren relativ haufig, aber nur selten in autologen
Nieren beianderen Solidorgantransplantationen
wie Leber und Herz beobachtet wird, obwaohl
dieselben Immunsuppressiva bzw. Dosen ver-
wendet werden [5]. Antikdrper vor Transplanta-
tion schiitzen nicht vor PVAN. Eine Infektion mit
dem BK-Virus-Subtyp des Spenders ist nicht aus-
geschlossen, verbessert aber miglicherweise die
Reaktionsfahigkeit der Immunahwehr Umge-
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kehrt ist vorstellbar dass bei polyomavirusnai-
ven, also seronegativen, Patienten mit einer
durch das Transplantat itbertragenen Primoin-
fektion und gleichzeitiger intensiver Immunsup-
pression allenfalls keine fritheren Abstossungs-
gpisoden vorlicgen miissen (5, 13].

PVAN und Abstossung

Die Diagnose von PVAN und gleichzeitiger Ab-
stossung wird in verschiedenen Zentren kontro-
vers beurteilt, Wird PVAN zusammen mit einer
Abstossung diagnostiziert [10], haben wir in
Basel gute Erfahrungen mit einem zweiphasigen
Vorgehen gemacht: initiale Abstossungsbehani-
lung, meist mitintraventsen Steroiden als erstem
Schritt, gefolgt von einer Modifikation/Reduktion
der Basisimmunsuppression [9, 12]. Serumkrea-
tinin und BK-Virimie dienen als Verlaufspara-
meter.

Fur die Praxis

PVAN stellt eine neue opportunistische Kompli-
kation von alten viralen Begleitern nach Nieren-
transplantation dar, welche die Verbesserung
des Transplantatiitberlebens der letzten 10 Jahre
kritisch reduziert. Wegen der Bedeutung einer
frithen Diagnose wird [iir die Nachsorge die
Urinzytologie bzw. die quantitative PCR als drei-
monatliches Sereening wihrend der ersten zwel
Jahre empfohlen. Dies sollte ebenso bel Abkla-
rungen von Funktionsverschlechterungen des
Transplantats durchgefithrt werden. Bei Patien-
ten mit Zeichen einer Virusreplikation im Urin
{«possible PVAN») sollle die BRE-Virimie im
Plasma gesucht und quantifiziert werden. Bei
einer auf >10000 Kopien/ml ansteigenden BK-
Virimie («presumptive PVAN») sollte die Dia-
gnose mittels Biopsie gesichert werden («delini-
tive PVAN»).

Fiir die Forschung

Wichtige Ziele sind

— die Bedeutung der Reduktion der Immunsup-
pression zu evaluieren;

~ die immunologischen Mechanismen zu cha-
rakterisieren;

— immunologische und/oder antivirale Thera-
pieoptionen zu entwickeln.
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Review article

Polyomavirus-associated
nephropathy: update on
BK virus-specific immunity

Abstract: The human polyemavirus type 1, also called BK virus
(BKV), causes polyomavirus-associated nephropathy (PVAN) in

1 10% of renal transplant recipients, with graft loss in over 50% of
cases. Therisk factors for PVAN are not conclusively defined and
likely involve complementing determinants of recipient, graft, and
virus. A central element seems to be the failing balance between
BKV replication and BKV-specific immune control, which can result
from intense triple immunosuppression, HLA-mismatches, prior
rejection and anti-rejection treatment, or BK V-seropositive donor/
seronegativerecipient pairs. Consistent with this general hypothesis,
the timely reduction of immunosuppression in kidney transplant
recipients reduced graft loss to less than 10% of cases. However, the
BEK V-specific humoral and cellular immune response 1s not well
characterized. Recent work from several groups suggest that changes
in antibody titers and BKV-specificCD4 + and CD8 + T

cells may help to better define the risk and the course of PVAN in
renal transplant patients.

The morbidity and mortality of viral infections is signifi-
cantly increased in transplant patients. A key reason re-
sides in the overall weakened immune functions following
induction and maintenance immunosuppression to prevent
immunological injury (rejection) post transplant (1). In ad-
dition, specific antiviral immune functions are impaired
when virus-infected cells and cellular immune effectors
meet in an allogenic transplant constellation. Viral infec-
tions with a propensity for latency require continuous im-
mune control to restrict the rate and level of virus
reactivation as, by definition, clearance from the host can-
not be obtained for such viruses, regardless of antiviral
treatment (2). For diagnostic and clinical reasons, it is im-
portant to carefully distinguish latent infection from active
virus replication or virus disease, of which the latter is
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often, but not always, linked to concurrent virus replication
(3). Cytomegalovirus and Epstein Barr virus (EBV) are
notorious sources of viral complications post transplant
owing to intricate latency and replication patterns, multi-
lateral interactions with the host’s immune system, and vi-
ral pathologies that are only partly susceptible to antiviral
treatment (4 6). By contrast, palyomavirus infections have
been described only rarely (7, 8), but are now receiving in-
creasing attention intransplant patients as BKvirus (BKV)
was identified as the major cause of polvomavirus-asso-
ciated nephropathy (PVAN}in 1 10% of renal transplants
with subsequent graft loss in over 50% of cases (9 14). JC
virus (JCV), on the other hand, was identified early on as the
etiological agent of progressive multifocal leukoencephalop-
athy, a fatal, demyelinating disease of the central nervous
system, which has been observed in 5% of acquired immu-
nodeficiency syndrome (AIDS) patients in the era before
antiretroviral combination therapy, but is rare in recipients
of solid organ transplants (15 17).

Polyomavirus and epidemiology

BKY and JCV were first isolated in the 1970s and named
after the initials of the first patients. Both viruses are spe-
cific for humans, but belong to the family of polyomaviri-
dae which are found in a wide range of vertebrates
including birds, rodents, cattle, monkeys, and primates.
The virions are non-enveloped icosahedral particles of
45 nm diameter that contain the circular double-stranded
DNA genome of 53kb. Polyomavirus genomes are 60

75% homologous at the nucleic acid level. Three genomic
areas have been distinguished: (i} the non-coding control
region harboring the origin of viral DNA replication and
transcription/promoter sequences to control viral gene ex-
pression; (ii} the early genes encoding the regulatory pro-
teins called the tumor (T)-antigens for their transforming
potential; (iii} the late genes encompassing the capsid pro-
teins VP-1, VP-2, and VP-3, and the agnoprotein (14, 18). The
host cell specificity of polyomaviruses is mediated by the
capsid protein VP-1 interacting with host cell receptors (19)
and through cell-specific expression of early and late genes
from the non-coding control region (20}, Efficient polyoma-
virus replication depends on the recruitment of cellular fac-
tors by the regulatory T-antigens and is modulated by

Comoli et al: Update on BKV-specific immunity

cellular differentiation and external signals. Assembly of
polyvomavirions cccurs in the nucleus and high-level repli-
cation releases infectious progeny by host cell lysis.

Serological evidence indicates that BKV and JCV infect
50 90% of the general population during childhood @1,
22). Natural transmission is not resolved and occurs pre-
sumably via oral and/or respiratory routes, but also during
pregnancy, transfusion, and transplantation (14). During
primary replication/viremia, exposure of various cell
types is thought to occur, which include lymphoid tissues,
brain, liver, and the renourinary tract. The renal tubular
epithelial cells and the urothelial cell layer represent clini-
cally often silent, butepidemiclogically most relevant, sites
of latency and reactivation. In immunocompetent indivi-
duals, intermittent urinary BKV and JCV replication is
found in <10% and <40%, respectively (23 27). Data
from a large prospective renal transplant study enrolling
700 adult patients indicate that BKV is found in the urine
of 6.7% of 344 patients with residual urine production be-
fore transplantation, at mean viral loads of 10°/mL (range
10* 10%) (28). Prevalence and level of BKVreplication in the
urine may increase with pregnancy, kidney disease, immu-
nodeficiency including human immunodeficiency virus
(HIV)/AIDS (14), and following transplantation procedures
(29 31). However, polyomavirus disease is rare, and almost
always associated with specific characteristics of the im-
mune system being either immature, naive, immunosup-
pressed, or overresponsive (3).

Outline of antiviral immune responses

The risk factors for FVAN are not conclusively defined and
likely involve complementing determinants of the triad of
recipient, graft, and virus (14). Disruption of the balance
between the virus replication and host immune control is
generally viewed as a key element of viral pathogenesis
(32, 33). In general, primary infections are brought under
contral by innate responses and non-specific cytotoxic cells
(natural killer cells, lymphokine-activated cells, MHCun-
restricted vé6 + Tlymphocytes), followed by increasing
antibody titers and epitope-specific human leukocyte anti-
gen (HLA}restricted T-cell populations. Virus neutralizing
antibodies reduce infectious virus particles and interfere
with the recruitment of new cellular replication sources.

Transplant infectious Disease 2006: 8: 86-94 87
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Nonneutralizing antibodies clear viral antigens and, after
processing by antigen presenting cells (APC), stimulate epi-
tope-specific CD4 + Tcells. CD4 + Tcells respond to viral
antigenic peptides presented by HLA class II, and con-
tribute to virus control mainly by producing cytokines that
stimulate macrophages, CD8 + T lymphocytes (T helper
type 1 response), or B lymphocytes (T helper type 2 re-
sponse), but some antiviral CD4 + T cells also have cyto-
toxic activity (34). Most virus-specific cytotoxic Tcells are
CD8 + and induce perforin-mediated lysis of infected cells
once virus-derived peptide epitopes are recognized as for-
eign’on HLA class [ molecules on the cell surface. With de-
clining antigen load, the specific lymphocyte populations
contract by mechanisms involving apoptosis. However,
some virus-specific cells survive and enter the memory
pool. These memory cells are able to reactivate when stimu-
lated by antigen rechallenge. The function and frequency of
specific memory cells is thought to be critical for control of
viral latency state.

Up to now, studies on BEVinduced immune responses
have been scarce, and consist mainly of morphological pres-
entation, indirect evidence, and delineated pathophysio-
logical concepts (3, 14), derived from indirect evidence and
experimental tumor models (35). The coincidence of PVAN
with widespread clinical application of potent triple immu-
nosuppressive regimens that allowed for solid organ trans-
plantation across boundaries of histocompatibility, implies
a role of a marked cellular immunodeficiency. In addition,
PVAN seems to have a predilection for renal transplants as
compared to native kidneys of patients with other trans-
plants. These graft-associated factors might include tissue
injury from ischemia/reperfusion, allosensitization, BK'V
tissue load, and HLA mismatching. Failure to mount pro-
tective immunity in case of a primary viral replication, or
impairment of functional memory T cell expansion in case
of viral reactivation (secondary replication) post trans-
plant, may cause morbidity and mortality even from agents
whose pathologic potential in immunocompetent individ-
uals is limited. In addition to lack of protection, BKV repli-
cation may be facilitated in the context of local injury/
regeneration, as has been shown in experimental murine
models (36). Interestingly, antilymphocyte agents used for in-
duction treatment were not significantly associated with BKV
replication and PVAN compared to their use in anti-rejection
treatment (14). Table 1 lists risk factors related to immunity that
have been associated with BKV replication and PVAN (37 52).
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Immunity-related risk factors for polyomavirus-associated nephropathy

Risk factors References
Intense triple immunosuppression

(Calcineurin-inhibitor, antiproliferative agent, steroid) {1C, 37, 38}
Steroids {39,40)
Renal transplantation (29-31, 41)
HLA-mismatches (38,42, 43)
Rejection and anti-rejection treatment {42,43)
BKV-seronegative recipient {44, 45)
BKV-seropositive donor (8, 46)

BKV new serotype, immune evasion {47)

HLA-C7 negative donor, negative recipient (46)

Low number BKY-specific IFN-y- (48-52)

producingT cells

HLA, human leukocyte antibody; BKY, BK virus; IFN, interferon.

Table 1

BKV-specific humoral immune response

Neutralizing antibodies to BKVand subtype-specific anti-
bodies are directed against determinants on the BKVmajor
capsid protein VP-1. Binding of BRVVP1 to glyvcosylated
structures on red blood cells mediates hemagghitination,
which has been used to quantify viral titers as well as anti-
body titers through hemagglutination-inhibition (HAT).
The HAI titers correlate well with neutralizing antibody ti-
ters and have been used in many early studies describing
the age-dependent increase in BKV-specific seroprevalence
(53). Using VP-1-based enzyme immuncassays (EIA), a
good correlation with HAI titers was found and only lim-
ited crossreactivity between BKVand JCV (54). BKV sero-
prevalence increased in children until age 10, reaching a
seropositivity of 98% for BKV among adults as compared
to 72% for JCV (35, 56).

The role of BEV-specificantibody titers was investigated
more recently in the setting of PVAN. In a first study using
HAI, Hirsch et al. (42} in 2002 found that 77% of adult kid-
ney transplant recipients were BKV seropositive before
transplantation with a fairly low median titer of 80 (range
10 1280). The results showed that BKV-seropositive renal
transplant recipients were not protected from significant
BEYV replication and PVAN, particularly in the setting of
HLA-mismatches and antirejection treatment. A recent
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study using VE-1 EIA observed significantly lower anti-
body titers in adult patients progressing to viremia than
in patients with sole viruria (57). Although no cases of
PVAN occurred in that study, the data suggested a limited
protective effect for early stages of BKV replication. In
keeping with this notion, Ginevri et al. (44) in 2003 found
that pediatric renal transplant recipients with HAI titers
of <40 had an increased risk for BKV replication and dis-
ease post transplant, which was independently confirmed
for seronegative recipients by another study using VP-1
EIAs (45). The protective effect may not be attributed sim-
ply toneutralizing antibody titers, but rather the titers may
represent a surrogate of the BKV-specific memory comr
partment. Thus, low or absent BKV-specific memory re-
sponse may be associated with an increased risk of
subsequent BKV replication and disease. On the other
hand, BKV-seropositive donors were shown to increase the
risk for subsequent BKV infection (8, 46). Remarkably, the
risk of BKV replication in the recipients was highly corre-
lated with BKVantibody titer in the donors (46). These data
not only support the hypothesis of the donor origin of the
virus harbored in the transplant, but also suggest that re-
cent infection and a potentially higher tissue viral load may
be important factors contributing to the imbalance of BKV
replication and immune control.

The course of BKV-specific antibody responses after re-
nal transplantation was found to follow the level and the
duration of BKV replication (57, 58). In patients with newly
diagnosed BKV replication and PVAN, BKV-specific IgG
antibody levels were found to increase significantly in
patients with declining BKV viremia or past PVAN (58},
Moreover, the transient appearance of BKV-specific [gM
antibody levels in some patients correlated with declining
BEKV viremia, and may serve as an early marker of the re-
covering immune response after reduced immunosuppres-
sion. Unlike IgM, IgG responses arelargely dependentonT-
cell function, but it has been shown for mice polyomavirus
that approximately 10% is mounted in aT-cell independent,
but CD40 CD154 involving, manner (59).

BKV-specific cellular immune response

Early studies on the cellular immune response against
BKYV have been essentially limited to hematopoietic stem

Comoli et al: Update on BKV-specific immunity

cell transplantation because of the association of BKV vir-
uriawith hemorrhagic cystitis of late onset (60 62). In 1985,
Drummond et al. (62) observed a significant correlation be-
tween BKV viruria, increasing antibody titers, and the
mounting of a detectable BKV-specific lymphocyte prolif-
eration after engraftment. The affected patients are sero-
positive before hematopoietic stem cell transplantation (63)
and develop very high BKY loads in the urine after condi-
tioning (64 66). Because of scattering BKV loads, however,
similarly high levels can be found in patients without hem-
orrhagic cystitis (65, 67). Moreover, as high-level BKVrepli-
cation precedes hemorrhagic cystitis, but then manifests
upon engraftment, it has been suggested some time ago
that the underlying pathogenesis might correspond to an
‘immune reconstitution syndrome’ (3, 14, 16, 68). This phe-
nomenon of excessive inflammatory response is well
known from HIV/AIDS patients after starting antiretrovi-
ral therapy (69} and can be elicited by polyomaviruses (70,
71} and may affect any organ including the kidneys (72).

In the setting of kidney transplantation, there is now evi-
dence that failure to mount or expand a cellular immune
response is linked to BKV replication and PVAN develop-
ment. Using ELISpot assays, Comoli et al. (48) found that
BKV-specific interferon (IFN)-v-secreting lymphocytes
were detectable at a mean frequency of 151 spotforming
units per 10° (range 20 430) in the peripheral blood of
healthy seropositive individuals. In contrast, BKV-seropos-
itive pediatric kidney transplant recipients had signifi-
cantly lower mean frequencies of 6 spot-forming units per
10° (range 0 9), whereas no BKV-specific IFN-y-secreting
cells were detectable in patients with the diagnosis of
PVAN (48). However, in patients with PVAN treated with
reducing immunosuppression, BKV loads in plasma and
urine declined and the frequency of IFN-y-secreting lym-
phocytes increased to the same level as found for healthy
controls. Simultaneously declining serum creatinine con-
centrations indicated stabilization of allograft function
and the absence of PVAN was confirmed in biopsy studies
(48}. For one patient, a rebounding increase of BKV viremia
was noted that was coupled to disappearing BKV-specific
IEN-y-producing peripheral blood mononuclear cells
(PBMC), but responded to further reduction of immuno-
suppression (Fig. 1). The antibody titers, however, remained
unchanged at the elevated levels (49). These data indicate
that the dynamics of BKV-specific cellular immunity are a
mirror image of the BKV loads. The discordance of humor-
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Fig. 1. Monitoring BK virus-specific humoral and cellular immune re-

sponges (data from Comoli et al. [48]). PVAN, polyomavirus-agsociated
nephropathy:;

al and cellular immune response is important as it demon-
strates that the dynamic balance of BKV replication and
specific immune response is insufficiently captured by
antibody titers alone.

The improving allograft functions in these cases provide
evidence against the hypothesis that expanding cellular
immunity is a major determinant of polyomavirus disease
as propesed for hemorrhagic cystitis (3). However, the suc
cess of expanding cellular immunity controlling BKV repli-
cation without extensive immunopathologic damage may
apply only to early stages of disease. In the case of pro-
longed high-level viral replication, BKV-mediated cyto-
pathic damage has been estimated to amount to 10°
tubular epithelial cells per day (73), which may lead to a ne-
crotic granulocytic inflammatory reaction at the site of in-
fection. Further cytotoxic-inflammatory damage and organ
compromise could be driven by homing of HLArestricted
effectors. The impact of HLA-restricted T cells may be par-
ticularly brisk and thus correspond to an immune reconsti-
tution disease (3, 14) when HLA matching is optimal, which
might explain the paradoxical worse graft survival in renal
allografts with PVAN and better HLA matches (74). In a
mismatched allogenic environment, HLAunrestricted T
cells may cause immune-mediated damage. Indeed, in a re-
cent study, Comoli et al. (75) observed that BKV-specific cy-
totoxicT-cell lines from kidney graft recipients with PVAN
displayed a strong HLA-unrestricted, BKV-directed killing,
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which could be partly abrogated by experimental depletion
of CD3 + /TCRyd + T cells. Finally, allospecific T-cell re-
sponses may emerge by BKVreplication in the kidney allo-
graft, which elicit a condition morphologically and
molecularly indistinguishable from acute rejection (76)
and cause a major dilemma with regard to treatment (77).
To gain further insight into BKV-specific cellular immu-
nity and its role in the genesis and course of PVAN, it will
be important to define whether there is a specific pattern of
cellular response to BKV antigens. Recently, overlapping
peptide libraries for BKV-encoded proteins including large
T, small t, VP1, VP2, and VP3 were employed in ELISpot
and flow cytometry assays (78). In healthy BKV-seroposi-
tive individuals, 18 of 24 (75%) persons tested had more
than 10 spotforming units per 10° PBMC to at least one of
the BKV peptide pools, but without a clear pattern of immu-
nodominance. Interestingly, 91% of the individuals had a
CD4 + mediated response, whereas only 33% generated a
CD8 response. Further studies in 10 subjects linked the re-
sponse to a specific peptide sequence within that pool (78).
In another recent study, 15 adult renal transplant patients
with BKV viremia were tested for IFN-y production in
PBMC by flow cytometry after stimulation with overlap-
ping peptides spanning the BKV VP11 (50). CD4 + Tecell
responses were detected in the peripheral blood in 7 of 15
patients (47% ), but CD8 + T-cell responses were found in
only 2 of the 15 patients (13%). In patients with detectable
responses, BKV load in serum was > 250,000 copies/mL,
whereas the BKV load ranged from 900 to 37000 copies/
mL in patients lacking detectable responses in the periph-
eral blood. It is not clear whether or not patients with high-
er BEV replication have been diagnosed at a later stage, or
whether immunosuppression had been modified before the
diagnosis. However, over the next 10 months, both patients
with detectable CD8 + T-cellresponses lost their allografts
(50). These data are intriguing and suggest that some of the
BKV-specific responses might be associated with an allo-
specific response, as discussed. Interestingly, when T-cell
lines were generated directly from allograft biopsies after
stimulation with irradiated autologous PBMC, interleukin-
2 and anti-CD3 stimulation, only VP1-specific CDR + T
cells were found. In 2 patients, in whom BKV-specific T-cell
responses could be measured in PBMC, T-cell lines could be
raised from the needle biopsy, but not from the peripheral
blood. In some of these patients, the time of biopsy was
before the PBMC analysis, suggesting that return into the
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circulation could be a sign of recovery from PVAN (50).
Although these data are in part contradictory to other re-
ports, and need further study, in particular with respect
to the dynamics of BKV replication, the magnitude and di-
versity of the immune response and the potential of unrav-
eling the interaction of BKV replication and immune re-
sponses are nicely demonstrated.

Using a similar strategy with overlapping peptide pools,
another study demonstrated the presence of both VP1- and
large T'specific cytotoxicT-cell responses in cell lines reac-
tivated from healthy subjects and pediatric kidney trans-
plant recipients (49). Direct testing of PBMC from adult
patients with past PVAN by ELISpot assay revealed a high-
er frequency of BKVspecific IFN-y responses directed
against capsid VP-1 epitopes compared with large T-anti-
gen responses, most of which are generated by CD4 +
T cells (Fig. 2) (79). In addition, JCV-derived peptides also
elicited a response in these patients, supporting the notion
of possible crossreactivity that can be evaluated using
peptide pools.

Definition of the BKV protein peptide sequences recog-
nized by specific T cells will allow adaptation of sensitive
tools such as BKV protein tetramers and flow cytometry
to quantify cellular immune responses. Using computer-
based prediction algorithms, 2 recent studies identified
peptides from BKYV VP-1 that are recognized in the context
of HLA A*0201, and employed the corresponding tetramers
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Fig. 2. Interferon-y production after stimulation of peripheral blood
mononuclear cells (PBMC) with peptide pools covering VP-1 and large T
(LT} antigen from BKvirus (black bars) and JC virus {grey bars) in kidney
trangplants after polyomavirus-asgociated nephropathy (data from Bing-
geli et al. (79). SEB, Staphyiococens endotoxin B.
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to evaluate BKV immunity in kidney transplant patients.
Using tetramer painting, Krymskaya et al. (51) reported that
BKYV VP1pl08-specific CD8 + T cells were detfectable at a
frequency of 0.7% of CD& + Tcells in the peripheral blood
of a renal transplant patient with BKV viremia, but not in
another patient with BKV viremia. After i vifro stimula-
tion and 2 week culture, expansion up to 24% was observed
in the former patient, whereas the latter had low frequencies
around 1%, similar to healthy controls. Chen et al. (52) de-
tected BKV VPIp44 and VP1pl08-specific CD8 + T cells
after in vifro culture in the blood of 8/10 (80%} and 5/10
(50%} healthy individuals, respectively. In renal transplant
patients with PVAN, CD8 + T cells specificfor BKV VP1p44
and VP1pl08 were present in the blood of 5/7 (71%) and 6/7
(86%) patients tested, respectively. Patients with high num-
ber of CD8 + Teells had lower BKV load in their blood and
low anti BKVantibody titers. Conversely, those who had low
cytotoxic T-cell responses had persistently elevated BK
viremia and high anti-BKV antibody titers (52). Interest-
ingly, similar responses could be elicited by the homologous
JCV-derived peptides calling for a careful dissection of the
extent of epitope crossrecognition and possible cross-
protection of BEV- and JCV-specific T cells (51, 52, 79).

Perspective

Monitoring of specific immunity has gained widespread
consideration for diagnosis and management of viral infec-
tions complementing viral load measurements in immuno-
compromised hosts. EBV DNA-emia is observed in 20

30% of graft recipients post transplant, but only a fraction
eventually develops post-transplant lymphoproliferative
disease (PTLD). Likewise, EBV seronegativity is a risk fac-
tor for PTLD development, yet only some seronegative re-
cipients present with disease. In a recent paper, Smets et al.
(80) showed that EBV-seronegative graft recipients with
high viral loads have a much higher probability to develop
PTLD whenunable to mount EBV-specificT-cell responses.
Thus, by measuring EBV-specific T-cell frequency, it may
be possible to proceed to a finer characterization of a sub-
group of patients at risk, in whom preemptive therapy may
be justified. Similarly, assessment of BKV-specific T-cell
frequency might allow us to identify patients who are
more likely to progress to PVAN among those with positive

Transplant Infectious Disease 2006: 8: 86-94 91
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viremia or even high-level viruria. Similarly, measurement

of BKV-specific immunity might provide rational guidance

to thereduction of immunosuppressive drugs. However, the

best parameter for monitoring specific immunity still

needs to be defined. Thus, prospective studies of combined

virological and immunological monitoring are warranted

to assess the usefulness of this strategy.
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BKV Replication and Cellular Immune Responses
in Renal Transplant Recipients

lo the Editor:

Hammer and colleagues report on BKV-specific T-cell re-
sponses in peripheral blood mononuclear cells (PBMC) of
16 viremic kidney transplant recipients (1), After stimu-
lation with overlapping peptides spanning the viral cap-
sid protein VP1, interferon-y {IFNy)-producing CDA+ T
cells were observed in 7 patients (47%), including 2 pa-
tients {13%) with a CD84 T-cell response. All patients
with a detectable T-cell response had plasma BKY loads of
=2b0 000 copies (c)/mL. Both patients with VP1-specific
CD8B+ T cells were the only ones to lose their grafts dur-
ing follow-up. The authors concluded that high BKY load
of =250 000 ¢/mL correlated with peripheral BEKV-specific
T-cell responses and that BKV-specific CD8+ responses
indicated a risk for subsequent allograft loss (1.

Using ELISpot and flow cytometry for intracellular cytokine
staining, we detected BKV-specific PEMC responses in re-
nal transplant patients with plasma BKY loads clearly helow
250 000 ¢/mL. In patient 1 (b1 100 ¢/mL), both large T
antigen (LT} and VP 1-specific IFNy-producing PBMC were
detectable by ELISpot (642 and 392 SFU/10° PEMC). By
flow cytometry, this response included LT- and VP 1-specific
CDA+ Teells (0.16% and 0.11%) and CD8+ T cells (0.04%
and 0.06%), respectively. A similar BKV-specific cellular im-
mune profile was found in patient 2 {300 ¢/mL). Patient 3
(944 c/mL} is remarkable for clear responses by ELISpot
analysis which could not readily be attributed to CDA+ or
CD8+ T cells. This discordance may reflect differences in
sensitivity and/or an early phase of cellular immune effec-
tors including NK-cells (2). In patient 4 (9600 ¢/mL), LT- and
VP 1-specific CDA+ T-cell, but no CD8+ T-cell responses
were detectable In patients b and & with persisting BKY
viremia (38 400 and 98 000 o/mL), only very low responses
were detectable by ELISpot, but none by flow cytometry.
Overall, we found no correlation of BKV-specific cellular im-
mune responses and the level of plasma BKY load. How-
ever, all patients with detectable cellular responses had a
decline of BKY loads in the preceding 4-12 weeks. Inter-
estingly, LT- and VP 1-specific responses were not always
concordant. Similarly, Ll-specific T-cell responses were
seen in patient 7 with stable allograft function after clear-
ing BKV viremia and polyomavirus-associated nephropathy
(PVAN) more than 12 months age, and in patient 8 being on
hemodialysis after allograft loss due to PVAN 15 months
ago (Table 1).

In our series, VP 1-specific CD8+ T-cell responses were not
associated with poor allograft function. This discrepancy
may be due to lower immune effector frequencies which,
apart from technical differences, could reflect the stage
of PVAN, immune reconstitution dynamics after reducing
immunosuppression or other factors. Indeed, Hammer et
al. were able to raise VP1-specific CD8+ T cells from al-
lograft biopsies from patients without PEMC responses,
all of whom maintained allograft function {1). It is unclear
why the authers concluded that these cells originated in
the donor rather than from efficient homing of recipient
T-cells to the site of replication. It is well recognized that
duration and levels of plasma BKY loads are important sur-
rogates of viral tissue damage (3-5), which might also de-
termine specific immune-mediated and possibly allospe-
cific collateral damage. Thus, careful investigation of the
dynamics of BKY replication, together with the qualitative
and quantitative patterns of BKV-specific cellular immune
responses, seems (o be needed to elucidate the balance
of virus and immune response and to identify the most
informative tests.
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Polyomavirus BK (BKV) is the primary cause of
polyomavirus-associated nephropathy (PVAN) in kid-
ney transplant (KT} recipients. Using ELISpot assays,
we compared the frequency of interferon-y (IFN-v}
secreting peripheral blood mononuclear cells (PBMC)
after stimulation with overlapping peptide pools cov-
ering BKV large T-antigen (LT) and VP1 capsid pro-
teins {VP1). In 10 healthy donors, LT and VP1 re-
sponses were low with median 24 {range 15-95) and
25 (7-113) spot-forming units/10® PBMC (SFU), re-
spectively. In 42 KT patients with current or recent
plasma BKVY loads, median LT and VP1 responses of
29 (0-524) and 114 (0-1432) SFU were detected, re-
spectively. In KT patients with decreasing or past
plasma BKY loads, significantly higher median BKV-
specific IFN-y responses were detected compared to
KT patients with increasing or persisting BKVY loads
[LT: 78 (8-524) vs. 22 {0-120) SFU, p = 0.003; VP1:
285 (45-1432) vs. 53 (0-423) SFU, p = 0.001, re-
spectivelyl. VP1-specific IFN-y responses were higher
and more likely to involve CD41 T cells, while CD8T
T cells were more frequently directed against LT. Stim-
ulation with JCV-specific VP1 and LT peptides indi-
cated only low-level cross-recognition. The data sug-
gest that control of BKV replication is correlated with
differentiated expansion of BKV-specific cellular im-
mune responses.

Key words: BK virus interstitial nephritis, kidney trans-
plantation, nephropathy, polyoma, polyomavirus,
T cells
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Introduction

Polyomavirus-associated nephropathy (PVAN) is currently
the most challenging infectious cause of kidney transplant
(KT} faillure (1) affecting 1-10% of patients with graft loss
in =b0% (2-6). The human polyomavirus type 1, called
BK virus (BKV) (7), is the primary etiologic agent, although
few cases have been attributed to the closely related JC
virus {(JCV), the primary cause of progressive multifocal
leucoencephalopathy (8,9). BKY seroprevalence rates in-
crease during childhood exceeding 90% in adults world-
wide (10}, BKY persists in a nonreplicative latent stage in
the renourinary tract, and reactivation and low-level repl-
cation is seen intermittently in 5% of nonimmunosup-
pressed individuals at comparatively low levels of <10°
copies {cpymL {11,12). High-level urinary shedding at > 107
cp/mL occurs in 20-60% of transplant and other immuno-
compromised patients, and may be followed by viremia in
KT patients at risk for PVAN {13,14). Although the risk fac-
tors of PVAN are not uneguivocally defined and may include
partially complementary determinants of patient, graft and
virus (3), impaired BKV-specific antiviral immune control
is viewed as key factor (15). Different studies have im-
nlicated BKV-seropositive donors, seronegative recipients,
HLA-mismatehing, HLA-CY negativity of donor or recipient,
intensity of maintenance immunosuppression and antire-
jection treatment {15-19). Accordingly, decreasing of im-
munosuppressive drugs may be followed by clearing of
BKY replication in pre-emptive settings {20} as well as in
cases with histologically defined PVAN (13,21-23). In such
patients, BKV-specific T-cell responses become increas-
ingly detectable among peripheral blood mononuclear cells
(PEMC) (17,24,25). In a pilot study of five patients, we
observed that declining BKY loads in plasma were asso-
ciated with increasing cellular immune responses against
BKV early gene large T-antigen (LT} and late VP1 capsid
protein (VP1) in PBMC of KT patients (26). We sought to
further evaluate this observation and to compare it with
responses in BKV-seropositive healthy donors (HD).

