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FOREWORD 

Science never solves apr oblem without creating ten more 
Geor ge Bernard Shaw 

How prophetic the above words prove to be when applied to the advances of 
20th century medicine. Prior to Banting and Best, chnicians were unaware of the 
ravages of diabetes, patients simply wasted away and died. Following the purifica
tion of insulin, clinicians now had to deal with diabetic retinopathy, diabetic neph
ropathy and all the other complications of long-term diabetes. A little over 50 years 
ago, the first successful human kidney transplant was performed in Boston. The 
first 30 years of the experience had successes when compared to the alternative but 
were a constant struggle to get even 50% of the grafts from deceased donors to 
survive more than a year. However, the science continued to advance knowledge of 
the immune response. With this came more and increasingly powerful tools for the 
clinician. Suddenly, success rates of 80-90% at one year were attainable. With this 
success came new problems, new complications and clinicians now had to worry 
about the long-term consequences of their therapy as patients were surviving with 
functional grafts for extended periods. A particular infectious complication evolved 
with the application of ever more powerful immunosuppressant drugs. 

Astute clinicians noted that occasionally cellular rejections seemed to get worse 
with steroids. Despite their best efforts and the use of powerful drugs, patients lost 
their grafts to overwhelming interstitial infiltrates not seen before. In the mid-1990s, 
investigators reported series of patients with BK nephropathy due to emergence of 
polyomavirus reactivation in the kidney. Polyomaviruses had been previously de
scribed and had been known to cause disease in immunocompromised hosts. These 
had included CNS disease due to the JC virus, association of cancer with members 
of the Polyoma family particularly JC and SV40, and hemorrhagic cystitis. How
ever, the newly recognized entity of BK nephropathy began to reach epidemic pro
portions with some centers reporting infections in the 15-20% range. This was clearly 
a complication of powerful immunosuppressive drugs and sparked a renewed inter
est in the study of all members of this virus family. 

This book is a compilation of that research explosion. The contributors have 
done a great service by compiling in one place the most complete collection of 
knowledge regarding the polyomaviruses. The clinical aspects of the disease af
fecting kidney transplant recipients including detection, diagnosis, monitoring and 



treatment are laid out for the reader in a rational and readable manner. Polyoma 
virus interaction with the central nervous system as well as their association with 
malignancy is covered as well. A compilation of the basic science aspects of this 
family of viruses is gathered in one place for the first time. This work should 
serve those interested in these viruses and the diseases caused by them. Under
standing all aspects of a disease is the first step in conquering it. Many in the field 
of transplantation and virology should find this book useful in future endeavors 
and as with any good text, it should serve as a guide and as an inspiration to those 
who follow. 

Thomas A. Gonwa, M.D., FACP 



PREFACE 

"Life is short; art is long; opportunity fugitive; experience delusive; judgment 
difficult. It is the duty of the physician not only to do that which immediately belongs 
to him, but likewise to secure the cooperation of the sick, of those who are in atten
dance, and of all the external agents." 

Oenopieles Hippocrates 

What prompted this book was a seeming imbalance, between advancements 
made in science and what appears to be known generally. We admit that only mod
est progress has been made in understanding many infectious diseases such as those 
caused by polyomavirus. In studying infectious diseases around the world, one ends 
by regarding them as biological individuals, which have survived centuries, span
ning human generations. Polyomavirus lends itself to such treatment because of its 
life cycles in the animal (human) worlds, the salient facts of which have all been 
elucidated within the last 30 years. However, the means of diagnosis and treatment 
of this virus have become, if not perfect, at least somewhat effective, and they de
serve as full an explication as possible. 

Many valuable monographs we possess, and even volumes of admirable papers 
have been published on this virus, but the former are so scattered as to be out of 
reach for a great number of interested readers, and the latter so academically de
tailed as to be unsuitable except for basic scientists. Why, then, not write a succinct 
manual of practice, limited to the main theme of clinical care? Ah, but an explosion 
of information in this field mandates both a far-reaching scope of coverage and in-
depth analysis to present the complete and current picture. To meet these objectives, 
this book has been arranged to contain an ample outline of the history, pathology, 
symptoms, and treatment of diseases induced by human polyomavirus, without any 
detail of controversies or conflicting opinions. The use of multiple authors was es
sential to ensure the all-inclusive nature of this text. Many of these authors are pio
neers in the field, and all have extensive experience studying or treating this vims. 
Because it is comprehensive, this book has broad applications for a variety of read
ers, including medical students, virologists, pathologists, and transplant specialists, 
as well as patients. 

The book is divided into four sections covering the entirety of polyomaviruses 
from basic science considerations to clinical implications. The first section begins 
with a general discussion of the virus including immunology, epidemiology, and 



molecular and experimental virology. Due to increasing interests in the diseases 
caused by Polyoma-BK vims in transplant recipients, an entire second section ex
plores transplant-related pathobiology, histopathology, diagnosis, management, and 
pharmacotherapy. The third section discusses the afflictions and diseases caused by 
Polyoma-JC virus, particularly that of the central nervous system. The fourth sec
tion deals with neoplastic associations of polyomaviruses. 

From the sketch just given, it is evident that the book has no higher goal than 
that of a compilation, with the addition of whatever information the distinguished 
authors may have from some of their own work. A few who read our book may be 
attracted to study the diseases that are caused by the polyomaviruses. Altogether it 
is earnestly hoped that the information contained in this book may be found useful, 
facilitating future research in this field. 

We wish, as well, to recognize and honor the careers of several friends and 
colleagues who contributed unstintingly to research in the field of polyomavirus. To 
that end, the authors and editors have done what they can do, and tried to present the 
views and experiments of everyone, as best as they could. If any mistakes have 
occurred, and in a work like the present it is very possible, I shall thankfully receive 
notification of such errors, and shall take the earliest opportunity to correct them. If 
any apology be necessary for the publication of the following work, the editor ac
cepts responsibility. Our book will be an agent of change and betterment. Even the 
best books have only a small effect on what people do. If our work benefits patients 
and draws investigators into our field, we are satisfied. That will be enough. 

Nasimul Ahsan, M.D., FACP 
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CHAPTER 1 

Poiyomaviruses and Human Diseases 
Nasimul Ahsan and Keerti V. Shah 

Abstract 

Poiyomaviruses are small, nonenveloped DNA viruses, which are widespread in nature. In 
immunocompetent hosts, the viruses remain latent after primary infection. With few 
exceptions, illnesses associated with these viruses occur in times of immune compromise, 

especially in conditions that bring about T cell deficiency. The human poiyomaviruses BKV 
and JCV are known to cause, respectively, hemorrhagic cystitis in recipients of bone marrow 
transplantation and progressive multifocal leukoencephalopathy in immunocompromised 
patients, for example, by HIV infection. Recendy, transplant nephropathy due to BKV infection 
has been increasingly recognized as the cause for renal allograft failure. Quantitation of 
polyomavirus DNA in the blood, cerebrospinal fluid, and urine, identification of virus laden 
"decoy cells" in urine, and histopathologic demonstration of viral inclusions in the brain 
parenchyma and renal tubules are the applicable diagnostic methods. Genomic sequences of 
poiyomaviruses have been reported to be associated with various neoplastic disorders and 
autoimmune conditions. While various antiviral agents have been tried to treat 
polyomavirus-related illnesses, current management aims at the modification and/or improve
ment in the hosts' immune status. In this chapter, we provide an overview of poiyomaviruses 
and briefly introduce its association with human diseases, which will be covered extensively in 
other chapters by experts in the field. 

History 
The poiyomaviruses and papillomaviruses were previously considered subfamilies of the 

family Papovaviridae, which derived its name from three of its members: rabbit papilloma 
virus, mouse polyomavirus, and simian vacuolating agent or simian virus 40 (SV 40). Recendy, 
the International Committee on Taxonomy of Viruses has recognized poiyomaviruses and 
papillomaviruses as independent virus families. Immunologically and genetically, viruses of 
these two families are unrelated and also have different biological characteristics. Thirteen 
members of the family Polyomaviridae have been identified, which includes two human patho
gens, JC virus (JCV) and BK virus (BKV), both of which were first isolated in 1971 from 
immunocompromised patients. Padgett et al̂  isolated and partially characterized JCV from 
the brain of a patient (with the initials J.C.) with Hodgkins lymphoma who died of progressive 
multifocal leukoencephalopathy (PML), a demyelinating disorder of the central nervous 
system (CNS). Prior to this discovery, a virus was suspected in the etiology of PML as early as 
1958; in 1969 electron microscopy of PML tissue showed viral particles in the nucleus of the 
infected oligodendrocytes, which were structurally identical to polyoma virion. Gardner et al"̂  
isolated BKV from the urine of a Sudanese renal transplant patient (with the initials B.K.) who 
developed ureteral stenosis and was shedding inclusion-bearing epithelial cells in his urine. 
Initial electron microscopy demonstrated viral particles in the urine. Inoculation of the urine 
into rhesus monkey kidney cells and human embryonic kidney cells produced viral cytopathic 
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Table 1. Polyomaviruses and their natural hosts ̂  

Host Virus Characteristics 

Human 

Monkey 

Cattle^ 

Rabbit 

Hamster 

Mouse 

BK virus (BKV) 

JC virus UCV) 

Simian virus 
40(SV40) 

Simian agent 
12(SA-12) 

Lymphotropic 
papovavirus (LPV) 

Cynomolgus 
polyoma virus (CPV) 

Bovine polyoma 
Virus (BpyV) 

Rabbit kidney vacu
olating Virus (RKV) 

Hamster papovavirus 
(HaPV) 

Mouse polyoma virus 

K virus 

Athymic rat Rat polyomavirus 

Parakeet Budgerigar fledging 
disease virus (BFDV) 

Early childhood infection; persists in renal epithelium 
and lymphocytes; causes nephropathy and ureteritis in 
immunocompromised hosts 

Late childhood infection; persists in renal epithelium, 
lymphocytes, and brain; causes PML in 
immunocompromised hosts 

Infects Asian macaques; persists in kidney; causes 
PML-like disease in immunocompromised animals 

Infects African baboons 

Multiplies in B lymphoblasts of African green monkeys 

Infects Cynomolgus monkeys; persists in renal 
epithelium and lymphocytes; causes nephropathy and 
ureteritis in immunocompromised hosts, similar to BKV 
nephropathy in humans 

Infects cattle; persists in kidney 

Infects cottontail rabbits 

Produces cutaneous tumors in hamsters 

Natural infection of wild mice and may infect laboratory 
mouse colonies; persists in kidneys 

Infects pulmonary epithelium of mice 

Affects parotid gland 

Produces acute fatal illness in fledgling budgerigars 

^ Modified from reference 5. A virus initially described as originating from stump-tailed macaques 
was subsequently identified as bovine polyomavirus 

effects. The initial BKV isolate is known as the Gardner strain. In 1960, Sweet and Hilleman 
identified simian virus 40 (SV 40) which has rhesus macaques as the natural host.^ Due to its 
ability to grow and induce characteristic cytopathic effect of cell vacuolization in African 
monkey kidney cells, SV 40 was initially designated as "vacuolating agent". In the late 1950s 
and early 1960s, millions of people were inadvertendy exposed to SV 40 due to administration 
of SV 40-contaminated Salk polio vaccines, but this appeared to have insignificant clinical 
consequences. Shordy, after its discovery, SV 40 was found to induce tumors in animals and 
to transform a variety of cell types from different species and has been periodically described to 
be associated with several human tumors. 

Pofyotnavirus 
Distributed widely in nature, polyomaviruses have been isolated from many species including 

humans (Table 1). They are exquisitely adapted to grow in the species they infect and have 
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Table 2. Polyomavirus proteins ̂  

Protein/ 
Region 

Molecular 
Weight 

No of 
Amino Acids 
JCV/BKV 

Sequence Homology 
Shared with ICV'* 
BKV SV40 Function 

Early coding 
Large T 79,305 688/695 83 72 Initiates viral repli cation; 

stimulates host DNA 
synthesis; modulates early 
and late transcription; 
establishes and maintains 
host transformation 

Small T 

Late coding 
VP1 

VP2 

VP3 

Agnoprotein 

20,236 

39,606 

37,366 

25,743 

8,081 

1 72/1 72 

354/362 

344/351 

225/232 

71/66 

78 

78 

79 

75 

59 

67 

75 

72 

66 

46 

Facilitates viral DNA 
replication 

Major capsid protein; 
forms viral ichosahedron, 
enables entry,mediates 
hemagglutination 

Minor capsid protein 

Minor capsid protein; 
subset of VP2 

Facilitates capsid assembly 

^ Modified from reference 5. Percent amino acids. Molecular weight and number of amino acids of 
JCV proteins deduced from nucleotide data. In addition to large T and small T, a middle T antigen is 
coded for by mouse polyomavirus and hamster papovavirus. 

probably coevolved with their hosts. Each polyomavirus infects only one or a group of closely 
related species. 

Viral Structure and Genome 
Polyomaviruses have the following properties: small size of the virion (diameter 40-45 nm), 

naked icosahedral capsid, superhelical double-strand circular DNA genome of molecular weight 
3.2 X 10 , shared nucleotide sequences with other polyomaviruses, and nuclear site of 
multiplication. The nonenveloped virion has icosahedral symmetry and 72 pentameric 
capsomers. The virion is made up of protein (88%) and a single copy of a circular double-stranded 
DNA molecule (12%), which has about 5,300 base pairs. BKV, JCV, and SV40 display a high 
degree of nucleotide sequence homology. Overall, the JCV genome shares 75% of the sequences 
with the BKV genome and 69% of the sequences with the SV40 genome.^' 

The virus-coded proteins of polyomaviruses are listed in Table 2. BKV and JCV have both 
species-specific and cross-reactive antigenic determinants. The viral genome is functionally 
divided into (i) a noncoding control region (NCCR) (0.4 kb), (ii) an early coding region (2.4 
kb), which codes for tumors antigens: large T (T-ag), middle T (in mouse and hamster viruses), 
and small T (t-ag), and (iii) a late coding region (2.3 kb), which codes for viral capsid proteins 
VPl, VP2, and VP3 and agnoprotein. The NCCR is located between the early and late regions 
and contains the T-ag binding sites. It contains (i) the origin of DNA replication (ori) and (ii) 
the regulatory regions for early and late transcription. The sequence blocks in NCCR are arbi
trarily referred to by the alphabetical designations P, Q, R, and S. These blocks serve as regula
tory regions, or enhancer elements, and contain several transcription factor binding sites, which 
putatively modulate viral transcription.'^' Naturally occurring SV40, BKV and JCV strains in 
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the kidney and urine usually have an archetypal regulatory region. By contrast, JCV found in 
the brain tissue of PML usually shows a variety of point mutations, deletions, and duplications 
on the late side of ^n.^^'^^ 

The early and late coding regions are transcribed from different strands of the DNA mol
ecule and the direction of early and late transcription is divergent, with opposite strands 
participating in these processes, starting from the origin of replication. T-ag is a multifunaional 
protein with helicase activity and distinct ability to bind host cell regulatory proteins. T-ag 
controls both viral DNA replication, and early and late gene transcription, and interferes with 
host cell transcription factors. ^ During replication, viral DNA associates with host cell 
his tones H2A, H2B, H3, and H4 to form mini viral chromosomes, which are structurally 
indistinguishable from host cell chromatin. ̂ '̂̂ ^ Each pen tamer of the viral icosahedron 
consists of five VPl molecules and one molecule ofVP2 or VP3. VPl (molecular mass 39,600) 
is the major capsid protein and accounts for more than 70% of the virion protein mass. It 
mediates viral attachment to the receptors on susceptible cells and contains epitopes for 
neutralization, hemagglutination inhibition, and other virus-specific and shared immunologic 
determinants. VP2 (37,300) and VP3 (25,700) are minor capsid proteins.̂ '̂*^^ JCV agnoprotein 
consists of 71 amino acid residues, with molecular weight of approximately 8 kDa. Agnoprotein 
differs from all other early and late proteins in that it localizes primarily in the cytoplasmic and 
perinuclear regions of the infected cell. Unlike viral capsid proteins, it is not detectable in the 
virion and its intracellular distribution has led to the suggestion that agnoprotein may promote 
release of virion from the cell. Agnoprotein also plays a role in the stability of microtubules and 
preservation of the infected cell via interaction with tubulin. BKV and JCV share a large umber 
of amino acids, ranging from 59% (agnoprotein) to 83% (T-ag). A greater homology exists 
between JCV and BKV than between JCV and SV AO}^'^"^ 

Isolation and Propagation 
BKV can be propagated in human epithelial cells and fibroblasts. For isolation of BKV, 

human embryonic kidney (HEK) cells, diploid lung fibroblasts, and urothelial cells are suitable.'̂  
During the course of infection cytopathic effects typical of polyomavirus infections (rounding 
of cells containing cytoplasmic vacuoles) and formation of BKV plaques on HEK monolayers 
may take several weeks, whereas BKV-T antigen may be detected in infected cultures in 1 or 2 
days. ^ In the case of JCV, primary human fetal glial (PHFG) cells are the most sensitive tissue 
cidture system for isolation and propagation.^^ Human fetal Schwann cells^^ and astrocytes'^ 
also support JCV multiplication. Other cell types, which allow isolation of JCV, are urothelial 
cells, human amnion, adult brain, and HEK cells. Both BKV and JCV have been shown to 
produce plaques in HEK cells and can also be assayed by scoring for cytopathic effect in end-point 
titrations in tissue culture tubes. Because both BKV and JCV agglutinate human red blood 
cells of O blood type, hemagglutination can be used as a laboratory assay for quantifying virus. 
Both polyclonal and monoclonal antibodies to the viral T or capsid proteins are used in 
immunocytochemistry assays to follow the stages of BKV and JCV infection. 

Life Cycle 
Depending on the host cell, polyomaviruses cause either permissive (host of origin, when 

all viral genes are expressed) or nonpermissive (host unrelated to species of origin) infections. 
All polyomaviruses multiply in the nucleus and during permissive infection the viruses cause 
characteristic, often pathognomonic, nuclear changes and result in cell death. Urothelial cells 
infected with BKV or JCV, oligodendrocytes infected with JCV, and mouse pulmonary 
endothelial cells infected with the mouse K virus display similar nuclear abnormalities and may 
result, in renal tubulo-interstitial changes, ureteral obstruction and tubular injury, PML, 
and pneumonia, respectively. BKV and JCV also undergo nonpermissive infection when only 
the viral T-ag and t-ag are made, resulting in cell transformation in tissue culture of rodent 
cells. In case of BKV, transformed cells exhibit BKV-T antigen and contain multiple copies of 
BKV-DNA. BKV-DNA is integrated into the host cell genome in rodent cells, but in human 
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cells, it may remain as free unintegrated copies.^^'^^ The transformed cells can induce tumors 
in the appropriate animal hosts. Both BKV and JCV can also induce clastogenic events in 
infected cells, resulting in chromosomal damage, translocations, and unstable multicentric 
chromosomes leading to further DNA damage and ultimately cell transformation and cell death. ̂ ^ 

Pathogenesis and Pathology 
BKV and JCV do not naturally infect any species other than humans. The host range and 

tissue specificity of polyomaviruses are determined by an interaction of cellular and viral faaors. 
There are also significant differences between BKV and JCV with respect to their biological 
behavior and disease potential. When inoculated into a wide variety of laboratory animals, 
BKV and JCV produce serologic response and sometimes tumors, but do not result in infeaions 
similar to that seen in humans. Although BKV and JCV are latent in the kidney and are 
reactivated in immunosuppressed states, only JCV infects the CNS and produces PML. In 
renal transplant recipients and in pregnant women, both BKV and JCV are reactivated 
frequendy and are excreted in the urine; however, in bone marrow transplant recipients, BKV 
reactivation is far more frequent than JCV reactivation.^^' 

The pathogenesis of a polyomavirus infection involves the following sequence of events: 
(1) entry of virus into the body, (2) multiplication at the entry site, (3) viremia with trans
port of virus to the target organs, and (4) multiplication in the target organs. VPl interacts 
with specific receptors present on susceptible cells, mediates virion entry into the cell by 
endocytosis; virus is then transported to the nucleus, where it is uncoated. ^ BKV enters into 
the host cell via a (2-3)-linked sialic acids receptor. In case of JCV, an N-linked glycoprotein 
containing a (2-6) linked sialic acids receptor has been described on the surface of B cells 
and glial cells. JCV appears to enter cells by clathrin-dependent endocytosis. A 
caveolae-dependent endocytosis allows SV40 viral entry, which requires SV40 specific recep
tor comprising of MHC class I and O-linked proteins. ' After multiplication in the nucleus, 
virus reaches the target organs by the hematogenous route. The viral determinants that affect 
host range and tissue specificity of BKV and JCV are located in the enhancer/promoter 
elements in the regulatory regions ^ and the early regions of these viruses. ' With respect 
to BKV and JCV, the route of infection is not known. Recently, JCV DNA has been isolated 
from tonsillar stroma and in B-lymphocyte population within the tonsils. Using PCR tech
nique, JCV DNA is routinely identified in the peripheral blood of 5-40% of normal volun
teers and in brains of nearly all patients with PML. ^ While BKV is seldom recovered from 
the respiratory tract, the rapid acquisition of antibodies in the first few years of life is consis
tent with virus transmission by the respiratory route.^^ Although BKV-IgM in cord blood 
and BKV-DNA in fetal and placental tissues have been reported, there is controversy about 
the role of transplacental transmission of 

gj^5i-53 Other potential sources of BKV infec
tion are blood products, and renal allografts.^ ' Both JCV and BKV have also been identi
fied in other organs including heart, spleen, lung, colon, and liver. Primary infection may be 
accompanied by transient viruria and in the immunocompetent host, BKV and JCV persist 
indefinitely as latent infections.^ BKV and JCV also persist in the kidney and B-lymphocytes 
for an indefinite period of time.^^'^^ Reactivation of BKV and JCV in the urinary tract 
occurs under a wide variety of conditions, including (i) kidney and bone marrow transplan
tation, (ii) primary immunodeficiency diseases, (iii) immunotherapy for malignancy and 
other disorders, (iv) pregnancy, (v) chronic diseases e.g., diabetes, (vi) infection with human 
immunodeficiency virus, and (vii) old age. 

SV40-associated PML in a macaque colony and SV40-associated interstitial pneumonia 
and renal tubular necrosis in a rhesus macaque have been reported. ̂ '̂ In the animal with 
renal disease, abundant numbers of SV40 particles and large intranuclear inclusions were seen 
in the renal tubular epithelial cells. The disease was similar to BKV-induced tubulointerstitial 
nephritis, described in a child with an inherited immunodeficiency disease. SV40-associated 
PML occurred in immunosuppressed simian immunodeficiency virus (SrV)-infected rhesus 
macaques. 
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In a kidney transplant model, Gorder et al described a new polyomavirus (cynomolgus 
polyoma virus—CPV) from renal tubules of qrnomolgus monkeys (Macacafascicularis) treated 
with q^closporine and azathioprine. This virus has 84% DNA sequence homology to SV40. 
Most of the animals infected with polyomavirus developed lethargy, anorexia and had rising 
serum creatinine due to polyomavirus interstitial nephritis in the native kidney and/or the 
renal graft. In addition, several grafts had extensive rupture and destruction of collecting ducts 
and demonstrated endarteritis and focal hemorrhage indicative of active cellular rejection. None 
of the animals with detectable virus in the allograft had infections of the native kidney. In the 
renal graft, the peak frequency of infection was from day 21-48 after transplant and during this 
study, no particular association of polyomavirus with any of the immunosuppressive agents 
was evident. 

Clinical Features 

Primaiy Infection 
In healthy children, primary infection with BKV and JCV is rarely associated with clinical 

disease. In a prospective study, 11 out of GG children with respiratory illness demonstrated 
BKV seroconversion; seven of these children had mild respiratory disease and four were asymp
tomatic. BKV was isolated from the urine of one of the children showing seroconversion. 
Unintegrated BKV DNA was identified in the tonsillar tissue of five of 12 children with recurrent 
respiratory disease.^^ In immunocompromised children, primary BKV infection may cause 
cystitis or nephritis and primary JCV infection may lead to PML. Primary BKV infection may 
also present with encephalitis. Following primary infection viruses persist indefinitely as 
"latent" infections of the kidney. 

Silent Viruria 
BKV can be reactivated after many years, usually by states of acquired (cell-mediated) 

immunosuppression: pregnancy, HIV, neoplasm, systemic lupus erythematosus, nephrotic 
syndrome, bone marrow, and organ transplantation. Twenty per cent of immunocompetent 
patients are found to have JC viruria; in this situation whether viral shedding represents 
reactivation or new infection remains unclear. 

Pregnancy 
Approximately 3.2% of pregnant women during second (late) and third trimesters show 

cytologic evidence of BKV and JCV excretion in urine. In tests of paired sera spanning 
pregnancy, a rise in antibody titers to BKV or JCV was found in 14% of the women. The 
viral reactivation may be induced by hormonal changes and shedding continues intermittently 
through the pregnancy until the postpartum period. While controversy exists about 
trans-placental transmission to fetus, viral excretion does not appear to be associated with any 
ill effect to the mother. 

Systemic Lupus Erythematosus (SLE) 
The prevalence of BKV genome is significantly higher than JCV in the serum of patients 

with SLE. Christie et al observed that rabbits inoculated with BKV particles produced 
antibodies directed to both viral structural protein and host histones. It has been suggested that 
BKV infection may contribute to the development of SLE as supported by the findings that 
patients with BKV infection with expression of large T-ag develop anti-DNA antibodies and 
anti-BKV antibodies have some cross reactivity with DNA.^^ Indeed, using PCR, Sundsfjord 
et al have identified BKV genomic sequences in 16% of 44 patients with SLE. In another 
study, 80% (16/20) of SLE patients showed at least one or several episodes of BKV (12 
patients) or JCV (4 patients) reactivation, while control group did not have any viral replica
tion.̂ "^ Similarly, several other investigators reported that reactivation of polyomavirus in 
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patients with auto-immune diseases including SLE7^ '^ In these reports, observed viruria was 
found to be independent of immunosuppressive therapy suggesting that an unknown inherent 
immunologic defect in SLE patients might be the contributing factor. In this book, Rekvig and 
colleagues have discussed the association between polyomavirus and auto-immunity in great 
detail in a subsequent chapter. 

HIV Disease and Polyomavirus 
The major polyomavirus associated disease in HIV infected patients is JCV mediated 

PML {vide infra) which occurs in about 1.6% of the cases. The role of polyomavirus infec
tion in kidneys was examined in a retrospective study using immunohistochemistry for T-ag 
and PCR.^^ Multifocal polyomavirus replication was diagnosed in 6.3% (7/111) of the pa
tients. Cytopathic changes of limited necrosis, interstitial infiltrates, and intratubular casts 
were noted. Surprisingly, JCV genomes were identified in five of these seven patients. Several 
studies have demonstrated that 20-30% of patients with HIV disease also excrete BKV in 
the urine without any symptom. The frequency of BK viruria increases with decreasing 
CD4 count when the prevalence of BKV shedding increases from 4-8% to 27-51% when 
CD4 counts fall below 200/|LlL.̂ '̂̂ '̂̂ ^ Despite frequent reactivation in AIDS, clinical mani
festations BKV are rare. In patients with AIDS, BKV has been reported to cause fatal 
tubulointerstitial nephropathy, disseminated pulmonary infection, retinitis, and meningoen
cephalitis. ' ' Others have reported hemorrhagic cystitis similar to that observed in bone 
marrow transplant recipients.^^' 

Renal Transplant Recipients—Polyomavirus-Associated Nephropathy 
Infections in renal transplant recipients have been studied by several investigators^^'^^ 

and have been frequently reviewed.^ '̂ ^^ In a multicenter serologic study of nearly 500 
renal allograft recipients in the United States, BKV and JCV infections occurred, in 22% 
and 11% of the patients, respectively.^^ Coexistence of SV40 infection has also been de
scribed.^^ Virus shedding in urine of renal transplant recipients has been monitored by a 
variety of techniques, including urinary cytology, immunoassay, electron microscopy, virus 
isolation, ELISA assays, nucleic acid hybridization, and PCR. In prospective studies, 
25-44% of renal transplant patients excrete virus in their urine in the posttransplant pe
riod. The duration of excretion ranges widely, from transient viruria to excretion over sev
eral weeks or several months. The kidney of a seropositive donor may initiate infections in 
the recipient. Infections may be either reactivations or primary infections affecting up to 
5% of renal allograft recipients in about 40 weeks (range 6-150) post-transplantation. More 
than 50% of the patients show serologic evidence of infection with the virus. Persistent 
BKV infections have been associated with irreversible graft loss in more than 50% of the 
cases over 12-240 weeks of follow-up. The infections appear to be responsible for 
some of the cases of ureteral obstruction. ̂ ^̂ '̂ '̂ ^ Risk factors include treatment of rejection 
episodes and increasing viral replication under potent immunosuppressive drugs such as 
tacrolimus, sirolimus, or mycophenolate mofetil.^'^' -^^'i^i'^^s ^ j ^ ^ histological presenta
tion of BKV nephropathy has been described recently^^' '̂ ^ (Fig. 1). Cytopathic changes 
in renal tubules reflecting viral multiplication consist of enlarged nuclei with smudgy chro
matin, intranuclear inclusions, rounding and detachment. These have been classified into: 
(a) stage A: focal medullary involvement of tubular cells, (b) stage B: extensive renal in
volvement with multifocal or diffuse cytopathic alterations, necrosis, profound inflamma
tory response, and early fibrosis, and (c) stage C: characterized by interstitial fibrosis, scar
ring, and calcification.^^ BKV related vasculopathy, a new tropism, has been described 
recently, in which a fatal case of disseminated BBCV infection in a renal transplant recipient 
was associated with BKV multiplication in endothelial cells. In subsequent chapters, 
several authors have also discussed polyomavirus related infections particularly in the set
ting of organ transplantations. 
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# 

Figure 1. BKV nephropathy: A) Light microscopy of transplant kidney tissue: BKV laden renal tubular 
epithelial cells with intranuclear inclusion (hematoxylin-eosin stain, x 200). B) Urinary cytology showing 
BKV infected urothelial cell, so called "decoy cell". Note rounded nucleus with smudgy, glassy intra nuclear 
inclusion and margination of nuclear chromatin (Papanicolaou stain, x 400). 

Bone Marrow Transplantation and Hemorrhagic Cystitis 
Hemorrhagic cystitis (HC) is not an uncommon complication affecting more than 10% of 

the recipients of bone marrow transplantation (BMT).^^'^^^ Transient HC occurring in the 
first few days after transplantation usually represents drug toxicity. About one-half of the BMT 
patients shed BKV without any symptoms of HC in the posttransplant period, which is higher 
in recipients of allogeneic marrow. Late onset HC (2-12 weeks post-transplant) that lasts more 
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than 7 days is associated with BK viruria.^^ '̂̂ ^^ In one study, HC occurred four times more 
frequently in BKV excreters than in nonBKV excreters, and in these patients, BK viruria was 
associated with 16 out of 18 cases of HC. The onset and termination of BK viruria often 
coincided with the onset and termination of HC. BKV was recovered far more frequently in 
urine collected during the episodes of hemorrhagic cystitis (55%) than in urine collected in 
cystitis-free periods (8-11%). In another study, BK viruria in BMT recipients was associated 
with gross or microscopic hematuria but without evidence of clinical cystitis. 

JCY Related Disease—Progressive Multifocal Leukoencephalopathy 
Progressive multifocal leukoencephalopathy (PML) is a rare, subacute, demyelinating 

disease of the central nervous system (CNS) primarily affecting individuals who have impaired 
immunity. ̂ "̂̂ '̂ ^ PML, previously a disease of the fifth and sixth decades of life, is now recognized 
in younger patients. PML is recognized in as many as 3.8% of patients with AIDS who have 
neurologic abnormalities. ̂ ^̂ ' The disease was reported more frequently in those who were 
exposed to HIV by blood transfusion than in those in all other exposure categories. In addition 
to AIDS, PML also occurs in patients with (i) lymphoproliferative disorders, (ii) sarcoidosis 
and tuberciJosis, (iii) inherited primary immunodeficiency diseases, and (iv) in those under 
prolonged immunosuppression and chemotherapies. 

In PML, JCV causes a cytocidal infection of oligodendrocytes leading to demyelination. 
Neurons are unaffected and morphologic changes in JCV-T antigen containing astrocytes 
probably represent nonpermissive infection. The widespread and multifocal distribution of 
demyelination in PML suggests a hematogenous spread. JCV genome has also been isolated in 
B-lymphocytes of individuals previously infected with JCV.^^^ It has been proposed that 
during multiplication of JCV, infected B-lymphocytes transport the virus to the CNS and 
initiate PML.̂ ^^ Alternatively reactivation of JCV seeded in the brain during primary infection 
may also lead to PML as seen in older patients. 

The onset of the disease is insidious and may occur at any time during the course of the 
underlying condition. Early signs and symptoms point to multifocal, asymmetric lesions in the 
brain when patients present with impaired speech, vision, and mentation. As the disease 
progresses rapidly, paralysis, blindness, and sensory abnormalities develop. Death occurs within 
3-6 months after onset of symptoms. Lesions are usually localized in the cerebral hemispheres, 
cerebellum and brain stem and can be diagnosed by neuro-imaging studies (MRI or CT) of the 
brain.'^o 

Macroscopically, the PML brain shows widespread foci of demyelination of varying sizes 
(2-3 cm in diameter) distributed mainly in the subcortical white matter. In advanced cases, the 
lesions show central necrosis and cavitary changes. Histopathology demonstrates loss of myelin 
and presence of macrophages, reactive astrocytes, and enlarged oligodendrocytes containing 
basophilic or eosinophilic inclusion bodies. Greatly enlarged, bizarre, giant astrocytes with 
pleomorphic, hyperchromatic nuclei resembling the malignant astrocytes are additional findings. ̂  ^ 

Abundant amounts of JCV particles are often found in dense crystalline arrays in the 
altered oligodendrocyte nuclei. JCV in PML brains has been routinely identified by a variety of 
techniques, including (i) immune electron microscopy, (ii) immunofluorescence or 
immunoperoxidase tests, (iii) cultivation of virus, and (iv) Southern blot, in situ hybridization, 
or PCR. In PML brains, viral DNA is distributed more extensively than viral antigen and may 
be found in cytologically unaffected oligodendrocytes. In cases of PML, JCV is also found in 
the cerebrospinal fluid ^ and extraneural sites e.g., kidney, liver, lung, lymph node, and 
spleen. The amount of DNA in these tissues is significandy less than that in the brain. 

SV40 Related Disease 
Naturally occurring SV40, a polyomavirus of rhesus macaques was inadvertently entered 

into the human population through contaminated polio vaccines. Whether SV40 circulates 
in humans currendy is controversial. A large scale population based study in England reported 
that there was no serological evidence suggesting that SV40 entered the human population 
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during the past 40 years. In studies of urines from HIV seropositive and HIV seronegative 
individuals, almost 50% of specimens had BKV or JCV or both, but none had SV40. On 
the other hand, David et al̂  ^ found that 16% of peripheral blood lymphocytes from noncancer 
patients were positive for SV40 genome and SV40 DNA sequences were identified in PBMC 
and sperm of 25% and 40% of healthy volunteers, respectively. Li et al̂  have detected 
SV40 genome from PBMC and urinary cells and renal tissues from kidney diseases e.g., focal 
segmental glomerulosclerosis. These investigators have observed a considerable diversity in the 
regulatory region of human SV40 showing both archetypal and nonarchetypal regulatory 
regions. Recendy, Butel and colleagues found SV40 seropositivity in children in association 
with renal transplantation, and amplified SV40 genome from renal allograft:. 

Polyomaviruses and Human Malignancies 
Polyomavimses are oncogenic for laboratory animals and are capable of transforming 

human cells. ̂  '̂̂ ^̂  Tumors or tumor-derived cells have been examined for viral particles, viral 
T antigen, and viral genomes; moreover, sera from cancer patients have been screened for the 
presence of antibodies to capsid and T antigens. Genomic sequences of BKV, JCV and SV 40 
have been variably reported from a wide variety of human cancers including mesothelioma, 
pediatric and adult brain tumors, osteosarcoma, and nonHodgkin lymphomas.^ '̂̂  The 
significance of these observations is unclear. The possibilities being examined include (i) they 
are laboratory artifacts, (ii) they represent passenger viruses, and (iii) the infections contribute 
to the development of these cancers. A discussion of the association between polyomavirus and 
human malignancies can be found in several chapters in this book. 

Prevention and Control 
BKV and JCV infections are extremely common and are essentially harmless except when 

the host is immunologically impaired. Infection with BKV occurs at an earlier age than that 
with JCV. In the United States, antibodies to BKV are acquired by 50% of the children by the 
age of 3-4 years, whereas antibodies to JCV are acquired by 50% of the children by the age of 
10-14 years. The antibody prevalence to BKV reaches nearly 100% by the age of 10-11 years 
and then declines to around 70-80% in the older age groups. The antibody prevalence to 
JCV reaches a peak of about 75% by adult age. 

Primary infections with BKV and JCV in healthy children are rarely associated with illness. 
BKV seroconversion is associated with mild respiratory illness. Reactivations are brought about 
not only by significant immunosuppression, as in renal transplant recipients and HIV-infected 
individuals, but also by more subde factors, such as pregnancy, diabetes, and old age. There 
have been no attempts to devise strategies for the prevention and control of these infections. 

Serial monitoring of the BKV load in plasma and performing urinary cytology for BK viruria 
are helpftil in early diagnosis of BKV nephropathy. At this time, due to continued shortage of 
organs, discarding organs from BKV-seropositive donors is an unacceptable proposal. 

Diagnosis and Treatment 

BKV 
Cytomorphology of urinary epithelial cells is helpful as an indication of polyomavirus 

excretion in urine. '̂  -97,ii3,i65,i66 yjfus.infected epithelial cells are enlarged "decoy cells", 
and their nuclei contain a single, homogeneous, large, pale basophilic inclusion that may 
occupy the entire nuclear area. Polyomavirus-infected urinary cells should not be mistaken for 
cells infected with CMV, which are generally smaller, basophilic or eosinophilic, and surrounded 
by a halo and contains intracytoplasmic inclusions. The rough-textured nuclear chromatin of a 
malignant cell differs greatly from the structureless inclusion in a polyomavirus-infected cell. 
The cytologic findings by themselves are not definitive because they cannot distinguish 
between BBCV and JCV infections, and virus excretion in urine may occur without marked 
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cytologic abnormalities. The presence of virus in the blood and urine has been demonstrated 
by a variety of techniques, including (i) tissue culture, (ii) electron-microscopic, (iii) ELISA 
assays, (iv) Southern hybridization, and (v) polymerase chain reaction (PCR).̂ ^ '̂̂ ^" '̂̂ ^ '̂ ^^ 
Currently, PCR methodology is universally used for polyomavirus diagnosis. 

Although experience is limited, current management strategies aim at the judicious lowering, 
switching and discontinuation of the dosage of the immunosuppressive therapy to allow clear
ance of BKV. Individual case reports and reports from single centers support the view that early 
stages of BKV nephropadiy might be more readily reversible. «5'86.89.94,̂ 5t97,100,103,167,168 R ^ ^ ^ 
et al̂  reported their experience in G7 kidney transplant patients with BKV nephropathy. 52 
patients underwent decrease in immunosuppression and in 15 patients no intervention was 
made. There were 14 cases of nephropathy, in 15% of the reduction group and in 20% of the 
"no intervention" group. This difference was (not) statistically significant. In another report, 
renal graft loss was 10% (1/10) when this strategy of lowering immunosuppression was 
applied. In case of coexisting acute rejection, a two-step procedure of immediate antirejection 
treatment followed by reducing the maintenance immunosuppression might be indicated. ̂ ^̂  
In some situations, allograft and native nephrectomies were carried out in order to remove the 
source of infection and then successful retransplantation was performed. More, recendy, 
antiviral treatment has been employed with variable results. Retinoic acid, DNA gyrase 
inhibitors, Cidofovir and 5*-brome2*-deoxyuridine inhibit polyoma virus replication in vitro. 
In clinical trials, Cidofovir was effective when administered at 20% of the dosage recommended 
for treatment of CMV.̂ ^^"^ In clinical trial 5'-brome2*-deoxyuridine has been ineffective but 
vidarabine has reportedly produced dramatic remission in a patients with post-BMT HC.̂ '̂ '̂  
There are several recent reports of successful reversal of renal allograft function in patients with 
BKV nephropathy, the largest of which was published by University of Pittsburgh Transplant 
Program. ^̂ '̂̂ ^ Cidofovir was administered at doses 0.2-1 mg/kg every 1-4 weeks intervals, 
renal function improved in 3 1 % (5/16) and stabilized in another 3 1 % (5/16) patients. Intrave
nous immunoglobulin (IVIG) has been shown to contain antibodies against BKV and clinical 
reduction in BK viremia had been demonstrated when FVIG was administered at a dose of 500 
mg/kg/day for seven days. ^ Interferon has some activity against BKV in vitro but has no 
effect on BK viruria in renal transplant patients. ̂ ^̂  Early results with two malonoitrilamide 
compounds, FK-778 and FK-779 showed that these agents demonstrated anti-polyomavirus 
(simian and murine) activity and were able to decrease free virus production. Recendy several 
centers have reported that treatment with leflunomide, the parent compound of malonoitrilamide 
resulted in improved graft function in patients with biopsy proven BK nephropathy. ̂ ^̂ '̂ ^̂  

JCV 
Signs and symptoms of asymmetric multifocal brain disease without signs of increased 

intracranial pressure in an immunocompromised person would suggest the diagnosis of PML. 
Computed tomographic scan or magnetic resonance imaging of the brain is effective in estab
lishing the diagnosis, however, stereotactic biopsies may be needed to distinguish PML from 
other conditions. ̂ ^̂  Serologic studies are not helpful as JCV antibodies levels tend not to 
increase in the course of the disease. Viral antibodies are not detected in the cerebrospinal fluid. 
The unique histopathologic features of PML can be identified by light microscopy and can be 
confirmed by demonstration of JCV particles, antigen, or DNA in the brain. JCV DNA can be 
amplified from the cerebrospinal fluid of PML patients. 

Attempts to treat PML have not been generally successful, although some remissions have 
been reported. The general strategy has been to discontinue, if possible, immunosuppressive 
drugs and treatments and to attempt to inhibit viral multiplication by chemotherapy. The 
drugs most frequently tried are nucleic acid base analogues, adenine arabinoside, cytosine ara-
binoside, and alpha-interferon. Patients most likely to benefit by therapy are those whose basic 
defense mechanisms are relatively intact (e.g., renal allograft recipients) and in whom it would 
be possible to eliminate or reduce iatrogenic immunosuppression. Patients with inflammatory 
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response in the PML lesions, and patients who have JCV-specific CD8+ cytotoxic T 
lymphocytes^ ̂ ^ appear to survive longer than patients without such response. Unfortunately, 
early detection of PML and aggressive symptomatic treatment do not seem to extend the 
survival time of PML patients. 

Summary 
Infections with human polyomaviruses are ubiquitous. Illnesses with these infections occur 

almost exclusively in immunosuppressed individuals. BBCV infection is associated with 
hemorrhagic cystitis in bone marrow transplant recipients and nephropathy in renal transplant 
recipients. JCV infection is responsible for progressive multifocal leukoencephalopathy, which 
is a complication of diseases, which lead to immunologic impairment. Whether the human 
polyomaviruses BKV and JCV and the simian virus 40 of rhesus macaques have any role in 
human cancer is at present unclear. 
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CHAPTER 2 

Discovery and Epidemiology of die Human 
Polyomaviruses BK Virus (BKV) 
and JC Virus QCV) 
Wendy A. Knowles 

Abstract 

Although discovered over diirty years ago, many aspects of the epidemiology of BKV and 
JCV in the general population, such as the source of infectious virus and the mode of 
transmission, are still unknown. Primary infection with both BKV and JCV is usually 

asymptomatic, and so age seroprevalence studies have been used to indicate infection. BKV 
commonly infects young children in all parts of the world, with the exception of a few very 
isolated communities, adult seroprevalence rates of 65-90% being reached by the age of ten 
years. In contrast, the pattern of JCV infection appears to vary between populations; in some 
anti-JCV antibody is acquired early as for BKV, but in others anti-JCV antibody prevalence 
continues to rise throughout life. This indicates that the two viruses are probably transmitted 
independendy and by different routes. Whilst BKV DNA is found infrequently in the urine of 
healthy adults, JCV viruria occurs universally, increasing with age, with adult prevalence rates 
often between 20% and 60%. Four antigenic subtypes have been described for BKV and eight 
genotypes are currendy recognized for JCV. The latter have been used to trace population 
movements and to reconstruct the population history in various communities. 