Study Participants and Methods

Study participants

HD were 32 years old (median; range 28-E3, seven males, three fe-
males) without BKY or JCV in plasma or urine. KT patients (median
age b4 years, range 21-65) attending outpatient nephrology clinic during
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March 3-Cctober 10, 2006, were enrolled with written informed consent
(Ethics Committee of the Basel Cantons 235/06) If there was evidence of
present or past plasma BKV viremia (for summary, see Takle 1). Wherse in-
dicated, immunosuppression was either increased, decreased or remained
unchanged in the preceding 8 weeks of analysis. Cidofovir was not used
in any patient. Leflunomide had been used in the one patient who sub-
sequently suffered renal allograft loss [1/42 (2.3%)]. All study participants
were seropositive for BKV and JCV as determined by testing of 1:400 di
luted plasma by ELISA format for IgG against BV or JCWAPT virus-like
particles purified from 39 insect cells.

According to our previous analysis of plasma BKY load dynamics in KT
patients taking into account sampling density, individual fluctuation and
the variation coefficient of 29.6 (13,22), we considered plasma BKY load
changes of =1.Blogg significant for the purpese of this study. KT pa-
tients were divided intc two groups according to the changes in plasma
BKV lcad at the time of PBMC testing for BK\-specific interferon-y
{IFN-v) preduction. Group 1 included all KT patients with increasing plasma
BKY loads [n = 5) or persisting BKY loads with past BKY loads of =10% cp/mL
and <1.Blogqg decline (n = 17) at the time of PBMC testing (Table 1). Group
2 included KT patients with ongoing BKY viremia at the time of PBMC
testing, but declining plasma BKY loads of =1.5log g decline (n = 13) or
past BKV viremia (n = 7) at the time of PBEMC testing (Table 1), the latter
with histologically confirmed PVAN at median 20 months earlier {range B—
75 months).

Collection of blood cells and piasma

Human PBMC of BK\-seropositive HD and KT patients were isclated us-
ing CPT™ tubes (Becton Dickinson, Allschwil, Switzerland). The cells were
washed, counted and either used directly for IFN-y ELISpct assay (ESA)
or for antigen stimulation and 2-day culture, or cryopreserved in 10%
DMSQ/20% FCS (SIGMA, Buchs, Switzerland). PEMC for ESA were di-
luted in RPMI/B% human serum/1% glutamax/1% penicillin streptomycin
[RBAB, SIGMA). Patient plasma and urine were used to detect BKV- and
JCMVDNA by realtime PCR.

Quantitative PCR for BKV- and JCV-DNA detection

BKV: and JCWV-DNA were isclated with QlAamp DNA Mini Kit (Qiagen,
Hilden, Germany) and quantified by reaktime PCR (TaqMan/7700, Strata-
gene Mx4000 or BicRad iCycler) as described previously (27). The fallowing
primers were used for BIV-LT amplification: BKY forward; AGC AGG CAA
GGG TTC TAT TAC TAAAT (26 mer), BKV reverse; GAA GCA ACA GCA GAT
TCT CAACA (23mer), Fam-Tamra-labelled BKV probe; AAG ACC CTA AAG
ACT TTC CCT CTG ATC TACACC AGT TT (38 mer), JCV forward; CTA AAC
ACAGCT TGA CTG AGG AAT G (25mer), JCV reverse; CAT TTA ATG AGA
AGT GGG ATG AAG AC (26mer), Fam-Tamra-labelled JCV probe; TAG AGT
GTT GGG ATC CTG TGT TTT CAT CAT CAC T (34 mer). Primers and prohes
were obtained from Eurogentech (Geneva, Switzerland). The linear range
of the realtime PCR is 102-10% cpfassay and the limit of detection was
300 epfml.

BKV and JCV overlapping peptide pools

Overlapping peptide pools spanning large LT and VP1 coding sequences
from the BKV Dunlop strain and from the JCV Mad 1 strain were used
for PEMC stimulation. The pocls consisted of 180 (BIV-LT), 88 (BKV-VPT),
170 (JCV-LT) and 86 (JCV-VP1) peptides of 15 amino acids (@a) in length
overlapping by 11aa (Eurogentech) and dissolved in DMSO (SIGMA).

ESA for IFN-y detection

BKV- and JCVsspecific cellular immune responses were determined by mea-
suring IFN-y upon stimulation of PEMC. For ESA, 96-well multiscreen filter
plates (IMSIPN, Millipore, Volketswil, Switzerland) were coated with 100 ul

2

(10 png/mLb) coating IFN-y antibody (1-D1K, Mabtech, Hamburg, Germany)
and incubated overnight at 4°C. PEMC were seeded in triplicate at 2.5 x
105pwvell with or without peptides (2 pg/mL) and at 2.5 x 10%well with
Staphylococeus enterotoxin B (SEB; SIGMA, 1 ng/mL) as positive control,
and incubated overnight at 37°C/5% COs.

Plates were washed five times with PBS/0.06% TWEEN 20 (SIGMA) and
incubated for 2 h at rocom temperature with 100 pL (Tpg/mL) bictinylated
detection IFN-y antibody (7-B68-1 biotin, Mabtech), washed five times and
incubated for 1 h at room temperature with 100 pL (Tpg/mL) Streptavidin
ALP [Mabtech). Spots were develcped by adding 100 pL BCIP/NET (Cak
biochem, Luzern, Switzerland) for 10 min. IFN-y spots were counted by
using an ELISpot reader (AID, Blron, Switzerland). The number of spot-
forming units/108 PBMC (SFU) per well was calculated from triplicates after
subtractions of negative control.

Nine-day expansion of PBMC

PBMC (2 x 105/mL) were distributed into 24-well plates and incubated
overnight at 37°C/5% CO». Nonadherent cells were recovered, washed
and adjusted to 2 x 10° cells/mL. Adherent monocytes were detached
by scrapingfpipetting, adiusted to 2 x 108 calls/mL and stimulated with
5Spg/mLBEV-LT and-VP1 for2 hat 37°C/5% CQO3. Monocytes were washed
and 10° cells/mL were added to 2 x 108 of nonadherent cells. After @ days
at 37°C/5% CO4, ESA was performed as described above using 10 cells
for peptide restimulation or 2.5 x 104 for SEB per well.

Intracellular cytokine staining and flow cytometry

BiMVspecific IFN-y preduction was quantified using intracellular cytoking
staining and flow cytometry as published by Sester et al. (28) after stimu-
lation with BKVELT or -VP1 peptide pools (2 pg/mL, Eurogentech). Medium
alone served as negative control and stimulation with SEB (1 pg/mL, SIGMA)
as positive control. At least 30 000 CD3t cells were acquired and analysed
on a FACS-Cante (Becton Dickinsen). The frequency of BKvtspecific cel
lular immune responses was determined for each antigen and expressed
as percent of IFNg+ cells in CD3*TCD4t or CD3TCD8T gated ymphocyte
populations, respectively.

Statistical methods

Nonparametric statistical tests were performed using the SPSS (Version-14)
10 account for sample size and non-normal distribution. For comparison of
the study groups, twe-sided Mann-Whitney U-Test was used for calculating
the p value. The correlation between paired samples was evaluated by
the two-sided Wilcoxon signed rank sum test. Data were expressed either
as mean =+ standard deviation (SD) or as median and range. Differences
with p values <0.05 were considered as statistically significant. For better
comparison, box plots are shown with median and interguartile range over
data scatters, with outliers above or below the whiskers.

Results

BKV-specific cellular immune response in HD

PEMC from BKV-seropositive HD were stimulated using
peptide pools covering the entire BKY large LT and VP1,
respectively. IFN-y secretion was detected by ESA. The
median spot-forming units (SFU¥10° PBMC (SFU) were
24 {range 15-85) for LT peptide pools and 25 {range 7-113)
for VP1 peptide pools {Figure 1). No statistical difference
was observed between LT and VP1 induced responses in
HD (p = 0.626).
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Figure1: IFN-y response of PBMC after stimulation with BKV-
LT and -VP1 peptides by ESA. PEMC of HD and KT patients were
stimulated with BKA-LT and -VP1 overlapping peptide pools and
IFM-y secretion was quantified by ESA . Box plots show median
and interquartile range superimposed over scatter Wfilcoxon, two-
sided).

BKV-specific cellular immune response in KT patients
We tested PEMC from BKV-seropositive KT patients with
ongoing or past BKY viremia who attended outpatient
nephrology clinics between March and Cctober 2008 {Ta-
ble 1), Stimulation with BKV-LT and -VP1 peptides elicited
29 [rmedian, range (0-524)] and 114 [median, range {0—
1432)) SFU, respectively (Figure 1). Overall, the SFU cel-
lular imrmune responses to BEKV-YF1 antigens were higher
than the LT-specific response (p = 0.008) which was also
true at the individual level for 38 of the 42 KT patients
{91%]. When KT patients were grouped according to the
level of plasma BKY load, no significant differences were
observed between patients with BKVloads <103, 10°-105,
=10% cp/mL (Figure 2).

To identify the contribution of CD4+ and CD8* T cells in
FEMC, we performed intracellular cytokine staining and
flow cytometry after direct stimulation with BKV-LT or -VP1
peptides. In 21 KT patients {13 with =100 IFN-y SFU/10°
FEMC to VF1 peptides), we found IFN-y positive cells at
frequencies above 0.01%. Although the overall responses
were low, mean |[FN-y responses to BKV-YP1 tended to be
higher for CO4+ T cells than for COB*+ T cells (p = 0.038],
whereas the difference did not reach significance for BKW-
LT peptides (p = 0.304) (Figure 3}. However, COB* T cells
were more likely to respond to BKV-LT than to VP1 pep-
tides (p = 0.033].

To investigate the association of plasma BKY load dynam-
ics and immune responses, we divided KT patients in two
groups: group 1 consisted of 22 KT patients with increas-
ing (n = &} or persistent plasma BKY loads (n = 17] at
the time of FEMC testing. Group 2 consisted of 20 KT pa-
tients with plasma BEKY loads decreasing on an average
=2logyy cp/ml (n = 13) or with past FVYAN (n = 7) at the
time of PEMC testing (Table 1, see Section "Study Partici-
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Figure 2: IFN-y response of PBMC of KT patients with low or
high plasma BKV load. KT patients were divided into groups of
<107, 10%-10% and =107 epfmL and compared for SFU by ESA
obtained after stimulation with EKAV-LT and WP peptides.

pants and Methods'). Although the number of IFN-y SFU
were scattered in both groups for both antigens, BKV-LT-
specific responses in group 1 were significantly lower than
ingroup 2 [median 22 {0-120) vs. 78 (8-524); p = 0.003].
Simnilarly, BKM-YP1-specific responsss in group 1 patients
were significantly lower than in group 2 [median 53 ({0-423)
ve. 285 (45-1432) SFU/10° PBMC; p = 0.001 (Figure 4)].
Comparison with HD did not allow identifying a cut-off for
KT patients with a protective cellular immune response.
However, 69 SFU/10% PBMC for BKMV-LT antigens, but not
for WF1 antigens, identified significantly mare KT-patients
of group 2 with decreasing plasma EKY loads than of group
1 with increasing plasma BKY loads (12 of 20 vs. 1 of 22,
respectively; p = 0.013, Fisher's exact test, two-sided).
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Figure 3: Intracellular IFN-y response in CD4+ T cells and
CD8t T cells of KT patients after stimulation with BKV-LT
and -VP1 peptides. PBMC of KT patients were stimulated with
indicated peptides and gated for CD4+CD3T and COBTCDZT [ym-
phocytes and analysed for intracellular IFN-y productionusing flow
cytornetry (Wilcoxon, two-sided).

BK\V-specific cell expansion by short-term culture

To examine the ability of T cells able to expand in response
to BKMspecific antigens in vitro (after wash out of immuno-
suppression), we stimulated PEMC of 24 KT patients {12
from each group) with autologous activated monaonuclear
cells primed with BKV-LT or VP peptides. After 3 days of
in vitroculture, cells were restimulated with BKV-LT or VP
peptides and tested for [FN-y production by ESA. In most
cultures, we observed a significant expansion of BKV-LT-
and -VF1-specific responses (p = 0.00Z and 0.033, respec-
tivelyl compared to the SFU obtained prior to expansion

BKV-LT BKV-VP1
9
= —
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o 1000 -
E
g 100 5 |
7]
f_:“\ 10 L
s
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| I 1 I
group 1 group 2 group 1 group 2
{inchi) (dec) fine/hi) [dec)
Mean (SD) 28(£27) 128 (£157) 104 (£ 114) 337 (£343)
Median (range) 22 (0-120) 78 (8-524) 53 (0-423) 285 (45-1432)

Figure 4: IFN-y response of PBMC and plasma BKY load dy-
namics in KT patients. PEMC of KT patients with increasing or
persisting BKY loads (group 1) or with decreasing (mean =2logqg)
or past plasma BKY load lgroup 2} were stimulated with indicated
peptides and IFN=y production was measured by ESA (Wilzoxon,
two-sided).
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Figure 5: IFN-y responses of PBMC after direct stimulation
or after 9-day culture and restimulation. PEMC of KT patients
were stimulated with BKMLT or VP peptides and cultured for 8
days. Cells were restimulated with indicated BKY peptides and
I[FM-y SFU were quantified by ESA. The SFU responses post
culture were compared with preculture responses obtained by
direct stimulation Wilcoxon, two-sided).

{Figure B). When we compared the SFU obtained after in
vitro expansion of T cells from KT patients grouped accord-
ing to plasma BKY load dynamics (group 1, inc/hi; group 2,
dec], BKM-LT-specific expansion yielded significantly higher
SFU in KT patients with declining plasma EKY loads (group
2. p=0.013]) than in group 1 KT patients with increasing
or high plasma BKY loads (group 1; p = 0.064). In con-
trast, no significant difference was observed for expanding
EKV-WP1-specific responses of both groups (p = 0.084 and
0.288, respectively].

Cross-stimudation with JCV peptide pools

As BKY and JCV share 75% DNA sequence homology, we
wondered, If JCV-LT and -VP1 overlapping peptide poaols
were able to elicit a comparable IFN-y responss as BKV-LT
and-VP1 peptides. When PEMC from 40 KT patients were
stimulated directly with JCWV-LT and -VP1 peptides, mean

American Joumal of Transplantation 2007; 7:1-9
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Figure 6: Cross-stimulation with homologous JCV-LT and
-VP1 peptides. [FN-y responses to BKV- and JCV-LT {top} and
NPT (bottom) were compared after 9-day culture with BKV pep-
tides (top panel: restimulation with JCV-LT, p = 0.398; bottom: res-
timulation with JCV-VPT; lower, p = 0.016; Wilcoxon, two-sided).

49 (£60; median 27, range 0-255) (59} SFU and mean
118 {(£169; median 47, range 0-868) SFU/10° PBMC were
found, respectively. The JCV-peptide mediated response
was significantly lower when compared to the correspond-
ing BKV-mediated response (p = 0.008 and p < 0.001,
respectively).

When JCV-LT or -VP1 peptides were Used to restimulate
T cells after BKVtspecific 9-day expansion in vitro, the
overall BRV-VP1 restimulation responses were significantly
higher compared to JCV-VP1-specific responses (p =
0.018), but few individual exceptions of higher JCV re-
sponses were noted {(Figure 6). In contrast, no significant
difference was observed hetween BKV-LT and JCV-LT res-
timulation responses (p = 0.398) (Figure 6).

American Journal of Transplantation 2007; 7. 1-9
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Discussion

A failing balance between BKY replication and BKV-specific
cellular immune functions has been suspected as the com-
mon denominator of PVAN pathogenesis (15). Likely, this
balance can be perturbed at different points of the patient,
graft and virus interaction (3) which may account for contro-
versial results on some of the implicated risk factors such
as type of immunosuppression, BKY serostatus of donor
and recipient, HLA mismatches or antirejection therapy.
However, plasma BKY load is now widely accepted as sur-
rogate marker of this failing balance and the risk of PVAN in
KT patients (2,13,20). Also, plasma BKY loads not only pro-
vided first estimates of cytopathic damage (2,13,20), but
also indicated the average efficacy of reduced immuno-
suppression as the current key treatment (22). Accord-
ingly, clearance of plasma BKV viremia in patients with 10°-
107 epfmil requires 7-11 weeks, once the immune system
has started to curtail BKY replication (22). Despite the ver-
satility of BKY loads in clinical screening and monitoring,
individual courses are often difficult to predict. Instead,
BKV-specific cellular immune responses in PBEMC have
heen suggested as a more direct measure of this failing bal-
ance complementing BKY loads in KT patients (15,17). The
results of the present study indicate that BKV-seropositive
KT patients with increasing or persisting BKY loads show
significantly lower IFN-y SFU for both, BKM-LT and -VP1
peptides than KT patients with mean 2.4blog,, decreasing
or past plasma BKV loads. Thereby, the dynamics of plasma
BKYV replication are mirrored by emerging BKV-specific cel
[ular immune responses in PBMC. Previous reports sug-
gested that in some KT patients, VP 1-specific cellular im-
mune responses were preferentially detectable in patients
with high plasma BKY loads of =10% ep/mL (25). Although
BKV-specific cellular immune responses are detectable in
some of these patients, we observed no significant dif-
ferences between patients with plasma BKY loads above
or below 10% cp/mL. Our results suggest that replication
dynamics, not replication levels correlated with emerging
BKV-specific cellular immune responses.

The increasing responses to defined BKY early gene (LT
and late gene (VP1-) antigens reported here extend previ-
ous findings in paediatric KT patients using whole virus
preparations (17) or VP1-hased responses with peptide
pools (2b) or tetramer staining limited to single HLA-0201
binding epitopes in adults (24,29, Our data further sug-
gest that BKVELT and -VP1 responses seem to differ in
several respects. First, the median number of IFN-y SFU
to BKV-VP1 was significantly higher than to BKV-LT (p =
0.00b) which was also true at the individual level for 38
(91%) of the 42 KT patients tested. In line with our previ-
ous observation {30}, VP1 responses seem to be g more
sensitive measure of cellular immune responses in PBMC
which can be detected at an earlier time point. Preliminary
data on five KT patients with serizal testing support this no-
tion which reguires further study in a prospective fashion.
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Second, flow cytometry indicated that higher IFN-y fre-
guencies to BKM-VP1 largely resulted from CD4T T-cells
as compared to CDBT T cells (p = 0.038). While part of
the CD4T predominance is likely to reflect the preferen-
tial presentation and recognition of 15mers peptides in the
MHC-II context, it should be noted that 1bmer peptides
can elicit predominant CD8t T-cell responses as shown for
eytomegalovirus IET pp72 (31). Moreover, among CD8%
T cells, BKV-LT-derived peptide responses were more fre-
guent than VP1 responses. Together, our data suggest
that mounting BKV-specific cellular immune responses in-
volved differential antigen recognition with VP1 responses
occurring earlier in PEMC with higher CDA* T-cell frequen-
cies than LT responses.

The specificity of the BKY antigen responses in KT patients
hecame apparent by significantly lower IFN-y responses
elicited hy homologous JCV-LT and -VP1 peptide pools.
Since all of our KT patients were also JCV-seropositive,
the differential BKV responses most likely reflect recent
boostering by antigen exposure as captured by plasma
BKV loads. Comparison of JCV and BKV responses af-
ter BKY peptide-stimulated in vitro expansion indicated
that overzll IFN-y responses were significantly higher for
EKV supporting the view of an only limited cross-reactivity
at the level of the major capsid protein. In contrast, no
significant differences were obtained for the BKV-LT and
JCOVALT responses after 9-day BKV-LT stimulated expan-
sion. These results are intriguing and suggest the possi-
bility that cellular immune control via LT at the level of in-
fected host cells might be more conserved between hu-
man polyomaviruses, whereas capsid responses seem to
be more type-specific as expected for neutralising antibody
responses. Clearly, more detailed analyses are needed, but
given the considerable homology between BKY and JCV at
the genome level and reports about humoral and cellular
cross-reactivity (10,15,32), our results are a first indication
that direct ESA with PEMC are likely to capture specific cel-
[ular immune responses against human polyomaviruses. In
addition, specific T-cell expansion from PBMC should be
feasible for adoptive therapy of BKV:seropositive KT pa-
tients with increasing BKY replication and corresponding
risk of PVAN.

Although these results are appealing, some limitations re-
guire further study. First, considerable scatter of IFN-y
responses was observed for both, BKV-LT and -VP1 re-
sponses in KT patients. Similar scattering, zlbeit at lower
median levels was observed in non-immunosuppressed
BKV-seropositive individuals (HD), none of whom had ev-
idence of BKV or JCV in urine or plasma at the time of
sampling and who must be considered protected. This
precluded defining a simple threshold of BKV-specific im-
munological protection in KT patients. Most likely, scatter-
ing of BKV-specific cellular immune responses represent
individual factors including variable past and present ex-
posure to BKV antigens as approximated by extent and
duration of BKY replication and concurrent immunosup-

8

pression. Indeed, PVAN has been diagnosed at plasma
BKV loads scattering over three orders of magnitude (33).
Second, the interplay of iImmunosuppression, plasma BKY
loads and emerging BKVspecific cellular immunity is diffi-
cult to dissect. Not unexpected, immunosuppression had
been decreased more frequently in our KT patients show-
ing declining BKY loads if only the preceding 8 weeks were
taken into account. Although all patients in this study were
BKV-seropositive, and presumably had BKV-specific mem-
ory cells, expansion and {re-Jacquisition of BKV-specific im-
munocompetence is likely to differ among KT patients de-
pending on the net state of immunosuppression. Possibly,
individual longitudinal changes of BKV-specific immune re-
sponses together with plasma BKY loads might be more
predictive than single point measurements. However, with
a cut-off of 68 SFU for BKV-LT antigens, but not for VP1
antigens, we identified significantly more KT patients with
=2logq decreasing plasma BKY loads (p = 0.013, Fisher’s
exact test, two-sided). If such a cut-off is validated in future
studies, single measurements of plasma BKV load together
with IFN-y responses by ESA might allow to stratify the
risk of PYAN and to guide reducing immunosuppression.
Third, BKY immune responses in peripheral blood may not
adequately represent antiviral control and risk of allosensi-
tization at the site of disease, i.e. In renal allografts. This
issue may reqguire the characterization of T cells present
in allografts although sampling and in vitro expansion are
potential causes of bias. Nevertheless, our data indicate
that plasma BKY loads and BKV-specific LT and VP1 re-
sponses provide first information on the dynamic balance
bhetween virus and immune system which can be gen-
erated in clinically relevant settings with potential impact
for patient management. Well-designed prospective stud-
ies are needed to corroborate the findings of our cross-
sectional study to investigate the role of expansion and
contraction dynamics of BKV-specific T-cell responses and
to better dissect the relevant factors involved.
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Human Polyomavirus Type 1 (BK Virus) Agnoprotein Is Abundantly
Expressed but Immunologically Ignored”
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Impaired BK virus (BKV)-specific immunity is a key risk factor of polyomavirus-associated nephropathy. We
hypothesized that BKV agnoprotein might constitute an important immune target, as it is highly expressed
after infection in vitro. We demonstrate abundant expression of BKY agnoprotein in vivo by immunostaining
of kidney transplant (KT) biopsy specimens. Antibody responses to the recombinant affinity-purified BKV
agnoprotein, large tumor (LT), and VP1 antigens in 146 sera from 38 KT patients and in 19 sera from 16
healthy donors (HD) were compared by enzyme immunoassay. In HD, low titers of anti-agnoprotein immu-
noglobulin G (IgG) were found in 15% of sera, compared to 41% for anti-LT antigen and 63% for anti-VP1. No
anti-BKYV IgM was detectable. In KT patients, anti-agnoprotein IgG and IgM were found in 8% and 3.6% of
sera, compared to 63% and 18% for anti-L.T IgG and IgM and 8% and 41% for anti-VP1 IgG and IgM,
respectively. Anti-LT antigen and anti-VP1, but not anti-agnoprotein, activities increased during and after
BKYV viremia in KT patients. To investigate specific cellular immune responses, we compared levels of gamma
interferon production in peripheral blood mononuclear cells (PBMC) of 10 HD and 3¢ KT patients by
enzyme-linked immunospot assay. In HD, the median numbers of gamma interferon spot-forming units per
million PBMC for the agnoprotein, LT antigen, and VP1 peptides were 1, 23, and 23, respectively, whereas the
responses in KT patients were 2, 24, and 99, respectively. We conclude that BKV agnoprotein, though

abundantly expressed in vivo, is poorly recognized immunologically.

The human polyomavirus BK virus (BKV) is the primary
etiological agent of polyomavirus-associated nephropathy
(PVAN), which causes irreversible graft loss in 1 to 10% of
kidney transplant (KT) patients (15, 31). BKV was first discov-
ered in 1970 in the urine of a KT patient with the initials B.K.
who had ureteric stenosis and abundant decoy cell shedding
(9). However, BKV asymptomatically infects 60 to 90% of the
human population (23) and establishes a state of nonreplica-
tive infection in the renourinary tract (13, 15). Intermittent
low-level urinary replication with BKV loads of =10e6 per ml
is detected in 5% of immunocompetent individuals, whereas
high-level replication with BKV loads of =10e7 per ml is found
in 20 to 60% of immunosuppressed patients (15). In KT pa-
tients, high-level urine BKV replication is found in 3096, which
may be followed by BKV viremia in 13% and by histologically
confirmed PVAN in 8% of patients (18). The risk factors for
PVAN are not conclusively defined and likely involve comple-
menting determinants of the triad of recipient, graft, and virus
{(17). Disruption of the balance between the BKV replication
and host immune control is generally viewed as a key element
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of PVAN pathogenesis (5). In the absence of validated antivi-
rals, reducing maintenance Immunosuppression represents the
primary treatment option for presumptive or definitive PVAN
(3, 39).

BKYV belongs to the genus Polyomavirus of the Polyomaviri-
dae family, along with the related human polyvomavirus JC
virus (JCV) and simian virus 40 (§V40). The genomes are 70%
homologous and consist of a circular double-stranded DNA of
about 5,300 bp which can be divided into the noncoding con-
trol region (NCCR), containing the origin of replication and
promoters of gene transcription, and the early and late gene
regions (21, 37). The early genes encode two regulatory pro-
teins called the small tumor and large tumor (LT) antigens.
The late genes comprise genes encoding the viral capsid pro-
teins VP1, VP2, and VP3, as well as a small open reading
frame encoding a basic protein of 66 amino acids at the 5" end
of the VP1 mRNA. Studies of BKV infection of human endo-
thelial cells and various cell lines demonstrated that BKV
agnoprotein is abundantly expressed in the cytoplasm, with
perinuclear accumulations (12, 34, 35). BKV agnoprotein, as
well as the closely related JCV and SV40 agnoproteins, is
expressed in a defined interval after early LT antigen expres-
sion, together with VP1 (24, 26, 28, 35). The function of BKV
agnoprotein is not well defined, but data from BKV, JCV, and
SV40 studies indicated roles in capsid assembly, virion egress,
cell cycle regulation, viral replication, and gene expression. In
vivo data on agnoprotein expression have been reported only
for ICV replicating in brain tissue of cases with progressive
multifocal leukoencephalopathy (29). Similar in vivo data are
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TABLE 1. Characteristics of study participants

Value for:
Characteristic HD KT patient group® Statistical comparison
All A B (&
No. of subjects 16 38 16 27 23
Age (yr) at drawing of
first sample
Median 39.4 52.8 48.0 52.3 53.9 N§* (HD vs all)
Range 27.4-59.0 17.2-711 18.1-58.2 172-711 25.7-69.1
No. (%) male § (50.0) 24 (63.2) 10 (62.5) 17 (63.0) 10 (43.5) NS (HD vs all)
Time (wk)
posttransplantation®
Median 30.3 94 25.5 120.3 P =10.003 (Avs B);
P = 0.0001 (Avs
Cand Bvs C)
Range 2.3462.1 2.3-380.7 4.3-449.9 14.0-462.1
BKYV plasma load
(log cp/ml)
Median Not detectable 4.0 3.0 4.7 3.0 P < 0.0001 (Avs B
and B vs C); NS
(Avs C)
Range 3.047.7 3.0-3.7 3.0-7.7 3.0-3.8

“A, noflow-level replication; B, high-level replication; C, past replication.

“For some kidney transplant recipients, samples were drawn before the onset of, during, and after high-level BKV replication. Therefore, this number is smaller than

the total for groups A, B, and C.
“Values are for all the samples in the corresponding subject group.
Set limit of detection; also if no plasma sample was tested.
°NS, not significant.

lacking for BKV agnoprotein, except for an isolated fatal hu-
man immunodeficiency virus (HIV)/AIDS case with meningo-
encephalitis, pneumonitis, nephritis, and disseminated BKV
replication (2). In our ongoing study to identify relevant targets
of the immune system controlling BKV replication in KT pa-
tients (1), we hypothesized that agnoprotein might represent
an important antigen, given the conserved nature of the pro-
tein and the abundant expression pattern in vitro. We have
therefore assessed the expression of BKV agnoprotein in vivo
in kidney biopsy samples from KT patients and have compared
both the humoral and cellular immune responses against this
viral protein in KT patients and in healthy controls.

MATERIALS AND METHODS

Study participants. Plasma and urine samples were obtained, with informed
consent according to the protocol of the Ethics Committee of the Basel Cantons,
from 16 healthy donors (HD) and 38 KT patients (Table 1). Samples from KT
patients were divided into three groups according to the present and past levels of
BKYV viremia and/or viruria: group A comprised all samples from patients without
high-level BKV replication (“noflow-level replication”); group B comprised all sam-
ples from patients with BKV viremia and/or viruria of =10e4 or =107 copies/ml,
respectively (“high-level” replication); and group C comprised samples from those
patients who had documented high-level BKV replication with definitive or pre-
sumptive PVAN (16) earlier but in whom this had decreased by >1.5 log,,, by the
time of sample drawing (past “high-level” replication).

Quantitative PCR for BEKV DNA detection. Measurements of BKV viral load
in plasma and urine were performed according to standard real-time PCR pro-
tocols. Briefly, DNA was isolated with the QIAamp DNA minikit (QIAGEN,
Hilden, Germany) and quantified by real-time PCR (TagMan/7700, Stratagene
Mx4000, or Bio-Rad iCycler) as described previously (19).

For the detection of BKV in biopsy specimens, cells were scraped under sterile
conditions, incubated at 95°C for 10 min, transferred to ice, and then treated with 5
ul of proteinase K (5 mg/ml) at 55°C for 3 to 5 h, followed by enzyme inactivation
at 95°C for 10 to 15 min. Subsequently, the DNA was quantified by real-time PCR
using an ABI Prism 7900 HT sequence detector (Applied Biosystems, Rotkreuz,
Switzerland). The following primers were used for BKV LT antigen amplification:

PYVfor (5-TAGGTGCCAACCTATGGAACAGA-3) and PYV.rev (5-GAAA
GTCTTTAGGGTCTTCTACC-3"). The BKV probe was 5'-FAM-CATTAAAGG
AACTCCACCAGGACTCCCACTC-TAMRA-3.

Infection and immunofluorescence microscopy. Renal proximal tubule epithe-
lial cells (Cambrex CC-2553) were infected with BKV (Dunlop) as described
previously for human umbilical vein epithelial cells (10). At 2 days postinfection,
cells were washed with phosphate-buffered saline (PBS) and fixed with methanol.
Subsequently, cells were incubated at 37°C with primary and secondary antibod-
ies for 30 min. The following antibodies were used: monoclonal SV40 T antibody
(Pab416; Calbiochem, San Diego, CA) (dilution, 1:100) and rabbit antiserum
directed against BKV agnoprotein (anti BKV agnoprotein serum) (dilution,
1:800) (14, 35). The secondary antibodies were conjugated with AlexaFluor 568
or 488 (1:500; Molecular Probes, Inc., Eugene, OR). Images were collected using
a Nikon TE2000 microscope equipped and processed with NIS Elements Basic
Research software version 2.2 (Nikon Corporation).

Staining of kidney biopsy specimens for BKV protein expression. Samples
were screened for the presence of BKV agnoprotein and LT antigen by in situ
immunohistochemical staining. Briefly, 3-um tissue sections were dewaxed twice
in xylene, followed by rehydration in a graded series of ethanol solutions. Non-
enzymaltic antigen retrieval was performed by heating the sections in 0.1 M
citrate buffer (pH 6.0), first at 900 W for 3 min and then at 90 W for 30 min. After
cooling in cold water for 15 min, the slides were washed in APK wash solution
(Ventana Medical Systems Inc., Tucson, AY). Endogenous peroxidase was
quenched, and tissues were permeabilized by the incubation of sections in meth-
anol containing 1.1% H,O; at 37°C for 4 min and then washed in APK wash
solution at room temperature (RT) for 5 min.

For immunostaining of agnoprotein, sections were incubated with the primary
antibody at 37°C for 1 h, using the anti-BKV agnoprotein serum (14, 35) diluted
1:600. As a negative control, a set of parallel sections were incubated with rabbit
preimmune serum. EnVision+ horseradish peroxidase (Dako, Glostrup, Den-
mark) was applied as a secondary antibody to the sections at RT for 30 min. The
sections were developed with liquid diaminobenzidine+ substrate-chromogen
(Dako) and counterstained with Shandon’s instant hematoxylin (Shandon Inc.,
Pittsburgh, PA). Finally, the sections were mounted in Eukitt (Kindler GmbH,
Freiburg, Germany) after dehydration in a graded series of ethanol solutions and
in xylene.