Discovery of BKV and JCV 
In the late 1960s only four polyomaviruses were known, polyoma and K virus of mice, 

simian virus 40 (SV40) of rhesus macaques, and rabbit kidney vacuolating virus (RKV). How
ever, within 5 years the two human members of the polyomavirus genus, BBCV and JCV, had 
been described. BKV was first isolated in London, England and JCV in Madison, Wisconsin, 
each group of workers being unknown to the other and each sending their findings to The 
Lancet, where they were published as consecutive papers in 197L^'^ 

Histology or cytology followed by electron microscopy provided the first indications of 
the existence of each virus. The demyelinating disease progressive multifocal leukoencepha-
lopathy (PML) was first described in 1958 as a distinct entity occurring in patients with 
leukaemia or lymphoma.^ Intranuclear inclusions seen in enlarged oligodendrocytes, and the 
abnormal astrocytes, led investigators to propose a viral etiology for the disease. ' Seven 
years later icosahedral-shaped virus particles, suggestive of a papovavirus, were reported within 
oligodendrocytes in thin sections of brain material from patients with PML. ' Efforts were 
subsequently made by a number of laboratories to obtain material from this rare disease in 
order to culture the virus. Ail isolation attempts proved unsuccessful until Billie Padgett in 
Wisconsin succeeded in producing good cultures of human fetal spongioblasts (thought to 
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be the precursors of oligodendrocytes) and astrocytes, and demonstrated virus replication in 
these cells.'̂  The virus was named JC after the initials of the patient. 

Unlike JCV, the discovery of BKV was an unexpected finding during a study on another 
virus, cytomegalovirus, in renal transplant recipients. Although BKV was associated with ure
teric stenosis in the original patient (initials B.K), it was many years before further specific 
disease associations were found. Large numbers of papovavirus particles were seen in a high-speed 
pellet of a urine sample which had been taken three and a half months post-transplant and was 
known to contain many inclusion-bearing cells. ̂  The presence of papovavirus particles was 
confirmed by thin sectioning of enlarged cell nuclei in a second urine sample taken from the 
same patient several days later. Inoculation of the original urine into cultures of secondary 
rhesus monkey kidney cells produced a cytopathic effect on day 19, with confirmation of virus 
particles in the culture fluid, but the virus died out on passage. However, subsequent inocula
tion of Vero cell cultures led to isolation of the virus and cultivation through many passages, 
although several weeks incubation was necessary for each subculture. 

The same problems faced both groups of workers. Each laboratory raised animal antisera to 
their respective isolate and carried out initial characterization of the biological properties. The 
only hiunan papovavirus known at the time was human wart virus, but on size it seemed that the 
new viruses were polyomaviruses and not papillomaviruses. Mouse polyoma, SV40, and human 
wart virus were also excluded by cross testing with specific antisera using indirect immunofluores
cence (IFA), immune electron microscopy (lEM) and hema^lutination inhibition (HI), by growth 
characteristics in cell culture, and by hemagglutinating properties. ̂ '̂  Later work confirmed the 
oncogenic nature of BKV and JCV in experimental animals, which was consistent with their 
classification as polyomaviruses. The isolates were subsequendy exchanged and it was confirmed 
that they were, indeed, two different and new polyomaviruses. Detailed first-hand accounts of 
the discovery of JCV and BKV have previously been published. "̂ ^ 

Epidemiology 
More than thirty years after their discovery in immunocompromised patients, many aspects 

of the epidemiology of both BKV and JCV in the general population are unknown, e.g., the 
source of infectious virus, the route of natural transmission, and the site of initial virus replica
tion within the body, although the presence of BKV and JCV DNA in tonsillar tissue may 
indicate this as a site of initial replication or later persistence. ̂ '̂̂ ^ Both viruses are endemic in 
almost all populations, and infection is not thought to be seasonal, although in one study it was 
reported that JCV was shed more frequently in the autumn and winter. Man is the sole host 
for both BKV and JCV. Antibody to BKV is undetectable in chimpanzees, rhesus monkeys and 
owl monkeys, ̂ '̂ and the anti-BKV HI antibody reported in rabbits and swine^^ was probably 
due to nonspecific activity. Similarly, sera from a range of primates and domestic animals 
were negative for antibody to JCV.^^ 

BKV and JCV circulate independendy at both the individual and population level. Indi
viduals with antibody to BKV are often seronegative to JCV and vice versa,̂ '̂̂ "̂  and a negative 
association was noted between both the presence and titre of antibody to BKV and JCV."̂ '̂ 

Neither BKV nor JCV produces a distinct, recognisable disease on primary infection and, 
indeed, most infection with these viruses in immunocompetent individuals is subclinical or may 
be associated with mild, nonspecific symptoms. A rise in BKV antibody or detection of the virus 
has temporally been associated with fever, and respiratory, neurological or urinary traa symptoms, 
mainly in children but also in adults. ̂ '̂̂ "̂̂ ^ There is one report of meningoencephalitis in a 13 
year-old immunocompetent girl associated with serological evidence of current JCV infection. 

Primary infection with BKV and JCV must be followed by a period of viremia as both viruses 
persist for life in the kidney. ̂ '̂̂ ^ Peripheral blood leukocytes may be a site of latency or persistence 
in immunocompetent adults. However, even allowing for variation in the sensitivity of the tech
niques used, studies from various laboratories have reported widely differing frequencies of BKV 
and JCV DNA in peripheral blood leukocytes from immunocompetent individuals (Table 1). 
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An indication of a population's exposure to BKV and JCV may be more reliably made by 
assaying for antiviral antibodies. 

Seroepidetniology 
The virus neutralization test (VN) is recognised as the 'gold standard' for detecting past 

infection with many viruses, but with both BKV and JCV this is too laborious and impractical 
to be used as a large-scale assay. Several early BKV seroprevalence studies were done using 
complement fixation (CF), indirea immunofluorescence (IFA), or immunoelectroosmophoresis 
(lEOP).^^ However, the hemagglutination-inhibition assay (HI), which measures both IgG 
and IgM antibody to BKV capsid antigen, '̂̂ '̂̂  has been used for most seroprevalence studies 
with the human polyomaviruses. HI shows a linear relationship with VN,^^ although VN may 
be more sensitive.^ HI titres varying from 1:10 to 1: 128 have been taken as the cut-ofFfor 
positivity, due to the presence of nonspecific glycoprotein inhibitors of hemagglutination in 
human sera which may not be completely removed by the treatment methods used.^ '̂̂ ^ Later, 
enzyme-linked immunosorbent assays (ELISAs) were developed for BKY"̂ '̂̂ "̂̂ ^ and JCV^ '̂̂ '̂̂ ^ 
antibody detection, and recendy recombinant antigens have been used in these tests.^ ELISAs 
are applicable to large scale testing, and the results correlate with antibody titres measured by 
HI or VN, aldiough ELISA may be more sensitive than HI.^ '̂̂ '̂̂ '̂̂ '̂̂ '̂̂ '̂̂ ^ ̂ ^^ ^^^^^ ^^^^_ 
ability of virus-like particles (VLPs) of both BKV and JCV has overcome the problems of 
producing antigen in cell culture (particularly for JCV), and means that more information on 
the seroepidemiology of JCV in various populations can now be obtained. 

BKV Seroprevalence 
BKV is a common infection in all parts of the world, in both developed and developing 

countries. In most studies covering all age groups of healthy individuals or unselected patient 
groups the overall seroprevalence to BKV is between 55% and 85% (Table 2). There were 
differences in sensitivity between the assays used in each study, and some figures may represent 
an underestimate of the percentage of the population infected with BKV. However, in isolated 
populations BKV seroprevalence was found to vary from 0% to 100% (Table 3), indicating 
that BKV is absent from or infrequent in a few small, extremely remote Indian or aboriginal 
tribes in Brazil, Paraguay and Malaysia, and may only recendy have been introduced to 
others.^^ Generally no difference was found in seroprevalence between males and females, ex
cept for two studies in which a slighdy higher seroprevalence was reported in adult males.̂ '̂'̂ ^ 

The seroprevalence to BKV in different population groups within a country has only rarely 
been investigated. Whereas in Athens, where only small numbers of samples were tested, 
anti-BKV seroprevalence and titres were reported to be higher than in rural Greece,^^ no sig
nificant difference was found between urban and rural residents in Portugal. 

BKV Age Seroprevalence 
The first age seroprevalence study of BKV in England showed that anti-BKV antibody was 

acquired in early childhood. ^ Maternal antibody, present at birth, was lost during the first few 
months of life, so that between 4 and 11 months of age only 5% of infants had anti-BKV 
antibody. Thereafter seroprevalence rose rapidly from the second year of life to reach 83% by 
late childhood. Subsequent studies from many other countries confirmed BKV as a common 
infection of early childhood (Fig. 1), which was also true in isolated communities,^^ near adult 
levels of seroprevalence of 65-90% being reached between 5 and 10 years of age, with a further 
slight increase during adolescence. In some studies a gradual decline in antibody prevalence 
was then seen throughout adulthood, probably due to waning titres that become undetectable 
using the HI test̂ '̂̂ '̂̂ '̂̂ '̂̂ ^ or ELISA.^ '̂̂ ^ This may indicate a lack of BKV antigenic stimula
tion in most older immunocompetent individuals. The geometric mean titre (GMT) of anti-BKV 
antibody was highest during the first five years of life, confirming that this is the age at which 
most BKV infection is acquired, and declined with age."̂  ' '̂ ^ 
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Tables. BKV 

Location 

Brazil 
Brazil 
Brazil 
Paraguay 
Brazil 
Brazil 
Brazil 
Brazil 
Brazil 
Malaysia 

Brazil 

Iran 
Iceland 
West New 
Guinea 
Papua New 
Guinea 
Papua New 
Guinea 
Canada 
Australia 
West New 
Guinea 
Colombia 
Brazil 
Alaska 
Western 
Caroline Islands 
Papua New 
Guinea 
Western 
Caroline Islands 
Panama 
British 

and JCV seroprevalence in isolated populations 

Population 

Ewarhoyana Indians, 1970^^ 
Mekranoti Indians, 1969^^ 
Diauarum Indians^^ 
Guayaki Indians, 1963^^ 
Alto Xingu Indians'''' 
Kuben Kran Kegn Indians, 1970^^ 
Tiriyo Indians, 1966^^ 
Kren-Akorore Indians'^^ 
Xikrin Indians, 1970^^ 
Semnoi aborigines, 1958^^ 
Piaroa^^ 
Kaxuyana Indians, 1970^^ 
Makirltare^^ 
Persian Gulf villagers, 1960^^ 
South Thingeyarsysia farmers, 1963^^ 
Tjitak group in Abau village, 1969^^ 

Onabasulu group in Waragu village. 
1969^^ 
Moni group in Bilogai village, 1969^^ 

Foxe Basin Eskimos, 1971^^ 
Cape York aborigines, 1956^^ 
Casuarine Coast villagers, 1969^^ 

Siguirisua and Putumayo Indians, 1970^^ 
Southern Pano^"^ 
St. George Eskimos (Pribilofs), 1965^^ 
Pais Island Micronesians, 1964^^ 

South Fore group in Weya village, 1969^' 

Ifaluk Atoll Micronesians, 1963-1966^^ 

Guaymi^^ 
Anuta Island Polynesians, 1972^^ 

Solomon Islands 
New Hebrides 
Brazil 

Central 
Amazonas 
Panama 
Brazil 

Brazil 
Brazil 
Costa Rica 

Merig Island Melanesians, 1972^^ 
Kraho^^ 
Wapishana^'' 
Ticuna^^ 

Cuna«7 
Baniwa^'^ 
Macushi^^ 
Kanamari^'^ 
Northern Pano^^ 
Boruca^^ 

From Brown et a l ,^^ Candeias et a l / ^ and Major and Neel 

Number of 
Sera Tested 

9 
60 
39 
58 
68 
47 
49 
66 
53 
20 
23 
18 
21 
23 
101 
22 

46 

60 

15 
34 
47 

130 
10 
59 
84 

' 54 

77 

24 
88 

20 
20 
21 
18 

21 
16 
20 
18 
12 
18 

87 

Percentage 
Positive 
for BKV 

0 
2 

2.5 
5 

5.8 
6 
6 

6.1 
11 
15 

28 
29 
30 
30 
41 

41 

53 

53 
62 
62 

68 
70 
73 
73 

74 

75 

87.5 
88 

85 
90 

90.5 
94 

100 
100 
100 
100 
100 
100 

Percentage 
Positive 
for jCV 

0 
8 
0 
0 

4.4 

0 

75 
8.7 

19 

0 

31 

70 

75 
5 

50 
50 
76 
94 

81 
87.5 
90 
94 
100 
100 



26 Polyomaviruses and Human Diseases 

1 ^ 
100-

1 80-

% 
a 60. 

c 

8?- 20.^ 

0-

d 
100-j 

^ 80 . 

1 
a 60 . 

X> 40-

i 
S? 20-

0-( 

S 
100-

§ 80-

1 
a 60-
-5 40. 

i 
i-S 20-

0 -

100-

^ 80--

1 60. 

E 40-

5? 20-

0-
c 

m 
100-] 

O 80-

a <5o-

1 40-

1 2<5-
0 -

c 

k U.S.A. (n - 334) 

Shah e ra /1973^ 

5 10 20 30 40 50 60 70 80 

ENGLAND (n = 2435) 

r^~^--H, 

Knowles 0/3/2003"^* 

} 10 20 30 40 50 60 70 80 

ITALY (n = 465) 

[TV-
' Mertetti 1976*** 

} 10 20 30 40 50 60 70 80 

• 
HUNGARY (n = 949) 

1 ^ " " ^ H i 

( 
Sziics era/1979*^'' 

) 10 20 30 40 50 60 70 80 

NORWAY (n = 280) 

/ ^ ^ ' ""BASk 

Fiaegstad€/a/1986^ 

10 20 30 40 50 60 70 80 

A g e (years) 

h 

100., 

80-

60. 

40-

20-

0 -

100-

80. 

60. 

40. 

20-

0" 

h 
100^ 

80-

60-

40. 

20. 

0-

( 
V 

100-. 

80. 

60. 

40-

20-

0-

( 
n 

100 n 

80-

60^ 

40 J 

20 J 

C 

U.S.A. (n ~ 993) 

A, „--

r ^™ 

Tavis 6^3/1990'"* 

) 10 20 30 40 50 60 70 80 

FINLAND (n == 203) 

^ ^ / " w 
Man{y iarv i0 /a/1973^ 

3 10 20 30 40 50 60 70 80 

ITALY (n = 582) 

V ' ^ - — CF 
* Panae /a /1976* ' 

) 10 20 30 40 50 60 70 80 

FRANCE (n = 183) 

^ HI 

Bil laudele/a/1981^' ' 

) 10 20 30 40 50 60 70 80 

PORTUGAL (n = 320) 

r ^ " " E L I S A 

1 
Flaegstadefa/1989*'' ' 

10 20 30 40 50 60 70 80 

A g e lyears) 

c 

100-

80-

60-

40-

20-

100. 

60-

40-

20-

100-

80-

60-

40-

20-

ENGLAND (n == SOS) 

1 ^^^ ^^ 

I Gardner 1973*' 

5 10 20 30 40 50 60 70 80 

f. 

1 ITALY (n « 453) 

A v ^ ^ \ - " ' ^^^ 

* 

Portoianiefa/1974^' 

3 10 20 30 40 50 60 70 80 ' 

J GERMANY (n ^. 656) 

1 ^ ^Hl 

1 / ' 
I f ' 

h 
P Rzihae/a /1978* ' 

O ' l " > r 1 r • 't 1 1 T' 1 
0 10 20 30 40 50 60 70 80 

100-

80-

60-

40-

20-

0 
too-J 

80-

60^ 

40 J 

20 J 

0 

J JAPAN (n = 294) 

y^—HI 

/ 
Taguch) era/1982-'' 

) 10 2Q 30 40 50 60 70 80 ' 1 

. SWEDEN (n = 288) 

/ ELISA 

1 
s to i te fa /2003 ' ' 

' i k' * '"i -•"« !' J" m 
10 20 30 40 50 60 70 80 

A g e (years) 

Figure 1. Age seroprevalence to BBCV in various populations. 
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BKV-specific IgM antibody was not detected in infants during the first year of life whereas 
3% of asymptomatic children between 5 and 15 years of age were positive. '̂ ^ When either 
healthy or unwell children under 5 years of age were included, between 11 and 2 1 % had 
anti-BKV IgM consistent with BKV infection occurring in young children.̂ " '̂̂ ^ In some stud
ies of healthy adults or blood donors anti-BKV IgM antibody was not detected,^ whereas in 
others a rate of between 3.6 and 5.7 % was reported, '̂ ^ and even as high as 19.5% in a further 
study.''̂ ^ However, the methods used to detect IgM antibody varied in sensitivity and specific
ity, and it is not known whether these results represent primary BKV infection or reinfection in 
adulthood or are due to persistent IgM production in a few individuals. 

JCV Seroprevalence 
Seroprevalence rates for JCV in various populations, and including various age ranges, are 

shown in Table 4. The percentage seropositivity in adults ranged from 44-77% in the U.S.A. 
and England and up to 85-92% in Brazil, Japan and Germany. When the overall seroprevalence 
rates covering all ages were recorded for a population, e.g., England, the figures were often 
lower and depended on the proportion of children included. As with BKV, isolated popula
tions vary gready in their seropositivity to JCV, with some apparently free of JCV and in others 
the JCV seroprevalence reaching 100% (Table ^jP'^^'^^ However, there was often no correla
tion between a populations exposure to BKV and JCV In some studies significandy more 
males than females had anti-JCV antibody^ or the GMT was higher for males. 

JCV Age Seroprevalence 
The results of seven JCV age seroprevalence studies from five countries are shown in Figure 

2. More variation is apparent in the age at which JCV is acquired than with BKV. Whilst in 
some populations most JCV infection is acquired in early childhood as is BKV, in others the 
JCV seroprevalence rises more gradually even continuing into old age. These variations could 
indicate that the transmission of JCV is more dependent on differences between cultures or 
socio-economic conditions than is BKV, in which case it may be important to state the particu
lar groups from which the sera were collected. Furthermore, a cohort effect may be seen over 
time if conditions change and studies done many years apart may not be comparable. 

In contrast to BKV, anti-JCV antibody titres do not decrease with age, indicating that there 
may be continuing JCV stimulation throughout life, either by virus reactivation or reinfection.^^ 

Low-level anti-JCV IgM antibody was found in 15% of unselected blood donors in En-
gland,̂ *^ which was calculated to represent up to 28% of seropositive individuals. IgM anti
body may represent primary JCV infection in this population, sporadic virus reactivation in 
most or all seropositive adults, or a longer term inability to suppress JCV replication in a few 
individuals. It is not known whether or not the presence of IgM antibody indicates viral shed
ding in healthy adults or how the presence of JCV-specific IgM relates to age. 

Virus Excretion and Source of Infectious Virus 
The methods used to detect the presence of the polyomaviruses have evolved and with them 

has come a better understanding of the distribution of BKV and JCV in the general popula
tion. The original methods of cytology and electron microscopy (EM) were insensitive and 
usually did not differentiate between BKV and JCV,̂ '̂̂ '̂̂ '̂̂ ^^ aldiough BKV- and JCV-induced 
inclusion-bearing cells may be distinguished cytologically^^^ or by indirect immunofluores-
cence,^ '̂̂ ^^ and virus particles identified by immune EM respectively.^' ^ ' Virus isolation, 
although specific, was always slow and laborious, antigen detection by ELISA^^ '̂̂ ^ '̂̂ ^^ and 
DNA detection by hybridization^^^'^^^'^^^ were more rapid, but many more sensitive methods 
now exist for the detection of subgenomic DNA fragments by polymerase chain reaction (PCR). 
With the newer techniques our views on BKV and JCV excretion have changed. The early 
insensitive methods were useful for diagnosis where high titres of virus are associated with 
disease, but more sensitive techniques are needed to detect low level viral loads in immuno
competent individuals. 
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a; û  

^ 0^ TO 

C > 0) Q . 

X c^ O iS. 



Discovery and Epidemiology of the Human Polyomaviruses BK Virus andJC Virus 29 

ENGLAND (n ^ 282) 

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 

ENGLAND (n ^ 2435) 

Knowles etat 2003*''' 

10 20 30 40 50 60 70 80 

TAIWAN {n-1938) 

100", 

ao 

€04 

40 

20 

0 

SWEDEN (n =̂  288) 

ELISA 

Stoltefa/ 2003" 

OOi 

80-

60-

40-

20-

0* 

JAPAH (n =: 294) 

/^^ ^^ 

/ 1 
j 

TaguchI era/1982^^ 

0 to 20 30 40 60 60 70 80 

Age (years) 
0 10 20 30 40 so 60 70 SO 

Ag© (years) 

•H i 

Chang ©fa/ 2002^ 

Age (years) 

Figure 2. Age seroprevalence to JCV in various populations. 

As both BKV and JCV are latent in the kidney and are excreted in the urine of many 
immunocompromised patients, most studies on excretion have investigated the prevalence 
of BKV and JCV viruria. However, this may not be the only, or most appropriate, site relevant 
to virus transmission in healthy individuals. 

BKV Excretion 
Urinary excretion of BKV has been reported in immunocompetent subjects in association 

with urinary tract symptoms in children,^^'^^-^^ and adults.^^^'^^^ However, BKV is generally 
not detected in the urine of immunocompetent healthy adults although a low percentage (<10%) 
of nonimmunosuppressed clinic patients or HIV-seronegative homosexual men may have BKV 
viruria (Table 5). A few laboratories have reported rates of BKV viruria greater than 16% in 
nonimmunosuppressed groups of adults but clinical details of the study subjects were generally 
not given and may have included those with subtle immunosuppression. Patients 
immunocompromised following renal (RT) or bone marrow (BMT) transplantation frequendy 
excrete BKV, '̂ '̂̂ ^̂ '̂ ^̂ '̂ "̂̂ '̂ ^̂  as well as those with malignancy and other chronic or autoim
mune diseases such as systemic lupus erythematosus (SLE).̂ '̂̂ '̂̂ ^ '̂̂ ^ '̂̂ ^ '̂̂  ^ There is an in
verse relationship between the incidence of BKV viruria and CD4 cell count in HIV-infected 
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subjects,^ ̂ '̂̂ ^ '̂̂ ^ '̂ and BKV viruria has also been reported in up to A7% of pregnant women, 
the percentage of excretors increasing as pregnancy progresses. ' ' ' ' 

It might be expected that children would frequently excrete BKV following primary infec
tion, but the percentage with BKV viruria exceeded 5.2% in only one very small study group 
which included children as young as 2 years ofage.^^5 Maybe BKV viruria following childhood 
infection is short lived; inclusion-bearing cells containing papovavirus particles became unde
tectable in the urine of a 5 year-old boy with acute hemorrhagic cystitis when the symptoms 
subsided, and in a 3.5 year-old boy with transient nonhemorrhagic cystitis BBCV was isolated 
from the urine on day 2, but not day 7, of the illness. ''̂ '̂̂ ^ Urinary BKV excretion may 
occasionally increase in individuals over 60 years of age, possibly due to lowered immunity, and 
may persist for several months.^^^ This may indicate that if BKV reactivation or reinfection 
occurs in later life it leads to prolonged shedding in contrast to primary infection in children. 

BKV excretion.has rarely been investigated from sites other than the urinary tract. One 
report documented BKV DNA in a throat washing, but the virus was not detected in saliva 
from 10 healthy adults or 60 HIV-infected patients, and BKV DNA was reported in only 2 
nasopharyngeal aspirates from 201 hospitalised children, aged 7 and 8 months, with severe 
respiratory infection. In neither of these children, however, could infectious virus be dem
onstrated. BKV was isolated from the urine, but not the throat, on day 3 of illness in a 2 
year-old boy with a rise in antibody to BKV, dyspnea, high fever, cervical lymphadenopathy, 
conjunctival irritation, and tonsillitis.^^ 

JCV Excretion 
JCV viruria has been investigated in many different communities (due to the interest in 

molecular epidemiology, see later), including isolated populations, and data are shown in Table 
5. In contrast to BKV, JCV viruria is almost universally present with an overall prevalence rate 
ranging from 12% to 100%. The differing excretion rates seen between various groups may be 
due to host factors, to the different JCV genotypes present, or both. JCV viruria increases 
markedly with ^ge, ' ' '̂ ^̂ '̂  and so the overall excretion rate reported from a community 
would also depend on the age range of the subjects. It was estimated that in the U.S.A about 
40% of JCV seropositive individuals excrete the virus, ̂  '^ and in Taiwan the rate was found to 
increase from <5% in seropositive children to 80% in those over 70 years of age. As for 
antibody, several studies have reported a higher excretion rate for JCV in males than in fe
males. '̂  ̂ '̂̂  ̂ ^ Prolonged JCV excretion was documented in several studies with identical geno
types being shed for up to 7 years.̂ '̂̂ ^ '̂̂ ^ '̂̂ ^^ 

JCV viruria has been documented in patients immunocompromised following renal and 
bone marrow transplantation, '^ ' ' ' and those with chronic or autoimmune dis
eases. ̂ ^^'^•^^'^^^'^^^''^ However, unlike BKV, the incidence of JCV urinary excretion does 
not vary with the CD4 cell count in HIV-infected patients,^ 9,123,1 i ^^j j^^ studies where a 
control group was included the excretion rate in the patient group was not significandy higher 
than in the controls. The excretion rate therefore appears to represent the normal background 
for the population irrespective of the clinical state. 

In a very large study of pregnant women 40 (3.2%) were found to excrete polyomavirus 
inclusion-bearing cells in the urine, excretion increasing as pregnancy progressed.^ Subse
quent testing of the urine by PCR in 38 of these cytologically positive women detected BKV 
DNA in 6 and JCV DNA in 36.^^^ These results may indicate that JCV is preferentially de
tected by cytological screening. In further studies JCV DNA was reported in the urine of up to 
34% of pregnant women, but again the figures may simply represent the background JCV 
excretion rate in each population. ̂ ^ '̂̂ ^ '̂̂ ^ '̂̂ ^ 

Transmission of BKV and JCV in the General Population 
Seroprevalence studies in which the same sera were tested for antibody to both BKV and 

JCV indicate that in the U.S.A., England and Sweden the viruses are probably naturally trans
mitted by different routes (Fig. 3). In contrast in Japan and Mexico the acquisition of antibody 
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Figure 3. Comparative age seroprevalence to BKV and JCV in various populations. 

to each virus follows a much more similar pattern. Whilst BKV infection occurs readily in all 
populations, JCV transmission appears to be relatively inefficient in some communities but 
much more efficient in others. This may imply that the route of transmission for JCV is one 
that depends much more on socio-economic or cultural differences between groups. It may 
also suggest that virus is transmitted from an environmental source as well as by direct contact. 
Frequent shedding of virus would be required if transmission is inefficient. 

The early detection of BKV viruria in immunocompromised patients led to the assumption 
that urine was the most likely vehicle for virus transmission,^^ although a respiratory route of 
spread was suggested by others.^ * '̂ '̂ ^ However, failure to detect BKV in the respiratory tract 
later led to a suggestion that a fecal-oral route of transmission should be investigated. Re-
cendy evidence has been presented that both BKV DNA and JCV DNA are frequently found 
in sewage in widely differing locations: Spain, France, Sweden, South Africa, Egypt, Greece, 
and U.S.A.̂ ^ '̂̂ ^^ thus identifying an environmental source for both viruses. Most genomes 
were archetypal or archetype-like, supporting reports on urinary DNA from normal adults that 
this is probably the transmissible form of virus.̂ '̂̂ ^ '̂̂ ^ '̂̂ ^ '̂̂ ^ ^̂ ^̂  The DNA of both viruses 
was detectable for up to 3 months in sewage, although it is not known whether or not this 
represents infectious virus. JCV DNA, but not BKV DNA, was also detected in oysters and 
mussels from fecally polluted waters of the Ebro River delta.^^^ The DNA of both BKV and 
JCV is resistant to low pH which would be compatible with oral transmission and passage 
through the digestive tract. Reports of both BKV and JCV DNA in peripheral blood leuko
cytes (Table 1) would suggest the possibility of transmission by blood transfusion, and a report 
on the presence of BKV and JCV DNA in sperm^^^ would suggest also the possibility of sexual 
transmission of the polyomaviruses. 

Transplacental transmission has also been considered for both BKV and JCV. However, this 
route of transmission may not be apparent except in very large studies if it is a rare event, or 
occurs only as a result of primary infection in the mother during pregnancy,̂ "^ as is the case for 
mouse polyoma. ' 
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BKV Transmission 
The age of antibody acquisition would indicate that BKV is readily transmitted between 

young children or to young children, and that litde if any BKV infection or reinfection occurs 
later in life. BKV infection probably occurs between as well as within families. ̂ ^ Specific stud
ies on the effect of factors such as socio-economic status or breast feeding on the early acquisi
tion of BKV infection have not been done. BKV seroprevalence in children from a rural high
land community in central Mexico with low socio-economic status, large family size and a low 
level of sanitation was reported to be similar to children in countries with high standards of 
hygiene. Although the acquisition of BKV by single children compared to those with siblings 
has not been investigated, there is some evidence that BKV is acquired earlier by children in a 
residential nursery than by those living at home.^^ Sexual transmission of BBCV may be sug
gested by the rise in antibody or titre seen in some adolescents and young adults (Fig. 1).^^ It is 
unlikely that reinfection often occurs naturally with BKV, although there is a report of differ
ent BKV types, MM and JL, being present in sequential samples from 2 SLE patients.^ ^ 
Whilst it was suggested by one group that working at a blood transfusion centre may be a risk 
factor for BKV reinfection, there was felt by others to be no occupational risk from working 
in a chronic hemodialysis center or a renal transplant unit.^^ 

The possibility of congenital BKV infection was investigated by several groups. Anti-BKV 
IgM antibody was reported in cord blood samples in two studies, ^^ but could subsequendy 
not be confirmed in a large number of infants including some whose mothers had anti-BKV 
IgM antibody at term or excreted inclusion-bearing cells during pregnancy, ' ' '158,159 ^^^ ^ ^ 
earlier positive findings were regarded as nonspecific.^ However, the possibility remains that 
primary BKV infection during pregnancy may lead to infection of the fetus. BKV DNA was 
detected in the brain and kidney of aborted fetuses and in placental tissue from cases of abortion 
as well as pregnancies with a normal outcome. ' Isolation of BKV was also reported from 
the urine of a 1 month-old boy with multiple dysplasias and hepatosplenomegaly. 

JCV Transmission 
Molecular typing of urinary JCV strains showed that the virus is probably transmitted hori

zontally both within families and outside the family group. ̂ "̂̂  Either the mother or father 
appeared to be the source of virus, or possibly a sibling. "̂  Early transmission of JCV within 
the family or the immediate community is also supported by the presence of characteristic 
genotypes in certain population groups after many years of close contact or cohabitation with 
other groups, ' and JCV appeared not to have spread between neighboring American and 
Japanese communities in Okinawa Island, Japan. The excretion of a stable genome over 
time suggests persistence of virus rather than reinfection in most people, ' although the 
simultaneous excretion of two different genotypes, even in immunocompetent individuals, is 
occasionally seen.^ '̂ ^ '̂̂ ^ '̂ Type 4 appears to be a recombinant between Types 1 and 3 and 
so probably arose in an individual during dual infection at some time in the past.^ ' 

There is so far no evidence for JCV infection of the fetus. JCV-specific IgM antibody 
was not detected in cord blood of over 300 infants, including 6 whose mothers had a rise in 
anti-JCV HI antibody during pregnancy,^^ although very low level anti-JCV IgM antibody 
was found in the cord blood of one infant whose mother was excreting inclusion-bearing 
cells during pregnancy. ̂ ^̂  

Molecular Epidemiology 
Two types of molecular variation are seen in both BKV and JCV. Firstly, nucleotide dele

tions and duplications occur in the archetypal regulatory region of the genome; unique changes 
arise in the individual host and are probably not transmitted. Secondly, nucleotide substitu
tions are seen in the coding regions of the genome, which may or may not lead to amino acid 
changes, and produce antigenic variation in BKV and multiple genotypes in JCV. These two 
types of changes occur independendy from one another. ^ ^ " ^ ' ' ' ^ 
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BKY Subtypes 
Four antigenic subtypes (BK, SB, AS, IV) were described for BKV,̂ '̂ ^ and die molecular 

basis for this variation was shown to reside in the BC loop of the VPl coding region of the 
genome. ̂ ^̂ '̂ "̂̂  Prototype BKV (genotype I) is by far the commonest type found by either 
serological or molecular typing in all categories of patients. Peripheral blood lymphocytes of 
blood donors and healthy adults contained only genotype I, whereas in urine or renal tissue 
from patients with malignant disease, HIV infection, and post renal or bone marrow trans
plantation, a few genotype II (SB) and genotype IV (IV) strains were also detected. Genotype 
III (AS) was found in pregnant women and HIV-infected patients. Healthy young children 
were found to excrete genotypes I, III and IV. Dual infection between genotype I and one other 
genotype was also documented in HIV-infeaed patients and pregnant women.^ ' '̂ ^̂ '̂ "̂ '̂̂ "̂ '̂̂ '̂ '̂̂ '̂ ^ 
Although stable genotypes were reported to be excreted for up to 3 months in BMT patients, 
in some RT recipients sequential sequence modification in VPl was seen and some strains were 

JCV Genotypes 
Only one serologically distinct JCV isolate (Mad-11) has been reported. ̂ ^̂  However, very 

few amino acid changes are seen between JCV strains in the VPl region of the genome, espe
cially in the BC loop, as most nucleotide changes in this region are silent, and so antigenic 
variants of JCV would not generally be expected to occur. '̂ ^̂ '̂ ^̂  

However, nucleotide changes occur elsewhere in the JCV genome and sequencing, particu
larly in the intergenic region between VPl and T and within VPl, have so far allowed the 
identification of 8 major genotypes of JCV, differing by 1-2.6%; types 1, 2, 3, 7 and 8 are 
further subdivided. ̂ "̂^ The association of JCV with humans may date back more than 50,000 
years, coevolution occurring, and stable genotypes arising in geographically isolated popula
tions. Broadly Types 1 and 4 are found in Europe and North America, Types 2,5 and 7 in Asia, 
Types 3 and 6 in Africa, and Type 8 in Papua New Guinea. The transmission of JCV from 
parent to offspring would allow the same genotype to persist for generations within a popula-
tion,^^^'^^ and the frequent excretion of JCV by healthy adults has enabled many genotyping 
studies to be carried out in diverse population groups. JCV subtyping has been used to identify 
the racial composition of modern China, ̂ ^ in reconstructing the population history of Tai
wanese aborigines^ and ethnic groups in Puerto Rico^^^ and Europe,^ to elucidate the Asian 
origin of ethnic groups in North and South America^ ̂ '̂̂ ^̂  and the European origin of popula
tions in Siberia and Canada, ̂ ^̂  the distribution of ethnic groups in Asia, migration to the 
Pacific islands,^^ '̂̂ ^ and aboriginal population group movements in Africa,̂  and also for 
tracing the origin of unidentified cadavers. 
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CHAPTER 3 

Phyiogenomics and Molecular Evolution 
of Polyomaviruses 
Keith A. Crandall, Marcos P^rez-Losada, Ryan G. Christensen, 
David A. McClellan and Raphael P. Viscidi 

Abstract 

We provide in this chapter an overview of the basic steps to reconstruct evolutionary 
relationships through standard phylogeny estimation approaches as well as network 
approaches for sequences more closely related. We discuss the importance of se

quence alignment, selecting models of evolution, and confidence assessment in phylogenetic 
inference. We also introduce the reader to a variety of software packages used for such studies. 
Finally, we demonstrate these approaches throughout using a data set of 33 whole genomes of 
polyomaviruses. A robust phylogeny of these genomes is estimated and phylogenetic relation
ships among the polyomaviruses determined using Bayesian and maximum likelihood ap
proaches. Furthermore, population samples of SV40 are used to demonstrate the utility of 
network approaches for closely related sequences. The phylogenetic analysis suggested a close 
relationship among the BK viruses, JC viruses, and SV40 with a more distant association with 
mouse polyomavirus, monkey polymavirus (LPV) and then avian polyomavirus (BFDV). 

Introduction 
Polyomaviruses are small, nonenveloped, double-stranded DNA viruses that are widely dis

tributed among vertebrates. Each polyomavirus is exquisitely adapted to a single species, or to 
a group of closely related species. The polyomaviruses are often described as having coevolved 
with their hosts. As a rule, primary infections occur early in life and are asymptomatic and 
harmless. The viruses remain latent in the kidney after primary infection, and are reactivated in 
conditions associated with T-cell deficiency. Almost all the diseases caused by these viruses 
occur in immunodeficient hosts. The viruses multiply in the nucleus and virus-induced pa
thology is characterized by nuclei that are enlarged and have basophilic inclusions. 

The human polyomaviruses, BKV and JCV, and macaque polyomavirus, SV40, are very 
similar biologically, and each virus has over 70 % nucleotide sequence similarity with the other 
two. In its natural host, SV40 produces an illness similar to JCV-PML in humans, while the 
cynomolgus virus produces a nephropathy similar to BKV-nephropathy in humans. Other 
viruses that might be biologically similar, although litde is actually known about them, are 
SA12 of the chacma baboon, the recendy described cynomolgus macaque virus, the bovine 
and the rabbit polyomaviruses, and perhaps the mouse polyoma virus. The avian budgerigar 
virus, which produces liver and spleen necrosis, and a rat polyomavirus, which produces sali
vary gland pathology in athymic animals, both produce lesions that are characteristic of viruses 
of the polyomavirus family. 

Polyomaviruses and Human Diseases^ edited by Nasimul Ahsan. ©2006 Eurekah.com 
and Springer Science+Business Media. 
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The simian lymphotropic polyomavirus of African green monkeys seems to have a different 
biology from these viruses. In the mouse, the mouse polyomavirus (referred to above) seems 
biologically very different from K virus, which grows in endothelial cells of the lung. The 
tropism of K virus-infected endothelial cells is unique among polyomaviruses. The oddest 
polyomavirus is the hamster polyomavirus, which produces skin tumors and was at one time 
thought to be a papillomavirus. Thus, lymphotropic virus of African green monkeys, K virus of 
mouse and the hamster polyomavirus seem not to fit the general pattern. 

In order to explore the diversity of polyomaviruses, both genomic diversity at the molecular 
level and diversity in host specificity, a phylogenetic perspective is essential. A phylogeny repre
sents the evolutionary history among organisms or their parts. In our case, we will attempt to 
reconstruct evolutionary histories using whole genome analyses. Our analysis will provide a robust 
estimate of phylogenetic relationships among the polyomaviruses. Additionally, we will examine 
the population dynamics of SV40 in particular using only partial sequence and a network genea
logical approach. We discuss the basics of sequence alignment, model selection, and recombina
tion detection and their importance in terms of phylogenetic estimation. We introduce the reader 
to a variety of useful software packages for performing these analyses. Throughout this chapter, we 
demonstrate these important components of evolutionary analyses using the polyomaviruses as 
our model system. Our study results in a robust estimate of the evolutionary relationships among 
the polyomaviruses based on both maximum likelihood and Bayesian analyses. Finally, we intro
duce the reader to network approaches to estimating gene genealogies using an SV40 data set and 
suggest approaches for testing hypotheses of this virus associated with cancer. 

Sequence Alignment 
Perhaps the most difficult and underappreciated aspects of phylogeny estimation is the 

sequence alignment phase. For population genetic studies using single gene regions, align
ments are often trivial, especially for conserved gene regions. However, for whole genome analysis 
across the phylogenetic diversity shown in the polyomaviruses, alignment is far from trivial. A 
standard approach is to use the popular alignment tool Clustal X^ with the default parameters 
and then start using the output alignment for phylogeny estimation. One of the difficulties 
with this approach is that Clustal X does not take into account an amino acid reading frame. 
Thus gaps can be inserted within a genetic codon triplet breaking up an otherwise reasonable 
reading frame. Therefore, for coding sequences, it is important to review an alignment using a 
sequence editor that allows one to toggle between amino acids and nucleotides, for example 
Se-Al^ (Fig. 1). Needless to say, the hand proofing of sequence alignments for large data sets 
becomes quickly unwieldy. An alternative is to use an alignment software that takes into ac
count coding frame for nucleotide data, aligns by the amino acid sequence, and then converts 
back to the nucleotides. To our knowledge, such software does not exist that can handle a 
reasonable number of whole genomes. However, our group is currendy developing software 
called AlignmentHelper that can perform this task. Even with the aid correcting for codons, 
there can still be significant ambiguity in the resulting alignment. The alignment provides the 
basis of positional homology (the assumption that each nucleotide in the same column of data 

Sequence 1 
Sequence 2 
Sequence 3 
Sequence 4 
Sequence 5 

AACCCAGATGAGTACTAT 
AACCCAGATGAGTACTAT 
AATCCC GAAGATTAT 
AATCCAGAAGACTACTAT 
AATCCAGAAGACTACTAT 

N 
N 
N 
N 
N 

P 
P 
P 
P 
P 

D 
D 
~ 
E 
E 

E 
E 
E 
D 
D 

Y 
y 
D 
Y 
Y 

Y 
Y 
Y 
Y 
Y 

Figure 1. Sample alignment with conversion to amino acids demonstrating the importance of this conver
sion for accurate alignment and the importance of positional homology for phylogeny estimation. 
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small 
T antigen 

agnoprotein 

large 
T antigen 

VP3 

2691 2593 

Figure 2. Idealized polyomavirus genome with genes, reading frames, and direction (arrows) shown. Vertical 
bars indicate regions from the coding sequence that were eliminated using G Blocks as questionably aligned 
areas. The remainder of the coding sequences were used in the subsequent phylogenetic analyses. 

shares a common ancestor) for phylogeny estimation. If the alignment is questionable in any 
region, the inferred phylogeny may be in error as a result. For example, in Figure 1, we have 
some assurance of the positioning of the gaps as a triplet due to the translation to amino acids. 
However, it is impossible to reasonably choose where that gap should be in sequence 3. As 
shown, it tends to link sequence 3 with sequences 1 and 2 (this is indeed the Clustal X output). 
An alternative would be to slide the gap to the right (3') two or even three amino acids to link 
sequence 3 with sequences 4 and 5. This ambiguity (and often even greater ambiguity exists 
especially for nonprotein coding regions) can lead to spurious inferred relationships. Therefore 
it is important to have some assessment of positional homology before attempting phylogeny 
estimation. A quick assessment can be accomplished using the software Gblocks.^ This soft
ware uses the number of contiguous conserved positions, lack of gaps, and high conservation of 
flanking positions to assess the "goodness" of different blocks of nucleotides within an align
ment. Using this approach, one can quickly define regions of suspect positional homology and 
eliminate them from subsequent analyses. 

For our analysis of polyomavirus phylogeny, we selected 33 sequences from GenBank (Table 
1). These sequences were aligned (each gene being aligned independently) usingT-Coffee, which 
performs more accurate alignments than Clustal W although at a much slower speed for these 
large data sets. The residting alignment was then adjusted using Se-Al and AlignmentHelper. 
Then GBlocks was used to identify regions of confident alignment throughout the genome of the 
polyomaviruses. Our final alignment included 8916 positions (larger than the average genome 
size!). After excluding blocks of ambiguous alignment as defined by GBlocks, our data set con
sisted of a total of 5298 nucleotides. Figure 2 shows the idealized polyomavirus genome with 
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ĉ  > 

v> cu 
^ u 

• CU 

i 

c 
O 
E 
f- t/) o j cu 
£ E •"" "̂  •" a ; . -
b o f ^ 

^ 8 . 

bO 
• a 
OJ 

cp: t^ 

03 •— 
bO > 

i r CU 
CU t« 
bO 03 

-O CU 
D ,5£ 

CQ " D 

bO 
~o 
CU 

M = sf5 

03 .— 
b O > 

i r <U 
0) u^ 
b 0 03 

" D CU 
3 .5£ 

C3Q " a 

b J O ^ 
T3 V 

CU ' 
M= «^ 

03 • -
b O > 

ir, CU 
CU t/5 
bO OS 

- O CU 
D . ^ 

CQ - a 

cu ' 
qz: }£ 

iop> 
'i- QJ 
CU t« 
b 0 03 

(U 

cu t« 
bOo3 

"O cu T 3 cu 

•Q T 3 CQ T : 

CN CN 

O 

o 

' I 

.t o > o 
03 CN 

II 
1̂ 

y ^ 
j y T . *bO u? 

03 D 

JU ' -

U ^ 

CU h ^ 

H o ' 
03 ,— 
03 

"o E 
CO O 

"^^^ 
Q_ 
CU 

OJ 

= 1 

cu 
c 

O 03 

E E 
cu o 

-^ _>" 
Oj O 

o ^ 

§ ^ 
C D 

cu a; 
f - tn 

• ^ Q . 

O ) - ^ CN 

III 

_• *> 
03 g 

03 iTi 

^ E 
U . 
<U "D 

c (5 

•̂  O o 
.E ^?n 

^ 03 O^ 

_̂  E9i 

—' -i-^C7^ 
CU c ^ T 3 • - T -

> § ^ 

o 
E 

- D 
<U 

U 

4̂  c 

F 
o 

cu 
3 

n 
u 

:̂  
:? 
c 
OS 

^ tn 

i^ 
CQ 

O 

>-
o Q . 