For double immunostaining to detect LT antigen and agnoprotein simulta-
neously, sections were first incubated with the LT antigen-cross-reacting anti-
SV40 LT antigen clone PAb416 (1:400 dilution) at 37°C for 30 min. Envision+
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horseradish peroxidase and liquid diaminobenzidine+ substrate-chromogen
were added as described above. Then, after being washed, the slides were incu-
bated with the anti- BK'V agnoprotein serum (1:600 dilution) as described above.
Envision alkaline phosphatase (Dako) was added as a secondary antibody to the
sections, with incubation at RT for 30 min. Finally, the sections were developed
with Vector-red (Vector Laboratories, Burlingame, CA) and counterstained with
hematoxylin, before being mounted in Bukitt.

Generation of recombinant baculovirnses expressing GST-BKV fusion pro-
teins. The sequence encoding the BKV agnoprotein was amplified by PCR from
the urine of a KT patient who was shedding archetype NCCR BKYV serotype 1.
The following primers were used: Agno-for (5'-TTTTGGATCCACCATGGIT
CTGCGCCAGCTG-3") and Agno-tev (5 -TTTTGCGGCCGCTAGGAGTCTT
TTACAGAGTCT-3'). The resulting amplicon was cloned into the pTRE2pur
plasmid (Clontech, Mountain View, CA), yielding pTRE-agno, and verified by
sequencing. The entire BKV agnoprotein gene was again amplified by PCR,
using pTRE-agno as the template and the primers Agno-TEV-for (3"-TTGGA
TCCCCGAAAACCTGTATTTTCAGGGCATGGTTCTGCGCCAGCTGTC-
3" and Agno-rev. The resulting amplicon was cloned into the multipke cloning site
of the pFastBacGST plasmid, digested with BamHI and Notl, cloned in frame with
the gene coding for glutathione S -transferase (GST) (yielding pFastBacGST-BKV-
agno), and confirmed by restriction analysis and sequencing. The coding sequences
of the entire BKV VP1 and the amino-terminal 15.6-kDa domain of BKV LT
antigen (amino acids 1 to 133) were amplified using the primers BKV-LTD1-for
(5'-GCGCGGATCCCCCAAAACCTGTATTTTCAGGGCATGGATAAGTT
CTTAACAGGGAAGA-3") and BKV-LTD1-rev (5"-TTTTCTCGAGTTACTTTC
TTTTTTTTTITGGGTGGTGTTG-37) for LT antigen and BKVP1-f (5'-GCGCG
GATCCCCGAAAACCTGTATTTTCAGGGCATGGCCCCAACCGGCCCCA
ACCAAAAGAAAAGGA-3') and BKVP1-1 (3 TTTTCTCGAGTTAAAGCATT
TTGGTTTGCA-3") for VP1 antigen to generate comparably sized BKV LT do-
main 1 (LTD1), consisting of the amino-terminal 133 amino acids containing the
sequences of the J domain, the Rb binding and nuclear localization sequences, and
full-length VP1 amplicons that could be inserted in frame downstream of GST in
pFastBacGST by using the restriction enzymes BamHI-Xhol and BamHI-HindlIII,
vielding pFastBacGST-BKV-LTD1 and pFastBacGST-BK-VP1 (S. Bodaghi and
H. H. Hirsch, unpublished data).

Expression and purification of recombinant antigens GST-BKYV agnoprotein,
GST-BKY LTD1, and GST-BKV VP1. Recombinant baculoviruses containing
the coding sequence for the GST-BKV fusion proteins were generated using the
Bac-to-Bac expression systems (Invitrogen Ltd., Carlsbad, CA) according to the
manufacturer’s instructions. Recombinant bacmids were isolated and used for
transfection of Sf9 insect cells with the Cellfectin reagent. Recombinant bacu-
lovirus was recovered after 48 h and used for subsequent infection for S cells.
Sf9 cell lysates were prepared between days 3 and 5 postinfection. GST fusion
proteins (GST-BKV agnoprotein, GST-BKV VP1, and GST-BKV LTD1) and
GST were purified by glutathione affinity chromatography using glutathione
Sepharose 4 fast flow (GE Healthcare UK Ltd., Buckinghamshire, United King-
dom) according to the manufacturer’s instructions. Protein expression and purity
were assessed by polyacrylamide gel electrophoresis, Coomassie blue staining,
‘Western blotting using the anti-GST antibody B-14 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) or enzyme-linked immunosorbent assay using the anti-
BKYV agnoprotein serum (14), the cross-reacting SV40 LT Pab416, or the BKV
VF1 antiserum (35).

Enzyme immunoassay (EIA) with GST-BKV fusion protemns. Standard 9%-well
EIA plates with high-level coating properties were used for coating for 16 h
overnight at 4°C. The wells were washed five times with 0.1% Tween 20, treated
with blocking buffer (PBS [pH 7 .4], 4.0% bovine serum albumin, 0.1% Tween 20)
at RT for 2 h, and washed three times. The wells were incubated for 1 h at RT
with 100 pl of diluted patient sera, washed five times, incubated with the sec-
ondary antibodies at RT for 1 h, and washed again five times before application
of the secondary anti-human immunoglobulin G (IgG) or anti-human IgM an-
tibodies (Sigma-Aldrich), washing, and detection using o-phenylenediamine hy-
drochloride (Sigma-Aldrich, St Louis, MO) for 30 min at RT by adding 1 N
sulfuric acid. Optical densities (ODs) were measured using an automated plate
reader (Tecan Group Ltd., Minnedorf, Switzerland) at 492 nm. Equivalents of
1.0 pmol of antigen/fwell, serum dilutions of 1:400, and dilutions of anti-IgG and
-IgM antibodies of 1:10,000 were found to yield minimal background. Affinity-
purified GST was run as a negative control and subtracted from the GST-BKV
LTD1, GST-BKV VP1, and GST-BKV agnoprotein signals. For every sample,
the OD was determined by subtraction of the GST background applied in
parallel. The cutoff was defined as two standard deviations the GST background
level taken as the negative control. Therefore, all OD values of <0.0400 were
deemed to be negative. Values from 0.0400 to 0.0999 were classified as +
(borderline positive), values of =0.1000 as 1+ (positive), and values of >1.0000
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as 2+ (strongly positive). For each antigen, all samples tested for IgG were un
on the same day, as were all samples tested for IgM. For confirmatory testing, we
included three selected samples as references, which were negative, strongly
positive, and borderline positive, indicating variation coefficients of <10%, which
can cause minimal shifts in the groups.

Testing patient sera for agnoprotein antibodies on UTA-§ agnoprotein-ex-
pressing cells. UTA-6 cells (8) were transfected with pTRE-agno in the absence
of tetracycline. After 44 h, cells were transferred to wells of 10-well glass slides
and incubated at 37°C in a CO, atmosphere for 4 h. Cells were washed in PBS,
fixed in cold 100% acetone for 5 min, and air dried. As a negative control, naive
UTA-6 cells were treated in parallel. For immunofluorescence, cells were incu-
bated with patient sera diluted in PBS-bovine serum albumin (1:40 or 1:160) at
RT for 1 h, washed in PBS, incubated with fluorescein isothiocyanate-labeled
anti-human IgG diluted 1:3,200 (bioMerieux, France) as before, washed,
mounted with N-propyl gallate in glycerin, and viewed with a Nikon BS00 epi-
fluorescence microscope.

BKYV overlapping peptide pools. Overlapping peptide pools which covered the
entire coding sequence of the BKV LT antigen (ppLT), VP1 (ppVP1), and
agnoprotein (ppAgne) as defined by the sequence of the BKV Dunlop strain
(GenBank accession no. V01108) were used for peripheral blood mononuclear
cell (PBMC) stimulation. The pools consisted of 180 (LT antigen), 88 (VP1), and
16 (agnoprotein) peptides with 15 amino acids each and 11-amino-acid overlaps
(Eurogentec, Geneva, Switzerland), dissolved in dimethyl sulfoxide.

ESA for IFN-y. The PBMCs for enzyme-linked immunospot assay (ESA) were
obtained from 10 HD and 30 KT patients as described previously (1). PEMCs
were isolated in CPT tubes (Becton-Dickinson, Allschwil, Switzerland). The cells
were washed, counted, and stored frozen in fetal calf serum containing 10% dimethyl
sulfoxide (Sigma-Aldrich). For ESA, PBMCs were diluted in RPMI 1640-5% hu-
man serum-1% Glutamax-1% PenStrep (R5AB) (Sigma-Aldrich). The BKV-spe-
cific cellular immune response was determined by measuring gamma inierferon
(IFN-y) upon stimulation of PBMCs in an ESA Ninety-six-well multiscreen filter
plates (MSIPN; Millipore, Volletswil, Switzerland) were coated with 100 pl (10
pg/ml) mouse anti-human IFN-y monoclonal antibody (1-D1K; Mabtech, Hamburg,
Germany) and incubated overnight at 4°C. PBMCs were seeded at a concentration
of 25 x 10°mwell (2.5 > 10%well for the positive control) and incubated overnight at
37°C in 5% CO, with 2 pg/ml pooled BKV antigens (ppLT, ppVP1, and ppAgno),
a negative control (R3AB), and 1 pg/ml Stapflococcus enterotoxin B (Sigma-
Aldrich) as a positive control ESAs were performed in triplicate. After incubation,
the plates were washed with PBS with 0.05% Tween 20 (Sigma-Aldrich), incubated
at RT for 2 hwith 100 pl (1 pg/ml) detection biotinylated mouse anti-human IFN-y
monoclonal antibody (7-B6-1 biotin; Mabtech), washed again, and incubated at RT
for 1 h with 100 ul steeptavidin AP (1 pg/ml; Mabtech). Spots were developed by
treatment with 100 pl 5-bromo-4-chloro-3-indolylphosphatenitroblue tetrazolivm
(Calbiochem, Lucerne, Switzerland) per well for 10 min, washed 5 times with H,O
from both sides, and dried in the dark. TFN-y spots were counted by using an ESA
reader (AID, Biiron, Switzerland). The number of spots per well was determined by
subtracting the negative control value,

Statistical methods. Statistical analyses were performed using XILSTAT 2006
software (Addinsoft, New York, NY). Comparisons between immune responses
to different antigens were performed using the Kruskal-Wallis test for nonpara-
metric dependent samples, with the Bonferroni adjustment for pairwise compar-
isons. Comparisons between immune responses to a single antigen in the differ-
ent subject groups were performed using the Friedman test for nonparametric
independent samples, again with the Bonferroni adjustment for pairwise com-
parisons.

RESULTS

BEKY agnoprotein is abundant in the cytoplasm of infected
renal tubular cells. We investigated the patterns of expres-
sion of agnoprotein and LT antigen in renal primary prox-
imal tubular epithelial cells at 2 days postinfection with
BKV strain Dunlop (Fig. 1A). BKV agnoprotein was located
predominantly in the cvtoplasm of renal proximal tubular
epithelial cells (green fluorescence), whereas LT antigen
was detected exclusively in the nucleus (red fluorescence).
The cells were positive either for LT antigen alone (Fig. 1A,
cell 1), for LT antigen and low-level cytoplasmic agnopro-
tein (cell 2), or for high-level cytoplasmic agnoprotein {cell
3) but were never positive for agnoprotein without LT an-
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FIG. 1. BKV agnoptotein expression in kidney tubular epithelial cells. (A) Indirect immunofiuorescence of primary kidney proximal tubular
epithelial cell culture infected with BKY strain Dunlop and stained at 48 b postinfection with rabbit anti-BKY agnoprotein serum (green) and
anti-8V 40 LT Pab416 (red). Arrows indicate cells with LT antigen (eell 1), LT antigen plus a little agnoprotein (cell 2), and LT antigen plus
abundant agnoprotein (cell 3) (note that there are no cells with agnoprotein alone). (B) Immunchistoch emistry of renal allograft biopsy specimen
stained with anti- BKV agnoprotein serum (brown), Magnification, x100. {C) Immunohistochemistry of renal allograft biopsy specimen stained
with anti-BKY agnoprotein serum (brown), Magnification, %400, (D) Immunchistochemistry of renal allograft biopsy specimen double stained
with anti- BKV agnoprotein serum (red) and anti-SV40 LT Pab416 (brown), Magnification, 1,000,

tigen. The data demonstrate that BKV agnoprotein is abun-
dantly expressed in the cytoplasm of renal primary proximal
tubular epithelial cells infected in vitro, as expected for the
BKV late gene.

To investigate the expression of BKV agnoprotein in vivo,
we examined 16 needle biopsy specimens from renal trans-
plant recipients with BKV viruria. PCR analysis of DNA
extracted from the paraffin-embedded specimens revealed
the presence of BKV DNA sequences in 6 of the 16 samples
(38%). Immunchistochemical analysis revealed agnoprotein
expression in 4 of the 6 BKV PCR-positive biopsy specimens
(67%) but in none of the BKV PCR-negative renal tissues
(overall frequency, 25%). Agnoprotein-expressing cells fre-
quently showed a focal distribution surrounded by neighbor-
ing negative areas which often contained inflammatory in-
filtrates as in PVAN B (Fig. 1B). Single immunostaining for
BKV agnoprotein revealed predominant staining of the cy-
toplasm of renal tubular epithelial cells with unstained, typ-
ically enlarged nuclei (Fig. 1C). Double immunostaining for
LT antigen and BKV agnoprotein (Fig. 1D) showed the
ex:lusive nuclear staining of LT antigen and a range of
intensities for agnoprotein in the cytoplasm of infected cells,

similar to the picture obtained by in vitro infection of renal
primary proximal tubular epithelial cells (Fig. 1A). Indeed,
some cells were positive for LT antigen but negative for
agnoprotein (Fig. 1D), while different levels of agnoprotein
expression were observed in adjacent cells of the same tissue
sample (Fig. 1D), all of which were positive for LT antigen
as expected for different stages of the early and late phases
of the BKV replication cycle.

BKY agnoprotein elicits only poor IgG and IgM responses
compared to LT antigen and VP1. To investigate the antibody
response against BKV agnoprotein by EIA, we generated GST
fusion proteins with the full-length BKV agnoprotein, the ami-
no-terminal 133 amino acids of LT antigen, and the full-length
major capsid protein VP1 for high-level expression in insect
cells and convenient purification via glutathione affinity chro-
matography. As shown for GST-BKV agnoprotein by polyac-
rvlamide gel electrophoresis and Western blotting with anti-
GST (Fig. 2A), GST fusion proteins were prominently
expressed and highly enriched by single-step glutathione-
Sepharose 4B, with some limited amounts of smaller proteins
corresponding to endogenous GST and breakdown products.
Using purified GST-BKV agnoprotein, GST-BKV LTD1,
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FIG, 2, GET-BKV agnoprotein purification from 3t9 cells and EIA,
(A) Coomassie blue staining and detection of purified GET-agnoprotein
by Western blotting by 129 sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Lane 1, cell lysate, lane 2, flowthrough, lane 3, wash; lane
4, Sepharose beads after elution; lanes 5 to 8, elution fractions 1 to 4,
respectively, GST-agnoprotein was detected with monoclonal anti-GST
antibody (1:5,000) and goat anti-mouse antibody conjugated to horserad-
ish peroxidase (1:10,000), (B) A 96-well enzyme-linked immunosorbent
aszay plate was coated with G3T-agnoprotein or GET as a control in PBE,
pH 7.4 (1 pmolfwell). A polyelonal rabbit anti-BEKV agnoprotein serum
was used as the primary antibody at a dilution of 1:20,000. Rabbit preim-
mune serum and PB3 { pH 7.4) were used as negative controls. All assays
were performed in triplicate.

GST-BKV VP1, and GST alone, we adapted antigen coating
conditions, serum dilutions, and dilutions of secondary anti-
bodies in order to obtain optimal signal-to-noise ratios (Fig. 2B
and data not shown).

We tested 146 plasma samples from 38 KT patients as well
as 12 samples from 16 HD for IgG and IgM activity. The
characteristics of these subject groups are shown in Table 1.
No significant differences were found concerning age or
gender distribution. None of the HD had detectable vire-
mia, and only one HD had detectable low-level viruria (6
107 copies/ml) in one of the samples (frequency, 1/19 [5%]}.
By contrast, KT patients had a median plasma BKV load of
10* copies/ml. Not unexpectedly, the median time of sam-
pling of KT patients posttransplantation increased from
group A (9 weeks) to group B (26 weeks) to group C (120
weeks; P < 0.001).

The results of the antibody responses found in the study

IMMUNE RESPONSES TO BEY AGNOPROTEIN 983

participants (Table 2; Fig. 3) can be summarized as follows.
Only 4 of 54 individuals had no detectable anti-BK'V antibod-
ies, yielding an overall BKV seropositivity rate of 92.6%, which
is in the range of published results for other serological assays
(5, 22). IgG responses were more frequent and with higher OD
values in KT patients than in HD, particularly with ongoing or
past high-level BKV replication, and were more pronounced
against the BKV VP1 capsid protein than against the BKV LT
antigen. Anti-VP1 IgG was detected in 12/19 (63%) HD and in
117/146 (80%) KT patients. Anti-LTD1 IgG were detected in
8/19 (42%) HD and in 91/146 (62%) KT patients. By contrast,
IeG responses against BKV agnoprotein were found in only
3119 (15%) HD and 11/146 (7.5%) KT patients. When border-
line positive results were regarded as seronegative, only 1/165
samples (1%) had detectable anti-agnoprotein IgG, compared
to 60/165 (41%) and 78/165 (53%) samples for anti-LTD1 IgG
and anti-VP1 IeG, respectively. Finally, IgG responses were
generally more frequently detected than IeM responses for any
of the three antigens and had higher OD values. In sera from
HD, no IeM responses against any of the three BKV antigens
could be found. In sera from KT patients, TeM responses were
most frequently found in group B patients with ongoing hich-
level replication (Table 2). Anti-agnoprotein IgM responses
were rarely detected in 6/165 (3.6%) samples tested, 5 of which
were weakly positive and 1 (0.6%) of which was positive.

Among KT patients, the percentage of positive samples and
the median OD values for anti-LTD1 responses increased
from group A (“noflow-level” replication) (56% and 0.0433) to
group B (“high-level” replication) (59% and 0.0499) and group
C (past “high-level” replication) (74% and 0.1863) (7 = 0.01),
with the strongest difference between groups A and C (P =
0.008). The anti-VP1 IgG response was increased in KT pa-
tients from group A (72%; 0.0676) to group B (83%; 0.1708)
(P < 0.008) and was lower in group C (79%; 0.0820) but did
not reach statistical significance. By contrast, anti-agnoprotein
responses remained low in all groups, with no statistically sig-
nificant changes (percentages of positive samples and median
ODs: group A, 8% and 0.0006; group B, 6% and 0.0064; and
group C, 10% and 0.0027). In all subgroups, the response to
agnoprotein was significantly lower than that to any of the
other antigens (7 < 0.0001 for all comparisons). The anti-
LT response was significantly higher than the anti-VP1 re-
sponse only in group C. To confirm the poor anti-agnoprotein
IoG response by a different technique based on native agno-
protein, we tested 30 sera from KT patients by indirect immu-
nofluoresce nce of agnoprotein-expressing UTA-6 cells. Only 1
of 30 patient sera (3.3%) was found to be reactive at a serum
dilution of 1:40.

The IeM responses showed no clear tendency for anti-LTD
responses, whereas anti-VP1 responses increased significantly
during the active PVAN phase and subsided afterwards (per-
centages of positive samples for groups A, B, and C, 24%, 55%,
and 39%, respectively; median OD values for groups A, B, and
C, 0.0214, 0.0446, and 0.0250, respectively; P < 0.008 for the
increase in group B, but the subsequent decrease in group C
did not reach statistical significance ). Again, anti-agnoprotein
responses remained very low thronghout this time and were
significantly lower than responses to any of the other antigens.

BKV agnoprotein elicits poor cellular immune responses.
To test whether the BKV agnoprotein elicited cellular immune
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TABLE 2. Antibody activity against purified recombinant BKV proteins
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No. (%) of samples that were®:

Group {no. of Antibody (no. of Proisin . Median OD at 492 nm
HREH) B T Negative Bgﬁégge Positive  Strongly positive {interquartile range)
HD (16) IgG (19) LTD1 11 (57.9) 5(26.3) 3(15.8) 0 0.0322 (0.0128-0.0658)
VP1 7(36.8) 4(21.1) 7(36.8) 1(5.3) 0.0744 (0.0320-0.1380)
Agnoprotein 16 (84.2) 1(5.3) 2(10.5) 0 0.0120 (0.0050-0.0201)
IgM (19) LTD1 19 (100) 0 0 0 0.0088 (0.0043-0.0131)
VF1 19 (100) 0 0 0 0.0099 (0.0026-0.0133)
Agnoprotein 19 (100) 0 0 0 0.0046 (0.0003-0,0076)
KT patient groups”

A (16) IgG (25) LTD1 11 (44.0) 7(28.0) 6(24.0) 1(4.0) 0.0433 (0.0238-0.1018)
VF1 7 (28.0) 12 (48.0) 5(20.0) 1(4.0) 0.0676 (0.0319-0.0958)
Agnoprotein 23 (92.0) 2(8.0) 0 0 0.0006 (0.0000-0,0145)

IgM (25) LTD1 20 (80.0) 3(12.0) 2(8.0) 0 0.0146 (0.071-0.0316)
VP1 19 (76.0) 4(16.0) 2(8.0) 0 0.0214 (0.0103-0.0254)
Agnoprotein 23(92.0) 2(8.0) 0 0 0.0002 (0.0000-0.0044)
B (27) IgG (83) LTD1 34 (41.0) 18 (21.7) 14 (16.9) 17 (20.5) 0.0499 (0.0193-0.5721)
VP1 14 (16.9) 14 (16.9) 55 (66.3) 0 0.1708 (0.0633-0.2854)
Agnoprotein 78 (94.0) 4(4.8) 1(1.2) 0 0.0064 (0.0000-0.0147)
IgM (83) LTD1 62 (74.7) 15 (18.1) 6(7.2) 0 0.0156 (0.0031-0.0389)
VP1 37 (44.6) 17(20.5) 29 (34.9) 0 0.0446 (0.0226-0.1556)
Agnoprotein 79(95.2) 3(3.6) 1(1.2) 0 0.0016 (0.0000-0,0063)
C(23) IgG (38) LTD1 10 (26.3) 6 (15.8) 15 (39.5) 7(184) 0.1863 (0.0425-0.7489)
VP1 8(21.1) 13 (34.2) 17 (44.7) 0 0.0820 (0.0488-0.2115)
Agnoprotein 34 (89.5) 4(10.5) 0 0 0.0027 (0.0000-0.0103)
IgM (38) LTD1 32(84.2) 3(79) 3(7.9) 0 0.0107 (0.0047-0.0212)
VP1 23 (60.5) 6 (15.8) 9(23.7) 0 0.0250 (0.0095-0,0805)
Agnoprotein 38 (100.0) 0 0 0 0.0020 (0.0000-0.0062)
All (38%) IgG (146) LTD1 55 (37.7) 31(21.2) 35 (24.0) 25 (17.1) 0.0578 (0.0215-0.5187)
VP1 29 (19.9) 30(26.7) 77(52.7) 1(0.7) 0.1144 (0.0549-0.2222)
Agnoprotein 135 (92.5) 10 (6.8) 1(0.7) 0 0.0042 (0.0000-0.0139)
IgM (146) LTD1 114 (78.1) 21(14.4) 11 (7.5) 0 0.0142 (0.0041-0.0309)
VP1 79 (54.1) 27(185) 40 (27.4) 0 0.0360 (0.0132-0.1038)
Agnoprotein 140 (95.9) 5(34) 1(0.7) 0 0.0016 (0.0000-0.0056)
All subjects (54) IgG (165) LTD1 66 (40.0) 36 (21.8) 38 (23.0) 25(15.2) 0.0570 (0.0185-0.3585)
VF1 36 (21.8) 43(26.1) 84 (50.9) 2{1:2) 0.1093 (0.0541-0.2147)
Agnoprotein 151 (91.5) 11 (6.7) 3(1.8) 0 0.0058 (0.0000-0,0148)
IgM (165) LTD1 133 (80.6) 21 (12.7) 11(6.7) 0 0.0127 (0.0041-0.0265)
VP1 98 (59.4) 27(164) 40 (24.2) 0 0.0277 (0.0103-0.0896)
Agnoprotein 159 (96.4) 5(3.0) 1(0.6) 0 0.0018 (0.0000-0.0066)

¢ Antibody activity was measured as the OD at 492 nm in an enzyme-linked immunosorbent assay at a serum dilution of 1:400 and was classified as follows: negative,
<0.0400; borderline positive, 0.0400 to 0.0999; positive, 0.1000 to 0.9999; and strongly positive, >0.9999.
A, no/low-level replication; B, high-level replication; C, past replication.
¢ For some KT patients, samples were drawn before the onset of, during, and after the resolution of PVAN. Therefore, this number is smaller than the total for groups

A B, and C.
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FIG. 3. Antibody responsss to BKV proteins in HD and KT pa-
tients, Box-and-whiskers plots, with the lenath of each box correspond-
ing to the interquartile range and the upper and lower boundaries of
the box representing the 75th and 25th percentiles, respectively, are
shown, The line in the box indicates the median value, Dashed hori-
zontal lines show the different cutoff levels for antibody activity. #,
significant difference (P = 0.02) for anti-agnoprotein activity compared
to activity against LTD1 or VF1; #, significant activity difference (P <
0,02} for all the antigen groups (Kruskal-Wallis test). (A) Anti-BKY
antibody activity in healthy donors (19 samples from 15 participants).

ibody activity (OD 482 nm)
-

£0.01

IMMUNE RESPONSES TO BKYV AGNOPROTEIN 955

Poptides
pplT PpVP1

400 ppAgno
: |

S 100 8

ﬁmi‘éj 1

E O = e Y
ABCG B

= 2
HD HDA B CHDA &
Subject groups

FIG, 4, BEVY agnopeptide-specific cellular immune response, IFN-v
responses after stimulation of PBMCs with BKY LT antigen, VP1, and
agnoprotein peptides are shown, Results are for HD (n = 10), KT pa-
tents without high-level BEV replication (group A; n = 4), KT patients
with high-level BEV replication (group By n = 19}, and KT patients after
high-level replication (group C; n = 25). Agnoprotein responses were
significantly lower than LT antigen and ¥P1 responses (P < 0.05 by the
Kroskal-Wallis test),

responses, we analyzed 10 PBMC samples from 10 HD and 48
PBMC samples from 30 KT recipients (Fig. 4). ESAs were
performed to detect IFN-y secretion as described previously
(1), using Staphylococcus enterotoxin B as a positive control
{median of 8,080 spot-forming umnits [SFU] per million
PBMCs). In HD, the median number of IFN-y SFU for LT
antigen peptide stimulation was 23 (interquartile range, 20 to
309y, that for VP1 peptides was 25 (17 to #4), and that for
agnoprotein peptides was 1 (0 to2). In KT patients, the median
number of IFN-y SFU for LT antigen peptides was 24 (inter-
quartile Tange, § to 76), that for VP1 peptides was 99 (18 to
246), and that for agnoprotein peptides was 2 (0 to 5). Thus,
the rtesponse to agnoprotein peptides was significantly
lower, even after adjusting for protein length by dividing the
number of SFU by the number of 15-mer peptides per pro-
tein pool (P < 0.05 by the Kruskal-Wallis test).

Time courses of immune responses in selected patients. To
explore the evolution of humoral and cellular immune re-
sponses to different BKV proteins over time, we identified
three patients with sufficient sampling density to show different
patterns of antibody activity changes before, during, and after
high-level BKV replication and PVAN.

Patient 1 (Fig. 5A) is a 49-year-old female who developed
definitive PVAN at 7 weeks posttransplantation and had a
prolonged course of high-level BKV replication, defined as a
plasma BKV load of >10e4/ml (16) over more than 35 weeks.
The plasma BKV load peaked at 1.16 X 10° copies/ml at 27

(B) Anti-BEKV antibody activity in all renal transplant recipients (146
samples from 38 patients) (C) Anti-BEV antibody activity in renal
traneplant reciplents without evidence of BKWV replication or prior to
the development of PVAN (25 samples from 16 patients). (I'] Anti-
BEY antibody activity in renal transplant recipients with ongoing
PVAN (83 samples from 27 patients). (E) Anti-BEV antibody activity
in renal transplant recipients after resolution of PYAN (38 samples
from 23 patients).
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FIG. 5. BEV-specific antibody titers and cellular immune response
in KT patients with PVAN, Left panels show plasma BKV load (black
line, log/ml, left y axis) and antibody activity (OD at 492 nm, right y
axis) for anti-VP1 (brown lines) (IgG, solid eircles; Ighd, open cireles),
anti-LT antigen (blue lines) (IgG, solid diamonds; IgM, open dia-
monds), and anti-agnoprotein (green lines) (IgG, solid triangles; IgM,
open triangles) as well as the time points () of ESAs. Right panels
show IFN-y ESAg after stimulation with LT antigen peptides (blue
bars), VP1 peptides (brown bars), and agnoprotein peptides (green
bars) at the time peints indicated in the left panels. (A) Patient 1
(49-year-old female), with definitive PYAN diagnosed at 7 weeks post-
transplant. (B) Patient 2 (S4-year-old male), with definitive PYAN at
5 weeks posttransplant. (C) Patient 3 (53-year-old male), with defini-
tive PYAN at 9 weeks posttransplant,

weeks posttransplantation. Initially, she had only a weakly pos-
itive IgG anti-VP1 antibody response, which over the next
weeks increased without any effect on BKV load. At about 34
weeks posttransplantation, increases in anti-VP1 IgM were
noted, followed by anti-LT antigen IeM. The increase in the
IsM antibody activities heralded a further increase in anti-VP1
IeG (peak at 54 weels posttransplantation), followed by a
steep rise of anti-LT antigen IgG from week 41 to a platean
at week 54 posttransplantation. Simultaneonsly with the lat-
ter changes in anti-BKV responses, the BKV load dropped

CLIM, VACCIME IMMUMOL.

to 1.36 x 10° at week 37 and decreased further below the
threshold of detection at 71 weeks posttransplantation. BSA at
71 weeks posttransplantation showed strong anti-VP1 and
anti-LT antigen responses (317 and 121 spots, respectively).
The agnoprotein-specific antibody and cellular responses were
very low and undetectable, respectively.

Patient 2 (Fig. 5B) is 54-yearold male who developed
PV AN jost 5 weeks posttransplantation and had a intermedi-
ate course of high-level BKV replication over 15 weeks. The
BKV viral load peaked at 2.08 X 10° copies/ml at 7 weeks
posttransplantation and then remained stable at 1 X 107 cop-
ies/ml until week 16, before it dropped to 2.39 > 10° copies/ml
at week 22. Anti-VP1 TG was detectable at low levels from the
first sample on, but it started to increase only after week 15,
after anti-VP1 TgM peaked. In contrast to the case for patient
1, antiLTD1 responses remained low or undetectable
throughout, as did the anti-agnoprotein antibodies. ESA was
performed at week 16, when the BKV viral load was still high,
and found a moderate IFN-y response to VP1 peptides (49
spots), while the LT-specific response was still low (19 spots).
Agnopeptide responses were negative.

Patient 3 (Fig. 5C) is a 53-yearold male who developed
PVAN at 9 weeks after transplantation and had a relatively
short course of high-level BKV replication over 8 weeks. His
BKV viral load peaked at 7.90 X 10 copies/ml at 18 weeks
posttransplantation and steadily declined thereafter. He was
weakly positive for anti-VP1 antibodies, which increased in
parallel with the BKV viral load rise and peaked at 18 weeks.
Aati-ILT IgG antibodies remained low until 20 weeks post-
transplantation and started to increase at the same time that
the BK wviral load started to do so. No BKV-specific IeM was
detected. The cellular immune response was assayed at week
20, revealing a strong VP1- and LT antigen-specific IFN-y
response with 227 and 49 SFU, respectively. At 28 weeks, LT
antigen-specific IFN-y responses had shightly increased, while
the anti-VP1 response had dropped (80 and 105 SFU, respec-
tively). At both time points, agnoprotein-specific IFN-y re-
sponses were low (12 and 10 SFU, respectively).