CU 
c 
> o CQ 

o 

OS 

^ ^ 
O 
o. u 
z 

o >-

3 1 

o 
o 
U 
Z 

U 

I 
c 
c 
o 

I 
I 



50 Polyomaviruses and Human Diseases 

I 
3 
-Si 

c 

£ 

c 
— -o 

I-
<2o 

_ u o 

•E ?5oo 

CD g Z 

gbu> 

< s >~ 

§.•3-1 

C § CN 

a; 2:s 

•^ i < 

N P Q-
^ n <l̂  

o'> J 
E CD D 
GO*- — 

<^S O 
< QKt 
2 5 — 
i>̂  u E 

C § CN 

S ER 

_ J — _ C 
. tft c j 

E a> 3 
. = : _ c Qj 
O O - ^ — 
=3 C — o r - "̂  
<< Ol O 
< Qce 
•S 2 3 

O 1^ T— 2 P 

^ u E i<it3 

. y ^ CN 

S EO 

?*° 
0 2 - 0 

_ . 5̂ 5 {J 

2 2 ^ 
E a; D 

^^S o < 5o^ 

rs ^ - T ; 

0) 

O) O 

in 
> 1£ 

* - < l ^ 
o E 

U c 

-TT " a - o 

oj 

5 u 
D O 
FT- ^ 
OJ < * 
«/i ^ 

y ^ 
E ^ 

-I 
01 > 

1"S 

Q - OJ 

1.3 
CD r5 

^ 03 

O fc 

(u E 

cu—• 
D O 
CTQ-
^ O 

< (D 
Q | 

,o 

SI 
• ^ O 

E ^ 
trt •— 

•5 a; 

i| 
£15 

:S:fc _••> 

y. 5 
^ S 2.2 

^O) LO 

'" fn >-

lis 

03 - ^ ' 

o 1^ 
3 a; en 

U_ G O T -

&j - ^ 0 0 

== .S5 ô  
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'en —̂ 

ill 
. -£5 CD 

03 5^05 
gj T3 ^K 

y o 

Is 
8S 
o ^ 

a CT> 

Si::? 
03 JB .Z4. 

"o ^ ^ 

00 

O -

2 o 

^ 
< 
S/5 

^ 
CD 

5 
< 
ir> 

^ 
CD 

Q > 

^ '> A 
^ 03 (—5 

^ E § 
V5 O - ^ 
o3 O m 

I— CLvi) 

, ^ - ^ < sd; id[ 

r - O oJ O Q; . ^ 
r - Jr tri Jr -tr! "O 

c E 
CQ CD 

I CD 

CQ CD 

X CD 

Q. y 

CD C Z 

C U t/j 

-c 'f^"a E 

3 
D 

CQ 

>4̂  gj w t/5 

^ "^ 

<* Q; tn 

CD . „ C 

.E u o 

.E o ^ 
2 Z f ^ 

C " 5 CN 

t/2 t/) 
CD , 

0) 

03 . ^ 03 .h: 
DQ > CQ > 

: 8 O 

< D.y 

ill 
III 

CD O >> 
_ i ^ . - ^ 

^ LO u. 
O (T> CD 

D_ ^ U 

CD C 

i^ ^ o 

^ CJ ^ 
Q_ fls E 

Si? 
C ^ Q . C ^ 

v i _ - " CTi 

c 9 — 
O *bJ0 2 

03 *- > 

03 O GJ 

^ « " 
CD ^ ~ ? 

5 Sf £ I 
u 2 ^ 
CD ' > 03 

^ C h -
I - ^ bJO 

13 S ^ 

Q 

Q_ \^ 

O 

_>^ _>^ 03 }=. 

C D ^ C D ^ E 

2 tt 5 " -° 

03 "Z 

c > 

II 
-§:§ 
^ S I 

— tx 

i| 
CD 
- (D 

<D CD 

< 

: t n Q-

P c ll |-i - I 
O i ; O i s 03 > 

Q_ tn D- tr C/5 C/5 

IX 
IX 

E 
'n3 

vD 
O <N 
O ' -

5 f̂  
O CD 

QJ . E 
t j *03 

• E o 

*03 
1 -S 2 CD g 

> > ^ > 
c/) C / ) T : C/̂  

. . CQ 

c ^ 

o o 

E 

t/3 LO 

o 

o 
o 

LO 

2 a 
O 
o 

rx 
o 0 0 

_̂ ^ LO 



52 Polyomaviruses and Human Diseases 

shading across the reading frames to indicate those seaions eliminated by GBlocks analysis. The 
remainder of the coding sequence across the genome was then used for phylogenetic analysis. 
With a robust alignment, we moved to testing for recombination, since most phylogenetic ap
proaches assume that recombination has not occurred throughout the history of the sequences 
under study. Thus, we must first statistically test for the possibility of recombination. 

Recombination 
Recombination in polyomaviruses, at least in JC viruses, has been controversial but seem

ingly does occur. ' Recombination can have a large impact on our ability to accurately esti
mate evolutionary relationships^ and population genetic parameters such as genetic diversity 
and substitution rates. Furthermore, recombination can be an important evolutionary force 
that should be taken into account when considering drug and vaccine design.^ Thus it is essen
tial to test for recombination in a given data set. The question then becomes, what test should 
be used? There are a wide variety of methods for detecting recombination. Many of them are 
easily fooled bv other phenomena such as population structure or rate heterogeneity. Posada 
and Crandall evaluated a number of different methods that claim to detect recombination 
using a computer simulation approach. They found that phylogenetic methods (those most 
commonly used to test for recombination in viral sequences) typically performed poorer than 
methods that use substitution patterns or incompatibility among sites as a criterion for the 
inference of recombination. The "best*' method for detecting recombination also greatly de
pended on the overall amount of genetic diversity in the sample. Posada found similar results 
using empirical data sets. Therefore, there is still no easy guideline for choosing a method to 
apply to any particular data set to detect recombination. We therefore ran our 33-sequence 
data set through a variety of recombination detection algorithms and found no evidence for 
recombination (at least among the major clades). Given a lack of evidence for recombination 
coupled with a robust model of evolution, we can now proceed to estimation the evolutionary 
relationships among these viruses via phylogeny reconstruction. 

Phytogeny Estimation 
Our first decision in reconstructing evolutionary histories is what optimality criterion we 

should use. There are both algorithmic methods like neighbor-joining^^ and methods that 
optimize solutions based on some criterion like parsimony (minimizing the branch length) or 
likelihood (maximizing the likelihood). Optimality methods are generally better than algorith
mic methods because they find not only the optimal solution but a variety of solutions close to 
the optimum whereas algorithmic methods provide simply a point estimate of the solution. 
There could possibly be a number of solutions that look quite different that are just as good as 
the point estimate provided by the algorithmic approach. Unfortunately, because the algorith
mic approaches like neighbor-joining are computationally very fast, many researchers choose 
this approach despite its limitations. We highly recommend to the reader to use the more 
thorough optimality methods discussed below. 

Optimality Criteria 
There are two fiindamentally different opdmality criteria that are typically used in phylogeny 

estimation, minimize the branch lengths (parsimony) or maximize the likelihood scores. There 
are a variety of ways to implement these different criteria. Maximum parsimony can be per
formed with a "weighting matrix" that effectively incorporates a more realistic model of evolu
tion within the parsimony framework. Such weighting matrices can be justified by using empiri
cal estimates from the data for observed patterns of nucleotide substitutions. This approach has 
the advantage of being able to take into account gaps as characters in phylogeny estimation. 
However, the parsimony approach cannot accommodate rate heterogeneity (different substitu
tion rates at different sites along the sequence) and it therefore performs poorlv when there is 
great rate heterogeneity.^^ The alternative then becomes maximum likelihood. This approach 
does incorporate a model of evolution (see below) allowing for rate heterogeneity, invariable 
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sites, differences in base frequencies (none of which are accommodated in a parsimony frame
work), as well as differences in substitution rates. This approach does not, however, accommo
date gap characters. These are typically treated as missing data. The other weakness of the maxi
mum likelihood approach is in computational time. It is a very slow approach in general, especially 
with reasonably large data sets. However, alternative methods have been developed to speed the 
likelihood searches including genetic algorithms, ̂ '̂ parallel algorithms, ̂ '̂  and Bayesian ap
proaches to assess relative likelihoods.^^ We have used both standard maximum likelihood as 
implemented by PAUP*,^^ as well as a Bayesian approach implemented in Mr. Bayes."̂ ^ 

Bayesian analysis differs from maximum likelihood in that the standard likelihood is defined 
as the probability of the data given the tree and the model, or Z = Prob(Data | Tree)."̂ ^ The 
Bayesian inference of phylogeny, on the other hand, is based on the posterior probability of a 
tree defined as. pr(TreelData) = Pr(Data rrree)xPr(Tree)/Pr(Data)Both methods incorporate mod
els of evolution as discussed above. One great advantage of the Bayesian approach is that the 
posterior probability is also used as a confidence assessment (see below), thus eliminating the 
need to repeat an analysis 100s-1000s of times to obtain a bootstrap value as an assessment of 
nodal confidence. Computationally, Bayesian approaches tend to be much faster and find very 
similar trees (both in terms of the topology as well as branch lengths). Bayesian approaches have 
also been implemented in a variety of other contexts including detecting selection, estimating 
divergence times, testing for a molecular clock, and evaluating models of evolution (see 
Huelsenbeck et al for a review). Our preferred optimality criteria require some way of model
ing the evolutionary changes in the sequence data along a tree. We need to not only model the 
changes, but determine if our selected model is a reasonable estimate of the true underlying 
changes. The next section offers insights into models of evolution and model selection. 

Models of Evolution 
Models of evolution represent a probability statement for the change from one nucleotide to 

another (e.g., G ^ A). The model is often represented as a relative rate of change from one 
nucleotide to another, leaving five free rates with one fixed at a relative rate of 1.0 in a symmetrical 
model (e.g., G =^ A) (Fig. 3). The first model of evolution developed was that of Jukes and 
Cantor, which accounted for multiple changes at a single site with equal rate parameters for all 
rates of change. Later, Kimura noticed that in many data sets transitions (change from purine to 
purine or pyrimidine to pyrimidine) occurred much more frequendy than transversions (changes 
from purine to pyrimidine or vise versa). He then developed the Kimura 2-parameter model to 

T >- C Pyrimidines 

K 

G Purines 

Figure 3. Models of evolution represent rate changes along the arrows changing a nucleotide from one to 
another. Often these rates are different and there is often a difference between transitions (changes within 
pyrimidines or purines) and transversions (changes among class). 
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allow for differences in the transition and transversion rates.^^ Subsequent models have been 
developed that incorporate differences for all relative rates (the general time reversible or GTR 
model) as well as differences in nucleotide frequencies among base pairs, rate heterogeneity 
among sites,"̂  invariable sites, and even codon position. '̂ While the Kimura 2-parameter 
model is the default model for many studies for both historical reasons and simply because it is 
the default model in the population software package PHYLIP,"̂ ^ it has often been shown to be 
too simplistic to reasonably model the molecular evolution of viral systems.^^ 

Given this plethora of models to choose from, one is left with a decision on how to make a 
reasonable choice of models. One could simply choose the most complex model of evolution 
available knowing that models by definition are simplifications of biological reality thereby 
hoping that the most complex model might come closest to a true underlying model. One 
problem with this approach is that highly complex models require many parameters. All these 
parameters need to be estimated from the data. One then needs to worry about having enough 
data to accurately estimate all these parameters. The errors in these estimates are typically not 
incorporated into a model of evolution that is subsequendy used for phylogeny estimation. 
Therefore, an alternative is to fit the model to the data using some criterion like maximum 
likelihood through likelihood ratio testing,^ ̂  an Akaike information criterion, or a Bayesian 
information criterion.^^ This approach allows one to determine statistically the relative gain in 
likelihood for adding more parameters to the model. There is now software available, for ex
ample ModelTest,^^ to assist in the evaluation of different models for a given data set. 

One might ask if the model of evolution can really make much of a difference in the 
resulting estimated phylogeny and conclusions based on that tree. In a study on the origins 
of primate T-cell leukemia/lymphoma viruses (PTLVs), Kelsey et al̂ ^ found that previous 
researchers had used the Kimura 2-parameter model without justification but that a model 
selected using ModelTest resulted in not only a different model of evolution, it changed the 
conclusion of the origin of PTLVs from Asia to Africa. Thus the main conclusions of studies 
can be severely affected by the wrong choice of model of evolution. It is therefore essential to 
justify one's choice in model and demonstrate that that model reasonably fits the data. 

We used ModelTest to select a model of evolution for our 33-sequence data set of 
polyomaviruses. The resulting model was the general-time reversible model (GTR) with in
variable sites and rate heterogeneity. The model parameters for this analysis were as follows: 
Base frequencies (A, C, G, T) = (0.3166 0.1973 0.2273), Nst = 6, Rmat = (1.8508 2.8908 
1.5896 2.0755 3.9402), Rates = gamma. Shape = 1.5685, Pinvar = 0.1011. Now that we have 
a model of evolution in hand, it is time to estimate a phylogeny. 

Here we used both maximum likelihood and Bayesian approaches to estimate phylogenetic 
relationships among the polyomaviruses. Both methods used the same model of evolution (see 
above) and both methods estimated the same tree (with an identical likelihood score) (Fig. 4). 
The comparative speeds, however, were quite different. The Bayesian analysis took 24.5 hours to 
run on a Lunix 3.0 GHz Xeon PC computer, whereas the maximum likelihood analysis took 
--79.5 hours. The resulting tree shows a major grouping of each of the well-characterized 
polyomaviruses, e.g., JCVs form a clade sister to the BK viruses. The (BK, JCV) clade is sister to 
the SV40 clade. There is a robust clade of mouse polyomavirus related to the hamster papovavirus 
(HaPV). That clade is then sister to a clade of virus infecting monkeys. More distandy related are 
the goose hemorrhagic polyomavirus (GHPV) and the avian polyomaviruses (BFPV). 

Confidence Assessment 
Many studies mistakenly stop at this point (having a tree) and start telling stories about 

their tree and its wonderful significance, as we have just done. However, it is important to 
recognize that phylogeny estimation is a difficult problem and a single point estimate is not to 
be trusted, even when using a robust optimality criterion. Therefore, some measure of confi
dence is desired to judge the statistical validity of the inferred relationships. Confidence assess
ment is typically performed by using either posterior probabilities (for Bayesian approaches), 
or through a bootstrap^ or jackknife procedure. Bootstrapping is the most common form of 
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confidence assessment and consists of resampling the data with replacement, reevaluating that 
new (resampled) data set using the same optimality criterion and same model of evolution and 
then repeating this many times. The resulting trees are then evaluated by a majority-rule con
sensus procedure with the bootstrap proportions being associated with the number of times 
that node is represented in the family of bootstrapped trees. Bootstrap values have been shown 
to be highly biased (seemingly in a conservative way).^^ The obvious difficulty with bootstrap 
values (as mentioned above) is that one needs to reestimate a phylogeny for each resampled 
data set. For reasonable bootstrap values, typically 100 - 1000 bootstrap replications are re
quired. Thus if your original search takes any time at all (in our case 79.5 hours), your boot
strap evaluation of confidence will simply take too long (-9 years!). 

The alternative approach then is to use a method like Bayesian analysis that performs an 
assessment of confidence at the same time as estimating the tree. In the Bayesian analysis, 
the search continues until the likelihood score plateaus, including the tree and substitution 
parameters. At this point there is typically a large set of trees with very similar likelihood 
scores. These trees are then used to create consensus trees with the percentage of times a 
particular node shows up in that group of trees related as the posterior probably. In our 
Figure 4, these posterior probabilities are shown on the major branches and range from 0.29 
to 1.0. All of the major clades (those nodes leading to monophyletic groups of distinct 
viruses, e.g., BK) are supported by posterior probabilities of 1.0. There is a growing litera
ture on the relationship between posterior probabilities and bootstrap values '̂̂ '̂ ^ and no 
consensus seems to have been reached at the moment.^^' 

Population Variation of SV40 
Notice that in Figure 4, there is very litde resolution within the SV40 clade and parts of the 

JCV clade. Most of the nodes have no posterior probabilities associated with them (because we 
did not label nodes with less than 0.5 posterior probability). When one is working with closely 
related sequences with litde divergence (and a greater potential for recombination), network 
approaches for visualizing genealogical relationships become preferred representations. ^ These 
network approaches allow for the simultaneous visualization of multiple solutions, the biologi
cal reality of nonbifurcating genetic exchange (e.g., through recombination, hybridization, 
etc.). They also allow for greater resolution when sequence divergences are low. ' ^ 

We, therefore, used the statistical parsimony approach as implemented in the software TCS 
to estimate evolutionary relationships among the SV40 viruses. Using this approach, minimum 
connections are made using a 95% confidence assessment based on a statistical assessment of the 
conditional probability of the change of more than one nucleotide at a particular site. With a high 
probability (>95%) that a mtdtiple change has not occurred, minimum connections are made to 
infer genealogical relationships. This approach has been tested using empirical data from a known 
bacteriophage phylogeny and shown to be robust and outperform other approaches such as par
simony, ^ likelihood and distance approaches. Indeed, the resulting relationships (Fig. 5) show 
a great more resolution that the SV40 clade in Figure 4. One can also use the network strucmre to 
help interpret the data. For example, population genetic theory argues that sequences with high 
frequency in the sample and those in the interior of the network are older in evolutionary age.^ 
Thus we can infer that isolates OPC/MEN, Rh911, and some of 777* are older in age (perhaps 
the oldest in the sample) relative to the other haplotypes that appear on the tips of the network. 
Using such reasoning it becomes possible to test hypotheses, for example, about the association 
with SV40 with cancer.^ Clearly the methodology for testing such hypotheses is available. We 
only await an appropriate data set for such an analysis. 

Summary 
Phylogenetic methods are of great utility for a wide variety of hypotheses in infectious disease 

studies.^^ Here we have hopefully provided a useful introduction to a variety of phylogenetic meth
ods and the complexity of phylogenetic analyses in general. We have done so using the polyomavirus 
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Figure 5. A network of genealogical relationships among the SV40 viruses where zeros are missing interme
diates and each line represents a single mutational change. 

as a model system and generated a novel phylogeny for the relationships among the viruses associ
ated with this group. We hope that this work will stimulate further interest in phylogenetic infer
ence with infectious diseases and in the proper use of phylogenetic methodology. We refer the 
reader to the new (and excellent) text by Felsenstein"^^ for further details on phylogenetic inference. 
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CHAPTER 4 

Virus Receptors and Tropism 
Aarthi Ashok and Walter J. Atwood 

Abstract 

P olyomaviruses are small, tumorigenic, nonenveloped viruses that infect several different 
species. Interaction of these viruses with cell surface receptors represents the initial step 
during infection of host cells. This interaction can be a major determinant of viral host 

and tissue tropism. This chapter reviews what is currendy known about the cellular receptors 
for each of five polyomavirus family members: Mouse polyomavirus (PyV), JC virus (JCV), 
BK virus (BKV), Lymphotropic papovavirus (LPV) and Simian virus 40 (SV40). These 
polyomaviruses serve to illustrate the enormous diversity of virus-cell surface interactions and 
allow us to closely evaluate the role of receptors in their life cycles. The contribution of other 
factors such as transcriptional regulators and signaling pathways are also summarized. 

Introduction 
The polyomavirus family consists of small, tumorigenic, nonenveloped viruses that infect 

several different species, but are, in general, species-specific^ (Table 1). They contain a 
double-stranded DNA genome of about 5200 base pairs complexed with cellular histones H2A, 
H2B, H3 and H4 within an icosahedral viral capsid.^'^ The capsid is composed of 72 pentamers 
of the major capsid protein, VPl, each associated with one of the minor capsid proteins, VP2 
or VP3 (Fig. 1). The viral genome is organized such that the bi-directional promoter and 
enhancer elements are contained within a regulatory region and the early genes (regulatory 
proteins) are transcribed off of one strand while the late genes (structural proteins) are tran
scribed off of the complementary strand in the opposite direction.^ This capsid structure and 
genomic organization is conserved between all polyomaviruses. 

During viral infection, polyomaviruses interact with cell surface receptor molecules and 
gain entry into the host cell via endocytic mechanisms. ̂ '̂  Upon entry, the virions exploit the 
cellular transport pathways to travel to the nuclear periphery, where they have been shown to 
interact with nuclear pores, to gain access to the nucleus.^'^^ Within the nucleus, the early viral 
genes are transcribed, followed by replication of the viral genome and expression of the late 
viral structural genes. New capsids are assembled within the nucleus and are released upon 
lysis of the host cell. This lytic viral infection occurs in the permissive host cells, while 
nonpermissive or semi-permissive cells establish a block to viral replication, which may result 
in an abortive infection or tumorigenesis. 

Interaction of a virus with its cell surface receptor is the initial step during infection of a 
host cell. In the case of nonenveloped viruses such as polyomaviruses, the viral capsid proteins 
interact direcdy with the receptor molecules in order to gain entry into the cell. This interac
tion is often a major determinant of viral host and tissue tropism. However, there is emerging 
evidence that coreceptor or psuedoreceptor molecules as well as events downstream of cell 
surface interactions such as endocytosis, virus-induced signaling, intracellular trafficking as 
well as transcriptional regulators may also significantly contribute to viral tropism. 

Polyomaviruses and Human Diseases, edited by Nasimul Ahsan. ©2006 Eurekah.com 
and Springer Science+Business Media. 
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Figure 1. The polyomavirus capsid structure. A) Computer generated reconstruction of a polyomavirus 
capsid. B) Schematic of the association ofVP 1 pentamers with the minor capsid protein VP2. From: KhaliH 
K, Stoner GL, eds. Human Polyomaviruses: Molecular and Clinical Perspectives. ©2001 John Wiley & 
Sons, Inc., with permission. 

Table 1. Polyomaviruses and their host species 

Polyomavirus Family Member Host 

JC virus UCV) 
BK virus (BKV) 
Simian virus 40 (SV40) 
Lymphotropic papovavirus (LPV) 
Mouse polyomavirus (PyV) 
Bovine polyomavirus 
Hamster polyomavirus 
Budgerigar fledgling disease virus (BFDV) 

Human 
Human 
Monkey 
Monkey 
Mouse 
Cattle 
Hamster 
Bird 

This review will detail the identity, distribution, and contributions to tropism of specific 
receptor molectdes or components of receptors, for each of these 5 polyomavirus family mem
bers: Mouse polyomavirus (PyV), JC virus (JCV), BK virus (BKV), Lymphotropic papovavi
rus (LPV) and Simian virus 40 (SV40). These polyomaviruses serve to illustrate the enormous 
diversity of virus-cell surface interactions and allow us to closely evaluate the role of receptors 
in their life cycles. The contribution of other factors such as transcriptional regulators and 
signaling pathways will also be summarized. 

Mouse Polyomavirus (PyV) 
Mouse polyomavirus has an unusually broad tropism in its natural host, Mus musculus, 

where it induces neoplasms in greater than 30 different cell types of mesenchymal and epithe
lial origin. For a detailed listing of these cell types, the reader is referred to Dawe et al.^ Early 
experiments suggested a role for sialic acids during infection by mouse polyomavirus, as 
neuraminidase treated murine cells did not support infection by crude virus stocks. ̂ ^ The 2 
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major strains of mouse polyomavirus diflfer in their sialic acid binding specificities in addition 
to the extent of their virulence and spread in the host. The small plaque (SP), or less virulent 
strain, binds the unbranched terminal a 2,3 linkage: NeuAca2,3Gaipi ,3GalNAc as well as the 
branched disialyl structure: 

NeuAca2,3Galpl,3 
GalNAc.i«-2« 
NeuAca2,6 

The large plaque (LP), or more virulent strain, also recognizes both structures of terminal 
sialic acid, but has a far lower affinity for the branched structure compared to the unbranched 
type.^^'^^ Freund et al,̂ ^ have mapped this difference in receptor specificity to a single amino 
acid change at position 92 of the outer capsid protein, VPl. The LP strain has a glutamic acid 
at this position, while the SP strain has a glycine and the crystal structure of mouse polyomavirus 
complexed with disialyl lactose has shown that while glycine at position 92 can accommodate 
the branched chain, glutamic acid would sterically hinder such a structure.^^' This led the 
authors to propose that the branched structure containing both a2-3 and a2-6 linked sialic 
acid acted as a pseudoreceptor for mouse polyomavirus, while the a 2-3 linked sialic acid alone 
acted as the productive entry receptor. Studies with specific glycosylation inhibitors have 
shown that N-linked glycoproteins and not O-linked glycoproteins or glycolipids, can serve as 
receptors for mouse polyomavirus on mouse fibroblast cell lines.^ However, the branched 
sialic acid structure recognized by the SP stain is normally only found in the context of 
O-glycoproteins, and it is hence thought that while the productive viral receptor is an N-linked 
glycoprotein, the psuedoreceptor is likely an O-linked glycoprotein or a glycolipid. 

The identity of the proteinaceous component of the mouse polyomavirus receptor is un
known. Chemical crosslinking of the virus to mouse cells, followed by coimmunoprecipitation 
using anti-PyV antisera, resulted in the purification of a 120 KDa protein.^^' Antibodies 
against this protein, blocked infection by PyV in vitro, but the identity of this 120KDa protein 
remains to be described.^ Attempts to clone the receptor through incubation of hamster 
anti-mouse cell hybridoma supernatants with mouse fibroblasts prior to assaying infection, 
have been unsuccessful in describing a single receptor molecule and it is therefore thought that 
several N-linked glycans may be capable of mediating entry and infection by PyV. This idea is 
consistent with the fact that polyoma infects a wide variety of cell types in its natural host. 

The binding of mouse polyomavirus to host cells has been described in quantitative terms. 
There are an estimated 25, 000 receptor molecules per cell and the interaction with these 
receptors is of high affinity (Kj = L8 x 10 '̂ ^ M), is fast (association and dissociation rate 
constants of 1.7 x lO^M'^s'^ and 3.1 x 10 s'̂  respectively) and stable (t 1/2 = 38 minutes).^^ 
Previous crystal soaking experiments have suggested a Kj of between 5 x 10'^ and lOx lO'^M 
for the binding of sialic acid -a2,3-galactose to PyV, which is far lower than the affinity calcu
lated for the binding of PyV to its complete cellular receptor, suggesting a role for other com
ponents of the receptor in virus binding. This could be interpreted as the contribution of the 
proteinaceous component of the receptor complex or the contribution of several terminal sialic 
acid chains that are exposed by multiple members of the receptor complex. "̂^ 

Integrin ligand binding sites, DLXXL, LDV and DGE, have been identified in the VPl 
and VP2 proteins and a role for a4pi integrin during infection by PyV was established by 
observing the inhibitory effect of preincubating host cells with natural integrin ligands, prior 
to infection by PyV. Caruso et al have elegandy shown that while PyV does not bind to 
neuraminidase treated cells, it does bind to these cells if preincubated with soluble 
N-acetylneuraminic acid (NANA), suggesting that perhaps initial viral binding to sialylated 
receptor components, subsequendy allowed binding to sialic acid-independent receptors. A 
two-step mechanism of viral is thought to occur though the initial interaction of PyV with 
sialic acid, followed by binding to a4pl integrin, prior to gaining entry into the host cell. 
Interestingly, the authors have shown that transfection of a poorly susceptible murine cell line 
(BALB/c 3T3) with a cDNA encoding the a4 subunit, significandy enhances infection of this 
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cell line.^^ This is the first direct demonstration that receptor usage is a critical determinant of 
PyV cellular tropism. 

Recendy, the addition of gangliosides GDI a and GTlb to phospholipid vesicles have been 
shown to allow specific binding of LP and SP strains of PyV to these vesicles during flotation in 
a discontinuous sucrose gradient. ̂ ^ Delivery of GDI a and GTlb in glycolipid micelles to a 
nonpermissive rat glioma cell line deficient in ganglioside synthesis, allows a dramatic en
hancement of infection by PyV and allows normal transport to the endoplasmic reticulum 
(ER), suggesting that gangliosides are indeed involved in viral entry and may determine the 
cellular tropism of the virus.^^ 

It now remains to be understood whether N-glycans, integrins and glycolipids can all func
tion as receptors for PyV, or a certain combination of these form a PyV receptor complex, or 
whether the receptor choice depends on the cell type infected. The third possibility is also 
consistent with recent findings that PyV uses distinct endocytic pathways during infection of 
diflerent cells types. '̂ '̂ ^ Comparative studies of the LP and SP strains of polyoma virus illus
trate the idea that virus -receptor interactions may also be critical in virus dissemination through
out the host. For example, the recognition of vascular epithelial cell receptors by the virus, 
required for entry into and egress from the circulatory system, would be essential for the virus 
to then gain access to its permissive cell types. '̂̂  The tropism of PyV has been attributed, at 
least in part, to post-entry events in the viral life cycle that include regulation by the enhancer/ 
promoter elements and early regions of the viral genome. Mutant virus strains that are capable 
of replication in resistant cell types have been found to have rearrangements or point mutations 
within the enhancer region.^ ^^ One such rearrangement has been characterized in detail to 
reveal the creation of a NF-1 transcription factor binding site as well as a binding site for a 
unique mouse transcription factor, named NF-D. Another study has found that mutant 
virus strains that catty a deletion in one domain (Domain B) of the enhancer region are able to 
overcome the block to replication in certain neuroblastoma cell types.^ This suggests that the 
creation or removal of binding sites in the viral enhancer for certain trans-acting factors can 
control cell type specific tropism of PyV. 

Therefore, the presence of N-linked glycoprotein receptors, O-linked pseudoreceptors, gan
gliosides GTlb and GDI a, expression of integrins that could act as coreceptors and the pres
ence of certain enhancer binding factors, could all contribute to the tropism of PyV (Table 2). 

JCVirusQCV) 
There has been considerable interest in understanding the tissue tropism of JCV, due to the 

discovety that it is the etiological agent of the fatal disease, progressive multifocal leukoen-
cephalopathy (PML), which is characterized by a lytic destruction of the myelin producing 
oligodendrocytes of the brain. JCV infection is restricted to oligodendrocytes, astrocytes, 
tonsillar stromal cells, CD34^ hematopoietic progenitor cells, and a few established glial cell 
lines.^ '̂̂ ^ Some nonpermissive cell types, such as the HeLa cell, do not support infection by JC 
virions but can transcribe early viral genes when JCV DNA is transfected into diem.^0 This 
suggested that there is a block vety early during infection of a nonpermissive cell, perhaps at the 
level of viral receptors. Another clue that early events in the viral life cycle may contribute to 
tropism, came from the recent construction of a JCV-SV40 chimeric virus (JCSV) that con
tained the regulatoty and early genes from SV40 and the late structural genes of JCV.^i JCSV 
displayed biological and physical characteristics of both polyomaviruses, but maintained the 
host range of JCV, suggesting that the capsid-host cell interactions regulate viral tropism. 

Similar to most other polyomaviruses, JCV was found to hemagglutinate red blood cells in 
a sialic-acid dependent manner, which suggested that sialic acid may be important in virus-cell 
interactions. Consistent with this notion, it has been shown that the closely related sialic-acid 
independent virus, SV40, did not share receptor specificity with JCV In these experiments, 
JC virions competed much more effectively with prebound labeled JCV on glial cells, than 
with SV40 virions. Additionally, incubation of anti-MHC class 1 antibody, did not inhibit 
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Table!. 

Virus 
Name 

PyV 
(small 
plaque) 

PyV 
(large 
plaque) 

JCV 

BKV 

LPV 

SV40 

Summary: polyomavirus recepi 

Receptor 

N-linked glycoprotein 
with a2,3 linked sialic 
acids. Gangliosides 
GDIa and GTIb also 
act as receptors on 
certain rat glioma cells. 
N-linked glycoprotein 
with a2,3 linked sialic 
acid and branched 
(x2,6 linked sialic 
acid. 
N-linked glycoprotein 
with (x2,6 linked sialic 
acid. GT1 b has been 
shown to play a role 
in one susceptible 
cell line. 
Gangliosides with a 
Rf lower than GM1. 
Phospholipids also 
shown to be required 
for entry. 
O-linked glycoprotein 
or glycolipld with 
a2,6 linked sialic acid. 

MHC class 1 molec
ules. GM1 has also 
been shown to regu
late viral entry into 
glioma cells. 

Number 
per Cell 

25,000 

25,000 

50,000 

Unknown 

600-
1875 

90,000 

ors 

Affinity of 
Binding (Kd) 

1.8x10-^^M 

1.8x10-^^M 

Unknown 

Unknown 

2.9x10-^2/^ 

3.8x10-^2,^1 

Tropism 

Broad 

Broad 

Restricted 

Broad 

Very 
restricted 

Broad 

Remarks 

Pseudoreceptors are 
O-l inked glycoproteins. 
a4p1 integrin may 
serve as co-receptor. 

Pseudoreceptors are 
O-l inked glycoproteins. 
a4p1 integrin may 
serve as co-receptor. 

Pseudoreceptors may 
be trypsin sensitive. 

The receptor complex 
is thought to be 
primarily composed of 
glycolipids and parti
ally of phospholipids. 
Trypsin sensitivity of 
LPV infection suggests 
that the receptor is 
likely a glycoprotein. 
MHC class 1 is not the 
sole component of the 
receptor, as its dis
tribution does not 
correlate with cellular 
susceptibility. 

infection of these cells by JCV. These experiments also showed that JC virus binding to glial 
cells was saturable, with an estimated 50,000 receptors per cell. ^ 

Further studies have shown that infection by JCV was sensitive to treatment of glial cells 
with crude neuraminidase but not to a2,3 specific neuraminidase, and to treatment with the 
N-linked glycosylation inhibitor, tunicamycin. JCV infection was resistant to treatment with 
chymotrypsin, the O-linked glycosylation inhibitor, BenzylGalNac, and phospholipases A2 
and C. Trypsin, treatment inhibits virus binding to glial cells, but enhances infection, leading 
to the hypothesis that trypsin may remove psuedoreceptors that would otherwise impede the 
efficient interaction of JCV with its receptor. It is therefore thought that an N-linked glyco
protein with terminal a2,6 linked sialic acid is an important component of the JC virus recep
tor, but the nature of this glycoprotein remains to be established. These studies have also 
hypothesized the existence of a trypsin-sensitive family of pseudoreceptors, but this remains to 
be proven. Eash et al ^ have recendy shown that the expression of the a2,6 linkage of sialic acid 
on various human tissues can be completely correlated with the susceptibility of that tissue to 
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infection by JCV, emphasizing the critical role of this linkage of sialic acid in virus-host cell 
interactions. Studies examining the binding of JC virus-like particles (VLPs) to various sialic 
acid linkages, have shown that in addition to sialic acid linkages on glycoproteins, gangliosides 
such as GTlb can also contribute to VLP binding. Moreover, incubation of intact JC virions 
with GTlb led to inhibition of infection of the permissive cell line, IMR-32. This suggests 
that oligosaccharides of both glycoproteins and glycolipids can act as JCV receptors on IMR-32 
cells. The role of GTlb in mediating infection of glial cells by JCV has not yet been evaluated. 

Despite this clear evidence for regulation of viral tropism at the level of cellular receptors, 
there is additional evidence for a role of cellular transcription factors in determining the host 
range of JCV This idea was originally proposed by studies that reported a higher expression 
level of a reporter gene under the control of the JCV promoter in glial cells as opposed to 
nonglial cells. More recendy, one study has shown that JCV virus-like particles (VLPs) can be 
localized to the nucleus of nonpermissive cells within 10 minutes post infection and viral DNA 
from JCV virions could be detected equally well in the nuclei of all permissive and nonpermissive 
cell types examined. ^ The authors have also shown that despite the nuclear accumulation of 
virions, viral transcription and replication is limited to permissive cell types, thereby implicat
ing host cell nuclear factors in the tropism ofJCV^^AJCV- resistant glial cell line (SVGR2) 
derived from the permissive human glial cell line, SVG-A, after multiple rounds of infection, 
has been found to be blocked in early viral gene transcription, again suggesting that tropism is 
regulated at the level of viral gene expression. Several efforts have identified a number of 
cis-regulatory regions in the JCV promoter, which are potential binding sites for N F - K B , N F - 1 , 
Sp-1, GBP-i, YB-1, Pura, Tst-1 and c-Jun.^^'^^ Although there is no definitive evidence for 
regulation of JCV tropism by a single transcription factor, ectopic expression of NF-IX, one of 
the four members of the NF-1 family of transcription factors, appears to confer susceptibility 
to one resistant cell line. Consistent with a role for DNA binding proteins in determining 
viral tropism, different JCV genotypes, that are classified by differences in the regulatory re
gion, are consistendy associated with different human tissues. Differences in the regidatory 
region lead to changes in the types of binding sites available for various transcriptional regula
tors, which may then impact viral tropism. Interestingly, one study has found that PML 
patients harboring a certain type of JCV viral variant with tandem repeats within the regula
tory region, showed a consistently poor clinical outcome compared to patients infected with 
other JCV genotypes. 

In addition to the cell types previously mentioned in this section, JCV also infects B lympho
cytes to a limited extent. Indirect infectivity assays and RT-PCR analysis have shown that the 
majority of JC virions remain cell-surface associated with B lymphocytes and only a minority of 
these virions can initiate an infection. It is therefore thought the interaction of virus with these 
cells is inherendy less efficient. It will be interesting to determine in future studies, if this ineffi
cient viral entry can be attributed to the presence of a large number of psuedoreceptors that may 
sequester the virus at the cell surface. These studies would also add credence to the idea that JCV 
traffics to the CNS on the surface of activated B cells in the immunocompromised host. ' 
Interestingly, lymphocytes express NF-1 proteins to similar levels as the glial cells, suggesting 
that regulation of viral tropism does not solely occur at the level of viral transcription. 

Therefore JCV tropism is likely governed by the presence of a2,6 sialic acid containing 
cellular receptors, the presence of trypsin-sensitive pseudoreceptors, the cell type specific ex
pression of transcription factors as well as the genotype of the infecting JCV strain (Table 2). 

BKVirus(BKV) 
There is an emerging interest in understanding the biology of BK virus infection, due to its 

association with hemorrhagic cystitis in bone marrow recipients and ureteric stenosis as well as 
BKV nephropathy (BKN), which are the major cause of graft dysfunction and rejection in 
renal transplant recipients. Human fibroblasts, epithelial cells, fetal brain cells (spongioblasts 
and astrocytes), human embryonic kidney cells (HEK), embryonic lung cells (HEL), and monkey 
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kidney cells are highly susceptible to infection by BKV. '̂ BKV virions have also been de
tected in association with lymphocytes, suggesting a hematogenous mechanism of viral spread. 
Initial studies with this virus investigated the nature of the interaction between BKV and lym
phocytes. Possatti et al'̂ ^ demonstrated the presence of cell surface receptors for BKV on B cells 
through a rosetting technique. Treatment of lymphocytes with various proteolytic enzymes, 
glycosidase and phospholipases revealed that the BK virus interaction was most sensitive to the 
removal of terminal sialic acid by neuraminidase and was only mildly affected by the action of 
both proteolytic enzymes and phosopholipases.^^ This implied that the BK virus receptor was 
a sialylated moiety on the surface of lymphocytes. It was later shown that polysialylated gan-
gliosides on lymphocytes that have an Rf lower than that of GMl, are involved in BK virus 
binding, by examining the ability of crude ganglioside preparations as well as gangliosides 
inserted into liposomes, to inhibit hemagglutination by BK virus.'̂ '̂  BK virus infection ofVero 
cells has also been shown to be affected by preincubation of the virus with preparations of free 
or liposome-incorporated gangliosides from Vero cells, prior to attachment to the host cells.̂ ^ 
Incubation of BK virus with phospholipids extracted from Vero cells has been found to moder
ately inhibit adsorption of BK virus to Vero cells as well as its haemgglutination activity.'̂  This 
inhibition was also seen upon treatment of Vero cells with phospholipases A2 and D, suggest
ing that phospholipids may act as a component of the BKV receptor. These studies have 
therefore proposed that a receptor complex for BKV infection would be composed primarily of 
glycolipids and partially of phospholipids. Future studies designed to characterize the BKV 
receptor complex on Vero cells are required to confirm this hypothesis. 

Given the hypothesis that the BK virus receptor complex may be comprised of ubiquitously 
and abundandy expressed cell surface molecules, it may be important to consider the contribu
tion of transacting factors to the tropism of BKV. The noncoding control region (NCCR) 
contains the origin of replication and the enhancer/promoter elements of the BKV genome. 
This region is highly variable between different isolates of BKV and comparative studies have 
suggested that the sequence of the NCCR may regulate host cell tropism perhaps due to the 
rearrangement, duplication or deletion of transcription factor binding sites.^ * We could there
fore extrapolate that the presence or absence of certain cellular trans factors may regulate the 
transcriptional activity of wild-type BKV. DNase I protection assays have identified 6 different 
regions within the BKV NCCR that are bound by HeLa cell nuclear factors. Two of the foot
prints were assigned to the binding of proteins from the nuclear factor 1 (NF-1) family, thereby 
implicating this protein family in the control of BK virus tropism.^ This also draws an inter
esting parallel between the transcriptional regulation of both BK and JC virus genomes and the 
contribution of this regulation to viral tropism. '̂̂ '̂ ^ 

In summary, the presence of gangliosides and phospholipids as well as the expression of 
transcriptional regulators such as NF-1, all contribute to the tropism of BKV (Table 2). 

B-Lymphotropic Papovavirus (LPV) 
African green monkey B-lymphotropic papovavirus (LPV), originally isolated from 

EBV-transformed African green monkey B-lymphoblasts, has a highly restricted tropism: it 
infects some Burkitt's lymphoma derived cell lines and a few EBV-immortalized human 
B-lymphoblastoid cells but is unable to infect any cultured malignant or normal human cells.̂ '̂"̂  
It has been shown that the noncoding control region of the BKV genome has tissue-specific 
enhancer elements that allows viral gene expression in all human hematopoietic cells.^^'^^Trans-
fection of viral DNA into all types of hematopoietic cells, allows proper expression of viral 
genes and progression of the viral life cycle.^ However, LPV particles display a very restricted 
tropism within the hematopoietic cell types, suggesting that early events in the viral life cycle, 
prior to expression of viral genes, are a major determinant of LPV tropism. Consistent with 
this notion, binding of LPV to several cell lines of hemaotopoeitic origin, correlated with 
permissivity, suggesting that tropism was likely determined at the level of the cellular receptor 
for LPV.̂ ^ One study comparing an LPV-mutant capable of growing in T-lymphoblastoid 
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cells to a wild type virus only capable of replication in B-lymphoblastoid cells, has shown that 
this change in host range can be attributed to mutations in the VPl coding region, suggesting 
that virus-receptor interactions do indeed control the tropism a per
missive human B-lymphoma cell line, BJA-B, with trypsin and sialidases, indicated that LPV 
binding required the presence of a2,6-linked terminal sialic acid as well as a proteinaceous cell 
surface component.^ Quantitative analysis of LPV binding to BJA-B cells indicated that there 
were between 600 and 1875 receptors for LPV per cell, the affinity of binding was high (Kj = 
2.9 X 10'̂ "̂ M) and very stable (t 1/2 = 70minutes).^^'^^ Treatment of susceptible cells with the 
N-glycosylation inhibitor, tunicamycin, led to an increase in the number of LPV infected cells 
and this has been attributed to the enhanced binding of LPV to these treated cells.^^ This effect 
suggests that the LPV receptor components are not likely to be N-linked glycoproteins, but are 
rather O-linked glycoproteins or glycolipids. The trypsin sensitivity of LPV infection, however, 
suggests that the former possibility is more likely, although this remains to be established.^ '̂  
It will be interesting to determine in the future whether the enhanced binding of LPV to 
susceptible cells treated with tunicamycin is due to an increase in the number or the affinity of 
cell surface receptors for the virus, or if indeed, N-linked glycoproteins can act as psuedoreceptors, 
thereby sequestering LPV at the cell surface. This would then draw an interesting parallel 
between LPV and PyV binding to their respective host cells. 

Despite this clearly established role of the receptor in LPV tropism, there is additional 
evidence for cell type specific trans-acting factors that bind the Pu box motif within the en
hancer of the LPV genome. Studies have shown that different nuclear factors footprint this site 
in different cell types and that this relates to the extent of viral transcriptional activation. ̂ '̂̂ ^ 

Thus, the tropism of LPV appears to be controlled at two levels: viral interactions with 
either O-linked glycoprotein or glycolipid receptors as well as cell type specific trans factors 
that bind the Pu box motif of the viral enhancer (Table 2). 

Simian Virus 40 (SV40) 
Simian virus 40 was originally isolated from the rhesus kidney cells that were being used to 

cultivate the vaccine strains of poliovirus in the 1960s, which was inadvertendy administered 
to innoculated individuals worldwide. SV40 has since been implicated in the development of 
several human cancers including mesotheliomas and osteosarcomas and hence, the biology and 
seroepidemiology of this polyomavirus has been extensively studied. 