DISCUSSION

In this study, we demonstrate that BKV agnoprotein is ex-
pressed in vivo in renal tubular epithelial cells of needle biopsy
samples from KT patients with histologically defined PVAN.
The cellular staining pattern in vivo is indistinguishable from
the one found upon BKV infection of primary renal tubular
epithelial cells in vitro (Fig. 1), where BKV agnoprotein is
abundant in the cytoplasm and enriched in the perinuclear
area, as reported previously (35). Of note, agnoprotein expres-
sion in vitro and in vivo was found exclusively in cells positive
for the early viral gene product LT antigen. By contrast, LT
antigen was detectable in the nuclei of cells in which agnopro-
tein ranged from undetectable to maximal cytoplasmic stain-
ing, as expected for sequential progression from viral early to
late gene expression. The asynchronous side-by-side quality of
different stages of the polyomaviral replication cycle in vivo is
typically seen in tissue culture after spread and secondary in-
fection of susceptible cells in vitro. This interpretation is in line
with nltrastructural studies of PYAN demonstrating the up-
take of polyomavirus particles (7). Alternatively, asynchronous
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replication could result from differential reactivation of latent
BKYV infection and progression from early to late gene expres-
sion in response to qualitative or quantitative differences in
(micro)environmental costimuli. Since agnoprotein is an abun-
dant late, but nonstructural, viral protein of the lytic BKV
infection cycle, staining of renal biopsy specimens may be an
interesting marker of viral cytopathic damage to renal tubular
epithelia. Further investigations are certainly warranted at this
point.

Despite the abundant expression of BKV agnoprotein in
vivo, we did not find a corresponding level of humoral and
cellular immune responses. Anti-agnoprotein IgG was de-
tected in only 15% and 7.5% of HD and KT patients, respec-
tively, which was significantly lower than the 63% and 80%
seropositivity for VP1 and the 42% and 62% seropositivity for
LTD1, respectively. In adult populations similar to our study
groups, BKV seroprevalence rates of between 60 and 90%
have been reported using assays which detect antibody re-
sponses directed against the major capsid protein VP1 by EIA
or by inhibiting its interaction with receptor-like glycosylated
surface structures of type O ervthrocvtes, i.e., by hemaggluti-
nation inhibition (18, 23, 25, 32). The higher VP1-type re-
sponse may partly be due to the fact that the host immune
system is more readily and even systemically (re)exposed to
viral surface proteins which typically contain neutralizing
epitopes (11). Accordingly, standard serological assays for
other viruses such as herpesviruses or parvoviruses are com-
monly based on glycoproteins of enveloped viruses or capsid
proteins of nonenveloped viruses, respectively. In keeping with
this notion, anti-LT antigen responses were lower than anti-
VP1 responses but still significantly higher than anti-agnopro-
tein responses. A technical problem seems unlikely to explain
this difference, since the applied antigen was well detectable by
the rabbit anti-BKV agnoprotein serum. To rule out effects of
a potentially nonnative conformation of agnoprotein epitopes
in the GST fusion protein, we investigated anti-agnoprotein
IgG by indirect immunofluorescence. In line with the EIA
results, only 1/30 KT patient sera (3.3%) was reactive using
agnoprotein-expressing UTA-6 cells. The smaller size of the
agnoprotein and a potentially lower antigenicity could be con-
tributing factors, but the LT antigen used was truncated after
the amino-terminal 133 amino acids (LTD1), which should
reduce the impact of size differences on detection. When we
corrected the response rate for the antigen size, anti-agnopro-
tein responses were still lower than those against VP1 and far
lower than those against LTD1.

The anti-BKV response pattern in nonimmunosuppressed
individuals was similar to that in KT patients with no/low-level
BKV replication (group A). In particular, we found no IgM
responses to any of the three BKV antigens in HD sera. By
contrast, KT patients with ongoing high-level replication
(group B) had the highest IgG responses to VP1 and also the
most prominent [gM responses. Interestingly, the median anti-
LTD1 responses in group B KT patients were also increased
relative to those in HD or group A KT patients, but those in
KT patients with past high-level BKV replication (group C)
were significantly higher (but with a slight decline in anti-VP1
[gG). These data indicate that anti-LT antigen IgG responses
increase later than anti-VP1 responses, coinciding with emerg-
ing immune control of BKV replication. This is highlighted by
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the time courses demonstrating that anti-L'T antigen responses
evolve significantly later than anti-VP1 responses, at a time of
declining plasma BKV load. In fact, testing before week 39 in
patient 1 and before week 17 in patient 3 detected only anti-
VP1 responses. Thus, the time courses underline the absence
of anti-agnoprotein responses and reduce the likelihood that
the time points of the cross-sectional sampling for anti-agno-
protein responses were merely suboptimal.

Our serological studies are further complemented by the
poor [FN-y responses elicited by agnoprotein peptide pools
(median, 2 SFU; range, 0 to 5) compared to LT antigen (me-
dian, 24; range, 8 to 76) or VP1 (median, 99; range, 18 to 246)
peptide pools, even after correction for peptide pool size. Al-
though specific IFN-y-producing CD8™ T cells have been de-
tected for other viruses, e.g., cytomegalovirus (38), we cannot
exclude the possibility that the use of overlapping 15-mers may
be suboptimal for the detection of agnoprotein-specific major
histocompatibility complex class I-restricted CD8" T-cell re-
sponses. On the other hand, we would expect a significant agno-
protein-specific major histocompatibility complex class Il-re-
stricted CD4™ T-cell response in the fairly sensitive ESA format.
Taken together, humoral and cellular immune responses to the
abundant BKV agnoprotein are rare and likely reflect its poor
immunogenicity. Moreover, anti-agnoprotein immune responses
seem to have no apparent importance in overcoming BKV vire-
mia and PVAN.

Only a few studies have examined the presence of antibodies
against the major regulatory protein LT antigen. Antibodies to
BKV LT antigen have been detected by indirect immunofluo-
rescence in 1.15% of 952 neoplasia patients, 4.40% of 113
renal transplant recipients, and 0.80% of healthy controls (6).
In another study, antibodies to LT antigen were found in
29.1% of 103 BKV-infected renal transplant recipients and
were absent in BKV-negative patients (27). These results show
that not only virions but also remnants of infected cells are
processed by antigen-presenting cells (20). It remains to be
seen if anti-LT antibody titers can be used as a surrogate for
BKV replication control.

The low immunogenicity of BKV agnoprotein is in contrast
to the HIV protein Tat, consisting of 86 to 101 amino acids.
Anti-TAT antibodies have been found in only 10 to 14% of
HIV type 1 (HIV-1)-positive patients (4) and were predictive
of nonprogression both in HIV-1 (33)- and HIV-2 (36)-posi-
tive patients. Consequently, HIV Tat has been considered for
use as a candidate anti-HIV vaccine (30). At this point, we can
only speculate about the underlying mechanism of the poor
immunogenicity of agnoprotein, which might involve host as
well as viral factors. Since abundant agnoprotein expression is
tightly restricted to switching to late gene expression, it is
tempting to hypothesize that efficient immune recognition of
agnoprotein would significantly curtail the replication and
spread of polvomavirus in its host population. Our results
indicate that agnoprotein may not be a sensitive tool for mon-
itoring the immune response in KT patients, but its potential as
a candidate anti-BK'V vaccine cannot be conclusively ruled out.
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Introduction

During the last 10 years, polyoma BK-virus associated
nephropathy (PVAN) has emerged as a serious
complication in renal transplant recipients [1]. Due to
the establishment of an accurate non-invasive screen-
ing procedure measuring polyomavirus BK-viraemia,
BK-viruria and decoy cells in urine, PVAN can be
diagnosed at early stages [2]. This allows for timely
therapeutic intervention, which has significantly
reduced the incidence of severe PVAN courses includ-
ing graft loss [3,4].

Management of PVAN is mainly based on a
reduction of the immunosuppressive drugs, while
the impact of anti-viral therapy is not yet clear [5].
This strategy bears the inherent risk that allograft
rejection may arise, which is difficult to differentiate
from an immune response to the BK-virus, because
both entities can present as morphologically and
molecularly indistinguishable, with interstitial infil-
trates and tubulitis [1.5 7]. Therefore, more data
regarding the natural course of PVAN under reduced
immunosuppression might be helpful to illuminate the
scope of post-intervention responses.

Case report

A 37-year-old woman had end-stage renal failure due
to a nephropathy of unknown origin. She was highly

Correspondence and offprint vequests to: Stefan Schaub, MD, MSc,
Transplantation Immunology and Nephrology, University Hospital
Basel, Petersgraben 4, 4031 Basel, Switzerland.

Email: schaubs@uhbs.ch

sensitized as a consequence of two blood transfusions
and two _Pregnancies (peak CDC-PRA 78%, peak
FlowPRA™ class 1 93%, FlowPRA™ class II
negative). After being on haemodialysis for 9 years,
she received a kidney from a 7-vear-old deceased
donor. There were three HLA-mismatches (recipient:
HLA-A3/24, B7/55, DR4/13; donor: HLA-A2/24,
B7/38, DR11/13) and the recipient had two donor-
specific HLA-antibodies (DSA) detectable in three
historic sera (A2 and B38: determined by FlowPRA ™
single-antigen flow-beads). Flow-cytometric T- and
B-cell cross-matches were positive with historic sera,
but negative with the current one. The patient was
considered to be at high risk for rejection and received
an induction therapy consisting of polyclonal anti-
T-lymphocyte globulin (ATG-Fresenius) as well as
intravenous immunoglobulins (IvIg) [8]. Maintenance
immunosuppression consisted of tacrolimus, mycophe-
nolate mofetil (MMF) and steroids.

Figure 1 summarizes the course of immunosuppres-
sive therapy, allograft function and BK-virus activity;
Figare 2 demonstrates the histology of the four
allograft biopsies obtained in this patient. The allograft
had an immediate good function and serum creatinine
dropped te 140pmol/l by day 10 post-transplant.
On day 21, serum creatinine rose to 308 pmol/l and
the first allograft biopsy was obtained. The diagnosis
of antibody-mediated rejection was made based on
the presence of thrombotic microangiopathy, diffuse
C4d-staining in peritubular capillaries and reappear-
ance of both remote DSA (A2 and B38) in high
quantities (Figure 2; picture 1A and 1B). The patient
received another course of Ivlg, six steroid pulses and
four plasmapheresis treatments. Subsequently, serum
creatinine declined to 110 pumol/L

Eight weeks post-transplant, increasing BK-virus
replication in the urine was noted along with the
appearance of numerous decoy cells, followed by
plasma BK-viral loads persisting above 10000
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Fig. 1. Course of immunosuppressive therapy, allograft function, BK-virus activity and BK-virus serology within the first year after
transplantation. Stars with appended numbers in the serum creatinine graphic indicate allograft biopsies. The corresponding allograft
histologies are shown in Figure 2. PP, plasmapheresis; SM, solumedrol i.v.; IvIg, intravenous immunoglobuling; BK-virus-specific IgG and
TgM antibodies were measured in human sera using virus-like particles (VLP) as antigens coated to microtitre plates. BK-virus-like particles
were purified by density gradient centrifugation of lysates from Sf9 msect cells infected with recombinant BK-virus-VP1 Bac-to-Bac
expression vectors (Imvitrogen). Antigen coating and serum dilutions provided optimal OD results at 50ng and 1: 400, respectively

(S. Bodaghi and H.H. Hirsch, unpublished data).

copies/ml. The diagnosis of ‘presumptive” PVAN was
made [1] and immunosuppression reduced (tacrolimus
trough levels from 10 15ng/ml to 6 8ng/ml, MMF
dose from 2 to 1.5 g/day, further tapering of steroids).
Three weeks later, a second allograft biopsy was
performed. Dense focal lymphohistiocytic infiltrates
were seen, affecting 20% of the cortical and 35% of the
medullar area with mild tubulitis. There were numerous
SV40 antigen-positive tubular epithelial cells in the
medulla and in the cortex (Figure 2; picture 2A and 2B).
At this time-point, BK-viral loads were 3.9 x 10!
copies/ml in urine and 5.1 x 10° copies/ml in plasma,
respectively. The diagnosis of PVAN pattern B
was made and immunosuppression further reduced

(tacrolimus trough levels to 4 6 ng/ml, MMF dose to
0.5 g/day, steroids were tapered out over 8 weeks).
BK-viraemia remained constantly above 10° copies/
ml for 8 weeks, but then started to decline by two
log10 units to a plateau of around 4 x 10* copies/ml.
Within this time period, serum creatinine concentra-
tions slowly rose from 140 to 180 pmol/l. A third
allograft biopsy was performed, which showed massive
diffuse lymphohistiocytic infiltrates affecting 100% of
the cortical and medullar area with severe tubulitis.
There were only few SV40 antigen positive tubular
epithelial cells in the medulla and the cortex (Figure 2;
picture 3A and 3B). A presumed diagnosis of BK-virus
specific  immune  reconstitution  was  made.
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Fig. 2. Allograft histology graded according to the Banff classification [16] and a recently proposed semi-quantitative assessment for PYAIN
[1]. All allograft biopsies consisted of two cores obtained with a 16-gauge needle. First biopsy, 21 days post-transplant (cy0, 10t0, cilct0): the
tubulointerstitial compartment was completely normal, but there were fibtin thrombi in peripheral glomerular capillary loops (arrow)
consistent with thrombotic microangiopathy (1A). Peritubular capillaries (PTC) were diffuse positive for C4d by immunofluorescence (IF)
{1B). Staining for SV40 antigen by immunchistochemistry was negative. Second biopsy, 3 months post-transplant (ey3, 12t], ciletO): dense
foeal lymphohistioeytic infiltrates in the cortical and medullary interstitial space with mild tubulitis. Note enlarged nucled (arrow) without
clearcut inclusion bodies (24). Glomernli and arteries were completely normal. Staining for SV40 antigen revealed numerous infected tubular
gpithelial cells in the cortex and medulla (2B). Staining for C4d in PTC and HLA-DR in tubular epithelial cells were negative. Third biopsy,
6 months post-transplant {cyl, 1313, ciflctl): massive diffuse lymphohistiocytic infiltrates affecting the whole cortical and medullary space with
severe tubulitis (3A). Imimme phenotyping of the mfiltrate revealed a very dominant fraction of T-cells (CD34) with equal amounts of CD44
and CD8+ cells, few macrophages (CD68) and few B-cells (CD20). Glomeruli and arteries were completely normal. Only few tubular
epithelial cells were positive for SV40 antigen (3B). Staining for C4d in PTC and HLA-DR in tubular epithelial cells were negative. Fourth
biopsy, 10 months post-transplant (cy0, i0t0, cilet0): both biopsy cores showed perfectly normal renal tissue (44 and 4B). No tubular
epithelial cells were positive for SV40 antigen. Staining for C4d in PTC and HLA-DR in tubular epithelial cells were negative.

Immunosuppression consisting of tacrolimus with time-point revealed newly produced BK-virus specific
trough levels of 4-6ng/ml and MMF 0.5 g/day was IgM together with increasing IgG antibodies (Figure 1,
maintained and no additional therapy introduced. bottom panel) consistent with an emerging BK-virus
Retrospective analysis of serum samples at this specific immune response.
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Ten weeks later, BK-viraemia became negative,
followed by clearance of the virus in the urine. Serum
creatining declined and stabibzed at 110-120 wmol/L.
A follow-up biopsy showed normal allograft tissue
without any tubulointerstitial infiltrates, no tubular
atrophy and interstitial fibrosis and no 8V40 antigen
positive tubular epithelial cells (Figure 2; picture 4A
and 4B). Testing for BK-virus-specific T-cells by
mnterferon-v ELISpot at this time-point revealed
a response against BK-virus large T and VP1 proteins.
Intracellular staining for interferon-y showed a promi-
nent large T- directed CD8+ T-cell response consistent
with an established cellular immune response
as reported previously (Figure 3) [9].

Discussion

The majority of patients with PVAN demonstrate
tubulointerstitial mflammation [6,10], which can
gither indicate concurrent allograft rejection or an
inflammatory response to the BK-virus. The relative
contribution of these two entities is unknown and
specific single markers to separate them are currently
lacking. The clinice-pathological course of our patient
is intrigming and may serve as an index case of
BK-virus-specific immune reconstitution syndrome.

At the time of the third allograft biopsy showing
diffuse massive interstitial infiltrates and severe
tubulitis, circumstantial evidence suggested that acute
rejection was less likely as the cause. First, extensive
infiltrates were coincident with a significant declineg of
BK-virus replication, indicated by a decreasing plasma
BK-viral load of >2 logll units and a substantial
clearance from the allograft based on a significant
reduction of 8V40 antigen-positive tubular epithelial
cells. Second, the merease of serum creatinine was only
moderate, despite severe tubulointerstital pathology.
Third, staining of tubular epithehal cells for HLA-DR
in frozen sections was available, which served as an
adjunctive tool to differentiate between mbulitis due
to rejection and PVAN. HLA-DR positivity s a typical
finding in Banff Ta/Tb rejection whereas it is mostly
negative in PVAN, as in this case and described
garlier [11]. However, the strongest argument against
an alloimmune-related mflammation was the clinico-
pathological course. Indeed, massive tubulointerstitial
infiltrates developed after immuncsuppression was
significantly lowered, but they subsequently resolved
completely while maintaming the same low immunc-
suppression without having applied any rejection
treatment. A druganduced interstitial nephritis 1s
also very unlikely, because no drugs were added or
discontinued within this time frame, with the exception
of tapering out prednisone and reducing tacrolimus
and MMF. Therefore, BK-virus-specific immune
reconstitution is the most probable explanation
for the observed clinico-pathological course, and to
the best of our knowledge there is no consistent
alternative diagnosis.

8. Schaub ez al.
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Fig. 3. BK-virus-specific mterferon-y producton in PBMC at
resolution of PVAN (ie at the time point of the fourth allograft
blopsy). The 15-mer peptide pools of 11 amino acid overlaps
spanning BK-virns large T-antigen (LT) and VP capsid protein
{(VP1)were nsed for PBMC stimulation and interferon-y detection by
ELISpot assay (4) or by intracellular cytokine staining/flow
cytometry (B) as deseribed previously [9]. Staphylococcws enteroloxin
B (SEB, SIGMA, Buchs, Switzerland, 1pg/ml) and cell culture
medium served as positive and negative control, respectively.
The number of spot forming unit (SFU) per well was caleulated
fraom triplicates after subtractions of negative contral. By flow
cytotmetry, at least 30 000 CD34 cells were acquired and analysed on
a FACS-Canto (Becton Dickinson). The frequency of BK-virus-
specific cellular immune responses was determined for sach antigen
and expressed as percent of interferon-y positive cells among
CD3HCDAH-CDO%4 or CD3IHCDR+CD6S4 gated lymphocytes,

respectively.

Support for this interpretation comes from retro-
spectively measured BE-virus-specific antibody titres
as a surrogate marker of the emerging immune
response to the BK-virus, as has been reported
previously [12]. A marked increase of BK-virus specific
IgM and IgG was noted followmg the decline of
plasma BK-virus load at the time of severe tubulo-
interstitial inflammation. Longitudinal analysis of
BK-virus specific cellular immune responses or char-
acterization of cellular mfiltrates in the allograft would
have been of particular interest in this case [13],
but were not available. However, we analysed the
frequency of BK-virus specific interferon-y producing
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T-cells by ELISpot and flow cytometry after resolution
of PVAN, which were consistent with an established
cellular immune response against the BK-virus and in
line with our previous observation [9]. The reported
case suggests that integration of longitudinal dynamics
of BK-virus replication together with allograft func-
tion, histology and possibly markers of virus-specific
cellular and humoral immunity may currently be the
most valuable parameter for differentiation of tubu-
lointerstitial allograft rejection vs a BK-virus-specific
immune response.

An interesting finding in this case was the detection
of completely normal renal tissue in the last biopsy
despite severe tubulointerstitial inflammation and
many BEK-virus infected tubular epithelial cells in
previous biopsies. This finding is surprising and may
indicate that the end-stage of PVAN characterized by
progressive tubular atrophy and interstitial fibrosis is
the result of ongoing tubular cell necrosis unbalanced
by regeneration [10]. Therefore, the good outcome in
the reported case could be related to an early and
efficient clearance of the BK-virus, or to a high
capacity of the allograft from a 7-year-old donor to
sustain injury and to regenerate. Although this single
case suggests that even severe inflammation due to
immune reconstitution may not be harmful, the value
of immunomodulatory drugs including steroids and
leflunomide as a treatment option to limit the extent of
inflammation is not clear yet. Notably, the immune
reconstitution syndrome is well-known in HIV/AIDS
patients and steroids are often considered when the
inflammation becomes damaging to an organ [14,15].

In conclusion, we report a case consistent with
BK-virus-specific immune reconstitution after reduc-
tion of immunosuppression for treating PVAN, lead-
ing to transient severe tubulointerstitial inflammation
and moderate allograft dysfunction. Clearly, no gen-
eral recommendations regarding diagnosis and treat-
ment of BK-virus specific immune reconstitution
syndrome can be made based on this single case.
Prospective studies with standardized management are
required to validate our findings and to further
elucidate aetiology and treatment of tubulointerstitial
infiltrates in patients with PVAN.
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ABSTRACT

Cytomegalovirus (CMV) seronegative kidney transplant (KT) recipients (R-) of kidney-
transplants from seropositive donors (D+) are at higher risk for CMV-replication and
ganciclovir (GCV)-resistance than R+ KT patients. To assess the role of CMV-specific T-cells
in R+ KT, we studied interferon-y-producing T-cell frequencies in peripheral blood
mononuclear cells of 73 KT patients (25 D+R-, 48 R+) undergoing routine testing for CMV-
replication. Median T-cell responses to CMV-lysate, CMV-pp72 and -pp65 peptide pool-
specific antigen preparations were higher in R+ KT than D+R- KT patients, but lower than in
CMV seropositive healthy donors (P<0.05). CMV-lysate induced higher frequencies than
pp65 and pp72 peptide pools, but favored CD4+ over CD8+ T-cell responses. By contrast,
pp72 favored CD8+ responses, while pp65 responses were comparable in both subsets. T-cell
responses were lower in R+ KT with than without concurrent CMV-replication (pp65 median
CD4+ 0.00% vs. 0.03%, P=0.001; CD8+ 0.01% vs. 0.03%; P=0.033). CMV pp65-specific
CD4+ T-cell frequencies >0.03% allowed to identify R+ KT patients free from concurrent and
from future CMV-replication within 2 months (P=0.021). GCV-resistant CMV-replication
occurred in 3/48 R+KT patients all of whom had pp65-specific CD4+ T-cells <0.03%. The
data suggest that CMV-pp65-specific CD4+ T-cells >0.3% may indicate protection from
CMV replication and GCV-resistance in R+ KT recipients.

INTRODUCTION

Potent immunosuppressive drug regimens have led to a significant decline of acute and
chronic immune reactions in solid organ transplant (SOT) recipients, with increasing graft
survival across HLA mismatches (Dharnidharka et al. 2004; Meier-Kriesche et al. 2006).
However, complications associated with impaired immunity have become more frequent
(Fishman et al. 1998; Opelz et al. 2006). Cytomegalovirus(CMV) is a notorious infection
posttransplantation exerting significant direct and indirect effects on graft and patient survival,
despite the availability of validated strategies for prophylactic, preemptive and therapeutic
intervention (Reinke et al. 1999; Ljungman et al. 2002; Opelz et al. 2004). The risk of CMV-
replication and disease after SOT is highest in seronegative recipients (R-) of seropositive
donor (D+) organs and in seropositive (R+) patients exposed to T-cell depleting agents (Kusne
et al. 1999). This suggests that CMV-specific immunity provides a certain degree of
protection despite maintenance immunosuppression. Thus, prophylaxis with antiviral drugs
such as ganciclovir (GCV) or valganciclovir (ValGCV) is recommended (Paya et al. 2004;
Preiksaitis et al. 2005). However, CMV D+R- SOT are at an increased risk of GCV-resistant
CMV-replication and disease (Limaye et al. 2000). We hypothesize that the risk may also be
increased in R+ SOT with low CMV-specific T-cells. Cytotoxic CD8+ T-cells are thought to
play a major role in terminating CMV-replication, but CMV-specific CD4+ T-cells have been
linked to long-term antiviral control (Sester et al. 2001; Bunde et al. 2005). In clinical studies,
responses to CMV-lysate antigens or peptides covering CMV immediate-early (e.g. pp72) and
late (e.g. pp65) proteins have been used to monitor cellular immunity, but have rarely been
compared. Here, we studied T-cell responses to different CMV antigens in recently KT
patients and searched for UL97 mutations in cases with persisting CMV-replication.
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PATIENTS AND METHODS

PATIENT POPULATION

A total of 73 consecutive adult CMV D+R-, D+R+ or D-R+ KT patients (n=73) were
enrolled in this prospective cross-sectional study. Patients were included if CMV-replication
was submitted to the laboratory for routine testing of CMV in the blood by PCR and/or pp65
antigenemia. CMV testing was done bi-weekly for the first 4 months, then monthly until
months 6, to guide preemptive therapy, or weekly for cases where CMV had been suspected
and that had been found positive (Table 1). D-R- patients were not included (as not routinely
tested). Patients were assigned to CMV replicating and non-replicating subgroups according
to whether or not CMV was detected. At the time of laboratory testing for CMV-replication
and cellular immune responses, triple immunosuppression was administered in 42 patients
(58%; CMV-replication in 7 cases), dual immunosuppression in 24 cases (33.3%, CMV-
replication in 5 cases) and monotherapy was used in 2 cases, 1 with CMV-replication.
Tacrolimus was used in 51 patients (71%) with mean trough levels 8.71ng/mL, 13 showing
CMV-viremia (P=0.038; chi-squared). Mycophenolate mofetil was used in 41 patients (57%)
with mean trough levels of 2.54ug/mL, 6 showing CMV-viremia (P=0.311; chi-squared).
Sirolimus was used in 18 patients (25%; mean trough levels 6.92ng/mL, no CMV-replication),
cyclosporine A in 10 patients (14%; mean trough levels 288ng/mL, no CMV-replication);
azathioprine in 14 patients (19%, CMV-replication in 3 cases); leflunomide in 3 patients
(4.2%; CMV-replication in 3 patients); prednisone in 41 patients (57%; mean dosing
9.3mg/day; CMV-replication in 7 cases). Thirty non-immunosuppressed healthy donors (HB)
served as control group (17 seropositive HB+: median age 31, range 22-48, 8 males; 13
seronegative; HB-: median age 32, range 27-60, 9 males). Participants were enrolled in Basel
and in St. Gallen according to the protocol approved by the IRB (299/06).
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Table 1: Characteristics of KT patients with and without ongoing CMV-replication.

CMYV D+R- (n=25, m=50)

CMV D+R+/D-R+ (n=48, m=79)

CMV replication all yes no all yes no
(n/total)* 25 (9/25) (22/25) 25 (6/48) (42/48)
Age, median years 60 63 59 49 53 43
(range) (18-71) (25-71) (18-71) (21-73) (43-70) (21-73)
Gender (m/f) 15/10 6/3 13/9 33/15 5/1 29/14
Sample date postTx

median weeks 18 30 15 27 21 17
(range) (2-383) (6-41) (2-383) (2-314) (5-138) (2-314)
Induction (n)° 19 7 12 36 3 33
(%) (76.0) (77.8) (54.5) (75.0) (50.0) (76.7)
T-cell depleting

induction (n) ° 1 0 1 4 0 4
(%) (4.0) (0.0) 4.5) (8.3) (0.0) 9.3)
AR therapy (n)" 8 2 6 21 3 18
(%) (32.0) (22.2) (27.3) (43.8) (50.0) (41.9)
T-cell depleting AR

therapy (n)° 3 0 3 11 2 9
(%) (12.0) (0.0) (13.6) (22.9) (33.3) (20.9)
1* CMV load,

mean (c¢/ml)* - 109°900 <300 - 49°588 <300
1 CMV peak,

mean (¢/ml)? - 181°811 <300 - 90’009 <300
1" CMV clearance time

weeks, median - 14 - - 18 -
(range)” (4-37) (7-106)

2" CMV replication

(n/total)? - 1/9 5/22 - 1/6 7/42
2" CMV load,

mean (¢/ml)* - 288’001 9’323 - 1’489 72’581
2" CMV peak,

mean (c¢/ml)* - 1°240°000 37°260 - 3’387 311°071
2" CMV clearance time -

weeks, median - 30 8 22 3
(range)’ ) (1-30) ) (1-30)

AR: acute rejection, ATG: anti-thymoglobuline, n: numbers of patients, m: number of measurements.

18 CMV episode was either primary (in R-) or secondary replication (in R+). 2™ CMV episode was either
primary (in remaining R-) or secondary replication (in R+) after determination of CMV-specific cellular
immunity, after the 1* CMV episode (follow-up >3 months).
* Patients are grouped according to CMV replication at time-point of T-cell response measurement (1% CMV
episode). 14 patients were measured after seroconversion increasing the numbers to 22.

® Numbers of recipients with induction treatment.
“ Numbers of recipients with induction treatment based on T-cell depleting antibodies (ATG).
4 Numbers of treated AR episodes.
® Numbers of patients with AR therapy based on T-cell depleting antibodies (ATG).
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CMYV DIAGNOSTIC ASSAYS

IgG CMV-serology (AxSym'™ Assay, Abbott, Baar, Switzerland) was used according to
manufactures instructions to identify CMV seropositive and seronegative individuals. CMV-
replication was quantified by standard commercial tests of pp65 antigenemia assay
(CINAKit™, Argene, Varilleg, France) in peripheral blood mononuclear cells (PBMC) or by
quantitative realtime-PCR. In all patients with CMV-antigenemia testing, CMV DNA load in
whole blood was quantified by CMV-specific real-time PCR. The extraction of DNA was
performed according to the QIAamp DNA MiniKit™ (QIAGEN, Hombrechtikon,
Switzerland). CMV-replication was quantified by real-time PCR using the primers TTT TTT
CTA GGC GCT TCC GA and ACA CTG CGG CTT TGT ATT CTT TAT C, and the Fam-
Tamra labeled probe AGG CGA AGC CGG CGA CGA in validated routine assay. Primers
and probes were obtained from Eurogentec (Geneva, Switzerland). The linear range of the
real-time PCR is 10e2 to 10e8 cp/mL. The limit of detection was 300 copies (cp)/mL, and
1000 cp/mL were used as routine diagnostic cut-off value. All assays were performed in
triplicates. For quantification, a standard curve was constructed from defined copy number of
the cloned targets using 10e6 (10e8/mL), 10e4 (10e6/mL), 10e2 (10e4/mL) per 5 uL. DNA
specimens or controls were added as 5 uL to 20 uL containing 300nM of the respective primer
pair, 200nM of the respective probe and 12.5 uL of the 2-fold concentrated commercially
obtained Mastermix containing the AmpliTaq polymerase, ANTP mix with dUTP replacing
dTTP, Uracyl-N-gylcosylase (AMPerase, Roche) to yield final volume of 25uL.. Each DNA
sample was analyzed after being spiked with 1000 copies of the target pCMV1 to monitor for
inhibition. The temperature profile consisted of preincubation at 37°C, 15 min to allow for
enzymatic decontamination of synthetic uracyl-containg amplicons, followed by 95°C; 15 min
for hot-start activation and 45 cycles of 95°C; 15 sec; 60°C; 60 sec, followed by 7 min at
72°C. In case of inhibition or unclear results, the DNA was extracted once again and assayed
as described. Each PCR assay contained routinely non-template controls in triplicates as well
as one contamination control of human blood donor serum which was taken through the entire
process of DNA extraction and assayed in triplicates.

Clinical GCV-resistance was defined as persistent CMV-replication despite adequate
antiviral treatment for >7 days or as breakthrough replication during prophylaxis (Preiksaitis
et al. 2005). Genotypic resistance was diagnosed when known mutations in the CMV UL97
gene were identified using cycle sequencing after a nested PCR strategy with TGC TGC ACA
ACG TCA CGG TAC ATC and AAA CAG ACT GAG GGG GCT ACT as outer primers (10
min at 95°C; then 40 cycles of 30 sec at 95°C, 30 sec at 50°C, 1 minute at 72°C and 7 minutes
extension at 72°C) followed by amplification of two fragments with CGT TGG CCG ACG
CTA TCA AAT TTC and ACA GCT CCG ACA TGC AAT AAC G (348bp), as well as GTG
GGT AAC GTG CTG GGC TTT TG and GTG GGT TTG TAC CTT CTC TGT TGC
(518bp). (10 min at 95°C; then 40 cycles of 30 sec at 95°C, 30 sec at 50°C, 1 minute at 72°C
and 7 minutes extension at 72°C). Final concentrations in a S0pL reaction volume were 1uM
primer, 200nM dNTP, 1x Pwo buffer, 1U of Pwo polymerase (Roche, Basel, Switzerland).
The respective amplicons were isolated from preparative gel electrophoresis for cycle
sequencing. If UL97 sequences indicated multiple CMV mutants, the amplicons were cloned
in pPGEM3Zf+ plasmid (Promega, Madison, USA), and clones were sequenced.
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QUANTIFICATION OF CMYV SPECIFIC T CELLS

The measurements of the T-cell responses were 2 £1.2 times (median 2, range 1-6) in the
D+/R- group and 1.7 £1.4 (median 1, range 1-8) in the R+ group (P=n.s.). The frequency of
CMV-antigen-specific interferon-gamma (IFNy) producing T-cells by intracellular cytokine
staining was carried out according to a previously published protocol (Sester et al. 2001)
except that peripheral PBMC instead of whole blood were used. PBMC were taken before
medication and tested for CD69+ IFNy+ response in CD4+CD3+ and CD8+CD3+ T-cells
after stimulation with three different CMV-antigens: 1) Cell-lysate preparations from CMV
infected fibroblast cell cultures (4ug/ml, Virion, Riischlikon, Switzerland), 2) peptide pool
covering the immediate early protein 1 (pp72), and 3) peptide pool covering the late gene
tegument protein (pp65). The peptide pools consisted of 15 amino acids (aa) long peptides
with 11aa overlaps and were used in a final concentration of 2ug/ml (Eurogentech, Geneva,
Switzerland). Non-infected fibroblast-lysate preparations served as negative control and
Staphylococcal enterotoxin B (SEB, 1ug/ml, Sigma, Buchs, Switzerland) as positive control.

PBMC were recovered either from citrate anti-coagulated CPT'“-vacutainers (BD,
Allschwil, Switzerland) or from EDTA blood using Lymphprep™ (Axis Shield, Oslo,
Norway). PBMC were washed twice in phosphate-buffered saline (PBS) and stimulated with
CMV-antigens in presence of aCD28/aCD49d (lug/ml, Becton Dickinson, Allschwil,
Switzerland) for total 6 hours in RPMI 1640 medium (Sigma) with 10% fetal calf serum, 1%
penicillin/streptomycin (Gibco, Basel, Switzerland) and 1% glutamax (Gibco). After two
hours brefeldin A (10ug/ml, Sigma) was added to prevent IFNy secretion. Cells were washed
once with PBS (without Ca®" and Mg*", pH 7.2), fixed first with 4%, then with 1%
paraformaldehyde, permeabilized with 0.1% saponin in PBS and stained at room temperature
in the dark with following antibodies: aCD3, aCD4, aCDS8, aCD69 and alIFNy (all Becton
Dickinson). At least 30'000 CD3+ lymphocytes were analyzed with FACSCanto (Becton
Dickinson). The frequency of CMV-specific T-cells was analyzed for each antigen and was
expressed as percentage of CD69 and IFNy double positive CD4+CD3+ or CD8+CD3+ cells.
Negative controls were subtracted to determine the antigen-specific frequency.

DATA ANALYSIS

Data were summarized as mean +standard deviations (=SD) or as median and ranges where
appropriate. When Kolmogorov-Smirnov Z Test indicated lack of normal distribution,
nonparametric tests were used such as the Mann-Whitney U-test, Spearman’s rho correlation
analysis, and 2-related Wilcoxon test. Categorical markers were analyzed by Fisher’s exact or
Pearson’s chi-square test. Binary logistic regression’s default and receiver operator
characteristics (ROC) analysis with Youlden’s Test was used to determine cut-off levels of T-
cell responses. P-values <0.05 were considered as statistically significant. For statistical
analysis, we used the SPSS 13" version package (SPSS, Chicago, USA).
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RESULTS

CMV-SPECIFIC CELLULAR IMMUNE RESPONSE IN KT PATIENTS

PBMC from 73 KT patients undergoing routine testing for CMV replication were analyzed
for CMV-specific T-cell responses (Figure 1, Table 1). Nine of 25 D+R- KT patients had
primary CMV-replication at the time of the first CMV-test and a total of 14 seroconverted
during the follow-up. Six of 48 R+ KT patients had secondary CMV-replication (reactivation)
at the time of first testing, increasing to a total of 13 during the follow-up. The longer time to
clear CMV-viremia is remarkable and resulted in part from CMV-persistence due GCV-
resistance and the more sensitive PCR on whole blood as compared to serum.
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Figure 1: IFN-y positive CMV-lysate specific T-cells in HB and KT patients. A) HB and KT patients
according to CMV serostatus. B) CMV seropositive KT patients according to CMV replication.

X-axis indicates CD4+ or CD8+ T-cell subsets. Y-axis shows % of IFN-y positive T-cells after specific
stimulation with CMV-lysate. Black bars indicate median values. P-values were calculated using non-
parametric Mann-Whitney U-test (*) or Wilcoxon Test (**).

CMV-seropositive R+ had significantly higher CD4+ and CD8+ T-cell responses than
D+R- KT patients for all CMV-antigens tested (Mann-Whitney U-test, P<0.05, Table 2)
except for pp72 stimulated CD8+ T-cells where the significance level was not reached
(P=0.056). In R+ KT patients, T-cell responses were generally higher for CMV-lysate (CD4+
0.05%, CD8+ 0.02%) than for the peptide pools of pp72 (CD4+ 0.04%, CD8+ 0.05%) or pp65
(CD4+ 0.02%, CD8+ 0.02%). CMV-lysate elicited higher CD4+ than CD8+ T-cell responses
(Wilcoxon signed rank test p <0.005, two-tailed), while no significant differences for CD4+
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vs. CD8+ T-cell responses were observed for pp65 peptides (P=0.183, two-tailed) or pp72
peptides (P=0.255, two-tailed, Figure 1A, Table 2).

When we compared HB+ and R+ KT-patients, the CMV-specific IFNy T-cell frequencies
in seropositive R+ KT patients were significantly lower than in seropositive HB+ for all tested
CMV-antigens (Mann Whitney U-test, p <0.05), except for pp72-specific CD4+ T-cells where
the level of significance was barely missed (P=0.0545). In HB+, the median CMV-specific T-
cell responses were significantly higher than in HB- for all CMV-antigens tested. CMV-lysate
elicited higher responses (CD4+ 1.03%, CD8+ 0.49%) than pp65 peptides (CD4+ 0.11%,
CD8+ 0.21%) and pp72 peptides (CD4+ 0.08%, CD8+ 0.20%). Of note, CMV-lysate induced
CD4+ T-cell responses were higher than respective CD8+ T-cell responses (Wilcoxon signed
ranks test, P=0.018, two-tailed). No significant differences between CD8+ and CD4+ T-cell
subsets were found for pp65 responses (P=0.528, two-tailed), while a trend for higher CD8+
responses was observed for pp72 peptides (P=0.051, two-tailed). Overall, the different
antigens elicited cellular immune responses as expected for the CMV serostatus of HB. But
for some of the CMV seronegative patients, a CMV-specific T-cell response above the
technical cut-off of 0.01% was measured. Taken together, CMV-specific T-cell frequencies to
CMV-lysate or -pp65 antigens were significantly higher in R+ KT patients than in R- KT
patients, but lower than in non-immunosuppressed HB+ (Figure 1A).

Table 2: CMV-antigen specific IFN-y producing CD4+ and CD8+ T-cells in HB and KT

patients.
Healthy donors Kidney transplant patients
CMV- T-cell HB+ HB- P-value' | D+R+/D-R+ D+R- P-
antigen n=13, m=19 n=17, m=17 n=48, m=79 n=25, m=50 value'
median median median median
(range) (range) (range) (range)
1.03% 0.01% 0.05% 0.01%
CD4" | (0.03%-6.19%) (0.00%-0.22%)  <0.001 (0.00%- (0.00%-0.14%)  <0.001
Lysate 4.35%)
0.49% 0.00 0.02% 0.00%
CDS8" | (0.00%-4.57%) (0.00%-0.56%)  <0.001 (0.00%- (0.00%-0.07%) 0.003
1.31%)
0.08% 0.00% 0.04% 0.02%
CD4" | (0.01%-2.83%) (0.00%-0.03%) 0.001 (0.00%- (0.00%-0.26%) 0.027
7 0.36%)
PP 0.20% 0.00% 0.05% 0.03%
CD8" | (0.00%-3.47%) (0.00%-0.03%) 0.002 (0.00%- (0.00%-0.34%) 0.056
0.68%)
0.11% 0.00% 0.02% 0.01%
CD4" | (0.00%-4.70%)  (0.00%-0.02%) 0.018 (0.00%- (0.00%-0.55%) 0.013
65 0.50%)
PP 021% 0.00% 0.02% 0.00%
CDS" | (0.00%-2.80%) (0.00%-0.20%) 0.009 (0.00%- (0.00%-0.25%) 0.001
0.62%)

Data are % of total CD3™ T-cells (30°000). CMV: Cytomegalovirus, HB: healthy blood donors, KT: kidney
transplant, n: number of patients, m: number of measurements. CMV seronegative KT patients had a D+R-
constellation. CMV seropositive KT patients included both D+R+ and D-R+ constellations. 'Significant if
P-value <0.05, Mann-Whitney U-test
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COMPARING IFNT RESPONSES TO DIFFERENT CMYV ANTIGENS

CMV-lysate specific CD4+ and CD8+ T-cell responses correlated well with pp65-specific
CDA4+ and CD8+ T-cell responses (Spearman’s rho 0.564, 2-tailed, P<0.001; and Spearman’s
rho 0.514, 2-tailed, P<0.001, respectively). No correlation was found between pp65- and
pp72-specific CD4+ T-cells (Spearman’s rho -0.133, 2-tailed, P=0.347), or between CMV-
lysate specific and CMV-pp72-specific CD8+ T-cell or CD4+ T-cell frequencies (Spearman’s
rho 0.091, 2-tailed, P=0.530; and (Spearman’s rho -0.263, 2-tailed P=0.065). These results
suggest that CMV-lysate and -pp65 responses are largely equivalent in PBMC stimulated T-
cell subsets with overlapping specificities of KT patients, while CMV-pp72 seems to stimulate
a different T-cell population.

CMV-SPECIFIC CELLULAR IMMUNE RESPONSES IN SEROPOSITIVE KT PATIENTS WITH CMV-
REPLICATION

To investigate T-cell responses and their association with antiviral control, we compared
the frequency of CMV-specific IFNy responses in R+ KT patients with and without
concurrent CMV-replication. R+ KT patients with concurrent CMV-replication had
significantly lower CMV-specific CD4+ and CD8+ T-cell responses compared to R+ KT
patients without concurrent CMV-replication (P=0.033; Figure 1B, Table 3). We noted two
exceptions being CD8+ T-cell responses to CMV-lysate (Mann-Whitney U-test, P=0.189) and
CD4+ T-cell responses to pp72-peptides (P=0.291), which seemed to reflect the antigen-
specific subpopulation bias described earlier (Table 3). We conclude that the data point to an
inverse correlation of CMV-specific T-cell responses and viral replication, which was most
consistently captured by the pp65-specific CD4+ T-cell responses.

Table 3: CMV-antigen specific IFN-y producing CD4+ and CD8+ T-cells
of R+ KT patients with or without concurrent CMV replication.

CMV-antigen T-cell CMV CMV P-value'
replicating non-replicating
(n=6/48) (n=42/48)

median (range) median (range)
Lysate CD4+  0.02% (0.00%-0.38%)  0.08% (0.00%-4.35%) 0.011
(m=79) CD8+  0.01% (0.00%-0.21%)  0.02% (0.00%-1.31%) 0.189
pp72 CD4+  0.04% (0.00%-0.22%)  0.04% (0.00%-0.36%) 0.291
(m=50) CD8+  0.03% (0.00%-0.24%)  0.07% (0.00%-0.68%) 0.019
65 CD4+  0.00% (0.00%-0.14%)  0.03% (0.00%-0.50%) 0.001
PP CD8+  0.01% (0.00%-0.21%)  0.03% (0.00%-0.62%) 0.033

Data are % of total CD3" T cells (30°000). CMV: cytomegalovirus, R: recipient, n:
number of patients, m: number of measurements. CMV seropositive KT patients
included both, D+R+ and D-R+. 'Significant if P-value <0.05, Mann-Whitney U-test.

To identify an IFNy T-cell frequency associated with protection from CMV-replication, we
conducted ROC analyses. For CMV-lysate, IFNy-positive CD4+ T-cell frequencies of >0.1%
(Figure 2) were associated with absence from concurrent CMV-replication. For CD8+ T-
cells, frequencies of >0.09% were indicated, but the area under the curve (AUC) was only
0.566 (specificity: 95%, sensitivity: 25%, Fisher exact test P=0.05) For CMV-pp65, the
respective threshold values for CD4+ (Figure 2) and CD8+ T-cells were >0.03% (AUC
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CD8+: 0.659, specificity: 80%, sensitivity: 55%, Fisher exact test P=0.04). For CMV-pp72,
the cut-offs for CD4+ was >0.07% (Figure 3) and CD8+ T-cells was >0.09% (AUC CD8+:
0.69 specificity: 93%, sensitivity: 45%, Fisher exact test P=0.011), respectively. Thus, CMV
pp65-specific responses were lower than the ones observed for CMV-lysate or -pp72, but
provided a best discrimination as captured by the highest ROC AUC.

CMV-lysate CD4 CMV-pp65 CD4 CMV-pp72 CD4

. 1.0 1.0 —
j? / 0g ! ///_7 aa . /r /
E r

2? 0.8 1 _.‘? = 08
E 08 | E é 06 |
00 02 04 08 08 10 00 02 04 06 08 10 0.0 02 04 06 08 1.0
1-specificity 1-specificity 1-specificity

AUC 0.675 0.765 0.69
Threshold 0.1% 0.03% 0.09%
Sensitivity 45% 50% 45%
Specificity 84% 93% 93%
p-value 0.020 0.003 0.011

Figure 2: ROC curve analysis - CMV-specific CD4+ T-cell frequency protecting from concurrent CMV
replication. ROC curves show CD4+ T-cell thresholds which protects from concurrent CMV-replication
for different CMV-antigens tested.

AUC, Area under the ROC curve; P-value<0.05 is significant, Fisher exact.

To investigate the degree of protection for subsequent CMV-replication episodes, we tested
occurrence of CMV-replication during the follow-up period of 3 months. Seven of 43 R+
patients without CMV-replication at the initial time-point of measurement had subsequent
CMV-replication at a median 8 weeks later (range: 6 to 56 weeks) (Table 1) and pp65-
specific CD4+ T-cell frequencies were significantly lower compared to R+ without
subsequent CMV-replication (median 0.01% vs. 0.03%, Mann-Whitney U-test P=0.021).
Using the threshold of 0.03% for pp65-specific CD4+ T-cell frequencies, a level >0.03% was
correlated with protection from subsequent CMV-replication (<2 months, AUC: 0.763,
specificity: 100%, sensitivity: 47%, Fisher exact test: P=0.036). We could not identify a
similar cut-off for pp65-specific CD8+ T-cell responses or any of the CMV-lysate or -pp72
responses (data not shown).

GANCICLOVIR-RESISTANCE AND CMV-SPECIFIC CELLULAR IMMUNE RESPONSES

Among the patients studied, one of 25 D+R- KT patients (4%) developed clinical resistance
to GCV treatment which was confirmed by the identification of the CMV UL97 mutation
G598S, in line with the data from the literature (Limaye et al. 2000). In R+ KT patients,
however, clinical resistance to GCV-treatment was identified in 3 out of 48 (6.25%) cases,
which is significantly higher than previously noted (Limaye et al. 2000). In these R+ patients,
CMV-specific T-cells IFNy responses were <0.03% for CMV-pp65 antigens. The data and
genotype of the CMV-UL97 sequences are summarized including 6 variants that were
detected in one patient with three novel in frame deletions (Figure 3).

-77 -



PUBLICATIONS & MANUSCRIPT

| I | 11 HIII| v |—| v I-I VI ! ,I IX | ! XI Phosphokinase UL97 gene
329-363 373-400 427-468 476-492 565=-595 652-681
594 603 ICS0 (uM) wt increase
wt (AD169) A C R AL ENGHKTULTUHTC S D A C 1x

Patient pp65-CD4(%) Viral load ULY7 variants

1 D{+)R(=) 0.00% 9x10ed o/ml G5965 A C R AL EN S KL THOC S D A C | n.a.

2 D(+)R(+) 0.00% 3x10e6 c/ml = AS94V A C RV LEUNGTZ KTLTHTCSDAC 5.9 Tx (1)
L5955 ‘R C R A S E NG KL T HOC S D A C 6.4 11.6x (1)
delé0l-603 A ¢ R AL ENGGZKL . . . 8 D A C  n.a.

| del599-603, S604T A C R A L E N & . . . . . T D A C n.a.
| del595-603 i A CRA . . . . . .+« + .« . &8 DAC 24.4 B.4x (2)
} del593-603 i A € . . . .+ « « « « « .« .« B D AC n.a.
654 663
wt ;!\7159} R F Y H B c 8 o T M L H B Y v R K
3 D(+)R(+) 0.00% 3xl0e4 o/ml | TE59S ‘R F Y H E C 5 @ 8§ M L HE Y V R E | n.a.
4 D(+)R(+) 0.02% 1x10e4 c/ml | unknown

Figure 3: Identified UL97 mutated variants. Boxes indicate gene clusters in phosphokinase UL97 gene
and show mutations found in 70% of GCV resistant clinical isolates. The entire UL97 region was
sequenced (amino acids 329-681). Letters indicate amino acids; underlined letters are changed amino acids
due to gene sequence mutations. GCV-inhibitory concentrations 50% (IC50) associated with mutations are
listed as uM and -fold increase over wild type (wt) AD169 (1) or Towne (2) strains.

DISCUSSION

Clinical studies have linked the absence of CMV-specific T-cells in SOT recipients to an
increased risk of CMV replication and disease. This is most obvious for CMV D+R- SOT
patients (Paya et al. 2004). CMV R+ patients may also develop CMV-replication and disease,
albeit at lesser frequencies (Sester et al. 2001; Bunde et al. 2005; Sester et al. 2005) which
might reflect differences in CMV-specific immunity. Our systematicly comparison of CMV-
lysate, -pp65 and -pp72 responses in one of the largest number of R+KT patients indicated
quantitative and qualitative differences in the response profiles. First, CMV-lysate responses
were higher than the responses elicited by overlapping 15-mer peptide pools covering pp65 or
pp72. Contribution of alloresponses to fibroblast cells could not account for this difference as
since responses to non-infected fibroblast lysate were generally low and always subtracted
from the individual CMV-lysate responses. More likely, and inline with the most recent
results by Gerna and colleagues (Lilleri et al. 2007), these quantitative differences may reflect
the wider range of CMV-antigens contained in CMV-lysate preparations compared to peptides
restricted to pp65 or pp72. Second, CMV-lysate favored CD4+ T-cell responses, whereas
CMV-pp72 peptides favored CD8+ T-cell responses. The preferential CD4+ response to
CMV-lysate has been reported previously by Sester and collaborators (Sester et al. 2001;
Sester et al. 2002) and may result from uptake, processing and preferential presentation of
CMV-lysate antigens in an MHC-class II context. CMV derived 15mer peptides might be
more eligible for direct binding and processing to 8- to 10mer peptides on MHC-class I
molecules. However, IFNy responses to pp65-derived CMV 15mers appeared equally frequent
in both CD4+ and CD8+ T-subpopulations. This difference between pp72 and pp65 suggests
that sequence-encoded differences in epitopes and processing are likely to be operating as
well. We conclude that in our series, overlapping peptides covering pp65 provided the best
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stimulus to induce IFNy-responses in both CD4+ and CD8+ subpopulations to assay directly
for CMV-specific T-cells in an HLA-independent clinical setting.

Regarding the risk of CMV viremia, we found that R+ KT patients with concurrent CMV-
replication had significantly lower CMV-specific T-cell frequencies in PBMC than R+ KT
patients without concurrent CMV-replication. ROC curve analysis indicated that pp65-
specific CD4+ T-cells frequencies of >0.03% were associated with absence of CMV-
replication, with higher AUC than respective thresholds for pp72 or CMV-lysate. Although
CD8+ T-cells are known to be required to terminate CMV replication, pp65-directed T-cell
responses may reflect long-term CMV-protection. By contrast, it can be speculated that pp72-
specific responses operate in short-term replication clearance mediated by CMV-specific
CD8+ T-cells, but this hypothesis requires further study.

Previous studies identified a correlation of >0.25% CMV-lysate specific CD4+ T-cells with
the absence of CMV disease in patients early after transplantation in long-term kidney and
heart transplant recipients (Sester et al. 2001; Sester et al. 2005). For CMV-pp72, CD8+ T-cell
frequencies above >0.4% at any time during the first months after lung and heart
transplantation has been associated with a decreased risk of CMV disease, but not with CMV
replication (Bunde et al. 2005). An important caveat in defining thresholds resides in the
dynamic aspect of the virus — host balance, which is exquisitely sensitive to changes in
immunosuppressive treatments, particularly anti-rejection treatment. In patients with
concurrent CMV replication, it cannot be decided whether a lower number of CD4+ T-cells is
the cause or the consequence of CMV-replication. Clearly, positive CMV PCR in blood
identifies patients at higher risk for CMV-associated complications, and CMV-replication
dynamics are helpful to predict the further course (Mattes et al. 2005; Funk 2007). However,
we found that frequencies above the threshold of 0.03% were predictive of CMV viremia-free
time for the following 8 weeks with a specificity of >93%. This observation may have
implications in the specific situation where negative CMV PCR results are difficult to
interpret with regard to future risk. Our data suggest that the detection of CMV-pp65 specific
CD4+ T-cell frequencies of >0.03% might indicate a reduced risk of future CMV replication
in stable KT patients (Dickenmann et al. 2001; Dickenmann et al. 2004). With this limitation
in mind, CMV-specific CD4+ T-cells might serve as a dynamic marker of protection when
>0.03% and, if validated in future studies, may be useful to complement CMV load
diagnostics.

Lack of CMV-specific immunity has been associated with an increased risk of GCV-
resistance CMV-replication (Limaye 2002). Although the improved bioavailability of
ValGCV appears as a significant safeguard against GCV-resistance, outpatients with changing
renal function are at an increased risk of suboptimal dosing and emergence of antiviral
resistance under oral antivirals. In our study, clinical GCV-resistance as defined by Preiksaitis
et al (Preiksaitis et al. 2005) occurred in 1/25 (4%) D+R- KT patients, at a rate comparable
with the study by Limaye and colleagues (Limaye et al. 2000). By contrast, the frequency of
GCV-resistance in our R+ KT patients was significantly higher as described previously with
3/48 (6.25%). In three of four cases, we confirmed clinical CMV-resistance genotypically by
identifying mutations in the CMV-UL97 encoding phosphotransferase mutated variants. UL97
mutations have been reported rarely in R+ SOT patients to date, but not in KT patients yet
(Lurain et al. 2002; Boivin et al. 2005). Among UL97 mutations, A594V and L595S was
identified in 30% and 13.3% of all cases, respectively, whereas T5691 and G598S mutations
were rare (Chou et al. 2002; Comoli et al. 2002; Gilbert et al. 2002; Lurain et al. 2002; Gilbert
et al. 2005). Intermittently negative CMV-loads have been observed in these patients, yet
pp65-specific CD4+ T-cell frequencies remained <0.03% over prolonged periods. Although a
low CMV-specific CD4+ T-cell response cannot be used as exclusive parameter to predict the
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emergence of GCV-resistance in R+ KT patients, its use as risk factor may warrant further
investigations.

The limitations of our study are the cross-sectional approach and the relatively small
sample size of KT patients. In addition, variations associated with the laboratory techniques
may preclude the adoption of our threshold values by other institutions without further
standardization. Nevertheless, our data were obtained from studying KT patients in the routine
clinics and therefore may warrant further studies in larger, preferably prospective settings. In
summary, monitoring of CMV-specific T-cell frequencies may identify R+ KT patients at risk
for CMV-replication and resistance. Provided further corroborating evidence, thresholds may
enter clinical validation and improve decisions concerning duration and dosage of antiviral
prophylaxis.
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5. CURRENT PROJECTS

5.1 Influence of Immunosuppressive Drugs Cyclosporine and FK506 on BKV-Specific
Cellular Immune Response in Kidney Transplant Recipients

5.2 Epitope Mapping of BKV-Proteins: LT, VP1 and Agno of a HLA-A*01, HLA-A*03,
HLA-B*08, HLA-B*51, HLA-DR*19, HLA-DR*11 Kidney Patient with Past
Polyomavirus- Associated Nephropathy
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5.1 INFLUENCE OF IMMUNOSUPPRESSIVE DRUGS CYCLOSPORINE
AND FK506 ON BKV-SPECIFIC CELLULAR IMMUNE RESPONSE
IN KIDNEY TRANSPLANT RECIPIENTS

INTRODUCTION

Polyomavirus BK (BKYV) is the causing agent of polyomavirus associated nephropathy
(PVAN) in up to 10% of the kidney transplant (KT) patients with a graft loss in up to 80% of
cases (Hirsch 2005). The increase of incidence for PVAN correlates with the administration
of the new potent immunosuppressiva (IS) such as FK506 and MMF (Brennan 2004). As no
antiviral treatments are available, the only therapy is IS reduction in order to regain BKV-
specific immunity for the control of viral replication. We have recently evaluated a cut-off of
69 spot forming units (SFU) per million PBMC for BKV-LT specific cellular immune
response by ELISpot assay (ESA). This cut-off included most of the KT recipients with
decreasing or absent plasma BKV loads indicating replication control by BKV-specific
immunity (Binggeli et al. 2007). The balance between BKV-specific cellular immune
response and control of viral replication may be shifted in favour of viral replication by
intense IS. Therefore, adjustment of IS drug levels are crucial for BKV-replication control and
have to be evaluated individually for each patient.

Our aim was to establish a system that allowed us to evaluate correlations between IS drug
levels and the BKV-specific immune response in KT patients, including dose dependence of
IS, especially with regard to the previously defined cut-off of >69 SFU/10° PBMC.

STUDY PARTICIPANTS AND METHODS

Forty-two KT patients® (median age 54 years, range 21-65) were enrolled from March 3 to
October 10, 2006, with written informed consent (Ethics Committee of the Basel Cantons
235/06). Administration of IS drugs (mg/day) and IS drug levels in plasma (ng/ml) are
summarized in Table 1. According to our previous analysis of plasma BKV load dynamics in
KT patients, sampling density and individual fluctuations, we considered plasma BKV load
changes of >1.5logl0 units as significant for the purpose of this study. KT patients were
divided into two groups according to the changes in plasma BKYV load at the time of PBMC
testing for BKV-specific interferon-g (IFN-y) production. Group 1 included all KT patients
with increasing plasma BKV loads (n=5) or persisting BKV loads with past BKV loads of
>10* copies (cp)/mL and <1.5l0g10 decline (n = 17) at the time of PBMC testing. Group 2
included KT patients with ongoing BKV viremia at the time of PBMC testing, but declining
plasma BKYV loads of >1.5log10 decline (n = 13) or past BKV viremia (n = 7) at the time of
PBMC testing, the latter with histologically confirmed PVAN at a median of 20 months
(range 5—75 months) (Binggeli et al. 2007).

ELISPOT ASSAY (ESA) FOR IFN-y DETECTION

BKV- and JCV-specific cellular immune responses were determined by measuring [FN-y
secretion upon stimulation of PBMC with viral overlapping peptide pools (OPP) in an ESA.
For this 96-well multiscreen filter plates (MSIPN, Millipore, Volketswil, Switzerland) were
coated with 100 pL (10 pg/mL) coating IFN-y antibody (1-DIK, Mabtech, Hamburg,
Germany) and incubated over night at 4°C.

? These patients were the same participants in the study of Binggeli et al. 2007. Data were used to perform first
analysis for IS experimental set up.
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PBMC were seeded in triplicates at 2.5 x 10°/well with or without peptides (2 pg/mL) and
at 2.5 x 10%well with Staphylococcus enterotoxin B (SEB; SIGMA, 1 pg/mL) as positive
control, and incubated over night at 37°C/5% CO,. Plates were washed five times with
PBS/0.05% TWEEN 20 (SIGMA) and incubated for 2 h at room temperature with 100 pL (1
pg/mL) biotinylated detection IFN-y antibody (7-B6-1 biotin, Mabtech), washed five times
and incubated for 1 h at room temperature with 100 uL (1 pg/mL) of Streptavidin ALP
(Mabtech). Spots were developed by adding 100 pL of BCIP/NBT (Calbiochem, Luzern,
Switzerland) for 10 min. IFN-y spots were counted by using an ELISpot reader (AID, Biiron,
Switzerland). The number of spot forming units (SFU) 10° PBMC per well was calculated
from triplicates after subtraction of the negative control.

CMV-pp65 OPP was used in order to establish new protocols as CMV-specific cell
frequency is higher than to BK'V-specific cell frequency and thus easier to detect.

STATISTICAL METHODS

Nonparametric statistical tests were performed using SPSS (Version-14) to account for
sample size and non-normal distribution of data. Comparison of the study groups was
performed by the two-sided Mann—Whitney U-Test. Correlations between paired samples
were evaluated by the two-sided Wilcoxon signed ranks sum test. Data were expressed either
as mean =+ standard deviation (SD) or as median and range. Correlation between IS and BKV-
specific cellular immune responses were calculated using Spearman's rho correlation
coefficient (one-sided). Only P-values <0.05 were considered to be statistically significant.
Box plots depict the median and the interquartile ranges, outliers are plotted above or below
the whiskers.
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RESULTS
IS LEVEL IN KT PATIENTS
Table 1: Study participants and immunosuppressive drugs.
Age CsA® FK506° MMF® Sirolimus | CsA® FK506° MMF® Sirolimus
years | mg/day mg/day mg/day mg/day ng/ml ng/ml ng/ml ng/ml
Group 1
N=22
Mean 54 150 5 976 3 224 8 3 5
SD +14 +50 +3 +441 +2 +186 +2 +2 +2
Median 54 150 5 1000 3 187 8 2 5
Min 21 100 2 360 1 60 5 1 3
Max 72 200 12 2000 4 426 12 6 7
Group 2°
N=20
Mean 52 173 3 875 3 116 5 3 5
SD +12 +77 +2 +358 +1 +41 +2 +2 +2
Median 54 168 2 875 3 136 5 2 5
Min 26 100 2 250 1 61 1 1 3
Max 66 300 8 1500 4 153 8 7 8

'Group 1: KT patients with increasing or high stable high viral load, *Group 2: KT patients with
decreasing viral load or past PVAN, *CsA: cyclosporine A, *FK506: tacrolimus, "MMF: mycophenolate

mofetil.

KT patients were divided into two groups: group 1 included patients with an increasing or
stable high plasma viral load and group 2 included patients with a decreasing plasma viral
load or after resolved PVAN. IS administration in mg/day is listed on the left side of Table 1
and IS concentration in ng per ml (ng/ml) plasma is listed on the right side of the table.

COMPARISON OF DIFFERENT IMMUNOSUPPRESSIVE DRUGS

Comparison of group 1 (inc/hi) and group 2 (dec) showed no differences in the
administration of IS drugs per day (mg/ml) of cyclosporine (CsA), tacrolimus (FKS506),
mycophenolate mofetil (MMF), and sirolimus. Detection of IS in plasma revealed only for
FK506 a significantly higher concentration (Table 2).

Table 2: Comparison of group 1 (inc/hi) and group 2 (dec) and IS drug level
administered per day (mg/day) and in plasma (ng/mb).

CsA' FK506° MMF’  Sirolimus | CsA' FK506° MMF’  Sirolimus
mg/day mg/day mg/day mg/day ng/ml ng/ml ng/ml ng/ml
P-value* 0.905 0.122 0.670 1.000 0.548 0.005 0.963 0.730

'CsA: cyclosporine A, 2FK506: tacrolimus, "MMF: mycophenolate mofetil, *P-value: significant if <0.05,

Mann-Whitney U-Test, two-sided.
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CORRELATION OF IS DRUG LEVEL AND BKV-SPECIFIC CELLULAR IMMUNE RESPONSE

We tested the correlation of IS drug level in plasma and BKV-specific cellular immune
response of KT patients by calculating Spearman's rho coefficient (rs, one-sided). Immune
response of BKV-LT and -VP1 was either correlated with CsA, FK506, MMF or sirolimus.
Except for BKV-VP1/FK506 (P=0.002), no correlation could be found (Figure 1). However,
the clustering of group 1 (inc/hi) data points towards the right side of the panel suggested a
FK506 cut-off to be critical for BKV-replication control.
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Figure 1: Correlation between different IS drug levels in plasma and BKV-specific cellular immune response
to LT and VP1 in KT patients. A) Cyclosporine A and tacrolimus, B) Mycophenolate mofetil and sirolimus.
Patients with an immune response >69 SFU/10° PBMC were mostly able to control BKV-replication (Binggeli
et al. 2007). Negative values indicate a negative correlation, r;: Spearman's rho coefficient (one sided), "
P<0.005 (significant). Missing data points are zero.
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A ROC-curve analysis revealed a cut-off of 6.65 ng/ml FK506 with a sensitivity of 78%
and specificity of 86% (AUC: 0.897). KT patients receiving FK506 (16/42, 14.3%) were
divided into two groups: those with <6.65 ng/ml and those with >6.65 ng/ml FK506
concentration in plasma. Patients who with a plasma level of >6.65 ng/ml had a significantly
lower BKV-VPI specific immune response (30 SFU/10° PBMC, range 0-243 SFU/10°
PBMC) than those patients with FK506 plasma level <6.65 ng/ml (193 SFU/10° PBMC,
range 12-1432SFU/10° PBMC) (P=0.038, Mann-Whitney U-Test, two-sided) (Figure 2). No
difference could be found for BKV-LT (P=0.442). From 16 KT patients receiving FK506, 9
were in group 1 (inc/hi) and 7 were in group 2 (dec). Almost all KT patients with increasing
BK-viral load (7/9, 78%) had a >6.65 ng/ml FK506 plasma concentration whereas only one
KT patient (1/7, 14%) with decreasing BK-viral load had a FK506 plasma level >6.65 ng/ml.
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Figure 2: A) ROC-curve analysis: AUC: 0.897 and B) cut-off of 6.65 ng/ml for FK506 plasma level. C)
BKV-VP1 response was significantly lower in patients of group 1 than group 2 (P=0.038). No differences
for BKV-LT (P=0.442). D) KT patients in group 1 (inc/hi) had a higher FK506 level in blood than
patients in group 2 (dec) (P=0.005), Mann-Whitney U-Test, two-sided.