The natural hosts for SV40 are the Asian macaque monkeys, especially the rhesus and the 
African green monkey, in which it causes a widespread infection of the brain, lung, kidney, 
lymph node, and spleen. Many human cell lines are susceptible to SV40 infection, includ
ing human fetal and newborn tissues and tumor cell lines but human fibroblasts are not sus
ceptible to infection. '̂ ^ SV40, unlike the other polyomaviruses, does not bind sialic acid and 
treatment of monkey kidney cells with sialidases does not alter the infectivity of SV40.^^^ 
Further characterization of the interaction of SV40 with monkey kidney cells showed that 
SV40 binding was of high affinity (Kj = 3.76 pM), with an estimated 9x 10 receptors per 
cell.^^^ SV40 infection was found to be resistant to treatment of the host cells with trypsin, 
chymotrypsin, phospholipases and glycopeptidases, but was sensitive to the removal of O-linked 
surface glycoproteins.^^^ A study designed to determine the effect of SV40 infection on the 
expression levels of cell surface MHC-class 1 molecules, led to the identification of class I 
MHC protein as the primary receptor for SV40 on monkey kidney cells. ̂ ^̂  This discovery 
confirmed previous findings that the SV40 receptor is resistant to cleavage by trypsin and 
chymotrypsin as MHC-I is resistant to these proteases. ̂ ^̂ '̂ ^̂  Further experiments showed that 
ectopic expression of class I MHC molecules in a null cell line, restored virus binding but not 
infectivity, suggesting that while MHC-I may be the major component of the receptor, addi
tional factors also contributed to the cellular tropism of SV40. Consistent with these results, 
the expression level and pattern of class I MHC molecules does not necessarily coincide with 
the pattern of SV40 binding to various cell types, again pointing to the involvement of other 
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factors in determining susceptibility.^^ A recent study has shown that the delivery of ganglio-
side GMl, to a glioma cell line, led to a significant increase in the number of SV40 infected 
cells, suggesting that gangliosides may also play a role in determining the tropism of SV40. It 
is interesting to note that glycolipids also play a role during infection by PyV, BKV and JCV, in 
addition to SVAO?^'^^'^^'^^ Moreover, GTIb has been implicated in both PyV and JCV entry 
but not in SV40 entry, correlating the presence of an additional sialic acid in the right branch 
residue of GTlb, with infection by sialic-acid dependent viruses. ' It remains to be tested if 
GMl also plays a role during infection of other permissive cell types by SV40. 

Some early studies that examined the enhancer sequences of SV40 have shown that the 
72-base pair tandem repeat sequences found in the enhancer of SV40 activate gene expression 
of a reporter construct much more efFiciendy in monkey kidney cells when compared to the 
moloney murine sarcoma virus enhancer, but expression of the same reporter gene from these 
promoters was reversed in mouse cells. This led to the suggestion that host cell specific 
factors that bind the enhancer elements may control the host range of these viruses. ̂ ^̂  In 
addition, studies have shown that cells differ in factors that bind to the hormone response 
elements (HREs) found in the late promoter of SV40 that controls the expression of the late 
structural genes, and this variability contributes to defining the host range of SV40.^ 

Our current understanding of the tropism of SV40 appears to suggest the presence of a as 
yet unidentified coreceptor complex that in concert with the class I MHC molecules, mediates 
binding and entry into permissive cells. In addition, to these cell surface molecules, transcrip
tional regulators also contribute to the cell type specific tropism of this virus (Table 2). 

Conclusions 
Interaction of virions with receptors may have additional fiinctions apart from mediating 

entry into the host cell, such as induction of signaling cascades and physiological changes in the 
cell that aid in the later stages of the viral life cycle. Purified VPl from mouse polyomavirus has 
been shown to induce transient c-myc and c-fos expression upon binding to mouse fibroblasts 
in Go> thereby rendering the cells competent for DNA replication. ̂ "̂̂  Both SV40 and JCV 
have been shown to induce signals that can be inhibited by the tyrosine kinase inhibitor, genistein, 
suggesting a ligand-induced uptake mechanism utilized by both viruses. " '̂̂ "^ In the case of 
SV40, virions could be seen stalled at the mouths of caveolae and labeled JC virions appeared 
sequestered at the cell surface upon genistein treatment of permissive cells.̂ ^ '̂̂ ^^ In these stud
ies, the MAP kinases ERKl and ERK2 have been found to be downstream targets of the JCV 
induced signal and this activation is required for normal virus entry by clathrin dependent 
endocytosis. In the case of SV40 internalization, genistein is thought to block phosphoryla
tion of caveolin-1, which is critical for normal virus entry through caveolae.̂ ^^ 

Upon entry of the virions into the host cells, there are additional factors that make the 
definition of viral tropism very complex. Some host range mutants of SV40 have suggested 
that nonpermissive cell types were deficient in proper virion assembly and release from the cell, 
suggesting that there may be other cytoplasmic factors that contribute to viral tropism.^^^ 
Cross talk between different pathogens may further complicate the issue of viral tropism in 
vivo. For example, it has been shown that the human cytomegalovirus immediate-early 
transactivator 2 (IE2) is sufficient to activate JCV early gene expression in nonpermissive cell 
types, thereby overriding the restricted tropism of JCV 

Detailed biochemical characterization of the receptor or receptor complexes for the mem
bers of this virus family, will gready improve our understanding of the tissue tropism of these 
polyomaviruses. These future studies will likely reveal a complex cellular pathway whereby the 
expression of cell surface viral receptors and the trans-acting factors required for normal viral 
gene expression are carefully coordinated in permissive cells, perhaps with the aid of the intri
cate cellular signaling pathways. Moreover, dissecting these pathways may lead to the develop
ment of effective anti-viral therapies which will aid in the prevention or cure of the human 
diseases associated with some of these polyomaviruses. 
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CHAPTER 5 

Serological Cross Reactivity 
between Polyomavirus Gipsids 
Raphael P. Viscidi and Barbara Clayman 

Abstract 

M ultiple methods have been used to measure antibodies to polyomavirus virions. In 
order to have a common method for all polyomaviruses, we developed enzyme 
immunoassays (EIAs) using virus-like-particles (VLPs) produced in the baculovirus 

expression system. We tested serum samples from humans and rhesus macaques in VLP-based 
EIAs for the two human polyomaviruses, BK and JC virus, and two nonhuman primate 
polyomaviruses, simian virus 40 (SV40) and lymphotropic polyomavirus (LPV). Rhesus sera 
exhibited low level reactivity to BK and JC, and approximately 10 and 15% of human sera 
showed low level reactivity to SV40 and LPV, respectively. Competitive inhibition assays with 
VLP protein demonstrated that the reactivity of rhesus sera against BK and JC VLPs was 
blocked by both SV40 and the respective human polyomavirus, indicating that the BK and JC 
assays were detected cross-reacting antibodies Similarly, the reactivity of the majority of human 
sera to SV40 was blocked by both SV40 and BK or JC, demonstrating that the SV40 reactivity 
of human sera is largely due to cross reacting BK and JC antibodies. In contrast, the reactivity 
of human sera to LPV VLPs was blocked by LPV but not by BK or JC, providing serological 
evidence for an unknown human polyomavirus related to LPV. SV40 and LPV VLP-based 
EIAs and competitive inhibition assays with heterologous VLPs provide tools for 
seroepidemiological studies of possible SV40 and LPV-like infections of humans. 

Introduction 
Polyomaviruses are small nonenveloped DNA viruses. They are widely distributed in nature 

and have been described from humans, monkeys, cows, rabbits, mice, hamsters, chickens and 
parrots. The presendy known human polyomaviruses are BK virus (BKV) and JC virus (JCV). 
Most primary infections with BKV and JCV occur in childhood and are asymptomatic. The 
viruses persist indefinitely as latent infections in the kidneys and B lymphocytes and can reac
tivate in times of immunological impairment. Reactivation of JCV may result in progressive 
multifocal leukoencephalopathy, a subacute demyelinating disease of the central nervous sys
tem. BKV reactivation principally manifests in the kidneys as hemorrhagic cystitis or nephr
opathy." '̂̂  Simian virus 40 (SV40) is a natural infection of some species of Asiatic macaques 
including the rhesus macaques of north India. Human exposure to SV40 occurred on a wide 
scale between 1955 and 1963 due to contamination of some lots of inactivated poliovaccines. 
The recent detection of SV40 genomic sequences in human tumors has raised a question of 
SV40 infection in humans.^'^ There is indirect evidence for human infection with another 
polyomavirus based on reactivity of human sera with a lymphotropic polyomavirus (LPV) of 
African green monkeys. ̂ '̂̂ ^ 
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Hemagglutination inhibition (HI) assays have been the standard method for measure
ment of antibodies to BKV and JCV, and a virus infectivity neutralization assay has been the 
standard method for detection of SV40 antibodies. ̂ '̂ ' There is no widely accepted stan
dardized method for measurement of antibodies to LPV. Enzyme immunoassay (EIA) tech
nology has become the preferred method for measurement of antiviral antibodies because 
EIA provides greater sensitivity and precision compared with HI and neutralization assays. 
EIA is also more economical for large-scale seroepidemiological studies. We recently estab
lished EIAs for BKV, JCV, SV40 and LPV using virus-like particles (VLPs) as antigens.^^ 
The capsid proteins of a wide range of viruses, when expressed in insect cells, yeast or E. coli, 
self assemble into empty particles that resemble native virions morphologically and anti-
genically. Polyomavirus capsids are composed of 72 capsomeres arranged on a T = 7 icosahe-
dral lattice. The capsomers are pentamers of the VP 1 major capsid protein, which forms the 
outer shell of the capsid. In addition to the 360 molecules ofVPl, the native virion contains 
approximately 1 to 10 molecules of the minor capsid proteins VP2 and VP3. The VPl 
proteins of several polyomaviruses have been expressed in yeast or insect cells and shown to 
self assemble into a capsid-Uke structure in the absence of the VP2 and VP3 proteins. ̂ '̂̂ ^ A 
3D reconstruction of BKV-VLPs revealed a structure similar to that of native 
polyomaviruses. VLPs have proven to be exceptionally good reagents for EIAs because 
they display surface conformational epitopes, which are often the immunodominant, type 
or species-specific and neutralizing epitopes. The availability of VLP-based EIAs for mul
tiple polyomaviruses has made it possible to perform comparable serological assays for all 
the viruses and to evaluate cross-reactivity by adsorption studies. In this chapter we describe 
our detailed studies of serological cross reactivity between BKV, JCV, SV40 and LPV capsids 
using VLP-based EIAs. 

Virus-Like Particle-Based Polyomavirus Enzyme Immunoassays 
We obtained recombinant baculoviruses expressing the VPl major capsid protein of BKV 

and JCV from Stephen Frye and Peter Jensen and constructed recombinant baculoviruses 
expressing the VPl coding sequences of SV40, LPV and mouse polyomavirus (MPV) using 
the Bac-to-Bac baculovirus expression system. We purified VLPs from lysates of insect cells 
infected with the recombinant baculoviruses by CsCl density gradient ultracentrifligation 
and cation exchange or gel exclusion liquid chromatography. '̂ ^ SDS-PAGE analysis of 
purified VLPs of SV40, BKV and JCV showed a major protein band of about 40, 43 and 40 
kDa, respectively, and electron microscopy of the VLP containing preparations revealed 
particles with a diameter of 45-50 nm, morphologically consistent with empty polyomavirus 
capsids (Fig. 1). The VPl protein of LPV was approximately 40 kDa and formed 50 nm 
particles (data not shown). The optimum concentration of polyomavirus VLPs and serum 
dilution used in the EIA was determined by titration of positive and negative controls. As 
the assays are currently configured, wells of PolySorp microtiter plates (Nunc, Naperville, 
IL) are coated overnight at A^Q with 20 to 30 nanograms of total protein per well and serum 
samples are tested at a 1:400 dilution. The plates are prepared the day before use and then 
blocked for 2 hours at room temperature with 0.5% (wt/vol) polyvinyl alcohol, MW 
30,000-70,000 (Sigma, St Louis MO) in PBS (0.5% PVA). Serum samples are left to react 
for 1 h at 37°C and antigen-bound immunoglobulin is detected with peroxidase-conjugated 
goat antibodies against human IgG (Zymed, San Francisco, CA), diluted 1:2000 in 0.5% 
PVA, 0.025% Tween 20, 0.8% (wt/vol) polyvinylpyrrolidone, MW 360,000 (Sigma) in 
PBS. After 30 min at 37^C, color development is initiated by the addition of 
2,2'-azino-di-(3-ethylbenzthiazoline-6-sulfonate) hydrogen peroxide solution (Kirkegaard 
and Perry, Gaithersburg, MD). The reaction is stopped after 20 min by addition of 1% 
dodecyl sulfate and absorbance is measured at 405 nm, with a reference wavelength of 490 
nm, in an automated microtiter plate reader (Molecular Devices, Menlo Park, CA). 
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Figure 1. SDS-PAGE of lysates of insect cells infected with recombinant baculoviruses expressing SV40, 
BKV or JCV VPl protein and of purified SV40, BKV and JCV VLPs (A) and transmission electron 
micrographs (x 105,000 magnification) of SV40, BKV, and JCV VLPs (B). In the electron micrograph, the 
open arrow points to an empty particle and the solid arrow to a fiill particle. From: Clin Diagn Lab Immunol 
2003; 10(2):278-85, ©2003 American Society for Microbiology, with permission. 



76 Polyomaviruses and Human Diseases 

2.0 -

a> 
1 ^-5-
> 

o 
-* 1.0 -

Q 
O 

0.5 -

0.0 -

A 

. ^ . ^ ..4-

e 

• 

• 

H 
• 
• 

1 X 
• z.!rl.. 

• 4r 
SV40 BK JC SV40 BK 

VLP Enzyme Immunoassay 

• 

• 
• 

^ 

JC 

Figure 2. Reaaivity of 17 SV40 neutralizing antibody negative (A) and 39 antibody positive (B) rhesus 
macaque sera in SV40, BKV and JCV VLP-based enzyme immunoassays. The length of the box corresponds 
to the 25-75% interquartile range. The horizontal line in the box indicates the median optical density value. 
The lines extending upward and downward from the box mark the 10th to 90th percentile range. Oudier 
values are shown as closed circles. From: Clin Diagn Lab Immunol 2003; 10(2):278-85, ©2003 American 
Society for Microbiology, with permission. 

Reactivity of Rhesus Macaque Sera in VLP-Based Polyomavirus 
Enzjmie Immunoassays 

We tested rhesus sera known to be SV40 antibody—negative and antibody-positive by virus 
plaque neutralization tests for reactivity to SV40, BKV and JCV in the VLP EIAs (Fig. 2). The 
SV40 VLP EIA had 100% sensitivity and 100% specificity when compared with the reference 
standard of SV40 neutralization assay. The SV40-negative rhesus sera were nonreactive with all 
three VLPs, but the SV40 antibody-positive sera were clearly reactive with both BKV and JCV 
VLPs, but to a much lesser extent than with SV40 VLPS. It is unlikely that the reactivity is due 
to exposure of monkeys to BKV or JCV from human handlers because the BKV and JCV 
seroreactivity was not observed in SV40 antibody-negative sera, despite the fact that these 
macaques had the same risk of exposure to BKV and JCV. The most likely explanation for 
BKV and JCV reactivity of macaque sera is cross reacting antibodies elicited by SV40 infec
tion. To further document cross reactivity, we developed competitive inhibition assays. Inhibi
tion of seroreactivity to a particular VLP only with homologous VLP would be evidence of 
specific antibodies, whereas inhibition of seroreactivity to a particular VLP by a heterologous 
VLP would be evidence of cross reactivity. In preliminary experiments the reactivity of an 
SV40 antibody positive rhesus serum in the SV40 VLP-EIA was shown to decrease exponen
tially in the presence of increasing concentrations of SV40 VLPs in the diluent for the serum 
(Fig. 3). A concentration of 4 ug of SV40 VLP protein per ml resulted in near maximal inhibi
tion of SV40 seroreactivity. Similar curves were obtained with other SV40 antibody positive 
rhesus sera (data not shown). We tested 34 SV40 antibody positive rhesus sera in the SV40 
VLP EL\ in the presence of 4 ug/ml of competing SV40, BKV, JCV, LPV or MPV VLP 
protein. The percent inhibition of SV40 reactivity by each VLP was calculated as 1 - ODcompeting 
VLp/ODbuffer control X 100. In Figure 4, the percent inhibition by SV40 VLP protein is plotted 
versus percent inhibition by BKV VLP protein. SV40 seroreactivity was inhibited from 1.5% 
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Figure 3. Competitive inhibition of SV40 reactivity of an SV40 antibody positive macaque serum by 
increasing concentrations of SV40 VLP protein. The serum sample was tested in the SV40-VLP EIA in the 
presence of serial 2-fold dilutions of SV40 VLP protein starting at a concentration of 4ug/ml. The assay was 
completed by the sequential addition of peroxidase-labeled goat anti-human IgG and ABTS substrate. The 
plate was read at 405 nm in an automated microtiter plate reader. 

Figure 4. Scatter plot of percent competitive inhibition of SV40 reactivity of 34 macaque sera by SV40 and 
BKV VLP protein. Serum samples were tested in the SV40-VLP EL\ in the presence of 4ug/ml of SV40 
or BKV VLP protein. The assay was performed as described in the legend to Figure 3. Percent inhibition 
by each VLP was calculated as 1 - ODcompetingVLp/ODbuffer control X 100. The percent inhibition by SV40 
VLP protein (y-axis) is plotted versus percent inhibition by BKV VLP protein (x-axis). The horizontal and 
vertical lines mark 50% inhibition by SV40 and BKV VLP protein, respectively. 
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Figure 5. Scatter plot of percent competitive inhibition of BKV reaaivity of 21 macaque sera by SV40 and 
BKV VLP protein. Serum samples were tested in the BKV or VLP EIA in the presence of 4ug/ml of SV40 
or BKV VLP protein. The assay was performed as described in the legend to Figure 3 and percent inhibition 
was calculated as described in the legend to Figure 4. The percent inhibition by SV40 VLP protein (y-axis) 
is plotted versus percent inhibition by SV40 VLP protein (x-axis). The horizontal and vertical lines mark 
50% inhibition by BKV and SV40 VLP protein, respeaively. 

to 98% by SV40 VLPs and from 0% to 78% by BKV VLPs. If horizontal and vertical reference 
lines are drawn at the 50% inhibition level for SV40 and BKV VLPs, respectively, the graph 
divides into four quadrants. We defined reactivity as SV40 specific if sera fell in the upper left 
quadrant (>50% inhibition by SV40 VLPs and <50% inhibition by BKV VLPs), as nonspe
cific if sera fell in the lower left: or right quadrants (<50% inhibition by the SV40 VLPs), and 
cross reactive if sera fell in the upper right quadrant (>50% inhibition by SV40 and BKV 
VLPs). Based on these cut points, the reactivity of 29 (85%) of 34 SV40 antibody positive 
macaque sera was SV40 specific; the reactivity of 4 (12%) sera was nonspecific; and that of 1 
(2.9%) serum sample was due to BKV cross reacting antibodies. In competitive inhibition 
assays with the other heterologous VLPS, we found that SV40 seroreactivity of macaque sera 
was never inhibited by more than 50% percent by JCV, LPV or MPV VLPs (data not shown). 
Thus, the data support the specificity of SV40 VLP reactivity of rhesus sera for SV40. When 
21 rhesus sera reactive in the BKV VLP EIA were tested in competitive inhibition assays (Fig. 
5), 15 sera were scored as cross reactive, 5 as nonspecific and one as BKV specific. The few sera 
that reacted to JCV VLPs were inhibited by both SV40 and JCV VLPs (data not shown). Thus, 
the antibodies in rhesus sera that react with BKV and JCV most likely are induced by SV40 
infection and cross react with the human polyomaviruses. 

Reactivity of Human Sera in VLP-Based Polyomavirus Enzyme 
Immunoassays 

The detection of BKV and JCV cross reactive antibodies in sera of rhesus macaques in
fected with SV40 prompted us to test for the reciprocal response in human sera. We looked for 
evidence of cross reacting antibodies to SV40 in individuals infected with BKV or JCV. Infec
tions with both BKV and JCV are common and occur early in life. The antibody prevalence to 
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Figure 6. Comparison of reactivity of 5 86 human sera in BKV and SV40 VLP-based enzyme immunoassays. 
The control serum samples from a case-control study of lymphoma were tested for reaaivity to SV40 and 
BKV. The length of the box corresponds to the 25-75% interquartile range. The horizontal line in the box 
indicates the median optical density value. The lines extending upward and downward from the box mark 
the 10th to 90th percentile range. Oudier values are shown as closed circles. 

BKV reaches nearly 100% by the age of 10-11 years and then declines to around 70-80% in 
the older age groups. The antibody prevalence to JCV reaches a peak of about 75% by adult 
age. ' ' Because of the controversy concerning human infection with SV40, a number of 
studies have examined the seroprevalence of SV40 in human populations. The reported preva
lence of SV40-reactive antibodies in human sera by neutralization assay is between 3-10%. '̂ '̂̂ ^ 
The most comprehensive data are reported by Knowles et al̂ ^ who examined over 2400 sera 
collected in England. The donors ranged in age from 1 to 69 years. The overall SV40 antibody 
prevalence was 3.2% and did not increase with age of the donor. More recently SV40 
seroprevalence in human sera has been measured by VLP EIA. In a case-control study of lym
phomas in Spain, we found 9.5% of 587 control sera reactive to SV40 in VLP EIA.^ Sixty-five 
percent of the sera contained BKV antibodies. The levels of SV40 antibodies were low as 
compared to that of BKV antibodies (Fig. 6). In a population-based study of 415 adult sera 
from Washington State, Carter et al̂ ^ reported 171% prevalence by SV40 VLP EIA. The origin 
of SV40 antibodies in humans is unclear since contact with macaques is rare in most human 
populations. It is possible that the antibodies reacting with SV40 are induced by the human 
polyomaviruses and cross-react with SV40 or that they result from infection of the human 
population with another virus or possibly SV40 from an unknown source. 

We tested dl human SV40 antibody positive sera in competitive inhibition assays to deter
mine the specificity of the response. For 52 (78%) sera, greater than 50% of the SV40 reactiv
ity was competitively inhibited by both SV40 VLP protein and either BKV or JCV VLP pro
tein (Fig. 7). Four (6%) sera were inhibited by less than 50% by SV40 VLPs and were also 
weakly inhibited by BKV or JCV VLPs, suggesting that the reactivity is either nonspecific or 
the assay conditions were not optimal. Eleven (16%) sera gave a pattern of reactivity similar to 
that of SV40 antibody positive macaque sera, with greater than 50% inhibition by SV40 and 
less than 50% by BKV and JCV VLPs. There was no significant inhibition (>50%) of SV40 
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Figure 7. Scatter plot of percent competitive inhibition of SV40 reactivity of 67 human sera by SV40 and 
BKV or JCY VLP protein. Serum samples were tested in the SV40 VLP EIA in the presence of 4ug/ml of 
SV40, BKV or JCV VLP protein. The assay was performed as described in the legend to Figure 3 and percent 
inhibition was calculated as described in the legend to Figure 4. The percent inhibition by SV40 VLP protein 
(y-axis) is plotted versus maximal percent inhibition by BKV or JCV VLP protein (x-axis). The horizontal 
and vertical lines mark 50% inhibition by SV40 and BKV or JCV VLP protein, respectively. 

seroreactivity by either LPV or MPV VLP protein (data not shown). The profile of reactivity of 
human sera to BKV and JCV VLPs in the competitive inhibition assays resembled that of 
macaque sera to SV40 VLPs. BKV seroreactivity was inhibited by BKV VLP protein but not by 
JCV VLP protein, and conversely, JCV seroreactivity was inhibited by JCV and not BKV VLP 
protein (Fig. 8). SV40, LPV, and MPV VLP proteins did not significantly inhibit either BKV 
or JCV seroreactivity (data not shown). 

The question whether BKV or JCV antibodies cross react with SV40 has been addressed 
previously by comparing reactivity to SV40 and human polyomaviruses in serum samples from 
the same individual. Brown et al examined this question for the first time in their study of 
1500 sera from 28 isolated aboriginal populations that had no contact with monkeys and had 
not received polio vaccines. They found that 5% of 111 BKV-negative sera, and 35% of 40 
BKV-positive sera (p<0.001) had low levels of neutralizing antibodies to SV40. They con
cluded that infection with BKV may account for the SV40 reactivity of their sera. In their 
study, Knowles et al̂ ^ reported that 3.8% and 4.5% of human sera containing, respectively, 
BKV and JCV antibody, neutralized SV40 as compared to 0.9% and 2.5%, respectively, of 
BKV-negative and JCV-negative sera. These differences were highly significant. Only one of 
79 sera with SV40 antibodies was negative for both BKV and JCV antibodies. RoUison et al̂ ^ 
found that 1L9% of 96 BKV-positive and none of 20 BKV-negative sera neutralized SV40 
(p=0.08). Using VLP-based assays, we found a correlation between BKV and SV40 antibioses 
(Spearman r = 0.60, p<0.001) and to a lesser extent, between JCV and SV40 antibodies 
(Spearman r = 0.18, p = 0.06). ^ In apopulation based sample of 415 adults sera tested by VLP 
ELA. for all three viruses. Carter et al̂  reported a correlation between BKV and SV40 antibod
ies (Spearman r - 0.34, p < 0.001) and also between JCV and SV40 antibodies (Spearman r = 
0.030, p < 0.001). Our competitive inhibition assays provide direct experimental evidence for 
cross reacting BKV and JCV antibodies as the explanation for the SV40 reactivity of most 
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Figure 8. Scatter plot of percent competitive inliibition of BKVand JCV reactivity of 23 human sera by BKV 
and JCV VLP protein. Serum samples were tested in the BKV (circle) or JCV (triangle) VLP EIA in the 
presence of 4ug/ml of BKV or JCV VLP protein. The assay was performed as described in the legend to 
Figure 3 and percent inhibition was calculated as described in the legend to Figure 4. The percent inhibition 
by BKV VLP protein (y-axis) is plotted versus percent inhibition by JCV VLP protein (x-axis). The 
horizontal and vertical Hues mark 50% inhibition by BKV and JCV VLP protein, respectively. 

human sera. Carter et al.^^ also found that preadsorption of SV40-positive sera with BKV or 
JCV VLPs completely removed their SV40 reactivity. 

Reactivity of Human Sera in LPVVLP-Based Enzyme Immmioassay 
Lymphotropic polyomavirus wsis isolated from a B-lymphoblastoid cell line derived from 

an African green monkey. Analysis of the complete genome sequence of LPV revealed con
served features of the polyomavirus genus and showed that LPV is only distandy related to 
SV40 and the human polyomaviruses. ' Serological surveys have shown that approximately 
30% of humans and all nonhuman primates surveyed, with the exception of baboons, have 
antibodies to LPV by either immunofluorescence, immunoprecipitation or neutralization as
says. ̂ '̂̂ '̂ "̂  We have detected LPV antibodies by VLP EL\ in approximately 15% of human 
sera (unpublished data). In order to determine the specificity of LPV antibodies in human sera, 
we performed competitive inhibition assays on 42 LPV reactive human sera (Fig. 9). The LPV 
reactivity of 35 (83%) sera was inhibited by more than 50% by LPV VLPs and less than 50% 
by either BKV or JCV VLPs. Six (14%) sera were inhibited by more than 50% by LPV and 
BKV or JCV, and one serum sample (2%) was not inhibited by any VLP tested. These data 
indicate that LPV antibodies in human sera, unlike SV40 antibodies, cannot be attributed to 
cross reacting BKV or JCV antibodies. 

Conclusions 
We have demonstrated low levels of BKV and JCV antibodies in SV40 antibody positive 

macaques and low levels of SV40 antibodies in BKV or JCV antibody positive humans. In 
addition, we have shown that the BKV and JCV seroreactivity in macaques is competitively 
inhibited by the heterologous SV40 VLP and the SV40 seroreactivity in human sera is inhib
ited by heterologous BKV or JCV VLPs. Taken together the data suggest that SV40 infection 
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Figure 9. Scatter plot of percent competitive inhibition of LPV reactivity of 42 human sera by LPV and BKV 
or JCV VLP protein. Serum samples were tested in the LPV VLP EIA in the presence of 4ug/ml of LPV, 
BKV or JCV VLP protein. The assay was performed as described in the legend to Figure 3 and percent 
inhibition was calculated as described in the legend to Figure 4. The percent inhibition by LPV VLP protein 
(y-axis) is plotted versus maximal percent inhibition by BKV or JCV VLP protein (x-axis). The horizontal 
and vertical lines mark 50% inhibition by LPV and BKV or JCV VLP protein, respeaively. 

induces cross reacting antibodies to the human polyomaviruses and the human polyomaviruses, 
particularly BKV, induce cross reacting antibodies to SV40. The inhibition by a heterologous 
VLP cannot be explained by a shared antigen present in the VLP preparations because MPV 
and LPV VLPs did not inhibit the SV40 reactivity of human sera or the BKV and JCV reactiv
ity of macaque sera. The serological cross reactivity is not surprising given the 77% amino acid 
identity between the JCV and SV40 VPl proteins and the 83% identity between the BKV and 
SV40 VPl proteins. However, JCV and BKV VPl proteins, which share 80% amino acid 
identity, are antigenically distinct. Since BKV and JCV both infect humans, the most likely 
reason for the distinct antigenicity of their capsid proteins is positive selection for unique 
immunodominant surface epitopes, which allow one virus to replicate in the presence of im
munity to the other. We identified a small number of SV40 antibody positive human sera that 
were inhibited by SV40 and not by BKV or JCV VLPs. Whether this reactivity is due to 
exposure of humans to SV40 needs to be addressed in carefully designed epidemiological stud
ies and confirmed by detection of SV40 in biological samples from SV40 antibody positive 
subjects. 

Lymphotropic polyomavirus was first described in 1979 and early serological studies using 
a variety of assay methods reported a seroprevalence of -30% in human popidations. Our 
studies with VLP-based assays confirm the presence of LPV reactive antibodies in a substantial 
proportion of human sera (-15%). Furthermore, competitive inhibition assays show that the 
reactivity is not the result of cross-reactivity with BKV or JCV antibodies. Although LPV was 
isolated from a B-lymphoblastoid cell line derived from an Afi-ican green monkey, the host 
range of LPV is unknown. Takemoto et al detected LPV antibodies in serum samples from 
humans and multiple species of nonhuman primates using an immunofluorescence assay. The 
highest seroprevalence was in gorillas {77%), Orangutans (58%), Afi-ican green monkeys (48%) 
and squirrel monkeys (36%). In other species the seroprevalence ranged from 8-30% and in 
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humans was 27%. The antibody titers were not reported. Given the host species specificity of 
other polyomaviruses it is unHkely that all these species are infected with the same virus. 
Serosurveys using VLP-based assays together with attempts to detect LPV viral sequences by 
PCR should be performed to determine the host species for LPV. Perhaps the LPV reactivity of 
human sera and that of some nonhuman primates is due to cross reacting antibodies induced 
by unknown LPV-related polyomaviruseses. 
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CHAPTER 6 

Molecular Genetics of the BK Virus 
Christopher L. Cubitt 

Abstract 

The BK Virus (BKV) genome is a double-stranded, circular DNA molecule with genetic 
organization similar to other polyomaviruses, and high homology to JC Virus (JCV) 
and SV40. The archetypal form of BKV noncoding regulatory region (NCRR) is the 

infectious form of BKV that replicates in the urothelium and is excreted in the urine. Rear
ranged forms of the NCRR are found in kidney and other tissues often in association with 
disease. BKV strains can be assigned to genotype/serotype groups based on sequence variation 
in the VPl gene. Sequencing of the complete genomes from patient samples will enhance BKV 
phylogenetic studies and identify genotypic differences and naturally occurring mutations in 
BKV that may correlate with incidence and/or severity of a disease. This chapter is a review of 
the molecular genetics of the BK virus in respect to BKV disease. 

Introduction 
BK virus (BKV) is the polyomavirus that, in the context of immunosuppression, is largely 

responsible for the diseases renal stenosis^ and interstitial nephritis in kidney transplant pa
tients (BK nephropathy, BKN) and hemorrhagic cystitis in bone marrow transplant patients.^ 
First identified in 1970 by Gardner et al, BKV is now known to be widespread in the human 
population. More than 80% of the world population is asymptomatically infected with the 
virus based on serological evidence and a recent study found that 38 out of 40 subjects (95%) 
had antibodies to BKV in the serum. ̂  

BKV shares a 75% sequence identity with polyomavirus JC (JCV) and a 69% identity with 
SV40. '̂  Like SV40 and JCV, BKV is a nonenveloped virus with 40.5-44 nm diameter icosa-
hedral capsid. Also like the other primate polyomaviruses, the genome of BKV is a closed 
circular double-stranded molecule of DNA approximately 5 kb in length. Much of our knowl
edge pertaining to the molecular biology of BKV has been obtained from the two much more 
studied polyomaviruses, SV40 and JC virus. However, in recent years, there has been a re
newed effort to study the BKV as this virus is increasingly recognized as a complicating infec
tion following immunosuppressive medical procedures such as renal and bone marrow trans
plants. In this chapter I will review the current literature covering the molecular genetics of the 
BK virus in respect to BKV disease. 

BKVInfection 
BKV spread occurs human to human. The initial BKV infection is nearly always subclinical 

and typically occurs during childhood. BKV enters its new host by an oral route and it is 
thought that the tonsils may be the first site of BKV replication based upon studies which have 
detected BKV as well as JCV in tonsillar tissue. '̂  It has been suggested by Chatterjee et al^ that 
BKV enters the bloodstream by infecting PBMC as they circulate through the tonsillar tissue, 
therefore allowing the spread of the virus to secondary infection sites in the body including the 
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kidneys. It is in the kidneys and urothelial cells where BKV usually remains in an asymptom
atic state for the life of the host or until reactivation of BKV replication occurs during the third 
trimester of pregnancy ' or other immunodeficient states. 

At the cellular level, the pathway by which BKV enters the cell has historically been inferred 
from SV40 studies, however, recent studies have focused on the unique aspects of BKV infec
tion. ^ It has been shown that a sialic-acid containing receptor is important for attachment of 
BK virions to the cell surface. After binding to the surface of urothelial cells, BKV enters 
through specialized vesicles termed caveolae which normally ftxnction in the endocytosis of 
cholesterol. ^ After entering the cell by pinocytosis the caveolae have been observed to ftise 
with polymorphous membranous organelles that most likely transport the virus to the rough 
endoplasmic reticulum and eventually to the nucleus. However, it remains unclear whether 
BKV enters the nucleus as intact virions. This retrograde pathway to the rough endoplasmic 
reticulum protects the virus by avoiding lysosomal fusion. 

BKV Replication 
Once in the nucleus, after viral disassembly, the BKV genome remains in an episomal 

state in humans. In contrast, the BKV genome has been found to integrate into the host 
genome when BKV is used to infect and/or transform rodent and rodent cell lines.^^'^^ The 
genome of BKV consists of the genetically conserved early and late gene coding regions and 
the hyper-variable 300-500-bp noncoding regulatory region (NCRR) (see Fig. 1). Within 
the NCRR is the origin of replication as well as the binding sites for numerous regulatory 
factors involved in transcription and replication. BKV replication begins with the transcrip
tion of the early genes that encode the large T (TAg) and small t antigens (tAg) that are 
expressed soon after infection of the host cell. TAg and tAg are differentially translated by 
alternative splicing of the early mRNA transcript. Removal of the TAg intron splices the first 
exon with the next exon allowing translation of TAg. Alternatively, retention of the intron 
allows translation to reach a termination codon within the intron resulting in tAg. It is the 
production of the TAg that causes quiescent cells to reenter the cell cycle and thus begin 
replication of cellular DNA. As is the case for SV-40 and other polyomaviruses, TAg is a 
multifunctional transactivating factor necessary for regulating the transcription and replica
tion of the viral genome (reviewed by Moens and Rekvig^ ). TAg auto regulates its own tran
scription^^ and is largely responsible for the cell transforming potential of BKV. ̂ ^ This trans
forming potential of TAg is attributed to its ability to bind and inhibit the ftmction of host 
tumor suppressor proteins including p53 and pl05RBl.^^'^^ In permissive host cells, the T 
antigens act as regulatory proteins, directing the remaining events of viral replication that 
result in a productive infection. 

Replication of the BKV genome occurs within the nucleus well after the transcription 
and translation of the early genes has begun. Replication begins at ori (Dunlop strain 
sequence^^GAGGCA GAGGCG GCCTCG GCCTC^^^) within the NCRR and proceeds 
in both directions and is completed when the replication forks meet on the opposite side of 
the genome (Fig. 1). 

The late genes, consisting of the structural proteins VPl , VP2 and VP3, and the 
agnoprotein genes, are predominately expressed after genomic replication has been initiated. 
VP2 and VP3 share coding sequence that is translated from the late transcript in the same 
reading frame while the VPl gene is translated in a separate reading frame (Fig. 1). The 
completion of viral replication process concludes when the VP1,VP2 and VP3 proteins that 
will constitute the capsids are transported to the nucleus and the viral capsomeres assemble 
around the newly replicated genomes, forming stable virus particles. The replication rate of 
BKV in vivo is unknown, however, in vitro replication of BKV is efficient only in primary 
cultures of human fetal kidney or neuralgia cells'̂ '̂'̂  and requires 3 to 4 weeks to reach a 
maximum virus titer."̂ ^̂ ^ 
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Figure 1. Genomic map of BK virus Dunlop strain. The BKV genome is a closed circular, double-stranded 
DNA molecule ''5-kb in size. The coding regions for the early genes, large and small T antigens (T and t), 
are transcribed in the counter-clockwise direction and the late genes, agnoprotein (agno) and VPl-3, are 
transcribed in the clockwise direction. The noncoding regulatory region (NCRR) is -'387-bp and includes 
the origin of replication (ori). Genomes of BKV contain a unique BarnH 1 site located in VP1 that is useful 
for whole genome cloning. From Graft 2000; 5:528-535, with permission. 

The NCRR of BKV and Its Rearrangements 
The first N C R R D N A sequences of the BKV genome were obtained from virus prepara

tions derived from urine and brain samples and propagated in cell cultures. Because these 
virus stocks had replicated in vitro the sequence of the N C R R contained various deletions and 
duplications, typical features of some polyomaviruses grown in vitro. It was not until cloning 
techniques and direct P C R amplification became available for amplifying the N C R R from 
urine samples that the nonrearranged form of the N C R R was discovered. It is this 
prerearranged form (now termed the archetype) of the N C R R archetype form of BKV that 
predominates in the urine^^'^^ and therefore is the transmissible or infectious form of the virus. 
A similar pattern has been found for JCV. W h e n other tissues, such as the brain and kidneys, 
are screened for polyomavirus infection, J C V and BKV rearranged N C R R sequences predomi
nate. It remains unclear how the archetype form of BKV is preferentially secreted in the urine 
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even though both rearranged and archetype sequences can be found in the BKN kidney. This 
differential secretion pattern could be explained if the archetype form actively replicates in the 
tubular epithelial cells and rearranged forms are anatomically restricted to other parts of the 
kidney. 

The archetype NCRR has been arbitrarily divided into regions O (I42bp), P (68bp), Q 
(39bp), and R (63bp), based on the origin and regulatory binding sites and region S (63bp), 
the late leader sequence.^^' This scheme helps to visualize the archetype NCRR and its rear
rangements. Figure 2 compares the NCRR from a rearranged strain originally isolated from 
peripheral blood from an immunocompetent individual (Dunlop strain, NCBI accession: 
PVBDUN) to a typical serotype I archetype sequence amplified from the urine of a renal 
transplant patient (Cubitt et al, manuscript in preparation). The archetype contains the fiill 
linear compliment of regions O, P, Q, R, and S. The rearrangement of the NCRR found in the 
Dunlop strain is designated O142-P68-P50-P64-S63 as demonstrated in Figure 2. The P region is 
triplicated and the entire Qand R regions are deleted. Rearrangement of most naturally occur
ring NCRRs involves duplication or triplication of the P region including portions of the 
neighboring O and Q regions. Likewise, deletions are found to occur anywhere within the P, 
Q, R, or S regions but frequently the deletion includes all or part of region R. 

Both enhancement and suppression of transcription occurs through binding of cellular 
trans-activating factors. Jun/AP-1 binding to the TRE element located at the P-Q junction has 
been shown to have a role in regulating both early and late transcription.^ Moens et al̂ ^ have 
identified GRE/PRE binding sites in the NCRR S region which may confer regulation of 
transcription and replication through the presence of the steroidal hormones such as progester
one or estrogen (Fig. 2). 

The mechanism and functional significance of BKV regulatory rearrangements remain un
known. However, it is believed that recombination occurs between the two newly synthesized 
daughter strands at nonhomologous points during replication (reviewed by Yoshiike and 
Takemoto ). It is known that archetype forms of BKV replicate poorly in cell cultures and 
NCRR rearrangements are necessary for efficient replication in vitro suggesting that NCRR 
rearrangement are an adaptation of the virus for growth in diverse cell types. Rearrangement of 
the NCRR can delete or add a number of binding sites for transcription factors. For example 
the triplication of the P region in Dunlop adds two more copies of the NFl and CRE binding 
sites (Fig. 1). Kraus et al^ have shown that binding of NFl proteins to NFl binding sites in 
the NCRR results in repression of the BKV major late promoter when template copy number 
is low and is relieved when template copy number is high. It is possible that through triplica
tion of the NFl binding sites free NFl proteins are bound, reducing local free NFl concentra
tions, and effectively mitigating NFl repression of transcription. 

Several clinical observations have demonstrated NCRR rearrangements that occur in asso
ciation with disease. Boldorini et al have identified both archetype and rearranged forms of 
BKV in renal biopsies taken from patients suspected of kidney allograft rejection. Stoner et al 
have identified BKV DNA in a leukemia patient with tubulointersitial nephritis whose BKV 
disease led to a meningoencephalitis. The viral regulatory region in the PCR amplified urine 
sample was of the archetype form and was identical to the WWT strain. In the kidney several 
NCRR rearrangements were found that involved duplication followed by sequence deletion. 
However, in the brain and CSF, a single rearranged sequence dominated that contained a 94-bp 
deletion within each copy of a 71-bp tandem duplication indicating the deletion preceded the 
duplication. Only one clone of eight sequenced from brain and cerebrospinal fluid showed a 
rearrangement that differed from that of the direct PCR product. No archetype sequences were 
identified within the brain or CSF. A review of the BKV literature gives the impression that the 
NCRR of both BKV and JCV is progressively more rearranged with the progression of disease. 
Exactly which tissue(s) BKV rearrangement occurs in remains unknown, however, recent evi
dence by Chartterjee et al̂  suggests the rearrangement may occur outside the kidney. In that 
study, rearranged forms as well as the archetype form of BKV were found in PBL from healthy 
individuals. 
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Genolyping BKV 
Currently, there are four known serotypes of BKV in the human population. Among the 

four serotypes there is nearly a 4% difference in sequence identity. Sequence variation within 
the VPl gene accounts for the antigenic differences of the BKV serotypes. Jin et al have 
developed a method for determining the serotype of a BKV isolate based on the sequence and 
type-specific restriction endonuclease sites of a 327-bp PCR amplified region of VPl. VPl 
sites which can be used to distinguish BKV genotypes are shown in Table I. Additional reliabil
ity in genotyping data coidd be used in conjunction with sequence data from the hyper-variable 
NCRR and the less conserved noncoding region between the 3' ends of VPl and TAg (V-T 
intergenic region) to rapidly determine the genotype (and therefore the serotype) of clinical 
BKV isolates. Sequencing these two regions has proven to be invaluable for genotyping JCV 
and is likely to be helpful for typing and sub-typing BKV. It is interesting to note that there is 
only one serotype for JCV. This absence of multiple serotypes may be explained by the more 
highly conserved DNA sequence in JCV (approximately 1-2% difference between the eight 
known genotypes of JCV^^). As progress is made in surveying BKV strains in the population, 
full genome sequence comparisons will be required for making accurate genotype assignments 
and for understanding the evolutionary relationships between them. Currently there are only 
three BKV strains with full genome sequences available; AS^^ (NCBI accession: M23122), 
Dunlop^^ (NCBI accession: PVBDUN), and MM^̂  (NCBI accession: M23122) 

Although considerable amounts of sequence data from the regulatory region can be found 
in the BKV literature, relatively little VPl sequence data allowing genotype assignments has 
been published. A study by Jin et al"̂ "̂  found that out of 41 BKV isolates, BKV Type I (63.4%) 
was the most frequently found genotype followed by Types II (21.9%), IV (9.8%), and III 
(4.9%). Interestingly, in this study, six out of eleven bone marrow transplant patients had Type 
II BKV followed by three of Type I and two of Type IV BKV. Baksh et al"^ identified BKV 
genotypes in the kidney tissues of 17 viral interstitial nephritis patients at the University of 
Pittsburgh Medical Center. Of these patients eleven were genotype I, one was type II, and five 
were type FV based on VPl sequence. 

Association of Mutations and Genotypes with Disease 
The sequencing and genotyping of BKV in the urine of patients with a polyoma associated 

disease or healthy populations has the potential to provide information on type-specific disease 
incidence and prognosis. Several lines of evidence suggest that naturally occurring mutations 
in any of the BKV structural or regulatory proteins may enhance the ability of the virus to 
cause disease. Sequence variations may change the replication characteristics of the virus allow
ing the virus to grow unchecked in other organs and tissues or may help the virus to evade the 
host immune response. Bauer et al have found that a single amino acid substitution in VPl 
can affect binding of the LID strain of polyoma virus to its receptor and shorten the time to 
lethality by more than 3-fold in infected newborn C3H/Bi mice. 