ESTABLISHMENT OF ESA FOR BKV-SPECIFIC CELLULAR IMMUNE RESPONSE
MEASUREMENT UNDER INFLUENCE OF IS

Since FK506 seems to correlate with the cellular immune response, we established an ESA
for this calcineurin inhibitor. CsA was included for the ESA establishment as it also targets
the calcineurin phosphatase. The influence of IS drugs on the cellular immune response was
measured by detection of IFN-y secreting cells upon stimulation of PBMC from KT patients
with BKV-LT and -VP1 overlapping peptide libraries. FK506 and CsA were added to PBMC
in a serial dilution.
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For the establishment of the method, following tests had to be performed: 1. IS serial
dilution, 2. Precoating vs. non precoating of the ELISpot membrane with IS, 3. Prestimulation
with antigen vs. non prestimulation, 4. Stimulation with BKV-VP1 in BKV-seropositive HB,
and 5. Stimulation of CD4+ or CD8+ depleted PBMC with CMV-pp65.

IS SERIAL DILUTION & PRECOATING

Serial dilution and precoating of ELISpot membrane for 2h with FK506 or CsA was
performed in the same experiment. PBMC were stimulated with 2 ug/ml SEB over night.
During this time PBMC were incubated with either FK506 (0, 10, 20, 40, 80, 120, 160, or 200
ng/ml) or CsA (0, 250, 500, 1000, 1500, 2000, 2500 or 4000 ng/ml). Results are either given
in SFU/10° PBMC or in percent for cell reactivity. In general, precoating of ELISpot plates
with CsA or FK506 induced a lower immune response compared to ELISpot plates which
were not precoated with CsA or FK506 (Figure 3). Already a FK506 concentration of 10
ng/ml showed very low cell reactivity (2%).
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Figure 3: Serial dilution of CsA and FK506. PBMC were stimulated with SEB over night and
simultaneously incubated with IS drugs with different concentrations. ELISpot plates were either
preincubated with the according IS or added together with the peptides. A) SFU/10° PBMC for CsA and
FK506, B) Percent cell reactivity depending on IS drug concentration.

90



CURRENT PROJECTS: PRELIMINARY RESULTS AND OUTLOOK

PRESTIMULATION WITH ANTIGEN

As FK506 concentration proved to be too high in the first set-up, the same experiment was
repeated in the range of 0-15 ng/ml FK506. Simultaneously, it was tested if immune response
to SEB is higher if PBMC were prestimulated for 4h before adding FK506 (no data available
for CsA) (Figure 4). Immune response increased from 0 ng/ml to 2 ng/ml (2h precoating: 804
SFU/10° PBMC - 898 SFU/10° PBMC, Oh precoated: 748 SFU/10° PBMC - 926 SFU/10°
PBMC) and decreased to 390 SFU/10° (2h precoated) and 192 SFU/10° PBMC (0Oh
precoated), respectively. Four hours preincubation with SEB induced a higher response than
without preincubation.
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Figure 4: Serial dilution of FK506 with a concentration of 0 - 15 ng/ml. PBMC were either
prestimulated for 4h with SEB before FK506 was added (blue line) or SEB was added together with
FK506 (red line).
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STIMULATION WITH BKV-VP1

The BKV-VPI specific immune response was tested with following conditions: 2h
preincubation of ELISpot plates with CsA or FK506, PBMC stimulation with BKV-VP1 over
night without prestimulation. BKV-VP1 specific response decreased from 162 SFU/10°
PBMC to 42 SFU/10° PBMC with increasing CsA concentration (0-3000 ng/ml) and from 83
SFU/10° PBMC to 5 SFU/10° PBMC with increasing FK506 concentration (0-15 ng/ml)
(Figure 5).

A CsA CsA
250 120
-=VPI1 —=-VP1
O 200 > 100
= /\ Z
= 80
2150 S
2 \-\ = 60 A
§ 100 \/-\l\ TIJ o
=
m 4
ZIN - X 20 - \l
0 T T T T T T T 0 T T T T T T T
0 50 150 300 500 750 1000 3000 0 50 150 300 500 750 1000 3000
ng/ml ng/ml
B FK506 FK506
100 120
= VP1 = VP1
Y g0 - 100 -
= z
£ 60 g 807
=) 9
s $ 60
s 2
S 40 =
% g 40
20 1 ; 20 -
0 T T T T T 0 T T T T T
0 2 4 6 8 10 15 0 2 4 6 8 10 15
ng/ml ng/ml

Figure 5: Serial dilution of A) CsA and B) FK506. PBMC were stimulated with BKV-VP1 over
night and simultaneously incubated with IS drugs with different concentrations.
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CD4+ AND CD8+ DEPLETED PBMC

To distinguish between CD4+ and CD8+ T-cell derived IFN-y response, PBMC were
depleted by MACSbeads and then stimulated with CMV-pp65. Additionally not depleted
(total) PBMC were also stimulated. IFN-y secretion of total PBMC was highest (CsA: 856
SFU/10° PBMC, FK506: 770 SFU/10° PBMC) followed by PBMC without CD8+ (blue line;
CsA: 420 SFU/10° PBMC, FK506: 418 SFU/10° PBMC) and PBMC without CD4+ (red line;
CsA: 94 SFU/10° PBMC, FK506: 90 SFU/10° PBMC). Cell reactivity was similar for total
PBMC, PBMC CD4- and PBMC CD8- (Figure 6).
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Figure 6: CD4+ (red line) and CD8+ (blue line) depleted PBMC. Immune response of total PBMC
(black line) was highest for both, CsA and FK506 treated cells. CD4+ depleted PBMC immune
response was lowest for CsA and FK506.
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FINAL PROTOCOL

Taking all results into account, following protocol can be followed to test the influence of
IS on BKV-specific cellular immune response: 1. Preincubate ELISpot plates for 2h with
either CsA or FK506, 2. Add PBMC together with the desired antigen and incubate over
night. The next day, wash and develop ELISpot plates (Figure 7). BKV-LT and -agnoprotein
have not been tested yet and remain open for establishment.

ELISPOT (Enzyme-Linked Immunospot)
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Figure 7: ELISpot plates are first incubated with CsA or FK506 for 2h and then PBMC together with the
antigen are added and incubated over night. Next day the ELISpot plate can be washed, developed and
analyzed.

DISCUSSION

Immunosuppression is crucial for antirejection treatment in the transplant setting.
Unfortunately, one of the side effects might be loss of viral-replication control. It is difficult
to find the optimal immunosuppressive dose level for each patient, and the optimal dose also
varies over time as drug concentration in the first months posttransplantation is highest and is
decreased afterwards.

We hypothesize a negative correlation for IS and immunity. In our study we could show
that FK506 plasma concentration had a significantly negative correlation with the BKV-VP1
specific immune response (r:=-0.644, P=0.002). Sester and colleagues recently reported that a
higher drug level of CsA and FK506 correlated with an increased incidence of CMV-
replication and -complication not only in KT-patients but also in lung transplant recipients
(Sester et al. 2005).

Our study is by far not completed and tests with other immunosuppressants like MMF and
sirolimus have to be performed to evaluate the influence of each drug on the BKV-specific
immune response. Furthermore, the preliminary cut-off of 6.65 ng/ml FK506 plasma level has
to be confirmed by a larger study cohort and may serve as a marker for therapeutical
decisions.
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5.2 EPITOPE MAPPING OF BKV-PROTEINS: LT, VP1 AND AGNO OF
A HLA-A*01, HLA-A*03, HLA-B*08, HLA-B*51, HLA-
DR*19, HLA-DR*11 KIDNEY PATIENT WITH PAST
POLYOMAVIRUS- ASSOCIATED NEPHROPATHY

INTRODUCTION

Virus-specific cellular immunity is crucial for the control of viral-replication and the
prevention of disease (Redpath et al. 2001). Latent viruses like Epstein Barr Virus (EBV),
cytomegalovirus (CMV), and polyomaviruses BK and JC (BKV, JCV) require continual
surveillance by the immune system. Certain epitopes of viral peptides loaded on MHC class I
and class II are recognized by CD8+ and CD4+ T-cells, respectively. Upon recognition,
CD4+ and CD8+ T-cells have different modes of action: while CD4+ T-cells activate either
macrophages (Thl-cells) or B-cells (Th2-cell), CD8+ T-cells kill the infected cells by
releasing perforin and granzymes (Kagi et al. 1996; Edwards et al. 1999; Barry et al. 2000).

Viral epitopes recognized by T-cells may serve for adoptive T-cell transfer (Figure 1) and
treatment of chronic viral infections, virus-mediated diseases, and virally-induced cancers.
Adoptive T-cell transfer remains as a therapy option particularly for viruses resistant to
antivirals (Walter et al. 1995; Heslop et al. 1996).

Polyomavirus BK may cause polyomavirus-associated nephropathy (PVAN) in up to 10%
of kidney transplant (KT) patients with graft loss in up to 80% of the cases (Hirsch 2005).
Antiviral treatment is not available and adoptive T-cell transfer may serve as an alternative
therapeutical option. EX vivo expansion of BKV-specific CD8+ T-cells was recently shown to
be efficient in lysing BKV-infected cells (Comoli et al. 2003). In the last five years, several
BKV- and also JCV-epitopes from early protein large T (LT) -antigen and viral capsid protein
1 (VP1) were published for different HLA-types (Table 1).

Isolation
of T-cells T-cells
1 2 APC 3 4
> > —_— _
In vitro T-cell cloning Adoptive
stimulation and expansion T-cell transfer
of T-cells = =

Figure 1: Adoptive T-cell transfer. 1. Blood drawing and T-cell isolation, 2. In vitro stimulation of T-cells
with antigen pulsed dendritic cells, 3. T-cell clonal expansion over several weeks, and 4. Adoptive T-cell
transfer into the patient.

Adapted from (Bleakley et al. 2004)

The aim of our study was to perform epitope mapping of BKV-LT, -VP1, and -agnoprotein
for the most common HLA-type A*01-HLA-B*08 (Mori et al. 1997). For this we used blood
samples from a kidney patient with past PVAN and HLA type A*01 and B*08. We used the
computer program SYFPEITHI to predict BKV-LT, -VP1 and -agnoprotein epitopes for
HLA-type A*01, A*03, and B*08 in order to compare these epitopes with those found by in
vitro epitope mapping. As BKV and JCV show high DNA and protein homology (Table 2),
JCV-LT, -VP1 and -agnoprotein homologous peptides were also tested in vitro.
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Table 1: BKV- and JCV-epitopes recognized by T-cells.

Virus Peptide Length Sequence HLA-Type Reference
BKV LTy 15aa GNLPLMRKAYLRKCK HLA-B*0702 (Li et al. 2006)
HLA-B*08
LT, 9aa LPLMRKAYL HLA-B*0702 (Li et al. 2006)
HLA-B*08
LTz, 9aa MLTERFNHIL HLA-A*02 (Randhawa et al. 2006)
LT46 9aa VIFDFLHCI HLA-A*0201 (Provenzano et al. 2006)
LTy 9aa FLHCIVFNV HLA-A*0201 (Provenzano et al. 2006)
LTss; 15aa IYLRKSLQNSEFLLE' HLA-B*0702 (Li et al. 2006)
HLA-B*08
LTss; 15aa KSLQNSEFLLEKRIL? HLA-B*0702 (Li et al. 2006)
HLA-B*08
LTs79 Oaa LLLIWFRPV HLA-A*0201 (Provenzano et al. 2006)
LT 15aa  TFSRMKYNICMGKCI® HLA-B*0702 (Li et al. 2006)
HLA-B*08
VP14 9aa AITEVECFL* HLA-A*0201 (Chen et al. 2006)
VP1,08 9aa LLMWEAVTV’ HLA-A*0201 (Chen et al. 2006)
JCV  LTss, 15aa AYLRKSLSCSEYLLE' HLA-B*0702 (Li et al. 2006)
HLA-B*08
LTs7 15aa KSLSCSEYLLEKRIL? HLA-B*0702 (Li et al. 2006)
HLA-B*08
LT, 15aa TFSTMKANVGMGRPI HLA-B*0702 (Li et al. 2006)
HLA-B*08
VP1,36 9aa SITEVECFL! HLA-A*0201 (Du Pasquier et al. 2003)
VP1,100 Oaa ILMWEAVTL’ HLA-A*0201 (Koralnik et al. 2002)

1> BKV and JCV homologous peptides

Table 2: BKV and JCV DNA and protein sequence homology.

LT-antigen VP1 Agnoprotein
DNA 78% 75% 72%
Protein 83% 78% 59%

!Clustal W pairwise alignment

PILOT STUDY: PARTICIPANTS AND METHODS
STUDY PARTICIPANTS

A 66 year old male kidney patient, with HLA-type: A*01, A*03, B*08, B*51, DR*11,
DR*15 was enrolled for this study. The reason for kidney failure is of unknown etiology but
might be associated with the use of phenacetin. Kidney transplantation occurred after four
months of hemodialysis. First evidence of BKV-replication was seen 2 months
posttransplantation with the detection of decoy cells in urine (502/10 HPF*) and viral load in
plasma (85'660 DNA copies/ml). Definitive PVAN was confirmed by kidney biopsy 5 months
after transplantation (plasma viral load: 13'116'320 copies/ml). Nephrectomy occurred 22
months posttransplantation and the patient returned to hemodialysis.

As a control group served 22 HLA-typed healthy blood donors (HB) from the
Blutspendezentrum in Basel, Switzerland (Table 3) which shared only one HLA-type with
the KT patient.

* hpf: high power fields
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Table 3: HLA-type of HB (numbers in red indicate the same
HLA-type as for the patient).

HLA Type

No. HLA-A HLA-A HLA-B HLA-B

1 1 28 35 37

2 3 0 35 0

3 2 68 51 60

4 3 32 21 35

5 1 35 5 0

6 2 68 (28) 8 44 (12)
7 2 29 51 44

8 1 26 60 65

9 3 0 5 7

10 1 24 (9) 7 62 (19)
11 3 11 7 35
12 24 32 51 60
13 11 28 51 53
14 3 68(28) 14 35
15 2 26(10) 8 65(14)
16 3 10 5 7

17 3 26 7 39
18 1 2 62(15) 57(17)
19 1 11 27 57(17)
20 1 2 7 62
21 25(10) - 8 -
22 24 0 8 13

COLLECTION OF BLOOD CELLS AND PLASMA

PBMCs of the patient and of the HLA-typed HB were isolated using CPT™ tubes (Becton
Dickinson, Allschwil, Switzerland). They were washed, counted, and either used directly for
IFN-y ELISpot (ESA), for antigen stimulation and 9-day culture, or cryopreserved in 10%
DMSO0/90% FCS (SIGMA, Buchs, Switzerland). PBMC for ESA were diluted in RPMI/5%
human serum/1% glutamax/1% penicillin streptomycin (RSAB, SIGMA).

BKY AND JCV OVERLAPPING PEPTIDE POOLS

Overlapping peptide pools (OPP) spanning either large LT, VP1 or agnoprotein coding
sequences from the BKV-Dunlop strain and from the JCV-Mad 1 strain were used for PBMC
stimulation. The pools consisted of 180 (BKV-LT), 88 (BKV-VP1), 14 (BKV-agnoprotein),
170 (JCV-LT), 86 (JCV-VP1), and 15 (JCV-agnoprotein) peptides of 15 amino acids (aa) in
length with an overlap of 11aa (Eurogentec, Germany).
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COMPUTER PREDICTION SYFPEITHI

The computer prediction program SYFPEITHI (www.syfpeithi.de) was used to predict
epitopes for BKV-LT antigen, -VP1, and -agnoprotein for HLA-A*01, HLA-A*03, and HLA-
B*07. No information was available for HLA-B*51, HLA-DR*11, and HLA-DR*15.
SYFPEITHI T-cell epitope prediction is based on published motifs and considers the amino
acids in the anchor and auxiliary anchor position. The score is calculated as following: amino
acids of a certain peptide are given a specific value depending on their anchor position. Ten
points are given for ideal anchors, 6-8 points for unusual anchors, 4-6 for auxiliary anchors
and 1-4 for preferred residues. Negative effect on the binding ability has a negative value
between -1 and -3 points. The maximal achievable score is 36 (for comparison, the very well-
known epitope GILGFVFTL from influenza A scores 30).

EPITOPE MAPPING STRATEGY

Single peptides were pooled in two ways: 1. The "complete pool" containing all peptides
from one protein (BKV-LT; 180 peptides/pool, BKV-VPI; 88 peptides/pool, BKV-
agnoprotein; 14 peptides/pool, and JCV-LT; 170 peptides/pool, JCV-VP1; 86 peptides/pool,
JCV-agnoprotein; 15 peptides/pool), 2. "Subpools" containing 10 LT- or VP1-peptides/pool
(Figure 2). As agnoprotein contains only 14 peptides for BKV and 15 for JCV peptides, these
peptides were therefore tested individually and not in subpools. For BKV-LT 38 subpools and
for BKV-VPI 19 subpools were tested in total.

PBMC were first stimulated with BKV-peptide subpools for CD4+ T-cell mapping. Then
we analyzed them further for single peptide activity. CD8+ T-cells were isolated from PBMC
and mapped separately by stimulation with peptide loaded dendritic cells. Then, we tested
single peptides to determine the minimal required peptide length (Figure 3).

BKV-LT 10x10 Pool BKV-LT 10x10 Pool BKV-VP1 10x10 Pool

POOL| 1 |23 |14[5])6|7[8]9(10 POOL| 11|12 (13|14 [15]16|17[18] 1920 POOL| 1|23 |14]5]16]7[8]9](10
89190[91192193]194]95[96]97{98 K [189]190[{191]192]193[{194]195[196]197] 198 112 ([3]14]5]6]7[8]91]10
991100{101)102]103]104]105{106] 107|108 L 1199{200]201]202]203]204]205)206{207]208 11) 12131141 15]16]17]18] 1920
109{110)111{112]113[114]115]116{117]118 M ]209]210{211]212[213]214|215]|216]|217[218 211220123124]25]126]27]28]29]30

119[{120]121[122]123[124]125]126{127] 128 219]220(221[222)223[224]225[226]227]| 228 31132033]34]35]36]37]38]39]40

129{130]131[132]133[134]135]136[137]138 229]230(231[232)233[234]235[236]237]| 238 41142143 [44]145[46]147]48[49]50

139[140]141[142]143[144]145]146]147]148 239]240(241[242)243[244]245[246]247]| 248 51]52(53]54]55]56]57]58]59]60
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Figure 2: Subpools of BKV-LT and BKV-VPI containing 10 peptides per pool. Numbers or letters in
red indicate subpool name, numbers in black are single peptide numbers (e.g. BKV-LT pool A contains
peptides number 89-98).
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CD4+ T-cell CDS8+ T-cell

PBMC stimulation with CD8+ isolation and expansion with
BKV-peptide subpools BKV-peptide pulsed dendritic cells
PBMC stimulation with single PBMC stimulation with single
BKV-peptides BKV-peptides

!

Fine mapping with short
peptides (10 aa, 9 aa, 8 aa)

!

Cytotoxicity assay
Homologous JCV-peptides Homologous JCV-peptides
Stimulation with HLA-typed HB Stimulation with HLA-typed HB

Figure 3: Strategy for epitope mapping. Testing of subpools restricts the number of experiments and
saves patient's PBMC. Peptide subpools with a positive response can be further analyzed and tracked to
single peptides. The functionality of CD8+ T-cells can be tested by a cytotoxicity assay. Cross-
recognition with JCV single peptides has also to be considered.

ESA FOR IFN-y DETECTION

BKV- and JCV-specific cellular immune responses were determined by measuring I[FN-y
secretion upon stimulation of PBMC with viral OPP. For ESA, 96-well multiscreen filter
plates (MSIPN, Millipore, Volketswil, Switzerland) were coated with 100 pL (10 pg/mL) of
coating IFN-y antibody (1-D1K, Mabtech, Hamburg, Germany) and incubated over night at
4°C.

PBMC were seeded in triplicates at 2.5 x 10°/well with or without peptides (2 ng/mL) and
at 2.5 x 10*well with Staphylococcus enterotoxin B (SEB; SIGMA, 1 pg/mL) as positive
control, and incubated over night at 37°C/5% CO,. Plates were washed five times with
PBS/0.05% TWEEN 20 (SIGMA) and incubated for 2 h at room temperature with 100 pL (1
ug/mL) of biotinylated detection IFN-y antibody (7-B6-1 biotin, Mabtech), washed five times
and incubated for 1 h at room temperature with 100 uL (1 pg/mL) of Streptavidin ALP
(Mabtech). Spots were developed by adding 100 pL of BCIP/NBT (Calbiochem, Luzern,
Switzerland) for 10 min. IFN-y spots were counted by using an ELISpot reader (AID, Biiron,
Switzerland). The number of spot forming units (SFU) per 10° PBMC was calculated from
triplicates after subtraction of the negative control levels.
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NINE-DAY EXPANSION OF PBMC

PBMC (2 x 10%mL) were distributed into 24-well plates and incubated over night at
37°C/5% CO,. Nonadherent cells were recovered, washed and adjusted to 2 x 10° cells/mL.
Adherent monocytes were detached by scraping/pipetting, adjusted to 2 x 10° cells/mL and
stimulated with 5 pg/mL BKV-OPP for 2 h at 37°C/5% CO,. Monocytes were washed and 10
cells/mL were added to 2 x 10° of nonadherent cells. After 9 days at 37°C/5% CO2, ESA was
performed as described above using 10° cells/well for peptide restimulation or 2.5 x 10*/well
for SEB stimulation.

CD8+ AND CD14+ CELL ISOLATION

PBMC (125 Mio/ml) were mixed with 20 ul of MACSbeads conjugated to aCDS8 or
aCD14 antibodies (Miltenyi Biotec, Germany) and incubated for 20 minutes. CD8+ or
CD14+ cells were then isolated by using magnetic separation columns (Miltenyi Biotec).
Isolated CD8+ T-cells were resuspended in RSAB (SIGMA) and CD14+ in RPMI/10% fetal
calf serum/1% glutamax/1% penicillin streptomycin (R10, SIGMA).

DENDRITIC CELL MATURATION AND CD8+ T-CELL EXPANSION

Isolated CD14+ cells (500'000 cells/ml R10) were incubated with 1000 U/ml of IL-4 and
800 U/ml of GM-CSF for 7 days. On day seven 1 pg/ml LPS was added over night for
dendritic cell maturation. Maturation was tested by FACS analysis (switch from CD14+ to
CD14- and from CD83- to CD83+). Mature dendritic cells (mDCs: 5x10° cells/ml) were

pulsed with 5 pg/ml OPP and incubated for 2h at 37°C/5% COs,.

CD8*
isolation

. —— ESA after

‘ . ‘ 3 weeks
PBMC
stimulation
CD14* of CD8*
isolation with mDC
every week
DC pulse with
' maturation antigen
—_— —_—
’ GM-CSF
11-4
PBMC
‘ CD§ ' CD8* ‘ CD14*
CD14

Figure 4: Schematic of CD8+ T-cell expansion. CD8+ and CD14+ cells are isolated from PBMC.
CD14+ cells are maturated to dendritic cells and pulsed with viral peptides to stimulate and expand
CD8+ T-cells.

After pulsing, mDCs were irradiated for 610 seconds at 2500 rads. Peptide-pulsed mDCs
were then added to isolate CD8+ T-cells in a ratio of 1:20. CD8+ T-cells were incubated for 3
weeks and restimulated weekly with fresh peptide-pulsed mDCs (Figure 4). CD8+ T-cells
response was tested after each week of expansion.
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RESULTS

PREDICTIONS WITH SYFPEITHI

BKV-LT, -VP1 and -agnoprotein sequences from the Dunlop strain were analyzed by the
SYFPEITHI computer program for potential T-cell epitopes of HLA-A*01, -A*03, and -
B*08. Epitopes with a score of >20 are listed in Table 4 and were sorted by BKV-protein,
HLA-type, and number of amino acids. In total 110 BKV-LT, 53 BKV-VP1 and 10 BKV-
agnoprotein epitopes were found by this method.

Table 4: BKV-LT, -VPI, and agnoprotein epitopes predicted by computer program
SYFPEITHI. Peptides with a score >20 are listed in the table.

BKV-VPI (Total 53)

Pos  HLA-A*01 nonamers score Pos  HLA-A*01 decamers score Pos  HLA-A*01 11 - mers score
342 PGDPDMIRY 27 80 SPERKMLPCY 26 159 PLEMQGVLMNY 26
213 PSRNENARY 20 191 NTDHKAYLDK 20 276 GTQQWRGLARY 24
79 DSPERKMLPCY 21
33 RTQRVDGQPMY 21
Total 2 Total 2 Total 4
Pos  HLA-A*03 nonamers score Pos  HLA-A*03 decamers score
135 KVHEHGGGK 28 288 KIRLRKRSVK 33
289 IRLRKRSVK 26 126 MLNLHAGSQK 30
26 KLLIKGGVE 25 21 PVQVPKLLIK 23
308 DLINRRTQR 25 26 KLLIKGGVEV 23
164 GVLMNYRSK 24 107 NLLMWEAVTV 23
290 RLRKRSVKN 23 164 GVLMNYRSKY 22
27 LLIKGGVEV 22 230 NVPPVLHVTN 21
8 GECPGAAPK 21 284 ARYFKIRLRK 21
108 LLMWEAVTV 21 331 EVRVEDGTER 21
127 LNLHAGSQK 21 340 RLPGDPDMIR 21
165 VLMNYRSKY 21 128688 NLHAGSQKVH 20
259 SLYVSAADI 21 18 QVMNTDHKAY 20
61 ENLRGFSLK 20 244 VLLDEQGVGP 20
295 SVKNPYPISF 20
Total 13 Total 14
Pos  HLA-B*08 octamers score Pos HLA-B*08 nonamers score
3 PTKRKGEC 20 252 GPLCKADSL 27
15 PKKPKEPV 20 28 LIKGGVEVL 25
79 DSPERKML 20 62 NLRGFSLKL 22
191 NTDHKAYL 20 283 LARYFKIRL 21
284 ARYFKIRL 20 290 RLRKRSVKN 21
290 RLRKRSVK 20 3 PTKRKGECP 20
15 PKKPKEPVQ 20
24 VPKLLIKGG 20
37 EVKTGVDATI 20
91 TARIPLPNL 20
158 EPLEMQGVL 20
349 RYIDKQGQL 20
Total 6 Total 12
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BKV-LT-Antigen (Total 110)

HLA-A*01 11 - mers

CEDVFLLLGMY
YTTKEKAQILY
TFELGVAIDQY
GTWSSSEVPTY
CKGVNKEYLLY
ISMYTFSRMKY

score
28
24
24
21
21
21

Pos HLA-A*01 nonamers score
603 RLDSEISMY 26
545 QIDFRPKIY 25
155 RTLACFAVY 24
165 TKEKAQILY 24
26090 VSWKLITEY 22
234 YSALTRDPY 21
77 WSSSEVPTY 20
Total 7
Pos  HLA-A*03 nonamers score
221 FLICKGVNK 31
499 RDYLDGSVK 29
171 ILYKKLMEK 28
341 AVDTVLAKK 27
231 YLLYSALTR 26
439 GLLDLCGGK 24
509 NLEKKHLNK 24
603 RLDSEISMY 24
272 KLITEYAVE 23
350 RVDTLHMTR 23
465 AIDQYMVVF 23
520 QIFPPGLVT 23
175 KLMEKYSVT 22
452 NLPMERLTF 22
505 SVKVNLEKK 22
568 RILQSGMTL 22
28 PLMRKAYLR 21
155 RTLACFAVY 21
158 ACFAVYTTK 21
288 LLLGMYLEF 21
551 KIYLRKSLQ 21
3 KVLNREESM 20
Total 22
Pos  HLA-B*08 octamers score
417 VPKRRYWL 35
563 FLLEKRIL 29
164 TTKEKAQI 28
28 PLMRKAYL 26
126 PPKKKRKYV 26
547 DFRPKIYL 26
368 HILDKMDL 25
508 VNLEKKHL 23
551 KIYLRKSL 23
613 FSRMKYNI 23
49 EDKMKRMN 22
346 LAKKRVDT 22
399 LPKMDSVI 22
453  LPMERLTF 22
599 EWKERLDS 22
429 IDSGKTTL 21
503 DGSVKVNL 21
514 HLNKRTQI 21
597 IVEWKERL 21
620 ICMGKCIL 21
35 LRKCKEFH 20
51 KMKRMNTL 20
97 NEKWDEDL 20
128 KKKRKVED 20
225 KGVNKEYL 20
347 AKKRVDTL 20
Total 26

Pos  HLA-A*01 decamers score
308 KKDQPYHFKY 26
164 TTKEKAQILY 22
225 KGVNKEYLLY 20
Total 3
Pos  HLA-A*03 decamers score
475 DVKGTGAESK 28
28 PLMRKAYLRK 26
175 KLMEKYSVTF 26
326 ITIFAESKNQK 25
299 NVEECKKCQK 24
170 QILYKKLMEK 23
272 KLITEYAVET 23
273 LITEYAVETK 23
542 FVRQIDFRPK 23
171 ILYKKLMEKY 22
397 CLLPKMDSVI 22
457 RLTFELGVAI 22
551 KIYLRKSLQN 22
12 ELMDLLGLER 21
220 SFLICKGVNK 21
278 AVETKCEDVF 21
520 QIFPPGLVTM 21
3 KVLNREESME 20
51 KMKRMNTLYK 20
236 ALTRDPYHTI 20
287 FLLLGMYLEF 20
323 ANAIIFAESK 20
341 AVDTVLAKKR 20
498 LRDYLDGSVK 20
677 HLCKGFQCFK 20
Total 25
Pos  HLA-B*08 nonamers score
346 LAKKRVDTL 33
164 TTKEKAQIL 32
417  VPKRRYWLF 31
126 PPKKKRKVE 27
135 DPKDFPSDL 26
27 LPLMRKAYL 24
280 ETKCEDVFL 23
399 LPKMDSVIF 23
445 GGKALNVNL 23
534 VPKTLQARF 23
49 EDKMKRMNT 22
201 PHRHRVSAI 22
265 ETKQVSWKL 22
361 MLTERFNHI 22
599 EWKERLDSE 22
1288 KKKRKVEDP 21
368 HILDKMDLI 21
514 HLNKRTQIF 21
35 LRKCKEFHP 20
127 PKKKRKVED 20
225 KGVNKEYLL 20
Total 21

Total
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BKV-Agnoprotein (Total 10)

Pos  HLA-A*01 nonamers score Pos  HLA-A*01 decamers score Pos  HLA-A*01 11 - mers score
all <12 all <12 all <12
Pos  HLA-A*03 nonamers score Pos  HLA-A*03 decamers score Pos  HLA-B*08 octamers score
5 QLSRQASVK 35 55 ALPAVKDSVK 32 47 DGKNKSTT 20
52 STTALPAVK 21 13 KVGKTWTGTK 28 49 KNKSTTAL 20
8 RQASVKVGK 20 4 RQLSRQASVK 26
51 KSTTALPAVK 21
45 SVDGKNKSTT 20
Total 3 Total 5 Total 2

BKYV-SPECIFIC CELLULAR IMMUNE RESPONSE OF PBMC

BKV-LT, -VP1 and -agnoprotein complete pools were used for PBMC stimulation. BK'V-
specific cellular immune response was measured by IFN-y secretion after stimulation over
night and quantified by ESA. Cellular immunitye was strongest for BKV-VP1 (189 SFU/10°
PBMC), followed by BKV-LT (40 SFU/10° PBMC) and BKV-agnoprotein (5 SFU/10°
PBMC) (Figure 5).

ESA with BKV-Complete Pool

10000 -
S 1000 -
]
A
2 100 -
=
)
B 10

1
SEB BKV-VP1 BKV-LT BKV-Agno

Figure 5: PBMC stimulation with different BKV-OPP. BKV-VP1:189 SFU/10° PBMC, BKV-LT: 40
SFU/10° PBMC, and BKV-agnoprotein: 5 SFU/10° PBMC.
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EPITOPE MAPPING OF BKV-LT-ANTIGEN

In a second step BKV-LT subpools were used for PBMC stimulation. A total of 38 BKV-
LT subpools were tested for cellular immune response by ESA. Subpools inducing >8
SFU/10° PBMC (corresponds to one standard deviation above background: 4 SFU/10° PBMC
+4) were considered for further analysis. Totally 10/38 (26%) subpools fulfilled this criteria:
A,H,0,6,7,8, 11,12, 15, 16 (Figure 6).

ESA with BKV-LT Subpools
100
O
=
==}
s 10 || - cut-off=8 SFU/10° PBMC
=
=
=
170}
14
ABCDEFGHIJKLMNOPQR1 23 45@7 9 10411D13 14051817 181920

Figure 6: PBMC stimulation with different BKV-LT subpools. Subpools inducing a response >8 SFU/10°
PBMC (cut-off: one standard deviation above background) were considered for further analysis.

Consulting the BKV-LT subpool board revealed 10/180 (6%) potentially immunogenic BK'V-
LT single peptides: pp94, pp95, pp96, ppl64, ppl65, ppl66, pp229, pp230, 233, and pp234
(Figure 7).

A
BKV-LT 10x10 Pool BKV-LT 10x10 Pool
POOL| 1 2 3 4 5 6 7 8 9 | 10 POOL| 11 | 12 | 13| 14 ] 15| 16| 17 ] 18| 19 ] 20
A 89 [ 90 | 91 | 9219319495 96]| 97| 98 K 189( 190 191119211931 194 195|196 197] 198
B 99 [ 100 101} 102|103 | 104 | 105| 106 107 108 L 199 (200 201 | 202 | 203 | 204 | 205 206 | 207 | 208
C 109110 111|112} 113|114} 115) 116 117} 118 M [209[210f211f212f213[214[215[216[217[218
D 119 120 121 122] 123 124] 125] 126 127] 128 N 2191220 221]222] 223|224 225] 226 227] 228
E 1291 130 131] 132] 133 134] 135] 136 137] 138 (0] 2291230 231]232]233|234] 235|236 237 238
F 1391140 141] 142] 143 144] 145] 146 147 148 P 23912402411 242|243 244 245] 246 247 248
G 1491 150 151 152] 153 154] 155] 156 157] 158 Q 249 [ 250 | 251 252 253 | 254 | 255 256 | 257 ] 258
H 1591160 161] 162] 163 | 164] 165] 166 | 167 | 168 R 2591260 261]262]263|264] 265]266| 267 ] 268
I 169170 171 1721173 174|175 176 177 178
J 179180 181 182 183 184 185] 186 187] 188
B pp9%4: RAAWGNLPLMRKAYL
pp95: GNLPLMRKAYLRKCK
pp96: LMRKAYLRKCKEFHP
ppl164: VEECKKCQKKDQPYH
ppl65: KKCQKKDQPYHFKYH
ppl66: KKDQPYHFKYHEKHF
pp229: NSEFLLEKRILQSGM
pp230: LLEKRILQSGMTLLL
pp233: LLLLLIWFRPVADFA
pp234: LIWFRPVADFATDIQ

Figure 7: A) Potentially immunogenic single peptides (numbers in bold) identified at the intersection of
two subpools (highlighted in yellow). B) Peptide sequences for the ten peptides.
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For testing single BKV-LT peptides, PBMC were cultivated for 9-days with pp94, pp95,
pp96 and then restimulated with single peptides to reach the ESA detection limit. We tested
pp94, pp95, and pp96. In addition, we investigated whether peptide cross-restimulation is
possible and cultivated PBMC with either pp94, pp95 or pp96 and restimulated with pp94 (for
pp95° and pp96), pp95 (for pp94 and pp96), and pp96 (for pp94 and pp96) (Figure 8).

10000

BKV-LT Single Peptides

1000

100

10

SFU/Mio PBMC

1

9-day culture:
restimulation:
SFU/10¢ PBMC:

pp94 pp95 pp96 pp94 pp94 pp95 pp9% pp96

pp94 pp95 pp96 pp95 pp9% pp9% pp94 pp9s
0 100 1060 0 0 40 100 260

Figure 8: BKV-LT single peptides pp94, pp95, pp96 were used for 9-day cultivation of PBMC and

restimulation for ESA.

No detectable immune response was measured after 9-day cultivation with pp94 and

restimulation with either pp94, pp95 or pp96.

> 9-day cultivation with pp95 and restimulation with pp94 was not performed due to lack of appropriate cell

numbers.
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BKV-AGNOPROTEIN SINGLE PEPTIDES

PBMC stimulation with single peptides of BKV-agnoprotein was below the detection limit
of ESA (data not shown). Therefore, PBMC were incubated for 9-days with agnoprotein
complete pool and restimulated for ESA. BKV-agnoprotein specific response was detectable
for complete pool and all single peptides except pp8 (Figure 9).

BKYV-Agnoprotein Single Peptides
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Figure 9: PBMC stimulation with different BKV-agnoprotein single peptides. Except for pp8 all peptides
induced detectable responses (>8 SFU/10° PBMC).

Table 5S: BKV-agnoprotein specific immune response to
single 15aa long peptides.

Agno SFU/10°PBMC % of CP' Sequence
cp! 70 100% Complete Pool

ppl 40 57% MVLRQLSRQASVKVG
pp2 23 33% LSRQASVKVGKTWT
pp3 10 14% ASVKVGKTWTGTKK
pp4 37 53% KVGKTWTGTKKRAQR
pp5 50 71% TWTGTKKRAQRIFIF
ppé 63 90% TKKRAQRIFIFILEL
pp7 43 61% AQRIFIFILELLLEF

pp8 0 0% FIFILELLLEFCRGE
pp9 90 129%  LELLLEFCRGEDSVD
pp10 13 19% LEFCRGEDSVDGKNK
ppll 30 43% RGEDSVDGKNKSTTA
ppl2 40 57% SVDGKNKSTTALPAV
ppl3 17 24% KNKSTTALPAVKDSV
ppl4 40 57% TTALPAVKDSVKDS

1 CP: complete pool

Response to the agnoprotein complete pool (70 SFU/10° PBMC) was defined as maximal
response (100%). Response to single peptide pp9 was higher (90 SFU/10° PBMC) than
response to complete pool. All other peptides induced a response between 0 and 63 SFU/10°
PBMC (0-90%) (Table 5).
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CROSS-RECOGNITION WITH JCV-HOMOLOGUES PEPTIDES

To test if JCV-peptides were also recognized by BKV-specific cells, complete pools of
JCV-LT, -VP1, -agnoprotein, and homologous JCV single peptides (pp245, pp246 pp247)
were used for restimulation after 9-day expansion with the BKV-complete pool and with
BKV-peptides (pp94, pp95, pp96), respectively (Figure 10).

JCV-Cross Recognition

10000

1000 -

100 -
N h
1 T T T T

LT VP1 Agno ppY%4 pp95 pp96

@ LT VP1 Agno pp245 Pp246 pp247

SFU/Mio PBMC

Figure 10: PBMC stimulation BKV-OPP and their JCV-homologues after 9-day cultivation. Response to
BKV-antigens were always higher when compared to JCV-antigens.

BKV- and JCV-VPI complete pools induced the highest immune response (4460 SFU/10°
PBMC and 1293 SFU/10° PBMC, respectively) followed by LT (2280 SFU/10° PBMC and
900 SFU/10° PBMC, respectively) and agnoprotein (47 SFU/10° PBMC and 23 SFU/10°
PBMC, respectively). Cellular immune response after stimulation with BKV-single peptides
pp94, pp95 and pp96 (600 SFU/10° PBMC, 463 SFU/10° PBMC, and 577 SFU/10° PBMC,
respectively) was always higher compared to JCV-homologous peptides pp245, pp246 and
pp247 (283 SFU/10° PBMC, 230 SFU/10° PBMC, and 113 SFU/10° PBMC, respectively).
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CD4+ AND CD8+ T-CELL DEPLETION

In order to differentiate between IFN-y secretion from CD4+ and CD8+ T-cells, either cells
were positively selected by MACSbeads. CD4+ or CD8+ depleted PBMCs were stimulated
with either the BKV-LT or -VP1 complete pool. Lowest IFN-y secretion was detected in
CD4+ T-cell depleted PBMC (BKV-LT 51 SFU/10° PBMC and BKV-VPI 80 SFU/10°
PBMC, respectively). CD8+ T-cell depleted PBMC responded to 132 SFU/10° PBMC (BKV-
LT) and 520 SFU/10° PBMC (BKV-VP1) and non-depleted PBMC responded to 97 SFU/10°
PBMC (BKV-LT) and 280 SFU/10° PBMC (BKV-VP1) (Figure 11).

1000 CD4+ and CD8+ Depletion
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Figure 11: PBMC were depleted from either CD4+ or CD8+ T-cells and stimulated with BKV-LT or -
VP1. Response was lowest after CD4+ T-cell isolation.
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CD8+ CELL ISOLATION BY MACSBEADS

To establish CD14+ cell maturation and CD8+ T-cell expansion, PBMC from CMV-
seropositive HB and CMV-pp65 OPP were used. For measuring the CD8+ T-cell specific
cellular immune response, these cells were positively selected out of PBMC using
MACSbeads. Additionally, CD14+ cells were also positively isolated and maturated to
dendritic cells (mDC). The CMV-pp65 complete pool was used to pulse mDC for antigen
presentation. CD8+ T-cells were co-cultured for three weeks with peptide pulsed mDC
(restimulation occurred every week with freshly peptide pulsed mDC).

Dendritic cell maturation was observed by the switch of CD14+/CD83- cells to CD14-
/CD83+ cells using cellular staining and FACS analysis. For maturation, LPS was added over
night at day 7 (Figure 12).
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Figure 12: CD14+ cell isolation from PBMC.

from day 7 to day 8 after adding LPS.

CD14+ switched from CD83- to CD83+ cells
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CURRENT PROJECTS: PRELIMINARY RESULTS AND OUTLOOK

CD8+ T-CELL EXPANSION WITH CMV-PP65

The CMV-pp65 complete pool was used to pulse mDC for CD8+ T-cell expansion over 3
weeks. For background control, following cells were seeded: pulsed mDC alone, CD8+ T-
cells alone (not expanded), CD8+ T-cells not expanded but stimulated with mDC-pp65 and
CD8+ T-cells alone (expanded) (Figure 13). Over three weeks, CD8+ T-cells could be
expanded 60x (week 0: 123 SFU/10° PBMC, week 1: 2383 SFU/10° PBMC, week 2: 5597
SFU/10° PBMC, and week 3: 7340 SFU/10° PBMC).

CD8+ T-Cell Expansion with CMV-pp65 in a HB
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mDC-pp65 - mDC-pp65 - mDC-pp65

Figure 13: CD8+ T-cell expansion with CMV-pp65 over three weeks. IFN-y response increased
60x from week 0 (123 SFU/10° PBMC) to week 3 (7340 SFU/10° PBMC).
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DISCUSSION

The knowledge of immunogenic BKV-epitopes may provide valuable information
regarding vaccine development and for the development of therapies based on adoptive T-cell
transfer. Our aim was to map BKV-LT, -VP1, and -agnoprotein epitopes in the most common
HLA-types HLA-A*01, HLA-B*08 (Mori et al. 1997). Epitope mapping is very time
consuming and expensive. Therefore, epitope prediction by SYFPEITHI is generally
preferred for identification of new epitopes. The disadvantage of this method lies in the
restricted availability of HLA-types to test. Furthermore, even with the very well known
HLA-type A*02, some epitopes will be missed as computer predictions are not 100% reliable.

Adoptive T-cell transfer with HLA-type dependent epitopes can only be applied to patients
with the appropriate HLA-type. A HLA-type independent approach can be achieved by using
overlapping peptide pools or virus infected cell lysate for T-cell transfer, but these methods
are expensive and time consuming, respectively.

Using ESA as an in vitro method for epitope mapping, we found ten potentially
immunogenic epitopes for BKV LT-antigen. Further investigations are needed to evaluate the
minimal amino acid length inducing an immune response in CD8+ T-cells. Three of these ten
BKVLT peptides (pp94, pp95, and pp96) were further tested for cross-recognition with the
homologous JCV-peptides (pp245, pp246, and pp247). It was not of surprise that these JCV-
LT peptides were also able to induce an immune response as they share 12 of 15 aa with their
BKV-LT homologous peptides. Interestingly, the responses to BKV-VP1 complete pool was
3.4 fold higher than to JCV-VP1 complete pool (4460 SFU/10° PBMC and 1293 SFU/10°
PBMC, respectively), The differences between BKV and JCV LT-antigen was only 2.5 fold.
This can be explained by the higher protein homology for LT (83%) than for VP1 (78%). In
contrast, agnoprotein shows only a protein homology of 59% but BKV-agnoprotein is able to
induce a response which is only 2 fold higher compared to JCV-agnoprotein. One explanation
can be that only the N-terminal part is important for T-cell recognition. The N-terminus of
agnoprotein has a higher homology (84%, amino acids 1-33, Clustal W) compared to the C-
terminus (39%, amino acids 34-71, Clustal W).

Our data show that we were able to expand BKV-specific cells during 9-day cultivation
and to measure the immune response by ESA. Current results were encouraging and
suggested that this project needs more work to track down the different BKV-epitopes.
Additionally, a cytotoxicity assay needs to be established to test CD8+ T-cell functionality,
and investigation of JCV cross-recognition has to be performed, too.
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6 DISCUSSION

6.1 Therapeutic Options for BKV-Replication Control in Kidney

Transplant Recipients

PVAN is a complication predominantly seen in kidney transplant recipients, with graft loss
in up to 80% of patients with advanced stages (Hirsch 2005). It is generally accepted that
BKYV reactivation and progression to PVAN in KT recipients is associated with impaired
cellular immunity. Our knowledge about the risk factors and impaired BK'V-specific immune
response is limited, making the management of PVAN very difficult. Furthermore, the
mechanisms of BKV-reactivation are not yet clear, and it also remains obscure why some KT
recipients develop PVAN while others on the same immunosuppressive regimen do not. The
only proven therapy to control BKV-replication is by decreasing the dose of
immunosuppressives (Trofe et al. 2006). The effect of immunosuppression reduction can be
monitored by BKV load measurements in plasma.

The case report "Transient allograft dysfunction from immune reconstitution in a
patient with polyoma BK-virus-associated nephropathy" (Schaub et al. 2007) shows how
important it is to closely monitor BKV loads in a patient after immunosuppressive dose
reduction and to observe the clinico-pathological course for therapeutical decisions to achieve
a good outcome. This patient showed tubulointerstitial inflammation which may either derive
from allograft rejection or from inflammatory response to the BKV. Because of different
observations such as BKV-load decline in plasma, only moderate increase of serum creatinine
and significant reduction of polyomavirus antigen-positive tubular epithelial cells, it was
concluded that the inflammation derived from BKV-specific immune reconstitution and not
from rejection. Therapeutical decision is very crucial for the outcome of the kidney allograft
as rejection and reconstitution syndrome are treated in opposed ways.

Reduction of immunosuppressive drug doses is very effective in regaining control over
BKV-replication in 11%-20% of the patients. However, reducing IS inevitably increases the
risk for rejection (Ramos et al. 2002). For each patient, a certain range may exist where the
degree of immunosuppressants is neither too high (risk for viral-replication/-reactivation and
disease) nor too low (risk for rejection) (Figure 5.1). This range may vary among patients due
to personal factors (genetic background, metabolization rate, etc.), the amount and way drugs
are administered (oral vs. intra venous) as well as the state of the allograft (cadaveric versus
living donation, ischemia time, surgical injuries).
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Figure 5.1: Schematic representation of the interplay between immunosuppression (IS), infection and
rejection. IS is highest directly after transplantation. The higher the IS dose, the higher the risk for viral
reactivation and disease (red area). The lower the IS, the higher the risk for rejection (blue-violet area).
Optimal level (green area) of IS with minimal complications.
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In general we expect that the higher the immunosuppressive drug concentration, the lower
the immune response. Sester and colleagues showed that the frequency of CMV-specific T-
cells in lung transplant recipients correlated negative with higher levels of
immunosuppressive drugs and with increased CMV complications (Sester et al. 2005).
Although our data generally reproduced this pattern, the only significant negative correlation
was found for FK506 and BKV-VP1 specific cellular immune response (rs=-0.644, P=0.002)
("Influence of Immunosuppressive Drugs Cyclosporine A and FK506 on BKV-Specific
Cellular Immune Response in Kidney Transplant Recipients") (S. Binggeli, current
results). There maybe different reasons for this result: 1. Sampling bias: the number of cases
is too low. This needs further studies with more KT patients and probably a denser sampling
scheme; 2. Misfit: the association between IS and immunity is not a linear correlation and
thus cannot be described by Spearman's rho coefficient, as this test looks only for linear
correlations. Also this would need more investigation with a higher sample size; 3. Wrong
surrogate marker: measuring the BKV-specific response is not an adequate marker for testing
immunosuppressive drug level; 4. Complexity: as too many factors play a role and we cannot
disentangle them. KT patients usually receive more than one immunosuppressant for
antirejection treatment and nephrotoxicity of other drugs may also influence the outcome.

To find a correlation between BKV-specific immune response and IS concentration, an in
vitro assay may shed light on this question because single immunosuppressants can be tested.
In line with the a priory hypothesis that IS reduces immune response, our preliminary data
show a decrease of immune response with increasing levels of IS, independent of the antigen
(SEB, BKV-VP1 or CMV-pp65). Further studies are needed to reproduce this result with
other IS such as MMF and sirolimus.

We found that FK506 plasma levels achieved in a KT patient ranged from 5-12 ng/ml.
Analysis of the BKV-VP1 specific response in combination with FK506 revealed a cut-off of
6.65 ng/ml FK506 plasma level. Most KT patients above this cut-off were not able to control
BKV-replication. Our pilot experiments suggest further studies to clarify, whether or not
elevated levels of FK506 were associated with more frequent BKV replication. If other IS
than FK506 play a role for BKV-replication control needs further analysis.

6.2 Biomarker for the Monitoring of Kidney Transplant Recipients

In the clinics as well as in the pharmaceutical industry, there is great interest in identifying
new biomarkers for: 1. Prognostic purposes to monitor whether and how fast patients develop
PVAN, 2. Stratification purposes, to predict the outcome of the disease after therapeutic
intervention, 3.Evaluating the efficacy of therapeutic interventions for individual patients, and
4. Using it as a non invasive marker for differentiation between immune reconstitution
inflammatory syndrome (IRIS) and rejection. It would be advantageous to have a prognostic
marker to define which patient is at risk for rejection before the immune response is strong
enough to attack the allograft. Although biopsies are the "gold standard", non-invasive
methods are preferred because biopsies are expensive, locally restricted, bear the risk for
complications, and are frequency limited.

The ELISpot technique represents such a non-invasive and more direct method to measure
the cellular response than staining for HLA-DR positive tubular cells in biopsies is possible
by using. In "Polyomavirus BK-Specific Cellular Imnmune Response to VP1 and Large T-
Antigen in Kidney Transplant Recipients" (Binggeli et al. 2007) we could demonstrate that
KT recipients with an increasing or stable high BKV load in plasma had a significantly lower
immune response to the two proteins BKV-LT and -VP1 than with patients that had a
decreasing viral load or past PVAN (P=0.003 and P=0.001, respectively, Mann Whitney U-
test, two sided). This finding may complement the previously defined threshold plasma viral
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load of >10'000 DNA copies/ml and thereby enlarge the pool of diagnostic markers to identify
patients at high risk for PVAN. Hammer et al. recently reported that patients with a plasma
BKV-DNA load of >250'000 copies/ml and detectable VP1-specific CD8+ T-cell response,
are at high risk for PVAN development and graft loss. The authors speculate that VPI1-
specific CD8+ T-cell in plasma may represent a direct threat for allograft survival (Hammer et
al. 2006). However, we were able to detect a BKV-specific cellular immune response not only
to VPI1 but also to LT-antigen in patients with a plasma viral load <250'000 copies/ml by
ESA. Furthermore, we could illustrate that a single measurement of the viral load in plasma
does not correlate with the cellular immune response to BKV. Viral dynamics rather than a
snapshot measurement of viral load matters. These findings strongly indicate the need for
serial PCR in plasma for measurements to guide clinical management of PVAN in KT
patients (Funk et al. 2006; Lacey 2007).

A cut-off of 69 SFU per million PBMC for BKV-LT was shown to include most patients
with a decreasing viral load (P=0.013, Fisher's exact test, two-sided) and could be used as a
marker to define patients who have regained a protective cellular immune response against
BKV. BKV-LT antigen is a better discriminator for the group with decreasing viral load than
BKV-VP1 and the cut-off of 69 SFU per million PBMC may also be useful for monitoring the
effect of immunosuppressant reduction. However, a well-designed prospective study needs to
be performed to confirm this cut-off.

Measuring of the cellular immune response by ESA for identification of a rejection marker
looks promising. In this context it is tempting to speculate that maybe it is not the cut-off that
is important for predicting rejection, but rather the dynamics of how quickly the patient is able
to regain a competent immune system (comparable with BKV load dynamics for risk for
PVAN). Clearly, this needs further investigation.

6.3 Polyomavirus JC and Cross-Recognition

All study participants (N=42) were also JCV-seropositive. Although BKV and JCV share
high protein homology for LT (83%) and VP1 (78%), response to BKV-peptides was specific
and significantly higher than responses to JCV-peptides (P=0.008 and P<0.001, respectively).
The higher response to BKV-antigen is most likely due to a resent viral exposure. After 9-day
cultivation the cellular immunity response to BKV-VP1 was significantly higher than
response to JCV-VPI1 (P=0.016), indicating a limited cross-recognition. In contrast, in vitro
expansion with LT-antigen showed no significant differences after restimulation with either
BKV- or JCV-LT. It is, therefore, tempting to speculate that immune response to LT-antigen
is more conserved between BKV and JCV as for VP1.

We also found cross-recognition with 15aa long LT-antigen single peptides by epitope
mapping (" Epitope Mapping of BKV-Proteins: LT, VP1 and Agnoprotein") (S. Binggeli,
current results). The decision to map BKV-LT first and not BKV-VP1 was due to the fact
that: 1. LT is higher conserved between BKV and JCV, 2. BKV-LT is a better discriminator
for cellular immune response in KT patients with a decreasing viral load (Binggeli et al.
2007), and 3. LT-antigen is an early protein and has important functional properties and
maybe essential in respect to mounting a protective cellular immune response. From an
evolutionary point of view, it makes sense that a CD8+ T-cell response detects and destroys
virus infected cells well before they burst and liberate their viral progeny. Thus, BKV-LT
which is an early protein should be recognized before the late protein VP1 and may play an
important role in mounting an BKV-specific cellular immune response.

As the BKV-LT overlapping peptide pool consists of 180 peptides (15aa in length with
11aa overlaps), it is more time and cost efficient to pool these peptides by 10 peptides per
pool (subpools) rather than to test each peptide individually. PBMC stimulation with 38
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different peptide subpools revealed 10 subpools inducing a BKV-LT specific cellular immune
response (>8 SFU/10° PBMC). The peptide board showed ten single peptides (pp94, pp93,
pp96, ppl64, ppl65, ppl66, pp230, pp233, pp234) with the potential for inducing a BKV-LT
specific cellular immune response. Starting with pp94, pp95 and pp96, those single peptides
showed highest response to pp96 and no response to pp94. Surprisingly, in a later experiment
pp94 was able to induce an immune response in the same range as for pp95 and pp96. This
inconsistency could be due to ESA variation or inappropriate addition of pp94.

Testing for cross-recognition with the homologous JCV single peptides indicated strong
recognition despite a lower response suggesting a higher specificity for BKV-peptides. The
question whether these peptides are able to induce an immune response also in CD8+ T-cells
remains to be open for a future project. Furthermore, tracking the 15aa long peptide to the
minimal required size of 8aa, 9aa or 10aa is also subject for future analysis.

The use of BKV-specific epitopes for adoptive T-cell transfer is a promising attempt for
therapeutical options and more cost and time efficient than using viral lysate or complete
peptide pools. Specific epitopes may target CD8+ T-cells directly and may also be more
efficient in T-cell expansion. On the other hand, one depends on the knowledge of
immunogenic epitopes and certain HLA-types. This can be circumvent by BKV-lysate or -
complete pool which are HLA-independent. BKV-LT epitopes may also serve for KT patient
monitoring. In addition, these may help to better distinguish those patients with high risk for
PVAN as proposed by Hammer and colleagues (Hammer et al. 2006).

As no proven antiviral treatments are available BKV-specific T-cell expansion and
adoptive T-cell transfer may serve as an alternative to the reduction of immunosuppression in
KT patients with increasing BKV-replication and increased risk for PVAN.

6.4 Antiviral Treatment

However, new compounds which target BKV are desirable. In contrast to other latent
viruses like CMV or EBV, there are no proven antiviral drugs available for BKV-treatment.
Antivirals are especially desirable in the context of multi-organ transplants as reduction of
immunosuppressive concentration may increase the possibility of rejection in the non-kidney
allograft or in patients who are not able to control their BKV load after immunosuppressive
reduction. One natural antiviral compound, IFN-y, can be produced by different immune cells
(natural killer cells, CD4+, and CD8+ T-cells) and is secreted upon virus infections (Boehm et
al. 1997). Abend et al. recently reported the in vitro inhibitory effect of IFN-y on BKV gene
expression and replication in primary human renal proximal tubular epithelial cells.
Furthermore, IFN-y inhibited the level of the viral progeny >50x (Abend et al. 2007). Whether
IFN-y also inhibits BKV-replication in vivo needs more investigation.

Other observations of anti-BKV properties of cidofovir, leflunomide, quinolone,
intravenous immunoglobulines, and lactoferrin, have been reported but the reports are
controversial (Chapter 1.3.3.3) (Josephson 2005; Longhi et al. 2006; Rinaldo et al. 2007).
More research is necessary to understand the mechanisms by which these compounds act and
whether there is potential in further developing them to strong and effective antiviral drugs.

In "Human Polyomavirus type 1 (BK virus) Agnoprotein is abundantly expressed,
but immunologically ignored" it has been shown by immunostaining of KT biopsies that
agnoprotein is abundantly expressed but does not induce a humoral or cellular immune
response (Leuenberger et al. 2007). Even though agnoprotein is not suitable for immune
response measurement it could still be an interesting target for antivirals. It is already known
that BKV-agnoprotein is phosphorylated (Rinaldo et al. 1998) and a recent study analyzed the
effect of JCV-agnoprotein mutants. JCV-agnoprotein has three potential targets for
serine/threonine-specific protein kinase C: Ser7, Serl1 and Thr21 (Figure 5.2) (Sariyer et al.
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2006). Conservative substitution of these phosphorylation sites resulted in a viable virus and
viral particle release from infected cells, but the virus was not able to propagate as the viral
capsid showed a deficiency in DNA-content. Thus, the viral life cycle ended with an abortive
replication cycle. Targeting the phosphorylation site of agnoprotein could be an interesting
approach for new antiviral drugs. The phosphorylation sites are conserved between JCV and
BKYV and we can assume that BKV would also be impaired in propagation if agnoprotein is
not phosphorylated. To the best of my knowledge there are no published reports concerning
BKV-agnoprotein and the potential consequences of interfering with its phosphorylation sites.

Interestingly CMV possesses three tegument proteins which are phosphorylated (pp65,
pp71, ppl150) and it is speculated that inhibiting of protein phosphorylation by leflunomide
may interfere with tegument assembly (Waldman et al. 1999). Whether leflunomide is also
able to inhibit BKV-agnoprotein phosphorylation and thus virus propagation needs further
investigation.

BKV MVLRQLSRQASVKVGKTWTGTKKRAQRIFIFILELLLEFCRGEDSVDGKN
JCV MVLRQLSRKASVKVSKTWSGTKKRAQRILIFLLEFLLDFCTGEDSVDGKK
7 11 21

BKV KS-TTALPAVKDSVKDS----
JCV RQRHSGLTEQTYSALPEPKAT

Figure 5.2: Agnoprotein sequence and potential phosphorylation sites (Ser7, Serl1, Thr21).
Accession number: BKV: P03085, JCV: AAA82098, Clustal W alignment of BKV-Dunlop and
JCV-MADI strains.

BKV-agnoprotein is a very short 66aa long protein and only 14 peptides are necessary to
cover the whole protein with a peptide library consisting of 15aa in length with 11aa overlaps.
Therefore, single agnoprotein peptides were used for PBMC stimulation after 9-day
expansion with complete agnoprotein overlapping peptide pool (OPP). The BKV-specific
cellular immune response was quantified by ESA. From all 14 peptides, pp8 and pp9 stood
out, as pp8 is not able to induce any response and response to pp9 was higher (90 SFU/10°
PBMC) than response to the complete pool (70 SFU/10° PBMC). The single peptide pp8
posseses a long stretch with hydrophobic amino acids which might be unfavorable for binding
and recognition by MHC and T-cells. Even though pp9 is the neighboring peptide sharing
11aa, the BKV-specific response of pp9 was very high. This discrepancy between pp8 and
pp9 immune response could be due to more favorable peptide binding by the groove binding
sites of MHC-class II due to amino acid sequence or three dimensional structure.

The association between agnoprotein and the cellular immune response is not understood;
Further investigation is also needed to understand whether agnoprotein may serve for
therapeutic purposes.

6.5 Limitation of Polyomavirus-Specific Immune Response Measurement
by ELISpot Assay

ESA is a very sensitive and convenient assay to measure IFN-y secretion of PBMCs.
However, like every method, ESA has its limitations. In the current study "Epitope Mapping
of BKV-Proteins: LT, VP1 and Agno of a HLA-*A01, HLA-A*03, HLA-B*08, HLA-
B*51, HLA-DR*19, HLA-DR*11 Kidney Patient with Past Polyomavirus Associated
Nephropathy" ESA was used to measure BKV-specific cellular immune response of either
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PBMC or BKV-specific expanded CD8+ T-cells for epitope mapping (S. Binggeli, current
results).

With ESA the source of IFN-y secreting cells can not be traced back. As natural killer
(NK) cells, CD4+ and also CD8+ T-cells secrete IFN-y upon stimulation, it can not be
distinguished how much each cell contributes to the IFN-y response. Thus only the overall
IFN-y secretion can be measured. One way to determine the IFN-y source is cell isolation.
CDA4+ or CD8+ depleted PBMC can be used to estimate how much each cell contributes to
the IFN-y response. CD4+ T-cell depletion showed a lower response upon stimulation with
BKV-LT and -VP1 (51 SFU/10° PBMC, 80 SFU/10° PBMC) than not depleted PBMC (97
SFU/10° PBMC, 280 SFU/10° PBMC) and CD8+ depleted PBMC (132 SFU/10° PBMC, 520
SFU/10° PBMC), indicating that the IFN-y response is derived mostly from CD4+ T-cells. As
we are using 15aa long peptides for PBMC stimulation we could expect a good response of
CD4+ T-cells for two reasons: 1. Optimal peptide length for CD4+ T-cell recognition is
between 13aa and 17aa, and, 2. The peptides are loaded on MHC-class II via the exogenous
pathway (Rudensky et al. 1991). This argues against an optimal peptide presentation and
recognition for CD8+ T-cells, as these cells recognize 8-10aa long peptides loaded on MHC-
class I via the endogenous pathway (Rammensee 1995).

We observed a higher immune response in CD8+ T-cell depleted PBMC (LT: 132 SFU/10°
PBMC, VP1: 520 SFU/10° PBMC) than in the whole PBMC (LT: 97 SFU/10° PBMC, VP1:
280 SFU/10° PBMC). This discrepancy may be due to the increased concentration of CD4+
T-cells after CD8+ T-cell depletion as always the same cell concentration was seeded per well
for stimulation. In order to distinguish between CD4+ and CD8+ T-cell derived IFN-y
secretion, it would be advantagous to use intracellular cytokine staining, or, when using ESA,
positively selecting T-cells and stimulating them with peptide pulsed mDCs. Both methods
would exclude a NK-cell derived IFN-y response. However, the disadvantage of using a
FACS assay is that a low frequency of IFN-y secreting T-cells may fall under the detection
limit (Karlsson et al. 2003; Tassignon et al. 2005).

Measuring the IFN-y response of isolated CD8+ T-cells is very difficult for BKV-peptides
as T-cell frequency is mostly under the detection limit (unpublished data). Therefore, IFN-y
detection is only possible with a method sensitive enough to trace IFN-y at very low levels or
to expand BKV-specific CD8+ T-cells to reach a higher frequency. For our purposes we
positively selected CD8+ T-cells out of PBMC and expanded them with viral peptides. To
establish T-cell expansion in our laboratory, we used PBMC from a HB and CMV-pp65
peptide library (Appendices 10.3). After three weeks, we were able to expand CMV-pp65
specific CD8+ T-cells 60x (week 0: 123 SFU/10° PBMC, week 3: 7340 SFU/10° PBMC). Of
course, this method has to be adapted for KT recipients and as well for BKV-LT, -VP1 and -
agnoprotein. To complete this experiment it could also be established for CD4+ T-cells.