Koralnik et al"̂ ^ have identified a JCV VPl epitope (amino acid sequence ILMWEAVTL) 
recognized by cytotoxic T-lymphocytes of PML patients. This epitope is semi-conserved in 
BICV (sequence LLMWEAVTV). Although this VPl sequence has not been identified as an 
important epitote in BKV associated kidney diseases, it is conceivable that mutations in this 
region could alter the ability of the immune response to contain the BKV infection. 

Genotyping of JCV DNA in the brain of PML patients and urine of a nonPML control 
group in the United States has suggested a correlation between genotype and risk of disease. ^ 
It was found that 19 out of 53 PML patients had JCV Type 2B compared to a matched control 
group in which only 7 out 119 people carried the Type 2B DNA sequence. This translates into 
an approximately 3-fold higher risk of developing PML for those with a Type 2B strain of JCV. 
One possible explanation for the observed diflPerences in PML incidence is an amino acid 
change in TAg of Leu3oi to Gin two residues away from the first coordinating cysteine in a 
DNA binding zinc finger. 
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A potentially more virulent strain of BKV (BKV(Cin)) has been identified in a AIDS pa
tient in Cincinnati with severe tubulointerstitial nephritis. ^ BKV DNA was PCR amplified 
from the kidney of this patient and cloned. The sequenced NCRR of all clones were rear
ranged, the majority of which contained a 48-bp deletion and a 4l-bp duplication. Sequencing 
of the TAg gene revealed a previously imidentified dinucletide mutation (TG to AA) that 
would result in a predicted amino acid change of a hydrophilic Glni69 to the hydrophobic Leu 
(the corresponding position is Ala in SV40). Based on SV40, this residue lies within the 
alpha-helical DNA binding domain of Tag. ̂ ^ Since Leu, Glu, Met, and Ala are known to be 
strong helix formers, this amino acid mutation could change the dynamics of protein folding 
or the DNA binding affinity of TAg. It is possible that a combination of both coding region 
mutations as well as regulatory region rearrangements as found in BKV(Cin) are important 
virological factors contributing to the pathogenicity of this and other BKV strains in the 
immunocompromised host. It is unknown whether this fatally virulent strain of BKV was 
generated anew in this patient or is circulating in the population. However, the same TAg 
mutation has recendy been found in the iu*ine of a renal transplant patient in conjtmction with 
an archetypal regulatory region.^ 

BKV Molecular Genetics: Future Research 
The first description of an archetypal regulatory region sequence in a polyomavirus can be 

credited to Rubinstein et al.^^ They described the regulatory region of BKV obtained from 
urine, and designated the structure the WW strain. The existence of an archetypal regulatory 
region in urinary JCV was first described by Yogo et al,̂ ^ and the variant forms found were 
designated MY and CY. These genotypes were subsequendy redefined on the basis of their 
coding regions. Numerous studies of the rearranged regulatory region in PML brain have con
firmed that these structures are always constructed in a way that suggests derivation from the 
archetypal structure. It now appears likely that the pattern in diseased tissue in BKV infec
tion is much the same as for JCV. Individuals infected by strains with archetypal regulatory 
region sequences rearrange these in unknown tissues, apparendy allowing selection of a more 
pathogenic viral variant. The progressive and pathogenic tissue infection occurring in PML or 
BKN is characterized by one or more extensive, but localized, regulatory rearrangements show
ing deletion and duplication of DNA sequence. These rearranged forms represent a dead-end 
infection. In neither virus do these rearrangements follow an easily identified pattern, in that 
no DNA sequence elements are regularly deleted or always duplicated. ̂ ^ However, it appears 
that the deletion step frequently precedes duplication, as the same deletion is often noted in 
both parts of a duplicated segment. 

What can investigators of BKV pathogenesis in the kidney and other organs learn from the 
findings in the JCV field? Despite many studies, key questions remain unanswered. Neverthe
less, five general principles regarding JCV rearrangements have emerged and are presented here 
as formulated in a review by Yogo et al:̂ ^ 

1. JCV with the archetype regulatory sequence is circulating in the human population. 
2. The archetype regulatory sequence is highly conserved, in marked contrast to the 

hypervariable regulatory sequences of PML-derived isolates. 
3. Each of the PML-type regulatory sequences is produced from the archetype by deletion and 

duplication or by deletion alone. 
4. The shift of the regulatory region from archetype to PML type occurs during persistence in 

the host. 
5. PML-type JCVs never return to the human population. 

I suggest that analogous conclusions can be reached for BKV, for which rearrangement was 
originally thought be merely an artifact of in vitro virus culture. 

In the case of JCV the original PML brain isolate, known as Mad-1,^^ was found to have 
98-bp repeats which were assumed to play a major role in the biology of the virus. However, 
these were absent from the archetypal regulatory region described by Yogo et al,̂ ^ and have 
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never been found in urine. Nor has the identical Mad-1 structure been obtained from another 
PML brain. This has raised questions about the distribution and significance of this prototype 
strain. On the other hand, the availability of both Mad-1 and the closely related Mad-4 from 
the American Type Culture Collection (ATCC) means that most labs studying JCV are con
taminated with one or both of these strains, and tissue searches for JCV using super-sensitive 
PCR methods can easily be confounded by laboratory artifact. Reports of JCV Mad-1 or Mad-4 
in human tumor tissues may be no more reliable that sightings of Bigfoot in the Pacific North
west! To obviate this problem our lab has suggested the use of a Type 8 clone (pJCPNG-Ag, 
ATCC no. VRMC-24) obtained in Papua New Guinea.^^ DNA sequencing of the PCR prod
uct from reactions including this strain as a positive control can easily differentiate this labora
tory strain from European, African, or other Asian genotypes likely to be present in infected or 
tumor tissues. Type 8 is unlikely to be found outside of Papua New Guinea and Melanesia in 
the Southwest Pacific. If similarly exotic strains of BKV can be identified for laboratory use, 
they would also be useful for ensuring the significance of BKV sequences amplified from in
fected or tumorous tissues, and transformed cells. 

An additional PCR artifact associated with urine samples from PVAN patients results from 
the high degree of sequence similarity between SV-40 and BKV. Several commonly used SV-40 
primers can amplify a DNA sequence from BKV bearing urine that when sequenced is found 
to be BKV DNA (personal observations). This finding reinforces the need to verify the identity 
of any PCR product amplified from polyomavirus containing samples. 

The discoveries of BKV and JCV were originally reported in back-to-back papers in The 
Lancet. These closely related persistent human viruses have much to contribute to each other 
for a fuller understanding of their potential for disease. Whether JCV contributes direcdy to 
polyomavirus nephropathy after transplantation is a different question that remains to be fully 
explored. ̂ ^ 
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CHAPTER 7 

Serological Diagnosis of Human 
Polyomavirus Infection 
Annika Lundstig and Joakim Dillner 

Abstract 

M easurement of antibody titres to the human polyomaviruses BK and JC has for many 
years had to rely on Hemagglutination inhibition. In recent years, viral serology 
based on virus-like particles (VLPs) in enzyme immunoassays (EIAs) has become 

widely used for a variety of viruses. We sought to establish a modern method for serological 
diagnosis of BK and JC viruses, by using purified VLPs containing the VPl major capsid 
proteins. Antibody titres in assays based on VLPs of BKV (strain SB) showed no correlation to 
the titres in similar JCV assays. BKV (SB) seropositivity increases rapidly with increasing age of 
the children and reaches a 98 % seroprevalence at 7-9 years of age, whereas JCV seroprevalences 
increase more slowly with increasing age reaching 51% positivity among children 9-11 years of 
age. The antibody levels are almost identical in serial samples taken up to 5 years apart, suggest
ing that both BKV and JCV VLP seropositivitities are usually stable over time and can be used 
to measure cumulative exposure to these viruses. 

Serology using SV40 VLPs showed strong cross-reactivity with human polyomaviruses, in 
particular with BKV strain AS, and establishing a specific VLP-based serology assay for SV40 
required blocking with several hyperimmune sera to the human polyomaviruses. SV40-specific 
seropositivity also increased with increasing age of children, reaching 14% seroprevalence among 
children 7-9 years of age, but had limited stability over time in serial samples. 

Introduction 
Different serological methods have been used over the years to measure antibodies to the 

Polyomaviruses. Hemagglutination inhibition (HI) assay has been the standard method for 
this purpose because of the ease and rapidity with which it could be performed.^ Neutraliza
tion test and plaque reduction assay, where cell culture is required as neutralization of virus 
infectivity has also been described for SV 40 and BKV antibody detection.* '̂̂  

In recent years enzyme immunoassays (EIAs) has become widely used. A modern EIA based 
on virus-like particles (VLPs) has been established to assess polyomavirus antibodies in serum 
samples. The Polyoma VLPs are based on the major capsid protein, VPl and produced in 
yeast cells from Saccharomyces cerevisiae?' 

Four antigenic variants of BKV have been described: the BKV prototype, BKV AS, BKV 
SB and BKV IV^ These BKV strains were isolated from urine specimens from several patient 
groups.^ Each strain has been characterized by nucleotide sequencing of the VPl region, which 
encodes the major capsid protein of BKV. Specific variations correlate with serological typing 
by Hemagglutination inhibition. 

Polyomaviruses and Human Diseases, edited by Nasimul Ahsan. ©2006 Eurekah.com 
and Springer Science+Business Media. 
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Figure 1. Prevalence of antibodies to the polyomaviruses BKV SB, BKV AS and JCV in children and 
pregnant women. Modification of a graph in reference 4. 

Infection with BKV occurs at an earlier age than does JCV infection. In the United States 
antibodies to BKV are acquired by 50% of the children by the age of 3-4 years, whereas anti
bodies to JCV are acquired by 50% of the children by the age of 10-14 years. The antibody 
prevalence to BKV reaches nearly 100% by the age of 10-11 years and then declines to around 
70-80% in older age groups. The antibody prevalence to JCV reaches a peak of about 75% by 
adult age.^ 

In a recent study, serum samples from 290 children and 150 pregnant women stratified by 
age of first pregnancy were analysed for antibodies to polyomaviruses in a VLP-based antibody 
assay. Samples from 290 Swedish children aged 1-13 years, stratified in age groups with 2 year 
intervals demonstrated that BKV seropositivity increased rapidly with increasing age of the 
children, reaching 98% seroprevalence at 7-9 years of age, followed by a minor decrease. ' 

JCV seroprevalence increased only slowly with increasing age and reached a 51 % positivity 
among children 9-11 years of age (Fig. 1). 

Simian Virus 40 
Antibodies against SV40 have been reported to be present in about 5% of healthy individu

als from the US and India. Most reactivities are low-titered, but occasionally humans with 
neutralizing antibody titers of very high magnitude are found (similar titers as in experimen
tally infected monkeys). In the few and limited surveys that have been performed, there has 
been no correlation of SV40 seroprevalences with history of poliovirus vaccination. This has 
been interpreted as showing that SV40 is now circulating in human populations.^^ 

It is possible that the antibodies reacting with SV40 are induced by the human polyomaviruses 
and cross react with SV40. It is suggested that SV40 antibodies are cross-reactive BK antibod
ies and significant correlations have been reported between SV40 and BKV antibody levels, as 
well as with JCV antibody levels. '̂ "̂  In our studies SV40 antibodies were most closely related 
to BKV strain AS antibodies (correlation coefficient = 0.70). Sensitive and specific reagents 
for SV40 immune responses are needed to establish exposure to SV40 infection. ̂ ^ Only after 
blocking SV40 VLPs with high-titered hyperimmune sera against both BKV and JCV were we 
able to establish an SV40 serological assay devoid of cross-reactivity with BKV and JCV (un
published observations). The SV40 seroprevalences increased with age of the children in a 
similar manner, as does BKV, with the peak being reached at 7-9 years of age with a 14% 
seroprevalence. SV40-specific antibodies appear to be less stable over time than BKV and JCV 
antibodies (unpublished observations). 
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Figure 2. BK and JC antibody levels are stable over time. Comparison of antibody levels between 2 preg
nancies, up to 5 years apart, using scatter plots of antibody levels. Panel a) BKV SB antibodies (r = 0.93). 
Panel b) JCV antibodies (r = 0.94). Modified from reference 4. 

Antibody Stability 
Polyomavirus seroprevalences appear to persist over time, but decrease slightly after early 

adulthood. ' Similar seroprevalences could either reflect that antibody levels are generally 
stable on the individual level or may reflect that antibodies both come and go at similar rates. 
In our recent studv 300 serum samples were taken from 150 women during their first and 
second pregnancy. The sera were obtained from the population-based serologic screening pro
gram for congenital infections at the first trimester of pregnancy. ̂ '̂̂ ^ The 150 women were 
stratified by age of first pregnancy and had a second pregnancy during a 5-year follow up 
period. In the study, 50 women each were between 14-19 years, 20-25 years and 26-31 years of 
age at their first pregnancy. 

The BKV and JCV seropositivities were almost identical in both samples in the 5-year 
follow-up study. The correlation between the antibody titres in the first and second pregnan
cies was very high: the correlation coefficient was 0.93 for SB and 0.94 for JC (Fig. 2a,b). For 
both BKV SB and JCV, there were no cases of seroconversion on follow-up and no cases of 
seroreversion (loss of seropositivity), suggesting low acquisition rates of these infections in 
adulthood. 

Serological Methods 
Hemagglutination inhibition (HI) has been the standard method for measurement of anti

body titres to BKV and JCV. HI assays were used for this purpose because of the ease and 
rapidity with which they coidd be performed. A lack of red blood cells agglutination means 
that antibodies are present and bind to viral antigen. ̂ ^ Both JC virus and BK virus have the 
ability to agglutinate human type O erythrocytes, unlike SV40. The major capsid protein VPl 
is the predominant structural protein of the icosahedral virion particle and is responsible for 
attachment to cells and for erythrocyte agglutination.*^^ 

Many contemporary assays for measuring antibodies to viral and other antigens employ en
zyme immunoassay (EIA) techniques because of their greater sensitivity and precision relative to 
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HI. Detection of JCV and BK virus (BKV) antigen in urine by antigen capture EIA was re
ported over a decade ago."̂ ^ However, EIA for antigen capture or antibody detection did not 
become widely used because of the restricted range of cell types infectable by JCV, its lengthy 
growth cycle and poor replication capacity that made antigen preparation for use in EIAs labor 
intensive, time-consuming, and cosdy for testing large numbers of samples.^ 

A comparison of antibody titers to JC virus (JCV) or BK virus (BKV) was made by hemag
glutination inhibition (HI) and enzyme immunoassay (EIA) with 114 human plasma samples. 
JCV was grown in ^Q cells, a cell line established by immortalization of human fetal brain 
cells with an origin-defective mutant of SV40. BKV (Gardner strain) was grown in low-passage 
human embryonic kidney (HEK) cells. 

The viruses were purified by density gradient ultracentrifiigation and used in EIA. Anti
body titers to JCV or BKV determined by HI were lower than those determined by EIA. 
Nevertheless, as HI titers increased so did EIA titers. When antibody data were compared by 
the Spearman rank correlation test, highly significant correlations were found between HI and 
EIA titers. The results, in agreement with those of others, suggest that humans infected by JCV 
or BKV produce antibodies to species-specific epitopes on their VPl capsid protein, which is 
associated with hemagglutination and cellular binding.^ 

Plaque reduction assay using green monkey TC-7 cells has been described to detect SV40 
serological reactivity. The plaque method is used for measuring viral infectivity and multiplica
tion in cultured cells and whether antibodies have been able to neutralise this infectivity. Clear 
lysed areas or plaques develop as the viral particles are released from the infected cells. 

Examining presence of cytopathic effect (CPE) has also been used in neutralisation assays 
for bodi BKV and SV40.^'^ 

In recent years viral serology based on virus-like particles (VLPs) in enzyme immunoassays 
(EIAs) has become widely used in several viral systems, including polyomavirus infections. 
The polyoma EIA was based on yeast-expressed VLPs, containing the VPl major capsid pro
teins of JC virus (JCV) and die AS and SB strains of BK virus (BKV).^^ 

EIA Serological Method 
The optimal concentration of polyomavirus VLPs and the serum dilutions used are deter

mined by titration using positive and negative controls. Patients with PCR-detected BKV viruria 
usually have very high BKV antibody titres and serum samples from such patients are suitable 
as positive control reference samples. Samples from children of about 1 year of age rarely con
tain polyomavirus antibodies and are suitable negative control samples. We have used purified 
VLPs at a concentration of 6.25 ng per EIA well, coated in ice-cold PBS (pH 7.2). Half-area 
Costar 3690 EIA plates were incubated overnight at 4°C. After washing with 0.1% PBS/Tween, 
a blocking buffer consisting of 10% horse serum in PBS (HS-PBS) was added and incubated 
for 1 h at room temperature. The serum samples were diluted 1:40 in HS-PBS and incubated 
for 2 h at room temperature. The plates were washed five times with 150 ml PBS/Tween and an 
anti-human IgG mouse monoclonal antibody (Eurodiagnostica) diluted 1:800 was added and 
incubated for 90 min at room temperature. The plates were washed five times with 150 ul 
PBS/Tween and peroxidase-conjugated goat anti-mouse IgG (Southern Biotechnology) diluted 
1:2000 in HS-PBS was added and incubated at room temperature for 60 min. Following an
other washing step, the peroxidase substrate ABTS was added and incubated for 30 min at 
room temperature and the absorbance measured at 415 nm. 

Preparation of Virus-Like Particles 
Polyoma VLPs are based on the major capsid protein, VPl. The VPl coding sequences were 

incorporated into the yeast expression vector pFX7 under the control of the galactose-inducible 
promoter. The,pEX7- derived expression plasmids carrying the VPl genes were transformed 
into the yeast Saccharomyces cerevisiae for cultivation. Polyoma VLPs from JCV, from the two 
antigenic variants of BKV (strains AS and SB) and from SV40 were produced in S. cerevisiae 
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Figure 3. Negative-stain electron microscopy of BKV AS VLPs (x 28500) expressed in yeast (5. cerevisiae) cells. 

cells. Yeast transformation, cultivation and recombinant protein purification were carried out 
as described previously. ' FoUovvring disruption of yeast cells, lysate was centrifiiged at 3000 g 
for 10 min at 4°C. Supernatants were then loaded on to a chilled 30% sucrose cushion and 
ultracentrifuged at 100 000 g for 3 h at 4**C. Resulting pellets were resuspended in 4 ml chilled 
disruption buffer and loaded on to CsCl gradients ranging from 1.23 to 1.38 g/ml and centri-
fuged at 100 000 g for 48 h. Fractions of 1 ml were collected and subjected to SDS-PAGE 
analysis. Fractions containing protein corresponding to a molecular mass of --40-45 kDa were 
pooled, diluted with 1.31 g CsCl/ml and recentrifuged on a second CsCl gradient. Fractions 
were again collected and those containing VPl were pooled and dialysed against PBS and 
analysed by SDS-PAGE, Western blot, electron microscopy (Fig. 3) and HI. ' 

Expression Systems 
The expression of recombinant VPl with spontaneous assembly into virus-like particles 

(VLPs) has been demonstrated for a number of polyomaviruses using both prokaryotic and 
baculovirus systems. VLPs of JCV have also been expressed in Escherichia coli and polyomavirus 
VPl will also assemble into capsid-like particles in the nucleus of insect cells when expressed in 
the baculovirus system.^ '̂ ^ Yeast-derived recombinant VLPs offer many advantages over other 
expression systems in terms of protein yield, cost and ease of protein expression.^' 

The VLP-based assays are likely to be useful in determining past exposure to BKV and JCV in 
epidemiological studies and for serological diagnosis in patients at risk of polyomavirus-associated 
diseases or showing early signs of complications due to polyomavirus reactivation. 
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CHAPTER 8 

Human Polyomavirus JC 
and BK Persistent Infection 
Kristina Doerries 

Abstract 

P rimary contact with the human poiyomaviruses (HPV) is followed by lifelong persis
tence of viral DNA in its host. The most prominent organs affected are the kidney, the 
Central Nervous System (CNS )and the hematopoietic system. Under impairment of 

immune competence limited activation of virus infection can be followed by prolonged virus 
multiplication, severe destruction of tissue and disease. The mechanisms responsible for activa
tion episodes of the asymptomatic persistent infection are not understood and questions on 
cellular localization, routes of dissemination of HPV infection and its activation are controver
sially discussed. The type of interaction of HPVs with target organs and patients groups is 
highly differentiated. Organ-specific activation above basic level argues for strong dependence 
on the respective immune states of risk group patients. However, since immune impairment 
generally plays an important role in the activation of polyomavirus infection, amplification of 
virus deoxyribonucleic acid (DNA) and activation of virus replication is also a normal event 
that is probably subject to immunomodulation in the healthy individual. It also becomes clear 
that BKV and JCV infection is differentially regulated by mechanisms depending on the bal
ance of immune control as well as on organ-specific signalling. 

Introduction 
The human poiyomaviruses BKV and JCV are endemic worldwide with seroconversion 

rates of almost 90% by the age of 20 years. Primary infection, usually occurring during child
hood or early in adulthood is followed by lifelong persistence of episomal viral genomes in 
target cells of infection. HPV infection regularly affects the urogenital tract, the central ner
vous system, lymphoid organs and as recently detected in the gastrointestinal tract. Viral per
sistence is characterized by the presence of genomic DNA and expression products in affected 
organs and body fluids (Fig. 1). Whereas infection in the immunocompetent individual is 
generally asymptomatic, under severe immune impairment virus infection can be highly acti
vated, leading to destruction of tissue and disease. The most prominent underlying diseases are 
the acquired immune deficiency syndrome (AIDS), lymphoproliferative disorders and aggres
sive modern immunotherapies. These conditions are at the same time a prerequisite of acti
vated asymptomatic virus growth. This indicates that besides immune impairment induced by 
the basic disorder, additional disease determining factors must come into effect in patients 
developing disease. 

BKV most often is reported in urogenital tract diseases. Hemorrhagic cystitis can be a 
serious complication in bone marrow transplant (BMT) recipients and tubular nephritis 
with renal failure in renal transplantation (RT) patients. Rare cases of meningoencephalitis. 

Poiyomaviruses and Human Diseases, edited by Nasimul Ahsan. ©2006 Eurekah.com 
and Springer Science+Business Media. 
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Figure 1. Course of HPV infection and activation. 

pneumonitis, hemorrhagic cystitis, tubular nephritis and retinitis are described in immuno
suppressive patients and AIDS. The number of cases with highly active virus growth in
creased considerably with the introduction of new immunosuppressive therapeutic regimens 
thus confirming the dependence of virus growth on immunological control mechanisms.^ In 
contrast, JCV is the cause for the demyelinating CNS disorder progressive multifocal 
leukoenphalopathy (PML). The disease was described only in isolated cases in the pre-AIDS 
era, however, under the immunosuppressive state of infection with the human immune defi
ciency virus-1 (HIV-1) the number of PML cases increased considerably. 

Although the characteristics of JCV associated PML are known for more than 30 years, the 
individual steps responsible for the progression from limited expression in the asymptomatic 
immunocompetent individual to highly active uncontrolled viral replication and disease are 
not yet resolved. Specifically, questions for the target cells affected in different states of infec
tion and their possible pathogenetic role as well as for the routes of viral distribution in the host 
are not yet answered (Table 1). Much less is known on BKV pathogenesis, however, early 
studies on the BKV genome and the virus life cycle demonstrate not only genomic similarities 
among HPVs, but also related control mechanisms of persistence and activation. In addition, 
differences in viral cell specificity and transcriptional expression control are matched by com
mon target organs of infection and close dependence on the hosts immune reactions and its 
signal pathways for activation of viral infection. 

Virions can be repeatedly observed in target organs of infection and body fluids of persis
tently infected individuals (Fig. 2). It is not yet clear, whether asymptomatic persistent infec
tion is generally in the latent state or might be continuously expressed at a low level. Re
cently, free virus DNA could be detected by polymerase chain reaction (PCR) in almost 
100% of healthy individuals.^ This indicates that basic HPV infection is rather characterized 
by a low level of expression than by a latent type of persistence. Basic infection in the immu
nocompetent host can be activated intermittently to a timely limited enhanced level of viral 
expression. It is of note that the virus load is generally very low in the persistent type of 
infection compared to that in polyomavirus associated diseases. Another difference is the 
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Table 1. Most prominent cell types involved in human Polyomavirus JC and BK 
infection in vivo 

Organ 

Oropharynx 
tonsils 

Lung 

Urogenital system 
bladder 
kidney 
sperm 
prostate 

Gastrointestinal 
tract 

colon 

Lymphoid system 
lymphnodes 
bone marrow 

circulating 
blood cells 

CNS 

white matter 
cortex 
cerebellum 

ventricular walls 
leptomeninges 

Cell 

jCV 

B-lymphocytes 
stromal cells 

no 

no 
epithelial cells 
sperm cells 
glandular epithelial cells 

mucosal epithelial cells 

nd 
B lymphocytes 
precursor stem cells 
B lymphocytes 
T lymphocytes 
granulocytes 
monocytes 

oligodendroglia 

astroglia 
B lymphocytes 
mononuclear cells 
no 
no 
no 
no 
no 

1 Types Affected * 

BKV 

nd 

pneumocytes fibrocytes 
endothelial cells 
smooth muscle cells 

epithelial cells 
epithelial cells 
sperm cells 
glandular epithelial 
cells 

nd 

nd 
nd 

nd 

no 

astroglia 
nd 
mononuclear cells 
epithelial cells 
endothelial cells 
ependymal cells 
fibrocytes 
endothelial cells 

HPV Disease 

none 

Interstitial Desquamative 
Pneumonitis 

Cystitis, Nephropathy 

none 

none 

PML 
BKV-related Subacute 
Meningoencephalitis 

Methods of detection include Southern blot analysis, immunohistology, Cellseparation followed by 
molecular detectior 1 methods and PCR; nd ce lltype not determined; no not detected. 

low number of cells affected in asymptomatic persistent infection compared to that in the 
diseased state. One important consequence for studies on the infection in immunocompe
tent individuals is the application of highly sensitive detection methods. This includes all 
molecular techniques, specifically highly sensitive PCR techniques for the detection of viral 
DNA and mRNA. Additionally, an important part to correlate presence of virus products 
with biological function is the intracellular localization of virus products by in situ hybrid
ization and PCR techniques. 
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Figure 2. Target organs of HPV persistence and disease. 

Urogenital Persistent BKV Infection 
From the early beginnings, it was assumed that the urogenital tract is an important site of 

persistent BKV infection.^ Analysis of urogenital infection revealed presence of BKV DNA at 
rates varying from 13% to more than 50% in asymptomatic kidney tissue in immunocompe
tent and deficient study groups. In these cases virus DNA was distributed in small foci throughout 
the kidney. This included cortex and medulla and affected surface transitional cells in ureter 
and bladder. Quantitative determination of renal BBCV load after RT in asymptomatic kidneys 
revealed that the virus load is considerably lower than in BKV nephropathy predisease and 
disease stages. BKV DNA was also detected by PCR in asymptomatic prostate, cervical and 
vulvar tissue, in bladder and kidney at a rate of 50-80% of lymphoma and urinary tract carci
noma patients increasing to 87% of prostatic hyperplasia samples. Even the analysis of sperm 
gave an incidence of 95% for BKV DNA. In contrast to the high prevalence of BKV, lower 
rates of JCV were detected in cervical and vulvar tissue (5%), sperm (21%) and none in glan
dular tissue. Taken together, these findings confirm more pronounced tropism of BKV for 
urogenital tissue compared to that of JCV. 

Active BKV Infection in the Kidney 
Dissemination of the virus to target sites and following establishment of persistence is 

discussed to occur at the time of primary infection and is then accompanied by limited 
phases of activation. However, whether all organs and cells carrying virus DNA are also able 
to support virus expression or may only serve as a shuttle for virus distribution is not yet 
clear. For the understanding of human polyomavirus/host interactions it is therefore not 
only important to characterize target tissues for DNA persistence, but also their potency to 
provide the background machinery for virus activation and shedding of virions into the 
surrounding compartment. 
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BKV infection was originally detected by isolation of virions from urine and exfoliated cells. 
Later studies on the BKV specific humoral immune response indicated that viruria is rather due 
to an activation process than to primary infection or reinfection at later stages of life. The acti
vating role of immune impairment for BK viruria became clear by studies on the influence of 
basic disorders at risk for polyomavirus disease on asymptomatic viruria. In HIV-l patients 
viruria was detected at a rate of 44%. Subclassification according to total CD4+/CD8+ 
T-lymphocyte cell number and center for disease control (CDC) classification as an indicator of 
immunodeficiency status pointed to a correlation of immunodeficiency with BK viruria. In 
BMT patients asymptomatic viruria ranged to almost 100%, if multiple samples from one pa
tient are analyzed. Intensive studies revealed that about 20% of patients with BK viruria develop 
microscopic hematuria. In most individuals these episodes are asymptomatic and self-limiting. 
It appears likely that asymptomatic viruria can progress to hematuria and with an increasing rate 
of tissue destruction to symptoms of cystitis. However, in about 20% of allogeneic BMT pa
tients the activation process is not limited and proceeds to hemorrhagic cystids. These findings 
indicate that persistent BKV infection is almost always activated after BMT to a level of molecu
lar detection. It mosdy remains asymptomatic and therefore seems to be a normal event compa
rable to the activation process in healthy individuals. Following activation to disease level is 
correlated with as yet unknown factors that may involve host genetics, individual competence of 
immunological defense, influences by the donor marrow or differences in therapeutic regimens. 

In contrast to BMT, activation of BKV infection and viruria is not necessarily associated 
with RT. The prevalence of viruria is no more than 14%, although rates up to 43% were also 
reported. Most important, in RT patients a considerably lower virus load is observed in cases of 
asymptomatic activation compared to that after BMT. The course of virus excretion can be 
intermittent and highly variable in duration. Rather low rates of activation were also observed 
after cardiac transplantation. Apart from an influence of age and more aggressive underlying 
disease, the data resembled those on a group after RT. Whereas basic disease and therapeutic 
regimens appear to play a role in viruria afi:er transplantation, in the autoimmune disease sys
temic lupus erythematosus (SLE) an elevated level of BK viruria was not influenced by immu
nosuppressive drugs. Thus indicating that under certain circumstances the basic immunologi
cal competence may have more impact on viruria than therapeutic intervention. 

Pregnancy is the most common condition of reduced immunocompetence linked to 
polyomavirus activation. The onset of virus excretion occurs mosdy late in the second trimester 
and continues intermittently often to term. Activation of infection had no clinical significance, 
but viruria was clearly related to the changes in the immunological control mechanisms. In 
contrast to BKV excretion rates of up to 47%, JC viruria appeared to be considerably lower in 
the same geographical regions. Immunocompetent individuals were ofi:en included as control 
groups in studies on polyomavirus excretion. Incidence of BKV excretion ranged from almost 
none to about 18%. Although one study found BKV excretion in 40% of immunocompetent 
patients, generally, the virus load was low, suggesting that asymptomatic BBCV activation in 
immunocompetent adults is limited. 

From these studies it appears likely that BKV activation in the urinary tract is correlated 
with immunological defense mechanisms that are specifically coined by a combination of the 
host s genetics, the respective disease and therapeutic regimens. The high variability of virus 
load as well as the limited number of diseased patients also suggests that additional fixnctions 
must be involved in viral activation and virion production. 

JCV in the Urogenital Tract 
Detection of asymptomatic JCV infection in exfoliated urothelial cells of immunoimpaired 

patients and in pregnancy demonstrated interaction of JCV with renal cells. Direct evidence for 
the persistence of JCV in the kidney has been obtained by reports on the presence of episomal 
JCV genomes in kidney tissue. Renal JCV DNA is detectable at a rate that closely parallels the 
serological prevalence of JCV in randomly selected individuals and cancer patients. In contrast. 
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Figure 3. JCV infected ceils in diseased brain and asymptomatic kidney tissue of a PML patient. A) JCV 
infected oligodendroglial cells at the rim of a PML focus. JCV DNA (black autoradiographic grains) was 
detected by in situ hybridization with a JCV-specific radioaaive probe. B) Isolated JCV infected epithelial 
cells in the medulla of the kidney as demonstrated by ISH. C) Epithelial renal cell with vast areas of newly 
replicated virus. D) higher magnification of the nuclear membrane from the same renal cell. NC nucleus, 
VP virus particles. 

the detection rate was almost 100% in PML patients with less sensitive methods, thus indicat
ing a higher level of activation (Fig. 3). From these data it can be assumed that JCV infection in 
the kidney is either sensitive to activating factors mediated by basic disorders associated with 
PML, or the breakdown of the immune defense mechanisms commonly observed in those 
patients allows a higher rate of virus growth. 

Activation of Urogenital JCV Infection 
Provided disease specific factors have an influence on JCV expression activity in the uro

genital tract, a higher level of viruria should occur in high risk patients. Interestingly, under 
FJIV-1 induced immune impairment incidence of excretion was in the range of 38%. This 
parallels findings in the normal population. In addition, the pattern of JCV shedding was not 
influenced by the AIDS status or aggressive chemotherapy. In contrast to BKV activation, 
excretion pattern were comparable to those of normal individuals. The frequency of excretion 
with increasing age did not differ significantly from that in HFV-l negative individuals. Obvi
ously, urogenital JCV activation is not essentially influenced by HIV-induced immune impair
ment or therapeutic intervention on the background of AIDS. ̂  

In contrast to frequent BK viruria in BMT patients, the rate of JCV excretion was only 
around 7%. From the frequency of shedding, it appears likely that JCV persistent infection is 
not activated, but rather inhibited by BMT-associated immune impairment, either dependent 
on the basic disease or by therapy. In RT related interstitial nephropathies the dominant virus 
species is BKV. However, JCV was also detected and is occasionally coactivated at a low level. 
Altogether, the frequency of JC viruria is comparable to that in the normal host and the extent 
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of BICV activation is more frequent and severe than that of JCV. In the attempt to analyze the 
role of CNS diseases other than PML on JCV renal activation, viruria was studied in a group of 
multiple sclerosis (MS) patients and a familarly related control group. The excretion rate of 
around 36% was comparable in both groups. Therefore an influence of disturbances in the 
CNS and related therapies on JCV renal infection appears to be rather unlikely. In combina
tion with the findings on HIV-l induced immune impairment or therapy on the background 
of AIDS, this is consistent with the *rule' that PML patients must not have an enhanced inci
dence of JC viruria.^' 

JCV excretion in immunocompetent individuals demonstrated varying rates of renal acti
vation ranging up to 52%. The extent and duration of excretion could be either stable or 
periodic, however incidence and virus load is clearly influenced by age. In summary, JCV 
activation followed by urinary excretion in the immunocompetent host is considerably higher 
than that of BKV. A low level of urinary coactivation demonstrates that shedding of BKV and 
JCV occurs independendy. Excretion of the same JCV subtypes over long periods confirms 
that JC viruria in adults is regularly caused by the activation of a persistent virus and not by 
reinfection with new virus strains. 

Taken together the influence of immunomodulation on BK viruria is obvious. The findings 
argue for a persistent BKV infection that is limited by the hosts defense mechanisms. If immu
nological control is impaired, infection is activated and may ultimately lead to extended dis
ease. Interestingly, remaining immunological fiinctions under treatment for transplantation 
are often able to limit infection to an extend that urogenital disease is self resolving. In contrast, 
JC viruria obviously occurs to a large extent in the immunocompetent host. Once polyomavirus 
infection is established, activation can be induced and virus multiplication may even continue 
throughout life on a low level. This points to a type of JCV persistence that is active at a basic 
level of expression in the urogenital tract under surveillance of an intact immune system. 

Neurotropism of Human Polyomaviruses 

BKV in the Central Nervous System 
The first description of a BKV-associated CNS disease, a subacute meningoencephalitis in 

an AIDS patients included detection of virus DNA and virus proteins in situ as well as BK 
virion isolation from tissue and cerebrospinal fluid (CSF). This demonstrated that BKV can 
replicate in the CNS and argues for the long questioned interaction of BKV with other organs 
than the kidney. Most attempts to detect BKV in asymptomatic brain tissue in different groups 
of patients were not successful. However, when fixll length BKV genomes were isolated by 
cloning from brain tissue of immunocompetent patients without any amplification step, and 
nucleotide sequencing of new genomic BKV DNA subtypes confirmed the finding, presence 
of BKV had to be accepted. Whereas BKV and JCV has been often described together in the 
urogenital tract, detection of BKV DNA in the asymptomatic brain or in PML tissue is consid
erably less frequent than that of JCV ̂ '̂  

Cell free BKV DNA was detected in the CSF of patients with BKV-associated CNS disease. 
Therefore it can be assumed that positivity of the CSF is similarly indicative for an active BKV 
infection than in case of JCV infections. Studies on CSF of PML patients occasionally revealed 
the presence of BKV, although the patients did not suffer from BKV-typical disease. Coinfection 
of both polyomaviruses is widely accepted and although the data were mosdy acquired on the 
high risk groups for PML, it can be anticipated that BKV dissemination to the CSF generally 
is rare event. 

JCV in the Central Nervous System 

JCV in PML and Asymptomatic Brain Tissue 
PML is the only disease associated with JCV and occurs as a complication of preexisting 

chronic diseases altering immune reactivity. Several years of treatment regularly precede PML 
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in lymphoproliferative diseases, rheumatoid arthritis, chronic asthma, sarcoidosis, chronic poly
myositis or organ transplantation. All of these diseases as well as HIV-1 infection are also 
associated with J C viral activation in persistendy infected individuals. The most important 
feature of PML is the cytolytically infected oligodendrocytes with J C V D N A and protein in 
the nucleus and the cytoplasm. In the center of P M L plaques reactive astrocytes, occasionally 
contain J C V D N A and virus particles. At present, it is not decided whether astrocytes are 
permissive for J C V or may engulf infected cells. Whereas neurons were found to carry J C V in 
HIV/PML, involvement of ependymal cells was not reported and endothelial cell infection has 
not yet been confirmed by cell markers. ' ' 

The amount of J C V in PML tissue is very high and the virus can easily be detected (Fig. 
3A). However, the pathogenic question whether P M L is the result of either a cytolytic invasion 
of the tissue in the course of the basic disorders or a consequence of a preceding persistent 
infection is not yet solved. Attempts to detect J C V in nonPML tissue by less sensitive molecu
lar techniques were unsuccessful. Even P C R analyses often give no evidence for polyomavirus 
persistence. However, several laboratories reported on presence of virus specific amplification 
or in situ hybridization in C N S tissue of randomly selected patients without PML with inci
dences ranging from over 3 0 % to almost 7 0 % (Table 2). In contrast to PML, J C V D N A 
sequences often were only detected in serial tissue samples, emphasizing the isolated localiza
tion of J C V positive cells (Fig. 4). Similar to the disseminated distribution of foci in PML, J C V 
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Figure 4. JCV DNA in different topographical areas of persistendy infected brain tissue from patients with 
PML and huPyV-unrelated diseases. DNA was extracted from autopsy samples (TS) from putamen (PU), 
caudatus nucleus (CN), cerebellar cortex (CC), frontal cortex (FC) and frontal brain (F) of patients with 
Multiple Sclerosis, Huntington's disease, proliferative diseases and PML. Cases analysed were summarized 
and samples from PML patients were included as a positive control. All samples analysed were depicted in 
HD cases 1-3, MS case 1 and proliferative disease cases 1-4. DNA was subjected to Southern blot analysis 
with radioactive JCV-specific probes. Full length JCV genomes were cloned from cellular gene libraries: 
*mean value of age; open squares represent JCV-negative, shaded squares JCV-positive findings. 
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Table!. Presence 

Histopathological 
Diagnosis 

ofJCVDNA in brain tissue of individuals without PML 

Number 
of Cases 

Age 
(yrs) 

Presence of JCV 
Genomes* 

Neurological diseases 
Multiple sclerosis 
Huntington's disease 

Non-neurological diseases 
Malignant diseases 
Systemic diseases 

Total 

10 
24 

12 
24 
70 

22-34 
20-90 

0-85 
26-93 
0-93 

0/10 
9/24 

6/12 
7/24 
22/70 

' As determined by Southern blot analysis with a highly sensitive JCV-specific radioactive probe. 

in asymptomatic, persistent infection has no preference for particular CNS segments. Mor
phologically intact, JCV-positive cells were characterized as oligodendrocytes in HIV-1 pa
tients on the grounds of histochemical staining. However, it cannot be excluded that those 
patients suffered from an early stage PML. The state of full length JCV DNA was exclusively 
episomal with identical genetic complexity to that in the disease. The major difference between 
an asymptomatic and PML-type of infection is the virus load. Compared to thousands of 
genomes in PML foci the calculated amount of JCV DNA in asymptomatic individuals is in an 
estimated range of 1 to 100 genome equivalents per 20 cells. This most likely represents persis
tent infection and not early stages of disease.^ 

Activity of Asymptomatic JCV Infection in the CNS 
The detection of persistent virus DNA is depending on the amount of DNA present and on 

the sensitivity of the deteaion system. Consequently, activation of infection with higher virus 
DNA load is leading to increasing detection rates. Remarkably, disorders at risk for PML in
cluding cancer, patients with AIDS, proliferative and inflammatory diseases are often associ
ated with higher incidences of JCV DNA detection. An increased detection rate is also corre
lated with age. These findings demonstrate that immune impairment of basic diseases is not 
only a risk factor for the development of polyomavirus associated disease, but may also be 
responsible for a higher rate of asymptomatic activation in the CNS. Due to the asymptomatic 
state, the actual number of infected cells must be limited. Nevertheless, virus specific protein 
was detected in a limited number of oligodendrocytes and astrocytes in nonPML brain, sup
porting the thesis of an active expression of viral genes in JCV neuropersistence. 

Similar to shedding of polyomavirus to the urine in urogenital disease, active CNS infec
tion is strongly associated with the presence of JCV in CSF. Although not yet proven, whether 
virus in CSF originated from infected CNS cells or might rather be a marker for break down of 
the blood brain barrier and following JCV influx, the detection of JCV DNA in CSF may serve 
as an activation marker for increasing virus load in the CNS. Amplification of JCV DNA in 
CSF of nonPML patients with and without neurological symptoms is performed as control for 
the diagnosis of PML. Often JCV DNA is not detected in CSF of patients with high risk 
disorders or immunocompetent individuals with different neurological diseases, even if JCV 
DNA was present in corresponding CNS tissue samples. In other laboratories, JCV DNA was 
found in the CSF of patients with neurological symptoms and/or HIV-l infection. This lead 
to highly divergent results (0.22% to 100%). Nevertheless, in the high risk groups of 
lymphoproliferative diseases and HIV/AIDS active infection appears to be more frequent than 
in immunocompetent individuals (Table 3). Although an influence of the immunosuppressive 
state as defined by the CD4+/CD8+ T lymphocyte ratio in AIDS patients was not found, the 
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Table 3. Presence ofJCV DNA in cell-free cerebrospinal fluid of patients with PML 
and neurological symptoms unrelated to polyomavirus infection 

Diagnosis 

PML 

AIDS wi th neurological symptoms 

HIV-1 infection with-out neurological 
symptoms 

Immunocompetent wi th O N D * 

* Other neurological symptoms than PML. 
Southern blot analysis. 

CSF 
Samples 

12 

92 

24 

93 

jCV-Specific 
PCR Products^ 

10/12 

45/92 

3/24 

12/93 

Rate of JCV-Positive 
Samples (%) 

83 

48.9 

12.5 

12.9 

••• Standard PCR fol lowed by nested PCR and radioactive 

role of immune modulatory mechanisms for JCV activation was further supported by studies 
on multiple sclerosis (MS) patients with different types of disease. JCV DNA was detected at 
increasing rates in relapsing remitting courses (7.2%), in primary chronic progressive MS 
(CPMS) (16%) and in secondary CPMS (13%), all of which are exhibiting specific immuno
logical response pattern. Studies on patients receiving different immunomodulatory or 
anti-inflammatory therapies also suggested that those factors play a major role by exhibiting 
an activating effect on virus replication. 

PCR based results on all groups of patients and materials are highly divergent. Without 
doubt, this is in part due to technical differences among laboratories. However, the heterogene
ity of patients groups is high and epidemiological data are often not given, time of sampling in 
the course of disease and therapeutic regimens may also influence the activation of a persistent 
virus infection. Although specific conditions or factors cannot yet be pinned down, cloning 
and sequencing of new JCV subtypes from the CSF of nonPML individuals argues for JCV 
activation in persistendy infected brain tissue. 

Immune modulatory factors as introduced by basic diseases or therapy clearly influence JCV 
DNA detection rates in brain tissue and peripheral organs. JC virus persistent DNA in the CNS 
is similarly distributed as typically described in PML tissue. However, the amount of virus 
specific DNA is considerably lower, than that in the diseased state, confirming that activation of 
the infection must be a rare and probably transient event. Replication is probably severely re
stricted and thus remains limited to few isolated cells. In case of severe immunosuppression, 
however, it is likely that virus activation leads to an increasing number of infected cells as indi
cated by a higher incidence of polyomavirus DNA in multiple CNS specimens of patients with 
malignant diseases or higher frequency of activated JCV infection in the elderly. Whether this is 
followed by lifelong accumulation of JCV in the CNS that might eventually contribute to 
uncontrolled cytolytic virus grovnh and PML, can probably only be answered in an appropriate 
animal model. From these findings, it can be assumed that there is either intrathecal activation 
of JCV persistent infection or alternatively peripheral activation is associated with subclinical 
virus entry into the CNS, probably long before the induction of clinically overt PML. 

Human Polyomaviruses in the Hematopoietic System 
Persistent polyomavirus infection in peripheral organs and the central nervous system led to 

the question of possible routes of viral spread within the host. JCV foci in PML brain are often 
closely related to blood vessels and the description of polyomavirus particles in lymphocytes 
provided the background for discussions on an involvement of circulating hematopoietic cells 
in virus infection and hematogeneous spread of polyomaviruses. 
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Figure 5. JCV DNA in infected hematopoietic cells of PML patients and healthy blood donors. Peripheral 
blood cells were purified by density gradient centrifiigation and subjeaed to ISH with a JCV (35SJCV)-
or BKV (35SBKV)-specific radioactive RNA probe. Black autoradiographic grains represent hybridized 
JCV DNA. Samples were collected from PML patients and healthy blood donors. 

Association of BKV with Cells of the Immune System 
First evidence for an interaction of BKV with hematopoietic cells was given by the report 

on a stimulatory effect of BKV infection on lymphocyte cultures and on BKV receptors on the 
surface of peripheral blood cells (PBCs). Interestingly, receptor-positive cells were described 
ultrastructurally as B-lymphocytes. In monocyte cultures protein expression remained negative 
after virus uptake indicating that monocytes might be involved in degradation rather than in 
virus multiplication. However, treatment of monocyte cultures with BKV-specific antisera was 
followed by virus replication and in mitogen-stimulated T-lymphocytes TAg expression was 
detected after infection. A more general role of lymphoid cells in polyomavirus infection was 
assumed after detection of BKV DNA in lymphoid tissue in the oropharynx including tonsils 
and by the demonstration of full length BKY DNA in PBCs (Fig. 5). Viral DNA was exclu
sively in the episomal state pointing to a persistent type of infection. PCR on PBCs from 
patients at risk for polyomavirus disease revealed that the incidence can increase to about 60% 
at later times after BMT, but following analyses remained discrepant. Similarly, in HIV-1 in
fected patients and immunocompetent individuals the rate of infection varied from none to 
almost 100%. Infection of PBCs became more likely by a study, asking for viral expression 
products in blood donors. Early BKV mRNA was detected by reverse transcription (RT) PCR 
in all samples that were positive by PCR for BKV DNA, thus providing evidence for an active 
expression of BKV in lymphoid cells. 
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The divergence of studies on the tropism of BKV for circulating cells appears to be even 
higher than in other compartments of the host. Besides technical and study group differences, 
this can also be related to a possible individual susceptibility of blood cell subpopulations, to 
the half-life of an affected cell type or to the state of infection at the time of sampling. In 
addition, the sensitivity of the assays is crucial, as the amount of BKV DNA was estimated to 
be very low. Although a decision on the role of BKV infection in PBCs is rather difficult, with 
the localization of BKV specific DNA in PBCs by radioactive in situ hybridization, the detec
tion of mRNA, and the indirect evidence for BKV susceptibility of monocytes, there is a body 
of evidence arguing for a regular blood cell tropism of BK virus in the host. 

Studies on BKV DNA in plasma of RT patients with BKV associated viral nephropathy 
reported on free virus and stated that viremia and viruria is not always related quantitatively. 
Provided PBC infection contributes to BKV viremia, these findings argue for independent 
BKV activation at different sites of persistence. In contrast, in another group of patients BK 
virus load decreased not only in urine but also in plasma after successful therapy.^ This rather 
indicates that activated BKV infection in the kidney is related to virus load in plasma and may 
therefore contribute to the circulating virus load. As therapeutic immune impairment could 
additionally be a modulating factor for BICV infection in the lymphoid compartment, at present 
factors and conditions influencing BKV hematopoietic infection cannot yet be defined. 

JCV in Lymphoid Organs and Blood Cells 
JCV infection in hematopoietic cells and their possible role as vectors for virus dissemina

tion was already addressed in early studies, but lymphoid tissue was only occasionally found 
positive for JCV. The exception was a report on JCV DNA in 40% of spleen samples from 
HIV/PML patients suggesting that virus infection and following activation may be accompa
nied by accumulation of virus in lymphoid organs. Infected mononuclear cells were localized 
to Virchow-Robin spaces in the brain and infected glial cells adjacent to blood vessels pointed 
to a passage of infected circulating cells to the CNS. The idea of lymphocytes as a reservoir for 
JCV was also supported by the detection of tonsillar B-lymphocytes and stromal cells as target 
cells for JCV infection. ̂ ^ This argued for the involvement of circulating cells in persistent 
infection. Studies on PBCs by standard PCR analyses on immunocompetent and healthy indi
viduals rendered highly variable results, but incidences of up to 80% were reported. If highly 
sensitive PCR techniques were combined with radioactive detection methods these rates even 
increased to almost 100%. The concentration of virus specific DNA was estimated to be less 
than one genome equivalent in 20 cells. This is on the borderline of detection and may explain 
the variable detection rates or even failure to amplify JCV DNA. 

Several laboratories concentrated on the analysis of JCV DNA in blood cells of PML pa
tients. JCV DNA was detected by in situ hybridization in 3 1 % of mononuclear cells in bone 
marrow and PBCs. In following PCR studies it became clear that JCV DNA is consistendy 
demonstrable in the cells. Irrespective of the underlying disease including HIV-1 infection, the 
affected cell type, the JCV burden or the number of infected cells the incidence of detection 
ranged from 30% to 100%. Quantification of virus DNA revealed a considerably higher virus 
load than in most normal persons, but copy number and immunodeficiency as determined by 
CD4/CD8+ T lymphocyte counts could not be correlated. 

Studies on PBCs of risk group patients addressed the question whether enhanced virus load 
in circulating cells may contribute to increased dissemination of virus to the effector organ 
prior to the induction of disease. In low risk groups including Multiple Sclerosis, Parkinson's 
disease and systemic lupus erythematosus (SLE) incidences well under 10% were reported. In 
high risk leukemia patients JCV DNA could be detected in almost all leukocyte samples from 
bone marrow and PBCs prior to conditioning for BMT. Interestingly, the incidence of JCV 
infection early after BMT dropped to 10-12%, whereas at 60 days after, an increase to almost 
90% was reported. This confirms the assumption that immune modulatory treatment associ
ated with transplantation also influences JCV infection. 
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An important step to further clarify the nature of viral interaction with hematopoietic cells 
was is the unequivocal characterization of the hematopoietic subpopulation involved. 
B-lymphocytes were the first target cells characterized in bone marrow, spleen and peripheral 
blood. JCV specific DNA could be amplified in B-lymphocyte depleted PBCs from HIV-1 
infected patients, in B- and T-lymphocyte cultures from bone marrow of leukemia patients 
(several observations) and in T-cells, B-cells, monocytes and granulocytes from peripheral 
blood. ̂ ^ The most prominent cell type affected regularly was the granulocytes and not cells of 
the lymphoid lineage. In each individual the affected cell types were individually distributed. 
In addition, unsorted cells from healthy persons often were negative for JCV, whereas in sorted 
populations JCV DNA was detectable in almost all individuals.^ The finding of JCV in samples 
of the most prominent hematopoietic subpopulations combined with a highly variable DNA 
concentration in different subpopulations evidenced that the association of JCV DNA with 
circulating cells might be a rather nonspecific interaction or a combination of specific and 
nonspecific effects. Possible nonspecific interactions of JCV with circulating subpopulations 
could include phagocytosis or binding of virus to outer cellular membranes. This would lead to 
presence of virus in cytoplasm or attached to the cell.^^ In contrast, in persistent infection virus 
DNA would be expected within cellular nuclei or, in the productive state, in both compart
ments. Radioactive in situ hybridization implied a close association of JCV DNA with nuclei 
of PBCs and an increased number of positive cells under PML (Fig. 5). Recent unpublished 
findings of subcellular localization of JCV in PBC subpopulations by fluorescent in situ hy
bridization demonstrate that all three localization types can be found. Although not yet un
equivocally clarified, this points to a differentiated interaction of JCV with PBCs that may 
include phagocytosis as well as persistence or an activated state of JCV infection. 

Activation of JCV Infection in Hematopoietic Cells 
The significance of JCV DNA in hematopoietic cells for persistence and pathogenesis de

pends not on the presence of viral DNA in subcellular compartments alone but rather on the 
functional activity in affected cells. Due to the low concentration of JCV DNA and the low 
number of cells affected, functional studies concentrated on transcription analyses. JCV ex
pression was reported in B-lymphocytes and the nonB-lymphocyte fraction after magnetic 
separation of about 50% of diseased and healthy individuals, suggesting that JCV is continu
ously transcribed. Other studies detected mRNA in most PML patients, but no transcription 
in PBCs or B-lymphocytes of HIV-1 infected patients and healthy donors, implying a latent 
state of JCV infection in PBCs. 

In cell culture infectious virus was produced by B-cell types and CD34+ hematopoietic 
progenitor cells. Interestingly, JCV susceptibility was lost in the CD34+ cells after differentia
tion to a macrophage-like cell. Activity was linked to varying expression levels of the transcrip
tion factor NF-1. This gives evidence that cellular differentiation and associated reorganization 
of cellular transcription pattern may be an important step for JCV persistence and activity in 
the hematopoietic compartment. In line with a very low level of JCV DNA amplification in 
circulating CD 19+ B-cells of normal individuals, virus production in cell culture was restricted 
to about 2% of the B-lymphocytes. ̂ '̂̂ ^ This strengthens the idea that JCV infection might be 
associated with a specific cellular subset and adds further support to an infection of B-lymphocytes 
in vivo, which is inducible by the engagement of signal transduction pathways relevant for 
immune control mechanisms. 

Besides the close association of JCV DNA with PBCs, virus DNA was also detected in cell 
free plasma. The rate of viremia varied from no virus present to 4% in SLE patients or control 
groups including healthy individuals. In HIV-1 infected patients rates from 4 to 23% were 
reported and in HIV/PML viremia was detected in about 32% of the patients. Although no 
correlation of virus presence and immunodeficiency could be observed, the incidence of detec
tion appeared to be slighdy higher under PML. Often presence of JCV DNA in PBCs and free 
circulating virus was not correlated (several observations), suggesting that either JCV carrying 
cells are quickly eliminated or there is another source for JCV in plasma than infected PBCs. 
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These findings shed a new Ught on die question, how die virus is disseminated firom the 
periphery to the target organs. It can be hypothesized, that virus produced in any organ may 
find its way through intracellular spaces to the lymphoid compartment and can there be de
tectable as fi-ee circulating particle in the plasma. The question, how the virus may overcome 
the endothelial barrier in asymptomatic persistent infection is not y^t answered. However, for 
BKV it was already shown that endothelial cells support virus replication, suggesting that these 
cells could also be involved in virus dissemination. Recendy, both huPyVs were detected for 
the first time in arterial walls. Although the cell type involved is not yet identified, it is conceiv
able that either cells are actively infected or infected PBCs may carry the virus through vascular 
walls. 

In summary, the discussion on a possible persistent JCV infection in PBCs remains contro
versial. However, the findings demonstrate that the amount of JCV DNA in PBCs is often 
limited and JCV DNA can only be detected after enrichment of PBC subtypes by cell separa
tion techniques. In general, expression in PBCs appears to be suppressed, maintaining a level 
that cannot be detected by PCR on bulk DNA. It became clear that JCV is not only associated 
with blood cells, but also circulates freely in the host. The question, whether presence of JCV 
DNA in the samples is due to infection, to phagocytosis of virus by circulating cells, or is the 
consequence of unspecific binding to cellidar membranes is not yet answered. Although detec
tion of mRNA is a strong argument for an activated virus infection, the unequivocal localiza
tion of virus DNA to the nucleus of latendy JCV infected lymphoid subtypes, is not yet achieved. 
Moreover, it can not be excluded that different types of virus cell interaction coexist in the 
host—each of them regulated by different mechanisms including cell specificity, hormonal 
changes or immune modulation. Besides the problems associated with PCR detection in blood, 
such a scenario would explain the extensive divergence of recent analyses from different labora
tories all over the world. The enhanced virus load in PBCs of risk group patients and expression 
in hematopoietic precursor cells argues not only for infection of PBCs, but also suggests that 
virus interaction with circulating cells on a basic level might be affected by diseases at risk for 
PML. It is conceivable that immune modulatory stimuli mediate not only virus activation and 
repression but may also influence the susceptibility of blood cell subpopulations to JCV. 
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CHAPTER 9 

Immunity and Autoimmunity Induced 
by Polyomaviruses: 
Clinical, Experimental and Theoretical Aspects 

Ole Petter Rekvig, Signy Bendiksen and Ugo Moens 

Abstract 

I n this chapter, polyomaviruses will be presented in an immunological context. Principal 
observations will be discussed to elucidate humoral and cellular immune responses to 
difFerent species of the polyomaviruses and to individual viral structural and regulatory 

proteins. The role of immune responses towards the viruses or their proteins in context of 
protection against polyomavirus induced tumors will be described. One central aspect of 
this presentation is the ability of polyomaviruses, and particularly large T-antigen, to termi
nate immunological tolerance to nucleosomes, DNA and histones. Thus, in the present chapter 
we will focus on clinical, experimental and theoretical aspects of the immunity to 
polyomaviruses. 

Introduction 
Polyomaviruses are small naked viruses with an icosahedral capsid and a circular dsDNA 

genome. The name polyomavirus derives from early observations that these viruses may 
cause tumors when inoculated into newborn mice. Polyomaviruses are widespread among 
vertebrates, but the different species have a narrow host and cell range. Two polyomaviruses 
solely infecting humans were discovered in 1971 by two independent groups. Gardner et al̂  
originally described BK virus (BKV) in the urine of a renal transplant patient, while JC virus 
(JCV) was isolated and partially characterized by Padgett et al from the brain tissue of a 
patient with progressive multifocal leukencephalopathy. A third species. Simian virus 40 
(SV40) was discovered already in I960, and was originally discovered as a contaminant of 
inactivated Salk polio vaccine that was distributed world-wide in the years between 1955 
and 1963.^ 

The association between polyomavirus infection and immunity to the viral particles and 
their polypeptides has been determined in worldwide epidemiological surveys. This aspect 
has been studied extensively over the past 3-4 decades following the detection of BKV, JCV 
and SV40, the species dealt with in this chapter. These studies span from determination of 
humoral immunity against the virus in context of monitoring seroepidemiology, over hu
moral immunity of individual viral proteins, to T cell mediated immunity. A less known, but 
potentially important role of the polyomaviruses resides in the ability of polyomavirus en
coded proteins to bind host autologous molecules and thereby induce antigen-selective au
toimmunity to p53, histones and double-stranded (ds)DNA. This will be described in detail 
in the last part of this chapter. 

Polyomaviruses and Human Diseases, edited by Nasimul Ahsan. ©2006 Eurekah.com 
and Springer Science+Business Media. 
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l a r g e T-ag 
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Figure 1. Organization of the archetypal BKV(WW) genome. The gene products encoded by the early 
region (large T-antigen and small t-antigen) and the late region (the agnoprotein, and the capsid proteins 
VPl, VP2, and VP3) are indicated. The noncoding control region, using the O-P-Q-R-S nomencla-

shown. This region spans the origin of replication and the early and late promoter/enhancer 
sequences. 

Polyomaviruses—Structure and Genomic Organization 
To understand how polyomaviruses induce immunity and autoimmunity, a short descrip

tion of the genomic and structural organization of the virus particle is essential. 
BKV is a nonenveloped virus with an icosahedral capsid, and the virions are roughly made 

up of 88% proteins and 12% DNA. The viral genome consists of a single copy of a circular 
dsDNA molecule of approximately 5,300 base-pairs. The BKV genome shares 75% overall 
homology with JCV and 70% homology with the SV40 genome (reviewed in ref. 5). During 
virus replication, newly replicated viral DNA associates with host cell histones to form 
minichromosomes. Hence, in mature virions, viral DNA is complexed with the cellular his
tones to form a nucleosomal structure, ''̂  the core mononucleosome thus containing an octamer 
of histones H2A, H2B, H3 and H4, analogous with the structure of nucleosomes in mam-
mals.^'^^ On the average, each polyomavirus genome contains 21 nucleosomes. 

The viral circular genome can be divided into three functional regions (Fig. 1): (i) the 
so-called early region encodes the regulatory proteins large tumor antigen (large T-antigen, in 
this chapter denoted T-ag) and small tumor antigen (small t-ag); (ii) the late region containing 
the genetic information for the structural (capsid) proteins VPl, VP2, VP3 and the agnoprotein; 
and (iii) the noncoding control region (NCCR) which harbor the origin of replication and the 
sequences involved in the transcriptional regulation of both the early and the late genes. 

The early region is expressed at the initiation of the viral replication. T-ag is a multifunc
tional protein with distinct domains fulfilling different roles. Major crucial properties are its 
helicase activity and its ability to bind host cell regulatory proteins like the retinoblastoma 
protein family, p53 and others (for review, see refs. 5,11). These activities are important as they 
may control cell function and undermine the infected cell's destiny for apoptosis. Thus, T-ag 
controls both viral DNA replication, early and late gene transcription, and interferes with host 
cell transcription factors. ̂ "̂  
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The capsids are composed of 72 capsomers each consisting of die diree major structural 
proteins, VPl, VP2 and VP3. For intact, infectious polyomaviruses, VPl is the dominant sol
vent phase protein, and is the most redundant protein of the capsid and accounts for 70-80% of 
the total protein mass of the virus particle.^ In fact, VPl can self-assemble into virus-like par
ticles in vitro. ̂ ^ Therefore, antibodies against this protein dominate immune responses to 
polyomaviruses, at least as detected in assays using intact virus particles as antigens, e.g., in 
hemagglutination inhibition assay (HI, an assay using antibodies to inhibit the potential for 
polyomaviruses BKV and JCY to a^lutinate human blood group 0 erythrocytes), enzyme linked 
immunosorbent assay (ELISA), or immune electron microscopy. Important from an immuno
logical point of view is the fact that the capsid proteins VPl-3 also bind DNA direcdy or indi
rectly. This is basically depending on two features of the polypeptides: i. due to nuclear localiza
tion signals present in the capsid proteins, and ii. to the fact that these proteins may associate 
direcdy with DNA structures or with other nucleosome/chromatin bound proteins like tran
scription factors. ' In an immunological context, this information is important, as it may 
provide an explanation as to why and how polyomavirus infection may transform host cell 
nucleosomes immunogenic from a natural state of nonimmunogenicity of these structures. ̂ ^ 

Serological studies have revealed that there exist several subtypes of BKV. The heterogeneity 
is due to differences in the sequences of the amino acids 61-83 of VPl. The highest genetic 
diversity between different BKV isolates is, however, found in the NCCR. While the NCCR of 
the archetypal BKV strain WW has a linear arrangement of the transcription factor binding 
sequence blocks O-P-Q-R (Fig. 1), deletions, duplications and rearrangements have been re
ported in the NCCR of other BKV strains. It is generally believed that this polymorphism in 
the VPl and NCCR may offer advantages to the virus in its host. 

Immunology of Polyomaviruses 
Except for seroepidemiological studies and observations in polyomavirus large T-ag transgenic 

mice, there is litde information about the role of innate and adaptive immunity related to these 
viruses. The main interest in this regard has been linked to humoral immune responses to trace 
the distribution of each of the polyomavirus species among human individuals, to try to estab
lish the role of T cells in fighting the virus and to establish latent infection, and the role of 
virus-encoded proteins in the generation of autoimmunity to nucleosomes and DNA. Few 
studies describe how the innate immune system handle this virus, and which receptors on 
antigen-presenting cells (APC) bind this virus, and whether this interaction results in 
up-regulation of costimulatory signals necessary for full activation of the adaptive immune 
system. In the next sections, seroepidemiology of BKV, JCV and SV40, T cell recognition of 
virus-derived proteins and their role in initiating autoimmunity will be discussed. 

Seroepidemiology of Polyomaviruses 
Since these viruses were detected, their prevalence in the population has been thoroughly 

investigated. As all these viruses have been shown to inherit the potential to establish latent 
infections'^^ and to induce tumors, at least in heterologous hosts (reviewed in ref. 21), it be
came important to study their prevalence in the human populations globally and locally to 
establish a base of information potentially important for studies of their clinical impact. Also, 
to perceive information of their distribution in the human population, an origin could be 
created to detect new possible diseases caused by such viruses based on cell tropism, cytopatho-
genic and oncogenic potential, and, as recendy has been demonstrated, their potential to ter
minate immunological tolerance to DNA and to nucleosomes. ' 

Already the first studies demonstrated a high incidence of BKV and JCV in different popu
lations, ^ although the incidence in remote areas could differ from this generalized picture.^^ 
There exist a large body of studies and literature covering this field (see e.g, refs. 13,19,31-33). 
In the context of this chapter, important aspects to understand the role of immunity to the 
polyomaviruses will be discussed. 
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Table 1. Amino acid identity between the proteins ofBKV (Dunlop strain, accession 
number V01108), JCV (CY strain, accession number AB038249) and SV40 
(766 strain, accession number 102400) 

BKV-JCV BKV-SV40 JCV-SV40 

VP1 (362/354/364)^ 
VP2 (351/344/352) 
VP3 (232/225/234) 
Agno (66/71/62) 
Small t-ag (172/172/174) 
Large T-ag (695/688/708) 

63% 
80% 
77% 
63% 
78% 
83% 

80% 
77% 
71% 
58% 
71% 
75% 

75% 
73% 
67% 
52% 
68% 
73% 

^The numbers in parenthesis refer to the number of amino acids in the protein of BKV, JCV, or SV40, 
respectively. 

Cross-Reactivity of Human Polyomavirus Antibodies 
A high degree of amino acid sequence identity exists between the functional and structural 

proteins of the human polyomaviruses SV40, BKV, and JCV. Amino acid sequence identity 
varies between 58% up to 83% when comparing the different corresponding proteins of BKV 
(Dunlop), JCV (CY) and SV40 766 strains (see Table 1). Stretches of 10 consecutive or more 
identical amino acids were found in several regions of the distinct proteins (Fig. 2). Because of 
the high degree of identity between SV40, BKV, and JCV proteins, antibodies raised against 
polyomaviruses proteins have the potential to cross-react (reviewed in refs. 19,34). Results of 
seroepidemiological studies to determine the prevalence of antibodies against a certain species 
among human polyomaviruses should therefore be interpreted with care as serum antibodies 
can react with all three human polyomavirus species. 

Seroepidemiology of BKV 
Serological data obtained over 30 years demonstrate that infection with BKV is established 

in early childhood, and occurs globally with similar frequency in industrial and developing 
countries. Several immunology-based assays have been developed to monitor the infectivity of 
BKV Of these, HI,^^'^^ complement fixation,^^ indirect immunofluorescence (IIF),^^ RIA,̂ ^ 
ELISA, ' and western blot have been the most widely used assays. These tests may have 
quite different sensitivities, and may detect different spectra of virus antibodies, a fact that 
could affect the interpretation of the prevalence determined in the different studies. Surpris
ingly, in light of the different assays used for antibody determination, and the technical devel
opment of sensitive assays for antibody detection over the last three decades, the observed 
prevalence for BKV in different populations is consistendy high (see Table 2 for examples). 
Comparing two studies, one early of Gardner et al in 1973, and one late of Stolt et al in 
2003, ^ determining the prevalence for BKV antibodies in different age groups, the results are 
surprisingly consistent and comparable (Table 3), although performed with different assays 
(HI versus ELISA using recombinant viral proteins assembled into virus-like particles) to de
tect the antibodies, and timely distant from each other (30 years). 

The prevalence of BKV varies in different studies between 40 and 95%. The overall differ
ences between the reports cannot be explained by the use of different assay procedures, as 
results determined by HI spans from 40% (data published in 1976^^) to 94% (1974^^). These 
prevalences, obtained with HI, covers the figures obtained with most of the assays used in later 
studies. One explanation for this diversity may be that the cut off levels of the assays are not 
standardized internationally, and that exchange of sera for inter-laboratory standardization has 
not been performed or thoroughly documented. However, due to the nature of the study, one 
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should expect differences in die prevalence of anti-BKV antibodies in different more or less 
well defined human populations. Analyzing the results collected over time, the discrepancies 
cannot be explained by improvements of the assays from early to late studies (see examples of 
data presented in Tables 2 and 3 collected over 30 years). 

The antibodies recognizing the whole viral particle (presumable dominated by antibodies to 
the solution phased VPl, see above) seem to persist once the immune system is stimulated. This 
is strengthened by the fact that the detection of infectious particles has a much lower prevalence 
than that described above for anti-BKV antibodies (see Table 4). Antibodies to polyomavirus 
T-ag are relatively rare, although most individuals are infected with the virus, indicating that 
anti-T-ag antibodies are more closely linked to episodes of productive infections. In one situa
tion we could direcdy trace this intimate and timely association between productive infection 
and transient humoral immune response to T-ag."̂ ^ In that study, urinary secretion of 
polyomavirus DNA sequences was monitored weekly in 20 Systemic Lupus Erythematosus 
(SLE) patients over one year, and development of anti-T-ag antibodies was determined. There 
was an overall strong correlation between presence of anti-T-ag antibodies and productive in
fection as judged by BKV DNA PCR-positive urine samples. In one patient, the production of 
anti-T-ag antibodies coincided with the appearance of urinary BKV DNA sequences. As the 
BKV DNA sequences disappeared from the urine, the anti-T-ag antibody fainted over the next 
6-8 weeks. This is consistent with the very low incidence of anti-T-ag antibodies in healthy 
individuals (<1%) we ' and others have detected. Thus, as VP antibodies seem to reflect an 
accumulative incidence of latent BKV infection, antibodies to T-ag seem to indicate present or 
recent productive infection with significant expression of T-ag as is essential for virus replication 
to take place. ' Summarizing data on prevalence of antibodies to structural proteins and to 
T-ag, it is likely that antibodies to the structural proteins VPl-3 can be used to determine 
accumulated prevalence of the sum of active and latent polyomavirus infections, while antibod
ies to T-ag can potentially be used to trace prevalence of productive infection. 

Seroepidemiology ofJCV 
As for BKV, seroepidemiology of JCV has been determined over the 3 decades since their 

detection. The first published study came from Padgett and Walker already in 1973,^^ two 
years after the original description of the virus. In this study, different age groups were exam
ined (Table 3, data organized according to Walker and Padgett from ref 27) and the anti-JCV 
antibodies had roughly the same age-related profile as that seen for BKV antibodies (Table 
3). ' ^ Stolt et al determined the seroepidemiology of JCV using recombinant virus-like 
particles consisting of JCV VPl as antigen in IgG-specific ELISA. In their study, antibodies to 
JCV peaked around the age of 9-11 years, and the accumulative incidence in humans aged 
1-13 was 32% (Table 3), while in the early study of Padgett and Walker, '̂ '^ the accumulative 
incidence, using HI, in the age group 1-14 years was 28%. These results are strikingly consis
tent taken into account that the studies are performed with very different antibody assays (HI, 
versus VPl-specific ELISA, Table 3). and approximately 30 years apart. However, no attempts 
to ensure that the antibodies detected are specific for either BKV or JCV (or SV40 for that 
case) were undertaken. 

That the frequency of the different polyomavirus species as determined by serological assays 
differs among humans is not an argument for species-specific virus antibodies, but may simply 
reflect the different distribution of the viruses. To ascertain that the antibodies indeed recog
nize one or another of the virus species, inhibition experiments should have been performed. 
In the work by Stolt et al, the authors describe different prevalence of BKV and JCV with lower 
frequency in the age groups of JCV in the same sera, indicating some species-specificity of the 
antibodies. Furthermore, in a report by Hogan et al, ^ where they investigated seroconversion 
in renal transplant patients, more of the patients seroconverted for JCV than for BKV. This 
direcdy demonstrated that at least in some individuals antibodies are produced that specifically 
recognize JCV. Such results indicate presence of antibody subpopulations in the sera recog
nizing one single polyomavirus species, but do not rule out that antibodies may also recognize 
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BKV: 
JCV: 
SV40: 

BKV: 
JCV: 
SV40: 

BKV: 
JCV: 
SV40: 

BKV: 
JCV: 
SV40: 

BKV: 
JCV: 
SV40: 
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JCV: 
SV40t 
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BKV: 
JCV: 
SV40: 

BKV: 
1 JCV: 

SV40: 

M~~APTKRK6 
M~-APTKRK6 
MKMAPTKRKG 

PDEMLR6FSL 
PDEHX^RGFS-
PDEHgiCGl.S~ 

aTBVIGITSM 
KTEVl-GVTTL 
KTEVZGVTMf 

PDGTXTPKNP 
PDGTZFPKIIA 

ECP6AAPKKP 

SCPGAAPKXP 

K~LSABMPFS 
-SISIS01?PE 
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JMiMA GS 
MNVHS G 
LMLHS GT 

TAQSQVMNTD 
TVQSQVMNTE 

PAQTVTPKMA TVBSQQMNTD 

VLBVTNTATT 
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MVLRQLSRXA 
MVLRRLSRQA 
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EirSALPBPKA 

PES 

ZAGAPGAIAG 
ITGAPOAVAG 
XSGAPAAZAG 
YDZLFPGVMT 
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YDZLFPGVQT 
DSLARFLEBT 
ESLARFLEET 
DSLARFLBET 
IDDADSIEEV 
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FVMNXQYLDP RHWGPSLFAT 
FVMNXHYLDP RHHGPSLFST 
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THTXVMAPIM FYNYXQQYYS 
TWAXVNSPVN LYHYXSDYYS 
TWTVINAPVN WYNSLQDYYS 
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FFAimDHKVS TVGLFQQPMf 
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RLSPVRPSHV RQVAQREGTI 
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EKFEAPGGAN QRTAPQHMLP 
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EGEDTVDGKR KKPER-LTEK 

Figure 2. Proteins encoded by polyomavirus BKV, JCV and SV40 share amino acid sequence homologies. 
Alignment of the primary amino acid sequence of the structural proteins VPl, VP2, VP3, the agnoprotein, 
and the functional proteins large T- and small t-antigen of BKV (Dunlop), JCV (CY), and SV40 (strain 7GG) 
identify high degree of homology regions with impact on serological crossreactions and thereby on 
seroepidemiology of the individual polyomavirus strains. Identical amino acids are shown in black, while 
different amino acids are gray (shown in red in online version). Arrow indicates start of the VP3 sequence. 
Figure continued on next page. 
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Figure 2. Continued. 
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Table 2. Examples of data on prevalence of BK virus in the human population. Data 
are selected that compare techniques and time for antibody detection 

Assay 

HI 
HI 
HI 
HI 
CF 
IFA 
IgG ELISA* 
IgG ELISA 
IgG ELISA VP1 ** 

Age Range 

8-20 (control sera) 
2-70 
>14 
newborn->50 
newborn->50 
newborn-65 
newborn-80 
1-80 
1-13 

Frequency (%) 

21/30 
11 7/203 
44/66 
254/409 
276/508 
197/311 
340/461 
218/320 
206/288 

(70) 
(58) 
(67) 
(62) 
(54) 
(63) 
(74) 
(68) 
(72)** 

Year 

1972 
1973 
1977 
1973 
1973 
1974 
1986 
1989 
2003 

References 

(183) 
(29) 
(35) 
(26) 
(26) 
(36) 
(38) 
(39) 
(41) 

* BKV particles purified from Vero cell cultures were used as solid phase antigens. ** ELISA using 
purified yeast-expressed virus-like particles containing the VP1 major capsid protein of AS and SB 
strains of BKV. In this table data combining the results using both strain's VP1 is presented. Table 
modified from reference 28. 

determinants shared by the different viruses. In one study, Taguchi et al determined the 
prevalence and age of acquisition of antibodies against JCV and BKV. About 50% of the 
children in this study acquired antibodies against BKV by 3 years of age and against JCV by 6 
years of age. These results indicate that dual latent infections with both viruses are common, 

Table 3. Comparison of age dependent prevalence of antibodies to BKV and JCV using 
hemagglutination inhibition (26) or ELISA using virus-like particle (VLP) 
containing recombinant BKV or JCV VP1 (41) 

Virus 

BKV 

All 
JCV 

All 

HI.CF or IIF* 

Age Groups 

1-5 
6-10 
11-17 
18-25 
>50 
11-13 
1->50 
0-4 
5-9 
10-14 
15-19 
>50 
11-13 
0->50 

Frequency (%) 

17/46(37) 
43/52(83) 
33/40(83) 
27/34(79) 
26/49(53) 
31/40(78) 
146/221 (66) 
2/20(10) 
16/69(23) 
13/20(65) 
10/20(50) 
120/157(76) 
13/40(33) 
61/286(56) 

* HI: Hemagglutination inhibition assay based on 
Complement fixation test; IIF, i 
containing particles as antiger 

VP1 ELISA** 

Age Groups 

1-3 
3-5 
5-7 
7-9 
9-11 

1-13 
1-3 
3-5 
5-7 
7-9 
9-11 

1-13 

the ability of BKV to aggi 
indirect immunofluorescence test; ** 
1. 

ELISA 1 

Frequency (%) 

10/50(20) 
31/49(63) 
40/50 (80) 
49/50 (98) 
45/49 (92) 

206/288 (72) 
8/50(16) 
13/49(27) 
11/50(22) 
21/50(42) 
25/49(51) 

91/288(32) 

utinate red blood cells; CF: 
using BKV-or JCV-likeVPI 
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Table 4. Prevalence of human polyomavirus replication in healthy individuals as 
determined by the presence of viral proteins^ DNA sequences or virions in 
urine samples^ 

Number of Positive Samples/ 
Virus Number of Tested (%) References 

BKV 191/19,845(0.96) 67,184-200 
JCV 303/870 (34.8) 48,67,184,187,197, 

198,201-207 
SV40 1/100(1) 197,208 

^Viral sequences, proteins or virions were detected by hybridisation, PCR, ELISA, indirect 
immunofluorescence, hemagglutination inhibition test, light microscopy ('Decoy' cells), or electron 
microscopy. 

and that antibodies can be used to determine seroconversion of either of the viruses. More 
work is, however, needed to determine whether polyomavirus antibodies cross-react over the 
species barriers, as recently discussed by Knowles.^ This information is important to exactly 
determine the prevalence of each individual polyomavirus in the human population. 

Seroepidemiology ofSV40 
Although originally described as a natural habitant of Asiatic macaques, SV40 can infect 

humans.^^'^^ Recovery of infectious SV40 virions indicates an established infection and im
plies that humans may function as a natural host for this polyomavirus. For almost a decade 
(1955-1963), millions of children worldwide were administered SV40-contaminated poliovi-
rus vaccines and therefore it is not surprising that antibodies against SV40 could be present in 
the human population. However, seropositive individuals are also found amongst those that 
never received contaminated poliovirus vaccines. 

Recent seroepidemiological studies using different detection methods by different groups 
revealed that approximately 10% (range 0-12%) of sera obtained from individuals around the 
world have low titer antibodies to SV40. No significant differences were found in the seroposi
tive prevalence of sera obtained from individuals that most probably had received contami
nated vaccine compared to those that were vaccinated with SV40-free vaccines. '̂̂ '̂̂ ^ These 
results are in good agreement with older studies on SV40 seropositivity (3-13%) in individuals 
that had never received contaminated vaccines (see ref. 60). 

These antibody titers may be low due to either limited viral replication in the human host 
or failure of the human system to recognize and respond robustly to SV40 infections. ^ Alter
natively, the low titers and low prevalence of SV40 antibodies may be due to cross-reactivation 
with the other human polyomaviruses BKV and JCV. Indeed, the study by Carter and colleges 
detected SV40 antibodies in AG out of 699 serum samples tested using a virus particle-like 
ELISA. However, all these samples were also positive for BKV and JCV and in fact these 
antibodies were cross-reacting with these other polyomaviruses. Of a total of 3669 serum 
samples tested by Minor and collaborators, 187 were SV40 seropositive, but just one serum 
had only antibodies against SV40, suggesting that most seropositive individuals have 
cross-reactive antibodies generated by infection with human polyomaviruses BKV and/or JCV. 
However, this only positive sample argues against that all SV40 seropositive individuals are the 
result of cross reactivity. Because of these problems, results of serological studies should be 
interpreted carefully and be supplemented with data on the presence of SV40 DNA as an 
evidence of the presence of this virus in the normal human population. The low prevalence of 
SV40 viruria in this popidation (1%, see Table 4). reflects the low SV40 seropositive rates and 
argues against frequent presence of current SV40 infection in healthy individuals. 
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The origin of antibodies to SV40 remains to be explained but data from several groups 
suggest that these antibodies do not solely arise from exposure to SV40-contaminated poliovi-
rus vaccines. ' '̂ ^ A highly specific serological assay for SV40 is required for unambiguous 
assessment of SV40 prevalence in the human population. 

Epidemiology of Productive Polyomavirus Infection in Healthy Individuals 
After primary infection in early child-hood, BKV establishes a life-long latent infection in 

immunocompetent individuals. This latent infection in healthy individuals is supported by the 
low prevalence (3.6%, n=300) of BKV IgM antibodies in healthy adult blood donors^^ and the 
low prevalence of BBCV viral proteins, virions, or viral nucleic acid sequences in urine samples 
of immunocompetent individuals. BKV replication as evidence for reactivation has been moni
tored by the presence of virions as determined by electron microscopy or by Decoy cells (i.e., 
polyomavirus-laden uroepithelial cells), which are hallmarks of BK virus replication, or by 
propagation of urine samples on permissive cell cultures. In recent years, PCRhas been applied 
to detect BKV nucleic acid sequences (reviewed in ref GA). Using these methods, about 1% of 
healthy controls (n = 19,845) showed signs of BKV productive infection (Table 4). JCV IgM 
antibodies were detected in 15% of healthy blood donors in England and there was a positive 
association between JCV seropositivity and age.^ Thus JCV immunity may be boosted through
out life by persistent infection, reactivation or reinfection. The higher prevalence of JCV IgM 
antibodies in immunocompetent individuals corresponds well with higher prevalence of JCV 
viruria in this human population. Almost 35% (n=870) of normal individuals showed PCR-based 
signs of ICV viruria, and there was a higher incidence of urinary JCV excretion in older indi
viduals. The prevalence of SV40 seropositive individuals in healthy blood donors varied be
tween 1.3-5% throughout all age groups examined.^ In accordance, urinary SV40 was de
tected in 1% (n = 100) in immunocompetent persons (Table 4). All the epidemiological data 
taken together (seroepidemiology and epidemiology of productive infection) indicate that most 
human individuals are latently infected with polyomaviruses, while productive infection is rare 
among healthy individuals, and that antibodies to T-ag have an incidence similar to that of 
productive infection. This points at two phenomenona: anti-polyomavirus antibodies (pre
sumably against VP1-3) are stable and long-lasting, while anti-T-ag antibodies seem to faint, as 
the productive infection is terminated, consistent with observations described above.^^' 

Polyomaviruses and T Cell Responses 

Antigen Processing and Viral Infection 
To establish relevant and protective immune responses to a viral infection, peptides derived 

from viral proteins need to be presented to two main effector T cell populations, CD8+ and 
CD4+ T cells. The former are meant to kill virus-infected cells, while the latter provide help for 
B cells to produce anti-viral antibodies. Both systems are important in defense against viral 
infections. 

The critical event in antigen recognition by T cells is the way antigenic peptides are pre
sented and thus recognized by theT cell receptor (TCR). The central molecules in this presen
tation are the foreign antigen peptide and MHC molecules with two distinct classes: MHC 
class I and MHC class 11. These two MHC classes deliver peptides to the cell surface from two 
different intracellular compartments reflecting the origins of the antigens that are processed; 
either intracellular, or taken up from the outside of the cell. MHC molecules are glycoproteins 
that localize to the cell surface. These two classes of MHC molecules differ both in function, 
structure and cell distribution. While MHC class I is present on all nucleated cells, MHC class 
II are present mainly on specialized antigen-presenting cells. 

The peptides that bind to MHC class I molecules classically derive from virus-encoded 
proteins. Such proteins are generated by translation in the cytosol and transported to the endo
plasmic reticulum (ER) by transporter proteins called Transporters associated with antigen 
Processing-1 and 2 (TAPl andTAP2), '̂ ^ where they associate with MHC class I complex. At 
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this stage, the fully folded MHC class I-peptide complex is released from the TAP complex in 
the ER and is transported to the plasma membrane, where the peptides are presented to appro
priate CD8+ T cells. 

The antigen peptides that bind to MHC class II enter the cell by endocytosis and are ar
rested in the endosomes. This occurs in specialized APC, although not exclusively as e.g., 
nonprofessional APC may also present peptides in context of MHC class II molecules (see 
below). Endosomal and lysosomal proteases are activated by low pH, and thereby degrade the 
proteins into peptides, which now are ready to be bound by MHC class II molecules. Due to 
presence of peptides in this compartment that are not generated from (antigenic) proteins 
taken up by the cell, the peptide-binding cleft of the folded MHC class II molecules is pro
tected from binding unwanted peptides through transient binding of the invariant chain (li). 
The li binds noncovalendy to MHC class II'̂ ^ and prevents binding of irrelevant (autologous) 
peptides. A second function of the invariant chain is to target the MHC class Il-invariant chain 
complex to the endosomal compartment where the invariant chain is degraded by acidic pro
teases in successive steps and replaced by the peptides that will be presented at the cell surface 
(see refs. 70,72 for more details). 

Thus, MHC class I-peptide complexes activate CD8+ T cells committed to kill e.g., 
virus-infected cells, while MHC class Il-peptide complexes activate CD4+ T cells aimed at 
activating macrophages (Thl cells) or B cells (Th2 cells). Both these arms of antigen presenta
tion are operational in context of polyomavirus infections. 

Role of T Cells in Polyomavirus Infection 
From the nature of the immune system and its activation, both the innate and the adaptive 

immune systems are engaged in defense against virus infection. The innate system is important 
for proper presentation of antigenic peptides, and to provide appropriate costimulatory mol
ecules to ensure activation of T cells recognizing the infectious-derived peptides. Costimulation 
is necessary for both CD4+ and CD8+ T cells. According to Janeway and Medzhitov,^^'^'^ 
polyomaviruses belong to the group of infectious nonself agens delivering pathogen-associated 
molecular patterns (PAMP) that are recognized by cell surface pattern recognition receptors 
(PRR) on APC.^^ Interaction between PAMP and PRR may be required for up-regulation of 
costimulatory molecules like CD80 and CD86. It is, however, not known by which pattern 
polyomaviruses may increase expression of these molecules on APC. However, one study may 
be relevant. Velupillay et al'̂ ^ investigated the role of the innate immune system using the 
PERA/Ei mouse strain (PE mice), which is highly susceptible to tumor induction by 
polyomavirus. This susceptibility can be transmitted in a dominant manner in crosses with 
resistant C57BR/cdJ mice (BR mice). The authors demonstrated that PE and F^ mice infected 
by polyomavirus responded by increased costimulatory molecule B7.2 (CD86) expression on 
APC, whereas BR mice responded with increased expression of B7.1 (CD80) molecules.'^^ A 
system like this may, if pursued, provide information about the underlying processes determin
ing if CD80 or CD86 are increasingly expressed. 

T cell immunity to polyomaviruses has been studied in quite different natural and experi
mental conditions. Most of these studies focus on T-ag, and investigations of T cell responses 
to other virus-encoded proteins are rare. T-ag is, however, suitable to examine, as it is highly 
immunogenic and induces T cell as well as B cell responses. 2,2333,80-83 ^ ^ j ^ ^ ^ ^ characterized 
T cell responses to T-ag in randomly selected healthy humans and in SLE patients. By stimu
lating peripheral blood mononuclear cells (PBMC) from these with purified SV40 T-ag, virtu
ally all responded by T cell proliferation, and T cell lines could be established by T-ag and 
nucleosome-T-ag complexes. '̂̂ '̂ '̂  Since T-ag from BBCV, JCV and SV40 demonstrate 
73%-83% amino acid homology (see above), the data obtained using SV40 T-ag probably do 
not reflect a high incidence of SV40 infected individuals, but more likely that most individuals 
have cross-reactive T-ag-specific memory T cells. The T cell responses in this system were 
dominated by CD4+ T cells, as demonstrated by a substantial decrease in proliferation when 
adding anti-human CD4 antibodies to the cultures prior to antigenic stimulation. Using 
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anti-CD8 antibodies in this system resulted in a weak reduction of T cell proliferation. Similar 
results were observed in mice immunized with SV40 T-ag.^^ The CD4+ T cell lines established 
had the potential to induce weak anti-T-ag antibody production in vitro when cocultured with 
highly purified autologous B cells.^ Drummond et al̂ ^ found that all of healthy seropositive 
individuals hadT cells proliferating in vitro in response to antigens prepared from BKV-infected 
fibroblasts. Seronegative individuals did not harbor such reactive T cells. Although not defini
tively established, some of these T cells may be CD4+, since they correlated with presence of 
antibodies to BKV.̂ ^ 

In one artificial study by Bates et al,^^ the role of CDS + T cells in abrogating SV40 infec
tious cycle in vitro has been the focus. In that study, they showed that SV40-encoded T-ag 
translocated into the cell membrane in addition to the nucleus of SV40-infected permissive 
monkey cells. The surface T-ag in SV40-transformed mouse cells provided a target for the 
cytotoxic T lymphocytes (CTL) which recognized SV40 T-ag in association with experimen
tally transfected murine K/D, (MHC) class IH-2 antigens. Treatment of SV40-infectedTC-7/ 
H-2Db and TC-7/H-2Kb with T-ag specific CD8+ T cell clones abrogated the virus lytic 
cycle. This opened for the possibility that this could take place also in vivo, and that CD8+ T 
cells could remove polyomavirus-infected cells.^ 

Additional studies have been performed in determining T cell mediated immunity against 
T-antigen induced tumors. This field has recendy been extensively reviewed by Tevethia and 
Schell, and principal observations only will be summarized here. It has been known for a long 
time that polyomaviruses and T-ag of these viruses can induce tumors. Early evidence that SV40 
encoded antigens could serve as a tumor specific antigen was provided by Tevethia et al in 1980, 
as they demonstrated that prior immunization of hamsters with SV40 particles, or SV40 trans
formed cells induced T cell-mediated resistance to a subsequent tumor challenge (reviewed in 
ref. 33). Interestingly, in constitutive T-ag transgenic mice, this protection against tumorogenesis 
was not obtained. While T-ag has the potential to induce tumors in diverse organs relative to the 
organ-specificity of the promoters introduced, T cell immunity to T-ag does not develop in 
these mice. This is most probably due to tolerance development, either central or peripheral. 