Whether the cellular immune response of PBMC mirrors the event in the organ remains to
be investigated. It can be speculated that BK'V-specific cellular immune response of PBMC
reflects the action in the kidney, as the kidney is highly supplied with blood. On the other
hand, much of the T-cell response may be undetectable in the peripheral blood due to T-cell
homing.
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6.6 Concluding Remarks

In conclusion, it is of high interest to find new biomarkers for monitoring patients after KT
transplantation in order to prevent PVAN and for better patient management. A stable graft
function prolongates its survival, and measurement of the BKV-specific cellular immune
response is one approach for identifying patients at risk for PVAN and supplementing BK'V-
load measurement by PCR.

We could show that a BKV-LT specific cellular immune response above 69 SFU/10°
PBMC correlates with the decline of BK-viral load in plasma and thus with BKV-replication
control. Furthermore, we found that a FK506 plasma concentration higher 6.65 ng/ml
significantly increases the risk for BKV-replication. Both cut-offs have to be validated in a
well designed prospective study. If these cut-offs are confirmed, they may serve as good
biomarkers for patient monitoring and as guideline for therapeutical decisions.
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10. APPENDICES

10.1 PEPTIDE LIBRARY BKV DUNLOP STRAIN

10.1.1 Polyomavirus BK-Large T-Antigen (NCBI: P03071)

89 | MDKVLNREESMELMD | 134 | YSVTFISRHMCAGHN
90 | LNREESMELMDLLGL 135 | FISRHMCAGHNIIFF
91 | ESMELMDLLGLERAA 136 | HMCAGHNIIFFLTPH
92 | LMDLLGLERAAWGNL | 137 | GHNIIFFLTPHRHRV
93 | LGLERAAWGNLPLMR | 138 | IFFLTPHRHRVSAIN
94 | RAAWGNLPLMRKAYL | 139 | TPHRHRVSAINNFCQ
95 | GNLPLMRKAYLRKCK | 140 | HRVSAINNFCQKLCT
96 | LMRKAYLRKCKEFHP 141 | AINNFCQKLCTFSFL
97 | AYLRKCKEFHPDKGG 142 | FCQKLCTFSFLICKG
98 | KCKEFHPDKGGDEDK | 143 | LCTFSFLICKGVNKE
99 | FHPDKGGDEDKMKRM | 144 | SFLICKGVNKEYLLY
100 | KGGDEDKMKRMNTLY | 145 | CKGVNKEYLLYSALT
101 | EDKMKRMNTLYKKME | 146 | NKEYLLYSALTRDPY
102 | KRMNTLYKKMEQDVK | 147 | LLYSALTRDPYHTIE
103 | TLYKKMEQDVKVAHQ | 148 | ALTRDPYHTIEESIQ
104 | KMEQDVKVAHQPDFG | 149 | DPYHTIEESIQGGLK
105 | DVKVAHQPDFGTWSS | 150 | TIEESIQGGLKEHDF
106 | AHQPDFGTWSSSEVP 151 | SIQGGLKEHDFSPEE
107 | DFGTWSSSEVPTYGT 152 | GLKEHDFSPEEPEET
108 | WSSSEVPTYGTEEWE 153 | HDFSPEEPEETKQVS
109 | EVPTYGTEEWESWWS | 154 | PEEPEETKQVSWKLI
110 | YGTEEWESWWSSFNE | 155 | EETKQVSWKLITEYA
111 | EWESWWSSFNEKWDE | 156 | VSWKLITEYAVETK
112 | WWSSFNEKWDEDLFC | 157 | KLITEYAVETKCEDV
113 | FNEKWDEDLFCHEDM | 158 | EYAVETKCEDVFLLL
114 | WDEDLFCHEDMFASD | 159 | ETKCEDVFLLLGMYL
115 | LFCHEDMFASDEEAT 160 | EDVFLLLGMYLEFQY
116 | EDMFASDEEATADSQ 161 | LLLGMYLEFQYNVEE
117 | ASDEEATADSQHSTP 162 | MYLEFQYNVEECKKC
118 | EATADSQHSTPPKKK 163 | FQYNVEECKKCQKKD
119 | DSQHSTPPKKKRKVE 164 | VEECKKCQKKDQPYH
120 | STPPKKKRKVEDPKD 165 | KKCQKKDQPYHFKYH
121 | KKKRKVEDPKDFPSD 166 | KKDQPYHFKYHEKHF
122 | KVEDPKDFPSDLHQF 167 | PYHFKYHEKHFANAI
123 | PKDFPSDLHQFLSQA 168 | KYHEKHFANAIIFAE
124 | PSDLHQFLSQAVFSN 169 | KHFANAIIFAESKNQ
125 | HQFLSQAVFSNRTLA 170 | NADFAESKNQKSIC
126 | SQAVFSNRTLACFAV 171 | FAESKNQKSICQQAV
127 | FSNRTLACFAVYTTK 172 | KNQKSICQQAVDTVL
128 | TLACFAVYTTKEKAQ 173 | SICQQAVDTVLAKKR
129 | FAVYTTKEKAQILYK 174 | AVDTVLAKKRVDTL
130 | TTKEKAQILYKKLME 175 | TVLAKKRVDTLHMTR
131 | KAQILYKKLMEKYSV 176 | KKRVDTLHMTREEML
132 | LYKKLMEKYSVTFIS 177 | DTLHMTREEMLTERF
133 | LMEKYSVTFISRHMC 178 | MTREEMLTERFNHIL

II
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...Continued

Polyomavirus BK-Large T-Antigen (NCBI: P03071)

179 | EMLTERFNHILDKMD | 224 | ARFVRQIDFRPKIYL
180 | ERFNHILDKMDLIFG 225 | RQIDFRPKIYLRKSL
181 | HILDKMDLIFGAHGN | 226 | FRPKIYLRKSLQNSE
182 | KMDLIFGAHGNAVLE | 227 | IYLRKSLQNSEFLLE
183 | IFGAHGNAVLEQYMA | 228 | KSLQNSEFLLEKRIL
184 | HGNAVLEQYMAGVAW | 229 | NSEFLLEKRILQSGM
185 | VLEQYMAGVAWLHCL | 230 | LLEKRILQSGMTLLL
186 | YMAGVAWLHCLLPKM | 231 | RILQSGMTLLLLLIW
187 | VAWLHCLLPKMDSVI | 232 | SGMTLLLLLIWFRPV
188 | HCLLPKMDSVIFDFL 233 | LLLLLIWFRPVADFA
189 | PKMDSVIFDFLHCIV 234 | LIWFRPVADFATDIQ
190 | SVIFDFLHCIVFNVP 235 | RPVADFATDIQSRIV
191 | DFLHCIVFNVPKRRY | 236 | DFATDIQSRIVEWKE
192 | CIVENVPKRRYWLFK | 237 | DIQSRIVEWKERLDS
193 | NVPKRRYWLFKGPID | 238 | RIVEWKERLDSEISM
194 | RRYWLFKGPIDSGKT | 239 | WKERLDSEISMYTFS
195 | LFKGPIDSGKTTLAA 240 | LDSEISMYTFSRMKY
196 | PIDSGKTTLAAGLLD 241 | ISMYTFSRMKYNICM
197 | GKTTLAAGLLDLCGG | 242 | TFSRMKYNICMGKCI
198 | LAAGLLDLCGGKALN | 243 | MKYNICMGKCILDIT
199 | LLDLCGGKALNVNLP | 244 | ICMGKCILDITREED
200 | CGGKALNVNLPMERL | 245 | KCILDITREEDSETE
201 | ALNVNLPMERLTFEL | 246 | DITREEDSETEDSGH
202 | NLPMERLTFELGVAI 247 | BEDSETEDSGHGSST
203 | ERLTFELGVAIDQYM | 248 | ETEDSGHGSSTESQS
204 | FELGVAIDQYMVVFE | 249 | SGHGSSTESQSQCSS
205 | VAIDQYMVVFEDVKG | 250 | SSTESQSQCSSQVSD
206 | YMVVFEDVKGTGAE | 251 | SQSQCSSQVSDTSAP
207 | VFEDVKGTGAESKDL | 252 | CSSQVSDTSAPAEDS
208 | VKGTGAESKDLPSGH | 253 | VSDTSAPAEDSQRSD
209 | GAESKDLPSGHGINN | 254 | SAPAEDSQRSDPHSQ
210 | KDLPSGHGINNLDSL 255 | EDSQRSDPHSQELHL
211 | SGHGINNLDSLRDYL | 256 | RSDPHSQELHLCKGF
212 | INNLDSLRDYLDGSV | 257 | HSQELHLCKGFQCFK
213 | DSLRDYLDGSVKVNL | 258 | LHLCKGFQCFKRPKT
214 | DYLDGSVKVNLEKKH | 259 | KGFQCFKRPKTPPPK
215 | GSVKVNLEKKHLNKR | 260 | DTSAPAEDSQRSDPH
216 | VNLEKKHLNKRTQIF | 261 | APAEDSQRSDPHSQE
217 | KKHLNKRTQIFPPGL 262 | EDSQRSDPHSQELHL
218 | NKRTQIFPPGLVTMN | 263 | RSDPHSQELHLCKG
219 | IFPPGLVTMNEYPV 264 | DPHSQELHLCKGFQC
220 | PGLVIMNEYPVPKTL | 265 | SQELHLCKGFQCFKR
221 | TMNEYPVPKTLQARF | 266 | LHLCKGFQCFKRPKT
222 | YPVPKTLQARFVRQI 267 | CKGFQCFKRPKTPPP
223 | KTLQARFVRQIDFRP 268 | FQCFKRPKTPPPK

III
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10.1.2 Polyomavirus BK-VP1 (NCBI: P03088)

1 | MAPTKRKGECPGAAP 45 | TITPKNPTAQSQVMN
2 | KRKGECPGAAPKKPK 46 | KNPTAQSQVMNTDHK
3 | ECPGAAPKKPKEPVQ 47 | AQSQVMNTDHKAYLD
4 | AAPKKPKEPVQVPKL 48 | VMNTDHKAYLDKNNA
5 | KPKEPVQVPKLLIKG 49 | DHKAYLDKNNAYPVE
6 | PVQVPKLLIKGGVEV 50 | YLDKNNAYPVECWVP
7 | PKLLIKGGVEVLEVK 51 | NNAYPVECWVPDPSR
8 | IKGGVEVLEVKTGVD 52 | PVECWVPDPSRNENA
9 | VEVLEVKTGVDAITE 53 | WVPDPSRNENARYFG
10 | EVKTGVDAITEVECF 54 | PSRNENARYFGTFTG
11 | GVDAITEVECFLNPE 55 | ENARYFGTFTGGENV
12 | ITEVECFLNPEMGDP 56 | YFGTFTGGENVPPVL
13 | ECFLNPEMGDPDENL 57 | FTGGENVPPVLHVTN
14 | NPEMGDPDENLRGFS 58 | ENVPPVLHVTNTATT
15 | GDPDENLRGFSLKLS 59 | PVLHVTNTATTVLLD
16 | ENLRGFSLKLSAEND 60 | VINTATTVLLDEQGV
17 | GFSLKLSAENDFSSD 61 | ATTVLLDEQGVGPLC
18 | KLSAENDFSSDSPER 62 | LLDEQGVGPLCKADS
19 | ENDFSSDSPERKMLP 63 | GVGPLCKADSLYVS
20 | SSDSPERKMLPCYST 64 | PLCKADSLYVSAADI
21 | PERKMLPCYSTARIP 65 | ADSLYVSAADICGLF
22 | MLPCYSTARIPLPNL 66 | YVSAADICGLFTNSS
23 | YSTARIPLPNLNEDL 67 | ADICGLFTNSSGTQQ
24 | RIPLPNLNEDLTCGN 68 | GLFTNSSGTQQWRGL
25 | PNLNEDLTCGNLLMW 69 | NSSGTQQWRGLARYF
26 | EDLTCGNLLMWEAVT 70 | TQQWRGLARYFKIRL
27 | CGNLLMWEAVTVQTE 71 | RGLARYFKIRLRKRS
28 | LMWEAVTVQTEVIGI 72 | RYFKIRLRKRSVKNP
29 | AVTVQTEVIGITSML 73 | IRLRKRSVKNPYPIS
30 | TEVIGITSMLNLHA 74 | KRSVKNPYPISFLLS
31 | IGITSMLNLHAGSQK 75 | KNPYPISFLLSDLIN
32 | SMLNLHAGSQKVHEH 76 | PISFLLSDLINRRTQ
33 | LHAGSQKVHEHGGGK 77 | LLSDLINRRTQRVDG
34 | SQKVHEHGGGKPIQG 78 | LINRRTQRVDGQPMY
35 | HEHGGGKPIQGSNFH 79 | RTQRVDGQPMYGMES
36 | GGKPIQGSNFHFFAV 80 | VDGQPMYGMESQVEE
37 | IQGSNFHFFAVGGEP 81 | PMYGMESQVEEVRVF
38 | NFHFFAVGGEPLEMQ 82 | MESQVEEVRVFDGTE
39 | FAVGGEPLEMQGVLM 83 | VEEVRVFDGTERLPG
40 | GEPLEMQGVLMNYRS 84 | RVFDGTERLPGDPDM
41 | EMQGVLMNYRSKYPD 85 | GTERLPGDPDMIRYI
42 | VLMNYRSKYPDGTIT 86 | LPGDPDMIRYIDKQG
43 | YRSKYPDGTITPKNP 87 | PDMIRYIDKQGQLQT
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10.1.3 Polyomavirus BK-Agnoprotein (NCBI: P03085)
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10.2 PEPTIDE LIBRARY JCV MAD1 STRAIN

10.2.1 Polyomavirus JC-Large T-Antigen (NCBI: AAA82102)

240 | MDKVLNREESMELMD | 283 | YKKLMEKYSVTFISR
241 | LNREESMELMDLLGL 284 | MEKYSVTFISRHGFG
242 | ESMELMDLLGLDRSA 285 | SVTFISRHGFGGHNI
243 | LMDLLGLDRSAWGNI 286 | ISRHGFGGHNILFFL
244 | LGLDRSAWGNIPVMR 287 | GFGGHNILFFLTPHR
245 | RSAWGNIPVMRKAYL 288 | HNILFFLTPHRHRVS
246 | GNIPVMRKAYLKKCK 289 | FFLTPHRHRVSAINN
247 | VMRKAYLKKCKELHP | 290 | PHRHRVSAINNYCQK
248 | AYLKKCKELHPDKGG 291 | RVSAINNYCQKLCTF
249 | KCKELHPDKGGDEDK 292 | INNYCQKLCTFSFLI
250 | LHPDKGGDEDKMKRM | 293 | CQKLCTFSFLICKGV
251 | KGGDEDKMKRMNFLY | 294 | CTFSFLICKGVNKEY
252 | EDKMKRMNFLYKKME | 295 | FLICKGVNKEYLFYS
253 | KRMNFLYKKMEQGVK | 296 | KGVNKEYLFYSALCR
254 | FLYKKMEQGVKVAHQ | 297 | KEYLFYSALCRQPYA
255 | KMEQGVKVAHQPDFG | 298 | FYSALCRQPYAVVEE
256 | GVKVAHQPDFGTWNS | 299 | LCRQPYAVVEESIQG
257 | AHQPDFGTWNSSEVP 300 | PYAVVEESIQGGLKE
258 | DFGTWNSSEVPTYGT 301 | VEESIQGGLKEHDFN
259 | WNSSEVPTYGTDEWE 302 | IQGGLKEHDFNPEEP
260 | EVPTYGTDEWESWWN | 303 | LKEHDFNPEEPEETK
261 | YGTDEWESWWNTENE | 304 | DFNPEEPEETKQVSW
262 | EWESWWNTFNEKWDE | 305 | EEPEETKQVSWKLVT
263 | WWNTFNEKWDEDLFC | 306 | ETKQVSWKLVTQYAL
264 | FNEKWDEDLFCHEEM 307 | VSWKLVTQYALETKC
265 | WDEDLFCHEEMFASD 308 | LVTQYALETKCEDVF
266 | LFCHEEMFASDDENT 309 | YALETKCEDVFLLMG
267 | EEMFASDDENTGSQH 310 | TKCEDVFLLMGMYLD
268 | ASDDENTGSQHSTPP 311 | DVFLLMGMYLDFQEN
269 | ENTGSQHSTPPKKKK 312 | LMGMYLDFQENPQQC
270 | SQHSTPPKKKKKVED 313 | YLDFQENPQQCKKCE
271 | TPPKKKKKVEDPKDF 314 | ENPQQCKKCEKKDQ
272 | KKKKVEDPKDFPVDL 315 | CKKCEKKDQPNHF
273 | VEDPKDFPVDLHAFL 316 | KCEKKDQPNHFNHHE
274 | KDFPVDLHAFLSQAV 317 | KDQPNHFNHHEKHYY
275 | VDLHAFLSQAVFSNR 318 | NHFNHHEKHYYNAQI
276 | AFLSQAVFSNRTVAS 319 | HHEKHYYNAQIFADS
277 | AVFSNRTVASFAVY 320 | HYYNAQIFADSKNQK
278 | SNRTVASFAVYTTKE 321 | AQIFADSKNQKSICQ
279 | VASFAVYTTKEKAQI 322 | ADSKNQKSICQQAVD
280 | AVYTTKEKAQILYKK 323 | NQKSICQQAVDTVAA
281 | TKEKAQILYKKLMEK 324 | ICQQAVDTVAAKQRYV
282 | AQILYKKLMEKYSVT 325 | AVDTVAAKQRVDSIH
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...Continued

Polyomavirus JC-Large T-Antigen (NCBI: AAA82102)

326 | VAAKQRVDSIHMTRE | 369 | KRTQVFPPGIVTMNE
327 | RVDSIHMTREEMLV 370 | VFPPGIVTMNEYSVP
328 | SIHMTREEMLVERFN 371 | GIVTMNEYSVPRTLQ
329 | TREEMLVERFNFLLD 372 | MNEYSVPRTLQARFV
330 | MLVERFNFLLDKMDL | 373 | SVPRTLQARFVRQID
331 | RENFLLDKMDLIFGA 374 | TLQARFVRQIDFRPK
332 | LLDKMDLIFGAHGNA | 375 | RFVRQIDFRPKAYLR
333 | MDLIFGAHGNAVLEQ | 376 | IDFRPKAYLRKSLS
334 | FGAHGNAVLEQYMAG | 377 | RPKAYLRKSLSCSEY
335 | GNAVLEQYMAGVAWI | 378 | YLRKSLSCSEYLLEK
336 | LEQYMAGVAWIHCLL | 379 | SLSCSEYLLEKRILQ
337 | MAGVAWIHCLLPQMD | 380 | SEYLLEKRILQSGMT
338 | AWIHCLLPQMDTVIY 381 | LEKRILQSGMTLLLL
339 | CLLPQMDTVIYDFLK 382 | ILQSGMTLLLLLIWF
340 | MDTVIYDFLKCIVL 383 | GMTLLLLLIWFRPVA
341 | VIYDFLKCIVLNIPK 384 | LLLLIWFRPVADFAA
342 | FLKCIVLNIPKKRYW 385 | INFRPVADFAAAIHE
343 | IVLNIPKKRYWLFKG 386 | PVADFAAAIHERIVQ
344 | IPKKRYWLFKGPIDS 387 | FAAAIHERIVQWKER
345 | RYWLFKGPIDSGKTT 388 | IHERIVQWKERLDLE
346 | FKGPIDSGKTTLAAA 389 | IVQWKERLDLEISMY
347 | IDSGKTTLAAALLDL 390 | KERLDLEISMYTFST
348 | KTTLAAALLDLCGGK | 391 | DLEISMYTFSTMKAN
349 | AAALLDLCGGKSLNV | 392 | SMYTFSTMKANVGMG
350 | LDLCGGKSLNVNMPL | 393 | FSTMKANVGMGRPIL
351 | GGKSLNVNMPLERLN | 394 | KANVGMGRPILDFPR
352 | LNVNMPLERLNFELG 395 | GMGRPILDFPREEDS
353 | MPLERLNFELGVGID 396 | PILDFPREEDSEAED
354 | RLNFELGVGIDQFMV 397 | FPREEDSEAEDSGHG
355 | ELGVGIDQFMVVFED 398 | EDSEAEDSGHGSSTE
356 | GIDQFMVVFEDVKGT | 399 | AEDSGHGSSTESQSQ
357 | FMVVFEDVKGTGAES | 400 | GHGSSTESQSQCFSQ
358 | FEDVKGTGAESRDLP 401 | STESQSQCFSQVSEA
359 | KGTGAESRDLPSGHG | 402 | SQCFSQVSEASGAD
360 | AESRDLPSGHGISNL 403 | FSQVSEASGADTQEN
361 | DLPSGHGISNLDCLR 404 | SEASGADTQENCTFH
362 | GHGISNLDCLRDYLD 405 | GADTQENCTFHICKG
363 | SNLDCLRDYLDGSVK | 406 | ENCTFHICKGFQCF
364 | CLRDYLDGSVKVNLE | 407 | TFHICKGFQCFKKPK
365 | YLDGSVKVNLERKHQ | 408 | CKGFQCFKKPKTPPP
366 | SVKVNLERKHQNKRT | 409 | CFKKPKTPPPK

367 | NLERKHQNKRTQVFP

368 | KHQNKRTQVFPPGIV
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10.2.2 Polyomavirus JC-VP1 (NCBI: AAA82101)

1 | MAPTKRKGERKDPVQ 45 | VOSQVMNTEHKAYLD
2 | KRKGERKDPVQVPKL 46 | VMNTEHKAYLDKNKA
3 | ERKDPVQVPKLLIRG 47 | EHKAYLDKNKAYPVE
4 | PVQVPKLLIRGGVEV 48 | YLDKNKAYPVECWVP
5 | PKLLIRGGVEVLEVK 49 | NKAYPVECWVPDPTR
6 | IRGGVEVLEVKTGVD 50 | PVECWVPDPTRNENT
7 | VEVLEVKTGVDSITE 51 | WVPDPTRNENTRYFG
8 | EVKTGVDSITEVECF 52 | PTRNENTRYFGTLTG
9 | GVDSITEVECFLTPE 53 | ENTRYFGTLTGGENV
10 | ITEVECFLTPEMGDP 54 | YFGTLTGGENVPPVL
11 | ECFLTPEMGDPDEHL 55 | LTGGENVPPVLHITN
12 | TPEMGDPDEHLRGEFS 56 | ENVPPVLHITNTATT
13 | GDPDEHLRGFSKSIS 57 | PVLHITNTATTVLLD
14 | EHLRGFSKSISISDT 58 | ITNTATTVLLDEFGV
15 | GFSKSISISDTFESD 59 | ATTVLLDEFGVGPLC
16 | SISISDTFESDSPNR 60 | LLDEFGVGPLCKGDN
17 | SDTFESDSPNRDMLP 61 | FGVGPLCKGDNLYLS
18 | ESDSPNRDMLPCYSV 62 | PLCKGDNLYLSAVDV
19 | PNRDMLPCYSVARIP 63 | GDNLYLSAVDVCGMF
20 | MLPCYSVARIPLPNL 64 | YLSAVDVCGMFTNRS
21 | YSVARIPLPNLNEDL 65 | VDVCGMFTNRSGSQQ
22 | RIPLPNLNEDLTCGN 66 | GMFTNRSGSQQWRGL
23 | PNLNEDLTCGNILMW 67 | NRSGSQQWRGLSRYF
24 | EDLTCGNILMWEAVT 68 | SQQWRGLSRYFKVQL
25 | CGNILMWEAVTLKTE 69 | RGLSRYFKVQLRKRR
26 | LMWEAVTLKTEVIGV 70 | RYFKVQLRKRRVKNP
27 | AVITLKTEVIGVTSLM 71 | VQLRKRRVKNPYPIS
28 | KTEVIGVTSLMNVHS 72 | KRRVKNPYPISFLLT
29 | IGVTSLMNVHSNGQA 73 | KNPYPISFLLTDLIN
30 | SLMNVHSNGQATHDN 74 | PISFLLTDLINRRTP
31 | VHSNGQATHDNGAGK 75 | LLTDLINRRTPRVDG
32 | GQATHDNGAGKPVQG 76 | LINRRTPRVDGQPMY
33 | HDNGAGKPVQGTSFH 77 | RTPRVDGQPMYGMDA
34 | AGKPVQGTSFHFFSV 78 | VDGQPMYGMDAQVEE
35 | VQGTSFHFFSVGGEA 79 | PMYGMDAQVEEVRVF
36 | SFHFFSVGGEALELQ 80 | MDAQVEEVRVFEGTE
37 | FSVGGEALELQGVLF 81 | VEEVRVFEGTEELPG
38 | GEALELQGVLENYRT 82 | RVFEGTEELPGDPDM
39 | ELOGVLFNYRTKYPD 83 | GTEELPGDPDMMRYV
40 | VLENYRTKYPDGTIF 84 | LPGDPDMMRYVDKYG
41 | YRTKYPDGTIFPKNA 85 | PDMMRYVDKYGQLQT
42 | YPDGTIFPKNATVQS 86 | RYVDKYGQLQTKML
43 | TIFPKNATVQSQVMN

i
i

KNATVQSQVMNTEHK
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10.2.3 Polyomavirus JC-Agnoprotein (NCBI: AAA82098)

1 | MVLRQLSRKASVKVS
2 | LSRKASVKVSKTWS

3 | KASVKVSKTWSGTKK
4 | KVSKTWSGTKKRAQR
5 | TWSGTKKRAQRILIF

6 | TKKRAQRILIFLLEF

7 | AQRILIFLLEFLLDF

8 | LIFLLEFLLDFCTGE

9 | LEFLLDFCTGEDSVD
10 | LDFCTGEDSVDGKKR
11 | TGEDSVDGKKRQRHS
12 | SVDGKKRQRHSGLTE
13 | KKRQRHSGLTEQTYS
14 | RHSGLTEQTYSALPE
15 | LTEQTYSALPEPKAT
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10.3 PEPTIDE LIBRARY CMYV AD169 STRAIN

10.3.1 CMV-pp65 (NCBI: DAA00112)

1 | MESRGRRCPEMISVL | 47 | AFVFPTKDVALRHVV | 93 | FTSQYRIQGKLEYRH
2 | GRRCPEMISVLGPIS 48 | PTKDVALRHVVCAHE | 94 | YRIQGKLEYRHTWDR
3 | PEMISVLGPISGHVL 49 | VALRHVVCAHELVCS | 95 | GKLEYRHTWDRHDEG
4 | SVLGPISGHVLKAVF | 50 | HVVCAHELVCSMENT | 96 | YRHTWDRHDEGAAQG
5 | PISGHVLKAVFSRGD | 51 | AHELVCSMENTRATK | 97 | WDRHDEGAAQGDDDV
6 | HVLKAVFSRGDTPVL | 52 | VCSMENTRATKMQVI | 98 | DEGAAQGDDDVWTSG
7 | AVFSRGDTPVLPHET | 53 | ENTRATKMQVIGDQY | 99 | AQGDDDVWTSGSDSD
8 | RGDTPVLPHETRLLQ | 54 | ATKMQVIGDQYVKVY | 100 | DDVWTSGSDSDEELV
9 | PVLPHETRLLQTGIH 55 | VIGDQYVKVYLESF 101 | TSGSDSDEELVTTER
10 | HETRLLQTGIHVRVS | 56 | DQYVKVYLESFCEDV | 102 | DSDEELVTTERKTPR
11 | LLQTGIHVRVSQPSL | 57 | KVYLESFCEDVPSGK | 103 | ELVTTERKTPRVTGG
12 | GIHVRVSQPSLILVS 58 | ESFCEDVPSGKLFMH | 104 | TERKTPRVTGGGAMA
13 | RVSQPSLILVSQYTP 59 | EDVPSGKLFMHVTLG | 105 | TPRVTGGGAMAGAST
14 | PSLILVSQYTPDSTP 60 | SGKLFMHVTLGSDVE | 106 | TGGGAMAGASTSAGR
15 | LVSQYTPDSTPCHRG | 61 | FMHVTLGSDVEEDLT | 107 | AMAGASTSAGRKRKS
16 | YTPDSTPCHRGDNQL | 62 | TLGSDVEEDLTMTRN | 108 | ASTSAGRKRKSASSA
17 | STPCHRGDNQLQVQH | 63 | DVEEDLTMTRNPQPF | 109 | AGRKRKSASSATACT
18 | HRGDNQLQVQHTYFT | 64 | DLTMTRNPQPFMRPH | 110 | RKSASSATACTSGVM
19 | NQLQVQHTYFTGSEV | 65 | TRNPQPFMRPHERNG | 111 | SSATACTSGVMTRGR
20 | VQHTYFTGSEVENVS | 66 | PEMRPHERNGFTVL 112 | ACTSGVMTRGRLKAE
21 | YFTGSEVENVSVNVH | 67 | RPHERNGFTVLCPKN | 113 | GUMTRGRLKAESTVA
22 | SEVENVSVNVHNPTG | 68 | RNGFTVLCPKNMIIK | 114 | RGRLKAESTVAPEED
23 | NVSVNVHNPTGRSIC | 69 | TVLCPKNMIIKPGKI 115 | KAESTVAPEEDTDED
24 | NVHNPTGRSICPSQE | 70 | PKNMIIKPGKISHIM 116 | TVAPEEDTDEDSDNE
25 | PTGRSICPSQEPMSI 71 | IKPGKISHIMLDVA 117 | EEDTDEDSDNEIHNP
26 | SICPSQEPMSIYVYA 72 | GKISHIMLDVAFTSH | 118 | DEDSDNEIHNPAVFT
27 | SQEPMSIYVYALPLK | 73 | HIMLDVAFTSHEHFG | 119 | DNEIHNPAVFTWPPW
28 | MSIYVYALPLKMLNI | 74 | DVAFTSHEHFGLLCP | 120 | HNPAVFTWPPWQAGI
29 | VYALPLKMLNIPSIN 75 | TSHEHFGLLCPKSIP 121 | VFTWPPWQAGILARN
30 | PLKMLNIPSINVHHY | 76 | HFGLLCPKSIPGLSI 122 | PPWQAGILARNLVPM
31 | LNIPSINVHHYPSAA 77 | LCPKSIPGLSISGNL 123 | AGILARNLVPMVATV
32 | SINVHHYPSAAERKH | 78 | SIPGLSISGNLLMNG 124 | ARNLVPMVATVQGQN
33 | HHYPSAAERKHRHLP | 79 | LSISGNLLMNGQQIF | 125 | VPMVATVQGQNLKYQ
34 | SAAERKHRHLPVADA | 80 | GNLLMNGQQIFLEVQ | 126 | ATVQGQNLKYQEFFW
35 | RKHRHLPVADAVIHA | 81 | MNGQQIFLEVQAIRE | 127 | GQNLKYQEFFWDAND
36 | HLPVADAVIHASGKQ | 82 | IFLEVQAIRETVEL 128 | KYQEFFWDANDIYRI
37 | ADAVIHASGKQMWQA | 83 | EVQAIRETVELRQYD | 129 | FFWDANDIYRIFAEL
38 | IHASGKQMWQARLTV | 84 | IRETVELRQYDPVAA | 130 | ANDIYRIFAELEGVW
39 | GKQMWQARLTVSGLA | 85 | VELRQYDPVAALFFF | 131 | YRIFAELEGVWQPAA
40 | WQARLTVSGLAWTRQ | 86 | YDPVAALFFFDIDL 132 | AELEGVWQPAAQPKR
41 | LTVSGLAWTRQQNQW | 87 | VAALFFFDIDLLLQR | 133 | GVWQPAAQPKRRRHR
42 | GLAWTRQQNQWKEPD | 88 | FFFDIDLLLQRGPQY | 134 | PAAQPKRRRHRQDAL
43 | TRQQNQWKEPDVYYT | 89 | IDLLLQRGPQYSEHP | 135 | PKRRRHRQDALPGPC
44 | NQWKEPDVYYTSAFV | 90 | LQRGPQYSEHPTFTS | 136 | RHRQDALPGPCIAST
45 | EPDVYYTSAFVFPTK | 91 | PQYSEHPTFTSQYRI 137 | DALPGPCIASTPKKH
46 | YYTSAFVFPTKDVAL | 92 | EHPTFTSQYRIQGKL | 138 | GPCIASTPKKHRG
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10.4 USEFUL LINKS

10.4.1 Swisstransplant
www.swisstransplant.org

10.4.2 National Center for Biotechnology Information (NCBI)
www.ncbi.nlm.nih.gov

10.4.3 Database for Peptide Motifs
www.syfpeithi.de
www-bimas.cit.nih.gov/molbio/hla_bind
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