An interesting demonstration of this was provided in our laboratory when developing T-ag 
transgenic mice under the control of a tetracycline-responsive transcriptional activator (tTA). 
We tested two opposite tetracycline-dependent transgenic systems, i. gene activation in the 
absence of tetracycline (tet-ofF), and ii. activation in the presence of tetracycline (tet-on). In 
control experiments, we examined the tendency for leakage of the T-ag gene by direct visualiza
tion of T-ag under nonexpressing conditions, and tested T cell responses after turning the gene 
on. In the tet-on system, spontaneous expression was observed in absence of tetracycline, as 
determined by RT-PCR and immune electron microscopy, and these mice did not respond to 
immunization with T-ag. The tet-off̂  system was tight, and in the nonexpressing situation, the 
mice responded to T-ag immunization by producing antibodies to T-ag, and T cells responded 
in vitro to T-ag by vivid proliferation (manuscript in preparation). 

Thus, tumorogenesis in constitutively expressing T-ag transgenic mice cannot be inhibited 
by the immunity to T-ag in such mice, simply due to tolerance development. In an interesting 
study by Ye et al a correlate to this observation was done in unconditioned T-ag transgenic 
mice. If the promoter used to control T-ag expression (the RIPI T-ag2 mouse) allowed expres
sion in embryonic life, T cell tolerance developed. If another promoter was selected (the RIPI 
T-ag4 mouse), this situation changed as expression started several weeks after birth. These mice 
were immunologically responsive to T-ag. Furthermore, immunization of these mice with T-ag 
by SV40 infection delayed the T-ag induced tumor growth by up to one year. When the tu
mors in such mice appeared, the T cell responses to T-ag had fainted.^^ In RT3 mice, express
ing T-ag as a transgene controlled by the insulin promoter, crossed with H2-K -restricted TCR 
transgenic mice, CD8+ T cells developed normally, and did not possess tolerance, even after 
several months of observations. ' As above, this may be due to the prolonged delay afi:er 
birth for the transgene to be expressed. Extrapolating from these data, T cells may become 
autoantigenic to determinants expressed a substantial (not exactly defined) time interval after 
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birth. These few examples demonstrate that tumors induced by polyomavirus T-ag may be 
suppressed if CD8+ T cells specific for T-ag are not rendered tolerant. This may occur through 
expression of T-ag before immune competency is reached, i.e., during fetal life. From this, one 
may speculate whether acquired latent infection with potentially oncogenic polyomaviruses 
may perpetuate T cell mediated immunity to e.g., T-ag that may protect against tumor devel
opment in the infected organism. This may actually explain why it is so difficult to equivocally 
prove the oncogenic potential of polyomaviruses in (at least healthy) humans.^^ 

The role of CD4+ T lymphocytes in immunity to SV40 induced tumors has been less 
studied, but is thought to provide help for MHC class I-restricted CD8+ cytotoxic (anti-tumor) 
T lymphocytes. These latter T cells, according to e.g., observations referred to above, seem to 
serve as the predominant effector cell in killing tumor cells. In a recent study, Kennedy et al̂ ^ 
evaluated the role of T lymphocyte subsets in tumor immunity induced by recombinant SV40 
T-ag within an experimental murine pulmonary metastasis model of SV40 T-ag-expressing 
tumors. By depleting BALB/c mice of either CD4+ or CD8+ T cells in the induction phase of 
the immune response to SV40 T-ag, indications were found that CD4+ T cells but not CD8+ 
T cells were critical in the production of antibodies to SV40 T-ag and in tumor immunity after 
SV40 T-ag immunization. Among the anti-T-ag antibodies, IgGl was the dominating IgG 
subclass, indicating that Th2 type T helper cells were involved. Those results suggested that 
CD4+ T cells, along with antibody responses, indeed may play a role in the induction of tumor 
immunity to e.g., an SV40 encoded tumor antigen. 

In another polyomavirus-mediated disease, JCV can reactivate and cause progressive multi
focal leukencephalopathy (PML), a fatal demyelinating disease of the central nervous system. 
For this to develop, deficit of cell-mediated immunity must occur, which seems to be the case 
in acquired immunodeficiency syndrome (AIDS), malignancies or in organ transplant recipi
ents. The humoral immune response, measured by the presence of JCV-specific IgG antibodies 
in the blood or intrathecally, as detected in the cerebrospinal fluid, is inversely related to pro
gression of PML. Consistent with the underlying immunosuppression, the proliferative re
sponse of CD4+ T lymphocytes to mitogens or JCV antigens is reduced in PML patients. 
CD8+ cytotoxic T lymphocytes recognize intracellularly synthesized viral proteins in context 
of MHC class I molecules (see above). One JCV peptide, die VPl(plOO) ILMWEAVTL, has 
been characterized as a cytotoxic T cell epitope in HLA-A *0201 positive PML survivors. 
Studies demonstrated that VPl(pi00)-stimulated peripheral blood mononuclear cells from 5 
out of 7 PML survivors had JCV-specific cytotoxic T cells, versus none of 6 PML progressors. 
The cellular immune response against the VPl (pi 00) peptide may therefore be crucial in the 
prevention of PML disease progression (reviewed in '̂̂ ). 

In another recent study, Gasnault et al̂ ^ confirmed these results by demonstrating that all 
of nine healthy donors and seven of thirteen nonPML HIV-infected patients with urinary JCV 
excretion had positive JCV-specific CD4+ T cell responses. No significant response was found 
in 14 patients with active PML, while nine of 10 PML survivors had positive responses. A 
restoration of JCV-specific CD4+ T cell responses was associated with JCV clearance from the 
cerebrospinal fluid. Thus, JCV-specific CD4+ T cell responses appeared also in this study to 
play a critical role in the control of cerebral JCV infection, preventing PML development. 
Such responses can be restored in PML survivors possibly following effective and prolonged 
antiretroviral therapy. 

From these few examples, it may be clear that both CD4+ and CD8+ T cells are important 
in establishing control of polyomavirus induced tumor progression and metastasis, and in con
trolling other consequences of productive polyomavirus infection like PML. A possible link 
between latent polyomavirus infection and protective immunity controlling tumorogenesis is 
important to establish. To eventually setde this, well planned prospective studies must be per
formed particularly comparing seropositive healthy individuals that acquire immune deficien
cies with normal seropositive healthy controls. T cells operational in context of 
polyomavirus-related induction of autoimmunity to DNA and nucleosomes will be discussed 
in relevant sections below. 
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Polyomaviruses, SLE and Autoimmunity to Nucleosomes 
and dsDNA 

Systemic Lupus Erythematosus (SLE) and Anti-dsDNA Antibodies 
SLE, the prototype of a systemic rheumatic syndrome, is characterized by production of a 

wide array of autoantibodies.^ Dominant proportions among these are antibodies directed 
against nuclear constituents (antinuclear antibodies, ANA). Aside from their diagnostic im
portance, subpopulations of ANA, especially those binding dsDNA may have the additional 
effect as initiators of glomerulonephritis typical for this autoimmune syndrome. ' Not all 
anti-dsDNA antibodies are involved in SLE nephritis, but those that are nephritogenic seem to 
recognize mammalian dsDNA, although some reports indicate that antibodies specific for nu
cleosomes also may have nephritogenic potential.^^' '^^ 

The ethiology of SLE is, although the disease has been described for at least 15 centuries 
ago,̂ '̂̂  an unresolved matter. One may, according to the pleotropic picture of the disease, 
question whether SLE represents one disease entity, or represents a continuous overlap of indi
vidual, etiologically unrelated, organ manifestations (discussed in ref. 25). Hence, the term 
SLE may theoretically represent a heading for a wide variety of intrinsically unrelated disease 
manifestations, explaining the highly diverse picture of the disorder, ̂ ®̂ and may therefore prin
cipally be meaningless to use to define a single disease entity. On this background, it is impor
tant to try to understand at least the molecular and cellular origin of one of the major patho
genic and disease modifying factors characterizing this disease, namely antibodies to dsDNA. 
In this section, the cellular and molecular impact of polyomaviruses and polyomavirus-encoded 
DNA binding proteins on production of anti-DNA antibodies will be discussed in terms of 
their direct and measurable effect on initiation and sustained production of this antibody popu
lation. We have during recent years continuously developed in vivo and in vitro experimental 
systems employing intact BKV or SV40 T-ag to describe processes that have shed light on this 
enigmatic autoimmune response (reviewed in refs. 22,24,25,109,110). 

B Cells Specific for dsDNA Can Be Activated by Polyomaviruses— 
The Phenomenon 

This research program was initiated in 1986 based on an unintended observation done by 
Christie and colleagues in their attempts to induce antibodies to BKV in rabbits. Their main 
focus was to develop an ELISA to trace polyomavirus antibodies in humans. After deliberate 
immunization of rabbits with purified, infectious BKV particles, development of serum anti
bodies were assayed by several detection methods, including western blots. As expected, they 
observed antibodies to capsid proteins, in addition to several low molecular weight polypep
tides. ^ These were assumed to be host cell histones, which are used by viral DNA to form 
minichromosomes. '̂  Extrapolating from these data, we reconsidered an old idea to explain 
how autoimmunity to DNA and nucleosomes could be initiated. This idea originated from 
early studies on immunogenicity of haptens, defined as molecules that could bind antibodies, 
but not by themselves stimulate to antibody production. In other words, they were 
nonimmunogenic. For haptens to gain immunogenic potential there is a need (i) for B cells to 
recognize that particular hapten, and (ii) for the hapten to be coupled to a carrier protein in 
order for cognate interacting T cells to be stimulated and thereby to provide help for 
hapten-specific B cells. 

The Hapten-Carrier System—Formal Requirements 
The first prerequisite relevant to use a hapten-carrier system to explain how polyomaviruses 

may initiate autoimmunity to DNA is the presence of B cells specific for dsDNA. The B cell 
receptors for antigens are generated by several stochastic events during somatic maturation of 
the B cells to ensure generation of all for the organism necessary antibody specificities. These 
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events include (i) random recombination of one each of a large repertoire of V, D, and J genes 
for the immunoglobulin heavy chains and V and J genes for the light ones, (ii) insertion of 
nontemplate nucleotides between the variable region genes, and (iii) the use of fiill length, 
truncated or inverted D genes in all three reading frames. ̂  ̂  ̂  Combination of heavy and light 
chains to constitute intact immunoglobulin molecules adds to this manifold of specificities/"^ 
Such random processes generate large arrays of immunoglobulin specificities, including speci
ficity for autologous constituents. Provided naive DNA-specific B cells have high affinity re
ceptors for the autoantigen, they may be deleted, preferentially in the bone marrow, ̂ "̂̂  or their 
receptors may be revised, a process called receptor editing, implying that the B cell substitute 
one light chain by another, thus changing its antigenic specificity.^^^ However, due to the 
adaptive nature of the B cell receptor, antigen stimulation of low-affinity B cells may through 
somatic mutations linked to progression of the immune response, result in higher affinity for 
that given antigen. Deletion of high-affinity B cells specific for autoantigens is therefore not 
a guarantee against development of high-affinity autoantibodies. 

Secondly, for B cells to be stimulated, they need cognate interactingT helper cells.^^^ T cells 
specific for autologous ligands may be physically or fiinctionally inactivated in the thymus,^ 
or rendered nonresponsive in the periphery (see e.g., refs. 25,73). Thus, although B cells may 
recognize autologous ligands, they still will not be activated by a given autoantigen due to the 
lack of sufficient T cell help. This may be circumvented if an autoantigen form complexes in 
vivo with a nonself antigen. In this situation, a scenario may be created that fulfill all demands 
to activate autoimmune B cells, provided the auto-specific B cell process and present peptides 
derived from the complexed nonself ligand. In other words, this model is in harmony with the 
hapten-carrier system to induce anti-hapten antibodies by otherwise nonimmunogenic hap
tens.^ '̂ ^^ In this context, the autoantigen is analogous to the (nonimmunogenic) hapten, 
while the nonself complexed ligand represents the carrier protein. The conceptual framework 
for the research program described here for polyomavirus dependent termination of tolerance 
to DNA, histones and nucleosomes relied on this hapten-carrier model. 

The Hapten-Carrier System for Induction ofAnti-dsDNA Antibodies— 
Eocperimental Systems and Clinical Observations 

In a prospective set of experiments, the first series of evidences that polyomaviruses had the 
potential to induce antibodies to the major components of nucleosomes, DNA and histones, 
were provided.^^^ That this immunization regime resulted in antibodies reo^nizing mammalian 
dsDNA in both ELISA and the Crithidia luciliae assay, r^arded as specific for SLE, ^̂  was important as 
the current view at that time was that mammalian dsDNA was nonimmunogenic^^^^'^^ In subsequent 
experiments we verified this observation,̂ "̂  '̂ "̂ ^ and unequivocally proved that the antibodies bound 
different forms of DNA; mammalian ssDNA and dsDNA, and different synthetic single-stranded 
and double-stranded analogous of DNA ' ''' In the latter experiments, the induced antibod
ies possessed DNA specificities reflecting the DNA used for immunization. If polyomavirus 
DNA complexed with methylated bovine serum albumin (mBSA) was used as immunogen, 
the emerging antibodies were mainly specific for that DNA, and did not crossreact with mam
malian DNA, similar to what had been observed in other experimental systems.̂ "^ '̂̂ ^^ How
ever, if experimental animals were primed with *viral DNA-carrier protein complexes, they 
responded to subsequent immunization using calf thymus (CT) dsDNA-mBSA by producing 
antibodies cross-reacting with mammalian dsDNA including human and CT dsDNA.̂ "̂ "̂  

In a next set of experiments, we tested whether natural infection with BKV resulted in 
similar sets of anti-nucleosomal antibodies. In that study we demonstrated that the earlier 
described anti-dsDNA responses to BBCV in experimental animals also appeared during natural 
BKV infection in man.̂ "^ Fifty-nine children were examined over time for serological signs 
(development of IgG and IgM anti-VP antibodies) of primary BKV infection. Of eight 
children found to undergo primary infection with BKV, anti-BKV-dsDNA specific anti
bodies appeared in all. In 4 of the 8 patients the antibodies cross-reacted significantly with 
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mammalian dsDNA, and weak antibody binding to mammalian dsDNA was also noted in 
at least three other patients.^"^^ The antibodies resembled those induced in the experimental 
model with regard to their high relative affinity for BK dsDNA, and somewhat lower, but 
definitive, affinity for mammalian dsDNA. In contrast, most, but not all, anti-dsDNA anti
bodies from 10 SLE patients cross-reacted extensively with dsDNA from viral and mamma
lian origin. Thus, a dsDNA virus like BKV may provoke immunological intolerance to mam
malian dsDNA, with features similar to those encountered in SLE. Furthermore, these 
observations demonstrated that induction of anti-dsDNA antibodies was not restricted to 
experimental immunization of animals, but did also take place in humans during naturally 
acquired BKV infection. 

A logic question following these observations was how autoimmune (e.g., (NZB/NZW)F1 
mice) mice responded to polyomaviruses compared to responses in normal mice. After inocu
lation with polyomavirus or polyomavirus-dsDNA complexed with mBSA, the normal Balb/C 
mice responded by producing anti-DNA antibodies mostly recognizing polyomavirus ssDNA 
and dsDNA, while the autoimmune mice readily produced nephritogenic anti-mammalian 
dsDNA antibodies. ̂ ^̂  Highly relevant, and similar to our results, Gilkeson et al̂ ^^ compared 
anti-DNA antibody responses in normal and (NZBxNZW)Fl mice after immunization with 
bacterial DNA-mBSA complexes. Whereas the immunologically normal mice produced anti
bodies that were specific for the immunizing bacterial DNA, (NZBxNZW)Fl mice produced 
antibodies that also bound CT dsDNA. Furthermore, the induced antibodies resembled lupus 
anti-DNA antibodies in their fine specificity for synthetic analogous of ss/dsDNA or Crithidia 
luciliae kinetoplast DNA.^^^ 

All together, these data demonstrated that ubiquitous human viruses like polyomaviruses, 
when activated in vivo, had the potential to induce the production of pathogenic anti-DNA 
antibodies in disposed individuals. In a subsequent study, we generated anti-dsDNA produc
ing B cell hybridomas from mice hyper-immunized with polyomavirus BK. The structure and 
gene usage of the variable regions of heavy and light chains of these induced anti-dsDNA 
antibodies were determined in order to compare the structural features of the induced antibod
ies with those characterized in murine SLE ' This study revealed that the polyomavirus 
induced anti-dsDNA antibodies were highly similar to potentially pathogenic anti-DNA anti
bodies produced in context of murine SLE, particularly with respect to the presence of the 
basic amino acid arginine at amino acid positions 99-101 in the heavy chain variable regions.^ 
Thus, both polyomavirus and bacterial DNA, when complexed with an immunogenic carrier 
protein, had the potential to induce pathogenic anti-dsDNA antibodies with variable regions 
structures similar to those described in SLE.̂ ^ '̂̂  '̂̂ ^̂  

These results were all in agreement with the hapten-carrier model, and opened for aimed 
studies to determine the origin and nature of the carrier protein involved in the immune re
sponse to DNA. It became important to search for the origin of in vivo-produced proteins that 
rendered DNA immunogenic, instead of searching for immunogenic DNA. 

Polyomavirus T-ag: A Natural Carrier Protein for dsDNA 
Since polyomaviruses obviously had the potential to induce the production of anti-dsDNA 

antibodies in experimental animals, ^ ' ' this pointed at virus-encoded proteins as poten
tial carrier molecules rendering DNA immunogenic. As described above, e.g., VPl has both 
nuclear localization signals (NLS) and potential to bind DNA direcdy and indirecdy through 
interaction with DNA bound proteins. ' " ^ On the other hand, in the permissive host an
other virus encoded protein could be more relevant, as it is required for viral transcription and 
replication, and binds both viral and host DNA—polyomavirus large T-ag.^ Thus, T-ag could 
represent a nonself DNA-bound protein that served as the T cell determinant. This assumed 
process would require that DNA-specific B cells indeed had the potential to present T-ag-derived 
peptides in context of sufficient costimulatory signals, and that T cells were primed by T-ag 
presented by conventional antigen-presenting cells. 
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In two different experimental systems these presumptions were verified. The first was based 
on immunizations with plasmids encoding T-ag under control of eukaryotic promoters"^"^ Im
munologically normal mice inoculated with plasmids encoding wild-type, DNA-bindingT-ag 
produced antibodies to this protein. These antibodies were kinetically linked to significant 
production of antibodies to dsDNA, histones, and to certain transcription factors, deduced to 
be produced according to the basic idea of the model: all autologous ligands linked to T-ag 
could theoretically be rendered immunogenic provided the presence of a (fiinctional) reper
toire of B cells."̂ ^ Injection of plasmids expressing irrelevant nonDNA-binding proteins like 
luciferase, or plasmids containing T-ag sequences but lacking a promoter, did not result in such 
antibodies, indicating that plasmid DNA itself was nonimmunogenic. In the second experi
mental approach, we could direcdy demonstrate i. that SLE patients were highly susceptible 
to persistent productive polyomavirus infections, or recurrent virus reactivation, as opposed to 
normal individuals; and ii. that linked to virus expression, antibodies to T-ag, DNA and to 
transcription factors likeTBP and CREB, but not to other nonnucleosomal autoantigens, were 
produced. Interestingly, antibodies to mammalian dsDNA correlated with persistent infection 
in the SLE patients. '̂ ^̂  These studies"̂ "̂ '"̂ ^ have resulted in novel knowledge about a possible 
source of these antibodies and about a process that may explain how antibodies to dsDNA can 
be generated. 

The SLE'RelatedPolyomaviruses Belong to Wild-Type Strains 
As polyomaviruses demonstrated a strong tendency to productive infection in SLE,^^' 

but not in normal individuals, nor in rheumatoid arthritis patients, it was important to 
assess whether these viruses differed from those latently infecting normal individuals. A de
tailed characterization of the NCCR of the virus genome containing the promoter/enhancer 
region, ^ and the gene encoding the main capsid protein VPl,^ ^ potentially important for 
binding to, and thereby infecting, cells was therefore undertaken. However, for both ge
nomic regions mostly sequences were detected identical to strains circulating in the healthy 
human population, demonstrating that such regions probably were not responsible for the 
strong tendency for productive infection in SLE patients. ' A provisional explanation is 
therefore that SLE patients have lost their ability to control this virus, as described for e.g., 
immune deficient individuals. ' 

ViruS'Indticed Anti'dsDNA Antibodies—A Model Not Restricted 
to Polyomaviruses 

Collectively, the data generated so far demonstrate that in vivo expression of the polyomavirus 
DNA-binding T-ag resulted in generation of IgG antibodies to T-ag and nucleosomal ligands 
like DNA, histones and transcription factors, but not to other autoantigens not linked to 
nucleosomes, indicating an antigen-selective T cell dependent B cell response. Complexes formed 
in vivo and in vitro of T-ag and nucleosomes created a molecular basis for antigen-selective 
interaction of T-ag specific T cells and nucleosome (DNA) specific B cells.̂ '̂  In harmony with 
this, B cells cocultured with T-ag specific T cells and stimulated with T-ag or nucleosome-T-ag 
complex, could present T-ag-derived peptides to T cells and produce antibodies with specific
ity reflecting the nature of the stimulating antigens, e.g., against T-ag or DNA.̂ "^ Thus, T-ag 
may both initiate and maintain an autoantibody response to e.g., DNA in situations where 
T-ag is actively expressed. 

This hapten-carrier model has been proven valid in other, but not all, studies of termina
tion of immunological tolerance to DNA by viruses. Whether human cytomegalovirus 
(HCMV) was expressed in SLE and correlated with development of autoimmunity was ex
amined in our laboratory using the same biological material as in the foregoing studies.^^'^ ^ 
The result of this study was that HCMV did not correlate with autoimmunity, as active 
infection was not detected in these patients as judged from lack of both viruria and lack of 
increased IgM and IgG anti-HCMV antibody titers. ̂  These data, however, do by no means 
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rule out that other viruses, and even HCMV, may participate in generating autoimmunity to 
nucleosomal antigens. 

Immunization of immunologically normal mice with complexes of the DNA-binding 
domain of the human papillomavirus E2 protein and a DNA fragment encompassing the 
E2-binding site resulted in antibodies against the E2 protein and dsDNA. The latter anti
bodies reacted with free and E2-bound dsDNA but not with the protein.^ ^ Similar to data 
discussed above, '^ mice inoculated with a vector expressing the single DNA-binding protein 
EBNA-1 of the Epstein-Barr virus, generated autoantibodies to both dsDNA and the Sm 
antigen,^ probably in context of a carrier function of the EBNA-1 antigen. Similarly, a 
recent case report presented evidence that a 22-year old woman developed SLE following 
infection with Epstein- Barr virus. Antibodies to dsDNA and EBNA-1 characterized the 
antibody profile of this patient.^ ^ 

In a study by Dong et al̂  ^ high titer antibodies specific for the p53 tumor suppressor 
protein were induced in mice immunized with purified complexes of murine p53 and the 
SV40 T-ag, but not in mice immunized with either protein separately. The autoantibodies to 
p53 in these mice were primarily of the IgGl isotype and were not cross-reactive with T-ag. 
The high levels of autoantibodies to p53 in mice immunized with p53-T-ag complexes were 
transient, similar to the induced anti-dsDNA antibodies described above, but low levels of the 
anti-p53 antibodies persisted. The latter may have been maintained by the self antigen, since 
the anti-p53, but not the anti-T-ag response could be restimulated with murine p53. One 
explanation for their results may be that antigen processing of the complex of T-ag and p53 
could activate both T-ag-specific and autoreactive p53-specific T helper cells, thus driving 
anti-p53 autoantibody production. The induction of autoantibodies during the course of an 
immune response directed against this naturally occurring complex of self and nonself antigens 
may therefore be relevant to the generation of specific autoantibodies in context of viral infec
tions, irrespective whether the individual suffers from SLE or not. 

In the interpretation of their data. Reeves and Dong et al̂ "̂ *'̂ "̂ ^ indicated that humoral 
autoimmunity can be initiated by a "hit and run" mechanism in which the binding of a viral 
antigen to a self protein triggers an immune response that subsequendy can be perpetuated by 
self antigen. For this to occur, however, autoimmune T cells must also be engaged in context of 
the viral infection, and not be rendered tolerant once the infection (and production of 
autoantigen-binding viral proteins) is terminated. This has been an important focus in advanc
ing our studies on polyomavirus-induced tolerance to autoantigens, and experiments described 
below explain how T cell tolerance to nucleosomes may be terminated in context of stimula
tion with nucleosome-T-ag complexes. The results so far have provided us with a carrier pro
tein, large T-ag, that has the potential to render DNA/nucleosomes immunogenic, and which 
may be constitutively expressed in vivo in SLE patients, but transiently and rarely in normal 
individuals. This insight opened for the study of determinant spreading, or better: the conse
quence of linked presentation of self nucleosomal peptides and nonself T-ag derived peptides 
to activate dormant autoimmune T cells. 

Indirect Activation ofNucleosome-Specific T Cells through Determinant 
Spreading Requires Complex Formation of T-ag and Nucleosomes 

Based on results described above, regulation of T cell tolerance to nucleosomes became 
important, as T cells in SLE, but not in healthy humans, are intolerant to this com
plex. ^'^^' '150-152 Central in this perspective was to test whether autoimmune, 
nucleosome-specificT cells are physically eliminated in the thymus through deletion, or whether 
such cells are entering the periphery where they may receive stimuli that result either in activa
tion, anergy or in deletion. We approached these problems by testing whether T-ag expression 
also could have the potential to terminate histone-specific T cell anergy as a consequence of 
linked presentation by APC of histones and T-ag. This was likely to occur in vivo, as we suc
ceeded in determining and characterizing this process in vitro. Thus, by stimulating PBMC 
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with nucleosome-T-ag complexes, but not with nucleosomes or T-ag, such T cell cultures 
could functionally be restimulated in the next round by nucleosomes or histones. ^ This would 
be in accordance with a model that implies APC-mediated linked presentation of nonself T-ag 
and (self) histone peptides. In this situation, responder T-ag-specific T cells may, through 
secretion of IL-2, activate nonselectively autoimmune, his tone-specific T cells present in the 
microenvironment.^^^'^^ Subsequently, these T cells may clonally expand provided that 
histone-derived peptides are presented by APC in context of HLA class II, and that sufficient 
costimulatory signals are available. ̂ ^̂ "̂ ^̂  The full picture of this model, including activation of 
autoimmune, histone-specific T cells and initiation of autoimmune DNA-specific B cells is 
oudined in Figure 3. 

The results obtained using T cells from healthy human individuals and human SLE were 
reproduced experimentally in mice immunized with nucleosomes and nucleosome-T-ag com
plexes.^^ Only mice immunized with nucleosome-T-ag complexes harbored T cells that subse-
quendy responded to pure nucleosomes or histones, presumably due to a linked presentation 
of nucleosomal peptides and T-antigen derived peptides by the same APC in vivo. Thus, in 
this latter study, we obtained experimental results mimicking those described for the human 
system. ' ^'^^ These results therefore strongly indicate that all individuals may harbor autoim
mune nucleosome-specific T cells similar to those detected in active SLE. 

In a recent study, the complementary determining region 3 (CDR3) structures of theTCR 
V(a) and/or V(P) chains were determined. Histone- and T-ag- specific T cells were generated 
by stimulation of PBMCs with nucleosome-T-ag complexes and subsequendy maintained by 
pure histones. T-ag-specific T cell clones were initiated and maintained by T-ag. The frequen
cies of circulating histone- or T-ag-specific T cells were determined in healthy individuals and 
in SLE patients by limiting dilution of PBMCs, and TCR gene usage and variable-region 
structures were determined by complementary DNA sequencing. These sequences were com
pared between T-ag- and histone-specific T cells and between normal individuals and SLE 
patients for each specificity. Individual in vitro-expanded histone-specific T cells from normal 
individuals displayed identical TCR V(a) and/or V(p) CDR3 regions sequences, indicating 
that they were clonally expanded in vivo. Essentially the same was observed for T-ag-specific T 
cells. The frequencies of in vitro antigen-responsive T-ag- or histone-specific T cells from nor
mal individuals were similar to those from SLE patients. Although heterogeneous for 
variable-region structure and gene usage, histone- specific T cells from healthy individuals and 
SLE patients selected the acidic amino acids aspartic and/or glutamic acids at positions 99 and/ 
or 100 in the V(P) CDR3 regions which may be important in recognizing basic amino acids 
within histone polypeptides. Thus, autoimmune T cells from healthy individuals can be acti
vated by nucleosome- T-ag complexes and maintained by histones in vitro and in vivo. Such T 
cells possessed TCR structures similar to those from SLE patients, demonstrating that T cell 
autoimmunity to nucleosomes may be an inherent property of the normal immune system. 
This is further strengthened by the fact that such autoimmune T cells were clonally expanded 
in vivo, although nonresponsive at the time they were isolated. 

Thus, complexes formed by virus-encoded DNA-binding T-ag and host cell nucleosomes 
are directly immunogenic to DNA-specific B cells,̂ '̂ ''̂ ^ and indirecdy to autoimmune, histone-
or nucleosome-specific T cells through linked presentation of nonself and self peptides in con
text of HLA II molecules.^5'̂ 3'̂ ^ 

Precedence for this model relates to diversification of T cell responses to include responses 
to determinants between different polypeptides contained within molecular complexes or within 
mixtures of solitaire molecules, provided that T cells are present which are able to respond to 
one of the components. ' For example, Lin et al observed that autologous cytochrome 
C was nonimmunogenic with regard to T cell proliferation. However, T cells purified from 
mice that were immunized with self and nonself cytochrome C subsequently proliferated to 
isolated self cytochrome C. Similar results have been obtained after immunization of normal 
mice with self/nonself snRNP.^^^ 
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Figure 3. Polyomavirus induced autoimmunity to DNA and nucleosomes—a Hapten-Carrier model. 
Model for how a viral, nonself molecule like polyomavirus T-ag may initiate production of antibodies 
to DNA, and also to terminate histone-specific T cell anergy through a linked presentation of T-ag and 
histones by autologous B cells. A) After infection of a host cell (1), the viral genome is released (2), is 
replicated and transcribed in the nucleus (3). Viral transcripts are transported to the cytoplasm (4) and 
are translated into viral proteins (5). One of these proteins, large T-antigen enters the nucleus (6) and bind 
to cellular chromatin. Large T-antigen-chromatin complexes may be released (7) upon virus-induced 
lysis of the infected cell, or if virus-infected cells are killed by CD8+ T cells. B) When T-ag-nucleosome 
complexes become accessible, they may be bound by DNA-specific B cells, which subsequently process 
and present peptides derived from both T-ag and e.g., histones. This may be sufficient to transform B 
cells to anti-DNA antibody-producing plasma cells, and to terminate histone-specific T cell anergy. The 
latter phenomenon may be explained by activation of T-ag-specific CD4+ T cells, which start to secrete 
IL-2 into the microenvironment. IL-2 may then induce proliferation of histone-specific T cells, which 
may terminate the anergic state of these autoimmune T cells.^^ '̂̂ ^ 
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Why Is a Nonself Viral Protein Necessary for Induction ofB Cell 
and T Cell Autoimmunity to Nucleosomes? 

There may be several reasons why pure autologous nucleosomes may not be immunogenic 
although B cells specific for e.g., dsDNA, histones or transcription factors are present in the 
body and amenable to antigenic stimulation.'^'^' First, T cells specific for nucleosomes or 
nucleosome-derived peptides may be sorted out in the thymus, one of the places in the body 
where nucleosomes must be generated in large amounts due to clonal deletion of autoreactive 
T cells. ' Whether the T cells specific for nucleosomes or histones, as those described 
above, have escaped clonal deletion due to low affinity for their autologous ligands remains to 
be established. Alternatively, autoimmune T cells may have escaped deletion merely based on 
stochastic events—for them a fortunate event, for the body, however, an unlucky one as they 
now can participate in unwanted potentially pathogenic autoimmune responses. In the periph
ery, on the other hand, several control mechanisms may be involved to control autoimmune T 
cells that have escaped clonal deletion in the thymus. These mechanisms are linked to both the 
innate and the adaptive immune system. 

In this sense, we must differentiate between infectious pathogens and autologous mol
ecules or complexes of these. Invading antigens in the form of e.g., infectious agens are mostly 
drained into the lymph nodes, where antigens can be processed and presented properly by 
professional APCs delivering appropriate costimulatory signals and activation signals for 
antigen-selective T cells. This may initiate meaningful immune responses with the elimina
tion of the infectious agens as the intended goal. In certain situations, a potentially patho
genic side effect of this process is, however, that (in our context) nucleosomes may be ren
dered immunogenic both for B cells andT cells along pathways described above (see Fig. 3 for 
details). Thus, viral infections may induce potentially pathogenic autoimmunity. Subsequendy, 
pure nucleosomes devoid of nonself polypeptides could theoretically stimulate and expand 
this autoimmune response further, provided that such T cells are not functionally 
down-regulated. This may, however, actually be achieved by APCs not providing costimulatory 
signals or by MHC class II expressing cells of nonlymphoid organs. For example, stimulation 
of Toll-like receptors by infectious ligands seems to trigger dendritic cells to maturate, subse
quendy resulting in up-regulation of costimulatory molecules and increased antigen-presenting 
capacity for T cells. Lack of stimulation of these receptors may result in lack of expres
sion of costimulatory molecules. This may be the case for e.g., antigens like human autolo
gous nucleosomes/chromatin that may lack PAMPs recognized by cell surface PRR (see above, 
and ref. IG). In situations where autologous nucleosomes are available to e.g., dendritic cells, 
nucleosomes may therefore tolerate T cells by presenting e.g., nucleosome-derived peptides 
rather than activating them. 

Furthermore, nonlymphoid cells like endothelial or epithelial cells may have the capacity to 
present peptides in context of HLA class n,^ '̂̂ ^^ but without providing costimulatory signals 
mediated by CD80/86. ^ ' This is, however, controversial, as others have detected also 
costimulatory signal molecules on e.g., endothelial cells. ^ ' '^ In situations where APCs present 
autologous peptides in context of HLA class II but lacking costimulation, T cells will not 
respond properly, ̂ ^ '̂ ^^ and may instead be antigen-selectively anergized.^^ '̂̂ ^^ 

If this holds to be true, evolution has responded immensely meaningfully to an unexpected 
threat exerted by e.g., viruses aside from their cytopathogenic effects. These may direcdy be 
able to initiate autoimmunity, as complexes formed by autoantigens (here: nucleosomes) and 
viral proteins (like polyomavirus T-ag) may be drained from the focus of the infection into 
lymph nodes. Following this, germinal centers may be established, with autoimmune responses 
as a result (Fig. 3). However, once such autoimmune T cells receive their stimuli, they prolifer
ate and recirculate. During this latter process, they may encounter the same nucleosomal pep
tides in the periphery, now presented by inappropriate APCs like immature dendritic cells or 
HLA II expressing nonlymphoid cells lacking costimulatory molecules, thus bringing the ac
tive (functional) state of the T cells back to a state of tolerance. 
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Is a Protein Like the DNA-Binding Polyotnavirus Encoded T-ag Essential 
for Terminating Immune Nonresponsiveness to Nucleosomes? 

Apoptosis is an event that characterizes the living organism, and must represent a heavy 
load of work for the phagocytic system. As all the apoptotic material will be accessible to cells 
capable of ingesting it, evolution must have developed control mechanisms protecting the 
body against autoimmunity to such material and against development of autoimmune disor
ders. Since it is quite obvious that autoimmune B cells and antigen-related T cells exist in the 
periphery, and since they can be activated antigen-selectively, the determination whether the 
immune system shall respond or not cannot rely solely on these cells. The intriguing ideas of 
Janeway and Medzhitov, describing PAMPs and PRRs as systems to differentiate between in
fectious nonself and noninfectious self,̂ '̂̂ "̂  direcdy point at the innate immune system as a 
main control station to prevent autoimmunity. Although not yet clearly established, one may 
assume, also from the logic of evolution, that the receptors of cells of the innate system (e.g., 
dendritic cells), such as Toll like receptors (the membrane bound version of the PRR) do not 
recognize for example autologous nucleosomes, dsDNA or histones, as they simply do not have 
PAMPs. This is in contrast to e.g., bacterial DNA that differs from autologous DNA by having 
substantially more of PAMPs like CpG. From this, one may speculate whether the innate 
immune system may protect against immune responses to autoantigens like those present on 
chromatin. 

As tolerance to nucleosomes is maintained in a healthy body it must be effectively con
trolled by the innate and/or the adaptive immune svstem. There are, however, several problems 
that need to be solved. For example, in DNAse 1 ̂ ^ or Nrf2^^^ knock-out mice, autoimmunity 
to dsDNA spontaneously develops, followed by antibody deposition in kidneys and develop
ment of nephritis. In the normal counterpart of these mice, this does not take place. One 
potential explanation for this is that e.g., DNAse 1 may be important for degradation and 
elimination of nucleosomes. DNAse 1 deficiency may correlate to decreased degradation, de
creased elimination and increased extra-cellular storage of nucleosomes. This, according to 
others, ' may result in altered degradation of chromatin, resulting in presentation of cryp
tic or altered self-determinants not present in the normal organism. ̂ ^ '̂ ^̂  If such neo-antigens 
can stimulate e.g., dendritic cells to up-regulate costimulatory molecules is not, however, estab
lished. Nevertheless, if true, such altered determinants may, due to increased extra-cellular 
amounts, also be processed and presented globally in the organism, and thereby potentially 
also by nonprofessional APCs. These may, provided they do not up-regulate costimulatory 
molecules, reverse the activated state of the T cells to a state of anergy. Thus, although results 
from the DNAse 1 knock out mouse indicate that autologous nucleosomes may stimulate the 
immune system to produce anti-DNA antibodies, a concise and direct experimental system 
confirming this model is still missing. This problem, whether pure self (in context of apoptosis, 
altered self may also be self) can induce anti-self, needs, in light of the problems discussed here, 
further studies. 

Irrespective Whether Self-Derived or Infectious-Derived Proteins Serve 
as Carrier Proteins for (Nucleosomal) DNA, Stimulation ofDNA-Specific 
May Be the Net Result 

The development of the induced anti-DNA antibodies, and their qualities, is described in 
Figure 4. If stimulated properly, the immune system produces antibodies to dsDNA that may 
develop from two principally different sources. One may be somatic mutation of variable re
gions of antibodies to ssDNA, with introduction of highly basic amino acids (particularly argin-
ines) at distinct positions, yielding specificity for dsDNA."'''^-'^^''^* The other may be repre
sented by stimulation of B cells with an inherent (initial) specificity for dsDNA normally deleted 
in the bone marrow^ ̂ ^ If such B cells escape deletion, they may be adequately stimulated by 
dsDNA, and clonally expanded, provided it is complexed with an immunogenic carrier protein. 
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Figure 4. Kinetic development and affinity maturation of anti-dsDNA antibodies. Polyomavirus T-ag as 
an immunogenic carrier protein may in individual SLE patients play a role in induction of anti-DNA 
antibodies and influence the fine balance between generation of antibodies to ssDNA and dsDNA by 
forming complexes with nucleosomes (see Fig. 3). Antibodies against dsDNA are regarded as clinically 
important to settle the diagnosis SLE, and may be important in developing nephritis. This antibody 
sub-population can develop from two sources. As a consequence of somatic mutations of anti-ssDNA 
antibody variable regions, anti-dsDNA antibodies may progress from early anti-ssDNA secondary to 
continuous stimulation of DNA-specific B cell clones. The second source maybe the result of stimulation 
of B cell clones with an inherent specificity for dsDNA. Such clones are normally deleted, but may escape 
deletion, and rather proliferate provided immunogenic DNA (i.e., for example DNA compiexed with 
T-ag) is available for clonal B cell stimulation. (This figure is modified from ref. 5.) Anti-dsDNA antibody 
assays suitable for detection of antibodies with different affinities and their clinical impact are indicated. 

Concluding Remarks 
Polyomaviruses are strong stimulators of the immune system. T h e immune responses that 

evolve have all the characteristics of a secondary, adaptive, T cell dependent response. This is 
also true for the autoimmune responses against chromatin constituents induced through the 
involvement of polyomavirus-encoded ligands. These principally dual responses, anti-self and 
anti-nonself, reflect the Janus face of polyomaviruses, in the healthy body they are dormant 
and try to hide without irritating the immune system, but in situations where they are acti
vated, they may initiate autoimmunity, and even induce tumors after prolonged productive 
infection. 
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CHAPTER 10 

The Pathoblology of Polyomavirus 
Infection in Man 
Parmjeet Randhawa, Abhay Vats and Ron Shapiro 

Abstract 

This article traces the discovery of polyomaviruses and oudines investigations, which 
shed light on potential modes of transmission of this increasingly important group of 
human pathogens. The pathobiology of the virus is summarized with particular refer

ence to interactions with host cell receptors, cell entry, cytoplasmic trafficking, and targeting of 
the viral genome to the nucleus. This is followed by a discussion of sites of viral latency and 
factors leading to viral reactivation. Finally, we present biochemical mechanisms that could 
potentially explain several key elements of tissue pathology characteristic of BKV mediated 
damage to human kidney. 

Biology of Polyomaviruses 
Polyomaviruses (PV) are 45nm sized particles with a 5 kb genome. ' The viral genome is 

comprised of double-stranded, circular, supercoiled DNA. The viral genome is typically ar
ranged in three general regions: non-coding control region (NCCR), the early coding region 
coding for the small and large T antigens, and the late coding region coding for the viral 
capsid proteins (VP-1, VP-2, VP-3) and agnoprotein. The direction of early and late tran
scription is divergent, with opposite DNA strands participating in these processes. The 
NCCR contains (a) the origin of replication (ori), and (b) regulatory regions containing 
enhancer elements that are important activators of viral transcription. There is clinical and 
laboratory evidence that NCCR variants determine host cell permissivity and rate of viral 
replication.^' TheT antigens bind to tumor suppressor proteins Rb and p53 and stimulate 
host cell entry into the cell cycle.'̂ '̂  This observation provides a theoretical basis for multiple 
lines of accumulating evidence that PV may be carcinogenic in man, as discussed elsewhere 
in this book. The viral capsid proteins VP-1, VP-2, and VP-3 are structural proteins required 
for the assembly of complete virions. The viral capsid coding regions display considerable 
genetic heterogeneity, and this feature has been used to divide polyomavirus BK (BKV) into 
distinct genotypes I, II, III, and IV, and polyomavirus JC (JCV) into Types 1, 2A, 2B, 
and 3-8. "̂̂^ In mice, specific mutations in the viral capsid protein VP-1 region have been 
associated with increased viral pathogenicity. '"̂ ^ The existence of potential relationships 
between viral genotype and clinical virulence is illustrated by the observation that progres
sive multifocal leucoencephalopathy is associated primarily with JCV Type 2B infection. 
Agnoprotein protein localizes primarily to the cytoplasmic and perinuclear regions of the 
host cell. This distribution has led to the suggestion that agnoprotein may promote virion 
release from cell.^^ Other proposed roles for this protein include participation in host cell 
lysis, enhanced nuclear localization of viral capsid protein VP-1, and help in viral capsid 
assembly. Cultured cells infected with agnogene mutants show a 17-100 fold reduction in 
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virion burst SYLQ.P A detailed discussion of the molecular biology of the polyomaviruses is 
presented elsewhere in this book. 

Historical Aspects 
The polyomavirus species most relevant to human disease are BKV, JCV, and simian virus 40 

(SV40). SV40 was first discovered in I960 as a contaminant of poliovirus vaccines prepared in 
monkey kidney cell lines. Millions of human subjects developed iatrogenic infection as a residt 
of mass vaccinations programs carried out in the late 1950s and early 1960s. These individuals 
did not develop any acute sequelae, nor any definitely proven long term effects, although the 
potential role of SV40 in some human neoplasms is currendy an area of active investigation. 
BKV was discovered in 1970 by Dr. Sylvia Gardner while examining a urine specimen from a 
Sudanese kidney transplantation recipient with a ureteric stricture. This specimen was found to 
contain numerous cells bearing viral inclusions.^'^ Electron microscopy demonstrated viral par
ticles that resembled papillomavirus. However, inoculation of the urine into secondary rhesus 
monkey kidney cells and human embryonic kidney cells produced a viral cytopathic effect indi
cating that the virus was different from papillomavirus. Hence, this microbe was identified as a 
new virus and named BKV after the initials of the patient from whom it was isolated. Subse
quently, BKV was shown to be distinct from polyomavirus JC (JCV), a virus cultured from a 
patient with progressive multifocal encephalopathy. Electron microscopic evidence suggesting 
that this disease is viral in etiology was published by two independent laboratories in 1964?^' 
However, the medical community remained unconvinced until isolation of JCV from a patient 
with progressive multifocal encephalopathy in 1971. Interestingly, this finding was reported in 
the same issue of The Lancet, which reported the discovery of BKV. 

Following these discoveries extensive epidemiological studies showed that up to 90% of 
some human populations become exposed to polyomaviruses BKV or JCV by adulthood. 
After transplantation, 10-60% of renal allograft recipients were noted to excrete virus in the 
urine. However, infection was typically asymptomatic or associated with only transient graft 
dysfunction. There were only rare reports of viral inclusions being present in specimens exam
ined following nephrectomy or at autopsy. Sporadic cases of virus-induced kidney damage 
were also observed in the setting of congenital immunodeficiency^^ and human immunodefi
ciency virus infection. A new era in the study of polyomavirus infections after renal trans
plantation was ushered in by a patient with fiill blown BKV nephropathy diagnosed by a 
needle biopsy of the allograft kidney. This case, which was diagnosed in 1993 at the University 
of Pittsburgh, but published in 1996,^^ led to a flurry of additional cases reported from virtu
ally all major kidney transplant centers around the world.^ '̂  The emergence of BKV nephr
opathy in the 1990s is generally attributed to the widespread use of potent immunosuppressive 
drugs such as tacrolimus, mycophenolate mofetil, and sirolimus. 

Modes of Natural Transmission 
Primary polyomavirus infection occurs typically in childhood. Adult levels of 

seroprevalence, on the order of 65-90% in most studies, are reached between 5 and 10 years 
of age. This high incidence of polyomavirus infection raises obvious questions about the 
mode of transmission from one individual to another. Given the known latency of the virus 
in the kidney, urine would appear to be a natural vehicle for spread within and between 
families. A variety of laboratory techniques have accordingly been used to assess the preva
lence of viruria in the pediatric age group. Urine cytology investigations show viral inclusions 
in 0-1.2% of children. Viral cultures give a similarly low yield varying from 0-1%. Higher 
rates of viruria can be detected using PCR, but the results vary in different studies ranging 
from 4% to 26.7%, with all but one study in children reporting values <5%}'^ In adults, viral 
DNA has been amplified from 0-40% of urine samples, with a tendency to higher values in 
older subjects. Viral DNA concentrations reported have varied from <3 fg/ml to 5 pg/ml. 
Other body fluids may also be involved in viral transmission. Thus, BKV DNA has been 
amplified in 1 % of nasopharyngeal aspirates obtained from hospitalized infants with serious 
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respiratory infections. The possibility of feco-oral transmission has been recently raised by 
the demonstration of viral DNA in urban sewage.^^ Blood, semen, genital tissues, and nor
mal skin biopsies have also been shown to contain BKV.^ '̂ ^ Hence, it is possible that the 
virus may be transmitted by intimate contact with infected individuals. 

Transplacental transmission of polyomaviruses from mother to fetus is controversial. BKV 
specific IgM antibodies were demonstrated in three of six infants whose mothers seroconverted 
during pregnancy. '̂ On the other hand. Shah et al ^ could not detect anti-BKV IgM anti
bodies in the cord blood of 387 infants. Admittedly, only three of the mothers evaluated in the 
latter study had anti-BKV IgM antibodies in the serum. Coleman et al studied 309 mothers, 
39 of whom excreted viral inclusion bearing cells in the urine during pregnancy. Neonatal and 
cord blood samples drawn from the offspring consistendy tested negative for BKV-specific 
IgM. Transplacental transmission of polyomavirus has been demonstrated in mice, and it is 
conceivable that the same could occur in man. 

Transmission of Polyomavirus via Organ Transplantation 
Given that polyomavirus is latent in the kidney, it is reasonable to believe that the donor 

kidney will be the source of infection in a proportion of transplant recipients. Attempts to 
determine the frequency with which this occurs have relied on serologic analysis of pre-trans-
plant donor and post-transplant recipient sera. Gardner et al found 6 of 48 (12%) kidney 
transplant patients to be seronegative for BKV at the time of transplantation. Two of these six 
(33%) patients subsequently developed seroconversion indicative of primary BKV infection, 
and one patient developed viruria. The incidence of primary and secondary JCV infection in 
this study was 23% and 46% respectively. 

Noss detected anti-BKV antibodies in 103/168 (61.3%) of renal transplant recipients using 
indirect immunofluorescence or virus neutralization assays. In an analysis of 62 paired donor 
and recipient sera, it was determined that primary infection occurred in 18 (29%) patients, 
typically within 3 months of transplantation. The remaining 44 patients developed presumed 
reactivation infection, usually after 3 months following transplantation. 

Andrews et al"̂® conducted a serological study of 496 renal transplant recipients and donors 
for BKV and JCV infections. They found that a seropositive donor increased the risk of pri
mary and reactivated infections with BKV and of primary infection with JCV. Specifically, a 
donor seropositive and recipient seronegative combination was associated with a 43% inci
dence of primary infection defined by serologic methods. In comparison, a 10% incidence of 
reactivation infection was observed in seropositive recipients of seropositive organs.^ 

In a more recent study, BKV specific hemagglutination inhibition antibodies were found in 
59/78 {J7%) serum samples collected before transplantation."^^ Of 23 patients with post-trans
plant decoy cell shedding, 18 (78%) were seropositive and 5 (22%) seronegative prior to re
ceiving the donor organ. It was observed that 3 of 5 seronegative patients developed BK vire-
mia, and one went on to develop nephropathy 

Viral Interactions with Host Cell Receptors 
Defining the cellular mechanism of BK infection is important, because this may lead to the 

identification of biochemical molecules that could be targeted in drug discovery studies. Viral 
receptor interactions are believed to be important determinants of host range and tissue tro-
pism. The primary receptor binding determinant on all polyomaviruses is the VP-1 molecule, 
which is arranged in the form of icosahedrally symmetric pentamers. Despite the fact that 
BKV, JCV, and SV40 are related viruses, there is growing evidence that these microorganisms 
use distinct mechanisms to target their host cells. 

The mouse polyomavirus has small and large plaque strains, which recognize a cell surface 
associated N-linked glycoprotein containing terminal a (2-3)-linked sialic acid. The small plaque 
strain also recognizes a branched disialyl structure containing a (2-3)- and a (2-6)-linked sialic 
acids. The ability of the small and large plaque strains to distinguish between these two sialic acid 
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configurations has been attributed to a single amino acid polymorphism at position 92 in the 
VP-1 protein. ̂ ^ Specifically, the replacement of a negatively charged glutamic acid by glycine at 
this position correlates with the increased in-vitro pathogenicity of the large plaque strain. Re-
cendy a4pi integrins have been found to act as cell receptor for murine polyomavirus.^"^ Treat
ment with blocking antibodies before and after virus adsorption indicate that the effect on cell 
permissivity is at the post-attachment level. Binding of virus to a4pi is mediated by integrin 
binding motifs located in the DE and EF loops of the VP-1 protein. These motifs were not found 
in a BKV AS strain and a JCV ML-6 strain analyzed by the authors. The mouse lymphotropic 
papovavirus interacts with a O-linked glycoprotein containing terminal a (2-6)-linked sialic acid. 
This receptor is restricted to B-cells, and accounts for the limited tissue tropism of this virus. 

The simian virus SV40 is unlike other polyomaviruses in that cell entry is independent of 
surface sialic acids. Instead, SV40 VP-1 interacts with major histocompatibility class I proteins 
and O-linked glycan molecules. Accordingly, anti-MHC class I antibodies inhibit infection of 
glial cells by SV40 but not JCV.^^ SV40 does not compete with sialic acid dependent 
polyomaviruses for binding to host cells. 

Considerable work has been done on characterization of receptors for the human virus JCV. 
Receptors on the surface of glial cells and B-cells have been shown to bear a N-linked glycopro
tein containing terminal a (2-3)- and a (2-6)-linked sialic acids.^^ Treatment of cultured glial 
cells with proteases, phospholipases, and neuraminidases inhibits viral binding, indicating that 
virus can bind to a wide variety of cell surface ligands. However, only neuraminidase inhibits 
infectivity, and this has been attributed to the ability of this enzyme to cleave both a (2-3) and 
a (2-6)-linked sialic acids from the cell surface. A recombinant neuraminidase that specifically 
cleaves the a (2-3) linkage of sialic acid has no effect on either virus binding or infection. 
Competitive binding assays with sialic acid specific lectins also support the notion that viral 
interaction is primarily with a (2-6)-linked sialic acids. Indirect overlay assays have demon
strated that virus like particles (VLP) comprised of recombinant VP-1 can bind to a number of 
sialoglycoproteins, including a 1-acid glycoprotein, ferritin and transferrin receptor. Binding 
was also demonstrated to glycolipids, such as lactosylceramide, and gangliosides, including 
GM3, GD2, GD3, GDlb, GTlb, and GQlb. VLP bound weakly to GDla, but did not bind 
to GMla, GM2, or galactocerebroside. Furthermore, a chemically synthesized neoglycoprotein 
containing the terminal a 2-6-linked sialic acid and the ganglioside GTlb inhibited JCV in
fection in the susceptible cell line IMR-32. These results suggest that the oligosaccharides of 
glycoproteins and glycolipids work as JCV receptors and may be appropriate targets in the 
quest to develop effective anti-JCV drugs.^ 

There is very limited information available about the early steps of BKV binding to the host 
cell. Digestion of human red blood cells by Vibiro cholerae neuraminidase inhibits virus in
duced hemagglutination activity suggesting a role for a (2-3)-linked sialic acid residues. 
However, the chemical nature of the associated receptors has not been described. The presence 
of glycolipids has been impicated based on phospholipases digestion experiments. Unfortu
nately, such studies cannot distinguish between specific and non-specific interactions with cell 
surface ligands, unless parallel investigations are performed to determine if actual entry of the 
virus into the cell is also affected. 

Entry of Virus into Host Cells 
The mechanism of polyomavirus intra-cellular entry is species dependent. Thus, JCV 

enters the cell by clathrin dependent endocytosis, which is believed to be a constitutive 
process, and unlike SV40 entry, does not depend on a virus dependent extracellular signal. 
Clathrin facilitated endocytosis can be blocked by chlorpromazine and clozapine. Clathrin 
dependent endosomes have an acidic milieu, which induces conformational changes in viral 
glycoproteins, thereby promoting uncoating of viruses.^^ Viruses that enter by endocytosis 
generally disassemble in the endosomes. Neutralization of endosomal pH by ammonium 
chloride or bafilomycin A2 inhibits viral infection of host cells. 
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In contrast to JCV, SV40 viral entry is a caveolae dependent endocytosis susceptible to 
nystatin, rather than chlorpromazine. The sequence of events begins with the virus binding 
to MHC class 1 molecules in the plasma membrane. At this point, the virus transmits an 
extracellular signal that promotes virus enclosure in caveolae with in 30 minutes of surface 
binding. ^ This signal activates the tyrosine kinase and calcium independent protein kinase 
pathways, as evidenced by upregulation of c-myc, c-jun, and c-sis. There is no activation of 
the Raf or mitogen activated protein kinase (MAP/ERXl). Caveosomes are *pH neutral' or
ganelles (i.e., their function is not ajffected by intra-cellular pH), and do not contain markers 
for endosomes, lysosomes, golgi complex or endoplasmic reticulmn. In passing, it should be 
noted that caveolae are also involved in the intracellular trafficking of mouse polyomavirus 
virions, human immunodeficiency virus, Toxoplasma gondii^ Plasmdium falciparum and 
Campylobacter jejuni. 

Litde published information is available about the mechanisms used by BKV for intracyto-
plasmic transport, but electron microscopic observations on human biopsy material show that 
the virus is associated with non-clathrin coated vesicles, which may represent caveolae. 

Cytoplasmic Trafficking 
It is now well recognized that, following receptor mediated cell entry, the transport of viral 

particles in the cytoplasm is not a matter of simple diflFiision. Rather, it is an active process 
mediated by interactions between virus containing vesicles and the cellular cytoskeleton. De
tailed studies of the interactions between virus particle containing vesicles and the host cytosk
eleton have been carried out for the mouse polyomavirus. It appears that this virus moves 
predominandy along microfilaments. Actin filaments are involved in the early stage of infec
tion, when the viral VP-1 protein colocalizes with disorganized actin microfilaments. In later 
stages of infection, VP-1 is associated with microtubules. Colocalization of VP-1 and tubulin 
can be detected around the nuclei, in mitotic spindles, and in centromeres. Lack of free viral 
particles in this location, however, led one group of investigators to speculate that the microtu-
bular compartment might be involved in viral disassembly. In apparent conflict with this inter
pretation, it has been observed that the microfilament destroying agent cytochalasin D has no 
effect on viral infectivity, while the microtubule disrupting agent nocodazole inhibits viral 
transport efficiendy. These discrepant results could mean that there are two different traffick
ing mechanisms, the relative importance of which depends on the experimental conditions. 

Cytoplasmic trafficking of SV40 virions resembles the mouse polyomavirus in being sus
ceptible to nocodazole, but not cytochalasin. Video enhanced live fluorescence microscopy 
has demonstrated a two-step vesicular transport pathway to the endoplasmic reticulum. The 
first step consists of SV40 entry into caveolin rich vesicles, which subsequendy direct virions to 
a caveolin-free microtubules. Microtubules in turn target the virus to a syntaxin 17-positive 
smooth endoplasmic reticulum compartment. During its transport to the endoplasmic reticu
lum, SV40 passes thru an intermediate compartment containing b-COP, a protein best known 
for its association with Golgi cisternae and their derivative budding vesicles. b-COP is believed 
to be involved in the Golgi to endoplasmic reticulum recycling pathway. An unusual feature of 
caveola-mediated SV40 entry is that the virus bypasses the endosomal compartment, and is 
transported to the endoplasmic reticulum. More commonly, endocytic cargo is channelized 
to the endosomal-lysosomal pathway. Microfilaments are not required for early entry steps of 
SV40, but do facilitate viral trafficking following entry of the virus into caveolae. ̂ ^ 

JCV has a complex intra-cellular transport mechanism involving sequential involvement of 
several classes of cytoskeletal elements. Unlike SV40 transport, which is inhibited only by 
nocodazole, JCV transport is inhibited by nocodazole, cytochalasin B, as well as acrylamide, 
indicating that microtubules, microfilaments, and intermediate filaments all play a role in 
intra-cellular trafficking. Actin polymerization facilitates clathrin-mediated endocytosis. The 
plasma membrane is intimately linked to the underlying cytoskeleton, and surface events such 
as vesicle budding require remodeling of the actin framework. The microtubular system, with 
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its microtubule organizing center located close to the nucleus, is anatomically well suited for 
the intra-cellular transport of viruses that replicate within the intranuclear compartment. The 
role of intermediate filaments in viral trafficking is not yet well understood. The mechanisms 
of endocytosis and intra-cellular trafficking utilized by BBCV have not been investigated to date. 

Nuclear Targeting 
Viral entry into the cytoplasm does not in itself ensure subsequent transport to the nucleus. 

Thus, synthetic virus like particles composed of VP-1 protein (with no enclosed viral DNA) 
can enter the cytoplasm, but fail to enter the intranuclear compartment, where viral replication 
normally occurs. Instead, empty viral particles are internalized in large vesicles prior to un
dergoing degradation. 

The mechanism by which polyomavirus traverses the nuclear envelope to enter the nucleus 
is controversial. Monoclonal antibodies to nucleoporin (a protein associated with the nuclear 
pore complex) have been shown to block the entry of SV40 into the nucleus of 3T3 cells. 
However, this observation needs to be reconciled with the fact that the maximal diameter of a 
particle that can pass through the nuclear pore is 23 nm, whereas the diameter of the 
encapsidated polyomavirus particle is approximately 50nm. Observations on human biopsy 
material suggest that ftxlly assembled viral particles tend to accumulate in the nucleus as large 
crystalline arrays until complete cell lysis. This may be due to fibrils attached to the nuclear 
pore, which prevent egress of SV40 particles from the infected nucleus. 

The uncoating process of polyomaviruses has been stated to occur afi:er the virions have 
entered the cell nuclei. However, Richterova et al found no convincing VP-1 signal in the 
nuclei of fibroblasts infected with the mouse polyomavirus. Norkin et al showed viral capsid 
proteins VP-2 and VP-3 overlapping the endoplasmic reticulum within 5 hours of infection. 
Since these antigens are normally not exposed on the surface of the viral capsid, this finding 
implies that SV40 disassembly can occur in the endoplasmic reticulum. VP-2 and VP-3 nor
mally insert into the axial cavity of the VP-1 pentamer by hairpin-like loops anchored by 
strong hydrophobic interactions. Dissociation of these high affinity interactions is likely facili
tated by molecular chaperones, one of which may be the viral T-antigen. Interestingly, VP-2 
and VP-3 contain a nuclear transport signal and also have a non-specific DNA binding do-
main^^ These latter properties provide the functions required for the nuclear delivery of the 
viral minichromosome. Consistent with this concept, injection of antibodies to VP-2 and VP-3 
in the cytoplasm blocks the transport of viral DNA to the intranuclear compartment.'^^ 

Clinical Sequelae of Primary Infection in Man 
No systematic clinical observations have been made in individuals undergoing polyomavirus 

seroconversion. When recorded the most frequent symptom is an upper respiratory infection. 
Unfortunately, some of the reported cases also had concurrent infections with other known 
respiratory viruses, making it difficult to attribute the observed symptoms entirely to primary 
polyomavirus infection.^'^' Sporadic case reports of children presenting with cystitis, with or 
without hematuria, are also on record. ̂ '̂̂ ^ Unusual clinical manifestations associated with 
BKV seroconversion include Guillane-Barre syndrome and encephalitis. ' 

Sites of Viral Latency 
After primary infection has resolved the virus enters a latent phase. It appears that viral 

latency can be maintained in a number of different sites: 
1. Viral DNA is detected most often in the urogenital tract including the kidneys, urinary 

bladder, prostate, cervix, vulva, and semen.̂ ^ 
2. Peripheral blood mononuclear cells are the second most important site of polyomavirus 

latency. In healthy individuals rates of detection vary from 0-94% 7^ JCV has a particular 
propensity for B-lymphocytes. Limited BKV infection has been shown in T-cells and B-cells 
maintained in culture. In one study, monocytes showed BKV attachment and penetration, 
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but no viral replication, unless the cells were treated with anti-macrophage antiserum.̂ ® 
BKV mRNA has been detected in circulating mononuclear cells of healthy donors by 
RT-PCR and in-situ hybridization.^ '̂̂ ^ 

3. Mucosa-associated lymphoid tissue is a potential site of latency, since BKV DNA has been 
demonstrated in throat washings and tonsil tissue obtained from children.̂ '̂ '̂ ^ 

4. Other proposed sites of viral latency include the brain,̂ "̂  normal bone, and bone tumors.^^ 

Reactivation of Latent Virus 
Activation of latent virus has been reported in a variety of clinical settings summarized 

below: 
1. Asymptomatic viruria can occur in old age, pregnancy, and diabetes mellitus, presumably 

as a result of hormonal effects on anti-viral immunity.^^ 
2. Co-infection with other viruses has been proposed to be one of the mechanisms of 

polyomavirus reactivation. Thus, there is evidence that polyomavirus JCV reactivation 
can be triggered by infection with herpesvirus 6 (HHV6).^5 Human immunodeficiency 
virus encoded HIV-1 Tat protein can transactivate polyomavirus JCV by induction of 
the JCV promoter.^^' ^'^ 

3. Immunosuppression is a well-known risk factor for viral reactivation. This likely reflects 
interference with the normal cell mediated immune mechanisms that keep viral replica
tion in check. Accordingly, BK viruria has been reported in 20-44% of HIV infected 
individuals, 22-100% of bone marrow transplant recipients, 10-60% of kidney trans
plant recipients, and 50% of heart transplant recipients.^^ A small proportion of viruric 
patients go on to develop BKV nephropathy, ureteric stricture, or hemorrhagic cystitis. 
Progressive multifocal encephalopathy is well known complication of JCV infection in 
HIV infected patients. In recent years, SV40 DNA has been documented in allograft 
kidneys, native kidneys with glomerular disease, and in a variety of neoplasms, particu
larly mesotheliomas, brain tumors, and non-Hodgkin lymphomas. A detailed discussion 
of polyomavirus associated clinical syndromes is provided elsewhere in the book. 

Pathogenesis of Tissue Damage in Polyomavirus Infected Tissues 
Our imderstanding of the actual metabolic pathways utilized by polyomavirus to initiate 

and sustain tissue damage is rudimentary. Using Afiymetrix HG-Ul 33 DNA microarray analysis 
of BKV infected WI-38 cells, our laboratory has obtained data indicating that viral infection 
causes up-regulation of several major groups of intra-cellular mRNAs.^^ These virus-induced 
changes in host gene expression offer potential insights into the pathogenesis of BK virus al
lograft nephropathy, as summarized below: 

1. Cell cycle proteins were by far the largest group of proteins that were upregulated following 
BKV infection. Initiation of the host cell cycle is an important event because polyomavirus 
is dependent upon host cellular factors for replication, and the required cellular factors are 
not present in quiescent host cells 

2. Several pro-inflammatory cytokines were up regulated, including molecules participating 
in both the early (IL-1 and TNF induced proteins) and late (IL-6, IL-11) phases of the 
inflammatory response. It is pertinent to note that IL-1 is known to be induced by nearly 
all microbes. It initiates a febrile response and stimulates IL-6 and IL-11. IL-6 and IL-11 
share the gpl30 signaling pathway and are capable of ftirther intensifying the acute phase 
response associated with viral infection.^^ 

3. There was increased expression of cytokine receptors IL-4R, IL-13R, and TNF soluble 
factor 15. IL-4 has a biological role in antibody production. It is significant that increased 
B-cells and plasma cells have been noted in human biopsy material with BKV nephropa
thy.̂ ^ IL-13 is a cytokine that is similar to IL-4 in its anti-inflammatory properties and 
ability to enhance antibody production by B-cells.̂ ^ 
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4. The chemokines RANTES (regulated on activation T-cell secreted chemokine) and IL-8 
were found to be stimulated by viral infection. RANTES is known to be expressed by 
tubular epithelium in inflammatory disease states such as acute cellular rejection. IL-8 fa
cilitates influx of polymorphonuclear cells and offers a plausible explanation for the pres
ence of polymorphonuclear cells in biopsies with viral interstitial nephritis.^-^ 

5. BKV infection led to increased mRNA for the intercellular adhesion molecule ICAM-1 
(CD 54). ICAM-1 is expressed by tubular epithelial cells and is believed to play a role in the 
pathogenesis of interstitial inflammation in the kidney. ̂ -̂  

6. There was enhanced transcription for three groups of major histocompatibility complex 
class I molecules (HLA-B, HLA-C, and HLA-F) in BKV infected ctdtured cells. Occur
rence of the same phenomenon in the transplanted kidney would put the graft at increased 
risk for acute cellular rejection. This would explain why the pathology of BKV nephropa
thy overlaps with acute cellular rejection. 

7. Increased mRNA was demonstrated for Collagen VII and extracellular matrix protein 1. 
Collagen type VII is the major component of the anchoring fibrils at the dermal-epidermal 
junction. It is usually not present in normal glomeruli, but has recendy been shown to be 
actively synthesized in areas of glomerular and/or tubular scarring in many kidney dis-
eases.̂ ^ Viral induced synthesis of collagen VII may contribute to the progressive scarring 
that can accompany BKY nephropathy. 

8. Expression of vascular endothelial growth factor (VEGF) mRNA was increased. There is 
evidence that VEGF participates in the pathogenesis of chronic renal allograft rejection.^^ 
This raises the possibility that BKV may accelerate this process in the transplanted kidney 
by a similar mechanism. 

The participation of interleukins, cytokines and cellular adhesion molecules in the patho
genesis of BKV nephropathy raises the possibility of using pharmacological means of ame
liorating virus mediated allograft injury. Such intervention may be particularly indicated 
in patients with progressive interstitial nephritis, who do not respond to reduction of im
munosuppression and cidofovir therapy. Several molecules shown to be up regulated by 
BKV infection are targets for currently ongoing efforts to devise anti-inflammatory therapy 
using cytokine antagonists. For example: (a) anti-IL-4 antibody has potential utility in the 
treatment of rheumatoid arthritis,^^ (b) IL-1 receptor inhibitors are being developed and 
investigated in the setting of rheumatoid arthritis, septic shock and steroid resistant graft 
versus host disease, (c) Patients with Crohn's disease and refractory rheumatoid arthritis 
are being treated with anti-TNF antibody (Infliximab, Remicade), anti-IL-8 (Abgenix), 
and anti-IL-6 antibodies, and (d) anti-ICAM-1 monoclonal antibody (enlimomab) has 
been used for the prevention of acute rejection in cadaveric renal transplantation.^ '̂ ^ Proof 
of concept studies showing the applicability of these treatment modalities to viral disease 
are yet to be performed. We do not know whether abolishing the inflammatory response 
will have a deleterious or beneficial effect on the natural history of BKV nephropathy. It is 
also possible that cytokine redundancy may make the use of single pharmacologic agents 
ineffective. 

Concluding Remarks 
There is increasing recognition of the importance of polyomavirus infections in clinical 

medicine. The spectrum of human disease caused by polyomaviruses BK, JC, and SV40 has 
expanded considerably as a result of investigations in the past two decades. A frustrating issue 
is our currendy limited ability to treat these diseases by effective drug therapy. Further progress 
in this field would require more intensive investigations into the mechanisms of virus mediated 
tissue injury. There is also an urgent need for high throughput assays capable of screening 
currendy available libraries of chemical compounds for anti-polyomavirus activity. 
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CHAPTER 11 

Polyomavirus-Associated Nephropathy 
in Renal Transplantation: 
Critical Issues of Screening and Management 

Hans H. Hirsch, Cinthia B. Drachenberg, Juerg Steiger and Emilio Ramos 

Abstract 

Polyomavirus-associated nephropathy (PVAN) is an emerging disease in renal transplant 
patients with variable prevalence of 1-10% and graft loss up to 80%. BK virus (BKV) is 
the primary etiologic agent, but JC virus (JCV) and possibly simian virus SV40 may 

account for some cases. Intense immunosuppression is viewed as the most important risk 
factor. However, the preferential manifestation in renal transplants as compared to other 
allografts or to autologous kidneys of other organ transplants suggests that organ determi
nants and immunologic factors synergize: Renal tubular epithelial cells and their compensa
tory proliferation to restore tubular integrity after immunologic, ischemic or toxic injury 
may provide the critical cellidar milieu supporting polyomavirus replication while immune 
control is impaired due to maintenance immunosuppression, anti-rejection treatment and 
HLA-mismatches. Patient determinants (older age, male gender, seronegative recipient), and 
viral factors (genotype, serotype) may have a contributory role. The definitive diagnosis of 
PVAN requires allograft biopsy which is, however, challenged by (i) limited sensitivity due 
to (multi-)focal involvement (sampling errors); (ii) varying presentations with 
cytopathic-inflammatory and/or fibrotic/scarring patterns; (iii) coexisting acute rejection 
which is difficult to differentiate, but impacts on intervention strategies. Screening for 
polyomavirus replication in the urine and in the plasma complements allograft biopsy by 
high sensitivity and allows for noninvasive monitoring. Thus, we suggest a terminology similar 
to invasive fungal diseases where viruria ("decoy cells") defines patients at risk ("possible 
PVAN") who should be evaluated for plasma viral load. Increasing BK viremia (> 10,000 
copies/mL) or urine VP-1 mRNA (>6.5xlO^ copies/ng total RNA) load defines presump
tive PVAN" for which an intervention of reducing immunosuppression should be consid
ered even if the diagnosis could not be confirmed by allograft biopsy ("definitive PVAN"). 
The response to intervention should be monitored using plasma DNA or urine mRNA load. 

Introduction 
The human polyomaviruses type 1 and type 2 were isolated in the early 1970s and named 

after the initials B.K and J.C. of the respective patients. ̂ '̂  However, the medical and scien
tific context was significantly different. For JC virus (JCV), the isolation was driven by a 
clear link to disease which followed the electron microscopic visualization of polyomavirus 
particles half a decade earlier in brain tissues from patients with progressive multifocal 
leucoencephalopathy (PML). In contrast, the discovery of BKV is more reminiscent of 
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"chance favoring a prepared mind" when particles of polyomavirus-like morphology were 
noted in cytopathically altered urinary cells of a renal transplant patient with ureteric steno
sis.^ The pathogenic role of BKV remained elusive, to the point that BKV was declared an 
orphan virus in search of a human disease. However, 25 years later, the salient feature of the 
initial isolation, namely "decoy cells" in the urine of a renal transplant patient has become a 
paradigm in the emerging PVAN.^'^ Less well known is the fact that four of todays cardinal 
features of PVAN in renal transplants have been published as early as 1978 by Mackenzie 
and coworkers, namely the shedding of decoy cells, the presence of viral inclusions in tubular 
epithelial cells in allograft biopsies, the erroneous interpretation of allograft dysfunction 
with infiltrates as acute rejection and the role of intense immunosuppression and its reduc
tion, all of which can be gathered from the paper entitled "Human polyoma virus—a signifi
cant pathogen in renal transplantation" and the appended discussion protocol. ' Subse
quently, sporadic cases of PVAN in patients with complex immunodeficiencies or advanced 
HlV-disease were reported.^'^ Thus, the appearance of PVAN is remarkable after decades of 
virtual nondiagnosis in renal transplantation.^' '̂ '̂̂ ^ Given the presumed coevolution of 
human polyomaviruses with humans and the basically unchanged seroepidemiology, the 
recent surge of PVAN points to new risk factors and critical, but as yet ill-understood, changes 
in our transplantation protocols. 

Infection, Replication and Disease 
The virological aspects of BKV, JCV and SV40 have been described in detail (see Chapters 

1, 6, 20). BKV and JCV are specific for the human host and despite a high degree of genetic 
homology of >70% are independently transmitted from one another. ̂  ' Epidemiologic, clinical 
and virologic aspects suggest coevolutionary adaptation resulting from a long-standing virus-host 
interaction:^ 

1. High prevalence of infection reaching 70-90% among adults; 
2. Low morbidity of primary infection; 
3. Latency in the renourinary tract as the epidemiologically most relevant site; 
4. Asymptomatic reactivation and shedding into the urine; 
5. Extensive dependence on host cell functions for viral gene expression and replication; 
6. Chimeric nucleosomes consisting of host cell histones and viral DNA which are even pack

aged into virions; 
7. Linkage of polyomavirus subtypes to defined human populations and their historic migra

tion patterns across continents.^ 
Thus, polyomavirus genomes resemble (mini-)chromosomes, yet without access to their 

hosts' germline remain dependent on a minimal set of functions to reach out and colonize to 
the next generation by infection. In contrast, human exposure to the simian virus SV40 
resulted accidentally from contaminated polio- and adenovirus vaccines in the 1960s. Sig
nificant spread of SV40 among humans is not supported by serological data, but a role in 
disease has been put forward by some. Possibly, accidental exposure may be ongoing in 
areas with significant contacts to macaques e.g., in animal parks in rural areas of developing 
countries. 

Polyomaviruses are small nonenveloped viruses of 45nm diameter and establish a state of 
nonreplicative infection termed latency in urogenital epithelial cells. Switching to the replica-
tive mode requires viral regulatory functions, most notably the large T-antigen encoded in the 
early gene region. The large T-antigen is a multifunctional protein which governs viral tran
scription and replication in concert with cellular factors by cross-talking to host cell proteins 
including transcription and replication factors, cell cycle proteins and DNA binding proteins 
(see Chapter 9). After replication of the viral double-stranded DNA genome of 5300 bp, the 
late genes encoding the viral capsid proteins VPl, VP2, and VP3 are expressed and transported 
to the nucleus for virion assembly. The agnoprotein may play a role in the early and in the late 
phase of viral replication and virion assembly. Release of infectious progeny requires host cell 
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Table 1. Patterns of polyomavirus-associated disease 

Disease Pattern Principle Prototypic Example 

Cytopathic 

Cytopathic -
inflammatory 
Immune 
reconstituting 

Autoimmune 

Transforming 

Predominant polyomavirus 
replication 
Replication plus inflammatory 
infiltrate 
Predominant inflammatory 
immune response subsequent 
to replication 

Pathologic immune response 
triggered by previous replication 
Antigenic complexes 
- viral DNA: host cell histones 
- large T-antigen:host cell DNA 
- viral capsid: host cell DNA 
Uncoupling of cell proliferation 
from lytic replication 

PML^ byJCVinAIDS 

PVAN ^ pattern B (interstitial nephritis) 
in renal transplantation 
PML byJCVinAIDS^ 
following initiation of HAART ̂  
Hemorrhagic cystitis by BKV in stem 
cell transplantation 
Systemic lupus by BKV? 

Urothelial carcinoma by BKV 
Lymphoma by JCV, SV40? 

^ PML, progressive mulitfocal leucoencephalopathy; ^ PVAN, polyomavirus-associated nephropathy; 
^ AIDS, acquired immunodeficiency syndrome; ^ HAART, highly active antiretroviral therapy. 

lysis. Thus, despite being relatively slowly replicating as compared to e.g., herpes simplex virus 
in epithelial cells, significant polyomavirus replication is lytic and hence cytopathic. Host cell 
lysis releasing viral and cellular constitutents may elicit nonspecific inflammatory responses 
and depending on the state of the immune system, a specific cellular and humoral immune 
response. Of note, polyomavirus infections have been associated with diverse disease pattern 
which involve either cytopathic, inflammatory, immunological or oncogenic pathologies (Table 
1). The underlying mechanisms are not well understood, but may reflect differences in the 
time and load of infection, in the infected cell types and their state of differentiation as well as 
different individual immunogenetic background and/or their modification by inherited, ac
quired or therapeutic immune dysfunction.^ 

Thus, polyomavirus infection is defined as serological or virological evidence of virus expo
sure without distinguishing between replicating, latent or transforming patterns. Polyomavirus 
replication is defined as evidence for ongoing virus multiplication (synonymous with lytic 
infection) by detecting: infectious virus by cell culture; polyomavirus particles by electron 
microscopy; polyomavirus structural proteins by immunohistochemistry; messenger RNA 
expression of late genes (e.g., VPl); polyomavirus DNA in nonlatency sites (e.g., in plasma); 
cytological (e.g., decoy cells) or histological evidence for polyomavirus replication. If de
tected in a seronegative or a seropositive individual, polyomavirus replication is termed pri
mary or secondary, respectively. Polyomavirus disease corresponds to histological evidence of 
polyomavirus-mediated organ pathology. Conceptually, cytopathic, cytopathic-inflammatory 
or immune reconstitution patterns are closely linked to significant polyomavirus replication 
which is most likely in patients lacking at one time specific immune effector cells e.g., in 
seronegative individuals or in patients with inherited, acquired or therapeutically induced 
immune dysfunction.^'^^ In autoimmune disease, a pathologic immune response is triggered 
at some point by prior replication, but has become independently thereof. In oncogenic 
transformation, the replicative state of the host cell is uncoupled from virus induced host cell 
lysis.^'^^ As discussed in more detail below, PVAN may present as cytopathic, 
cytopathic-inflammatory or immune reconstitution patterns. 
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Figure 1. Increasing prevalence of PVAN from year 1995 to 2001 (data from ref. 19). 

Epidemiology 
Following the inaugurating report by Randhawa and coworkers in 1995,^ a stepwise in

crease in PVAN has been observed from 1% in 1995 to 5% in 2001 (Fig. 1).^ '̂̂ ^ Other reports 
from 2002-2004 identified PVAN in 1% to 10% of renal transplant patients (mean 5.1%, 
median 4.5%, Table 2) which correspond well to Kaplan-Meier estimates of 8% for the inci
dence of PVAN (95% confidence interval 1% - 15%) described in a prospective study."̂ ^ The 
majority of cases occur within the first year posttransplantation, but approximately a quarter of 
cases are diagnosed later (Fig. 2). ' ' Loss of renal allograft ranges from 10% - >80% of cases 

Table 2. PVAN prevalence^ drug use and outcome in reports 2002-2004 

Study 
Prevalence 

(%) 
Tacrolimus 

(%) 
Mycophenolate 

Mofetil (%) 
Graft Loss 

(%) 

Mengel et al 2003 (22) 
Trofe et al 2003 (23) 
Buehrig et al 2003 (20) 
Ginevri et al 2003 (24) 
Rahaminov et al 2003 (25) 
Kang et al 2003 (26) 
Ramos et al 2002(27) 
H i r sche ta l2002(21 ) 
L i e t a l 2 0 0 2 ( 2 8 ) 
Maiza et al 2002 (29) 
Sachdeva et al 2004 (55) 
Moriyama et al 2003 (30) 

Mean 

(median/range) 

1.1 
2.1 
2.7 
3.0 
3.8 
3.9 
5.1 
6.0 

7.0 
7.1 
9.3 
10.3 

57 
77 

100 
66 

100 
100 
91 
60 

100 
50 
0 

36 

87 
54 

89 
66 
87 
33 
97 
40 
50 
50 
0 

n.a.** 

71 
54 

38 
33 
14 

100 
82 (30)* 

0 

33 
50 

Not reported 
22 

5.1 
(4.5/1.1-10.3) 

70 
(70/0-100) 

60 
(70/0-89) 

46.2 

(44/0-100) 

* Graft loss over 60 months (12 months) of fol low-up. ** Not available. 
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Figure 2. Kaplan-Meier estimates of the incidence of polyomavirus replication (decoy-cell shedding), BK 
viremia and polyomavirus-associated nephropathy (PVAN) in renal transplant recipients. From: Hirsch HH, 
Knowles W, Dickenmann M et al. N Engl J Med 2002; 347:488-496, ©2002 Massachusetts Medical 
Society, with permission.̂ ^ 

(Table 2). '̂ '̂ '̂̂ '̂̂ ^ In transplant centers screening for polyomavirus replication in the urine, 
plasma or in protocol biopsies, the rate of graft loss seems to be lower. '̂ '̂̂ '̂̂ '̂̂ ^ 

Molecular studies indicate that most cases of PVAN are caused by BKV.^ '̂̂ '̂̂ '̂̂ '̂ '̂̂ ^ A role 
for JCV and the simian virus SV40 has been suggested which may either act alone or in 
concert with BKV,̂ '̂ and should be investigated further. 

Risk Factors 
The risk factors for PVAN in renal transplantation are still only incompletely understood. 

Appropriately sized prospective multi-center studies are lacking and the results of hitherto pub
lished reports are often contradictory. Most likely, PVAN results from multiple, partly comple
menting factors including determinants of the patient (age >50 years, male gender, negative BKV 
serostatus of recipient prior to transplantation, impaired BKV specific T-cell response, white 
ethnicity, cytomegalovirus coinfection, diabetes mellitus), of the allograft (HLA mismatches, prior 
episodes of acute rejection, calcineurin-inhibitor toxicity) and of the virus (new BKV serotypes, 
adaptive changes in immune and replicative control regions with presumably increased viral fit
ness) (Table 3). It is conceivable that these factors are modulated by immunosuppression, inflam
matory response patterns, antiviral and antiproliferative activities e.g., cidofovir, immunoglobu
lins, and/or coinfections e.g., cytomegalovirus, JCV, SV40 (Fig. 3). There is, however, general 
consensus that immunosuppression is the conditio sine qua non for PVAN. It has been noted that 
the emergence of PVAN coincided with the widespread use of tacrolimus (TAG) and 
mycophenolate mofetil (MMF). However, a proof of causality is lacking. Their different mode 
of action suggests that the intensity of immunosuppression rather than the specific agent is the 
most relevant factor. '̂ '̂ '̂ '̂ '̂  The role of the net state of immunosuppression is underscored by 
the fact that reducing, switching or discontinuing components of maintenance therapy repre
sents currently the primary mode of intervention (see below). As a note of caution, this argument 
does not exclude drug-specific mechanisms promoting polyomavirus replication which act at 
different, yet synergizing levels and would be expected to respond also to this intervention. Al
most all diagnoses of PVAN were made in patients receiving a triple therapy of four drug classes 
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Table 3. Presumed risk factors for polyomavirus-associatedd nephropathy 

Risk Factor 

Immunosuppression 
Triple combinations 
Drug levels 
Drug dosing 

Anti-rejection treatment 

Patient determinants 
Age 
Gender 
Race 
BKV seropositivity 
BKV-specific T-cells 

Co-morbidity 

Organ determinants 
Immunologic injury 

Drug toxicity 
Viral determinants 

Non-coding control region 

Viral capsid protein-1 

Increased with 

Tacrolimus, Mycophenolate 
Tacrolimus trough levels >8 

mofetil, 
ng/mL 

Mycophenolate mofetil >2 g/day 
Prednisone 
Anti- lymphocyte globulin 
Methylprednisolone pulses 

>50 years 
Male > female 
White > other 
Antibody titer < 1:40 
Interferon-y production 
Polymorphism linked to low 
Diabetes mellitus 
Cytomegalovirus infection 

HLA-mismatches 
Prior acute rejections 
Tacrolimus ? 

Rearrangements ? 

Prednisone 

interferon-y expression 

Point mutations in GM-CSF response 
Mutations in serotype domaii n? 

element ? 

Refs. 

4,22,35 
22 
22 
46 
21 
21 

27 
23,27 
19,23 
24 

48,49 
50 
12,23 
20,51 

21 

21,22,37 
23 

52 

39 

(calcineurin inhibitors, anti-metabolites, mTOR inhibitors and corticosteroids). In approximately 
90% of patients reported to date, these triple combinations contained TAG or MMF (Table 2)^ 
which were used concurrendy in >50% of the cases. Conversely, <10% of all reported cases of 
PVAN received triple immunosuppressive regimens that did not contain TAG or MMF.9 Of 
note, a recent retrospective histopathology study from India described 30 cases of PVAN in pa
tients treated with triple combinations of cyclosporine (GyA), azathioprine (AZA) and pred
nisone (PRE).^^ Yet, the type of polyomavirus involved and impact on allograft function is not 
known at present. Taken together, it is clear that PVAN can arise in patients not treated with TAG 
or MMF although less frequently, '̂̂  while an increased risk for sustained BKV viruria or for 
PVAN was reported for patients treated with triple combinations of TAG, MMF and PRE^ '̂̂ ^ or 
with TAG trough levels higher than >8ng/mL. 

Using antilymphocyte preparations for induction was not significandy associated with BKV 
viruria, viremia or PVAN, '̂2 '̂5^ or widi histologically more severe PVAN.^^ In diis way, repli
cation of polyomavirus and cytomegalovirus differ possibly reflecting viral differences in pro
pensity to reactivate, in sites of latency and in immunological control. In contrast, antilympho
cyte preparations were associated with an increased risk for polyomavirus replication when 
administered for the treatment of acute rejection episodes in patients receiving combination of 
TAG-AZA and/or GyA-MMF. '̂ ^ The differential effect of antilymphocyte preparations for 
PVAN suggests a cofactorial role of tubular epithelial cell injury and regeneration, similar to 
animal models.^' '̂ ^ 

Steroids may also increase the risk of polyomavirus replication when given as part of a triple 
combination ' or as intravenous bolus to treat rejection as lone as maintenance immunosup-
pression is continued or intensified. ' ' ' This effect of steroids synergizes with the intensity 
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Serotype 
Genotype 
Fitness 

Antivirals 
Immunoglobulins 

Sero status 
Gender 
Age 

BKV Patient 

Inflammation 
Co-infection 
(JCV, CMV) 

Inmunosuppression 
Antimjection 

Organ 

HLA mismatches 
Latent infection load 
Injury/ regeneration 

Figure 3. Determinants and modulators of PVAN. 

of the maintenance immunosuppression and is potentially less relevant if coupled to decreased 
or modified maintenance immunosuppression.^^'^^' Of note, glucocorticoid response ele
ments have been reported in the regulatory region of polyomaviruses suggesting a molecular 
explanation for an increased risk of replication in concert with immunosuppression. 

Diagnosis 
The diagnosis of PVAN requires the demonstration of polyomavirus induced cytopathic 

changes in tubular or glomerular epithelial cells (see Chapters 14, 15). The histopathological 
changes of PVAN are fairly characteristic, but should be confirmed with ancillary tests such as 
immunohistochemical detection of the large T-antigen which is most commonly used (see Chap
ter 14). The sensitivity and specificity of the histological diagnosis of PVAN is complicated by 
(i) the focality of renal involvement, particularly early in the disease (pattern A); (ii) a wide 
spearum of associated changes, in particular inflammatory infiltrates which may be unspecifically 
elicited by tubular cell necrosis or result from virus-specific cellular immune responses and are 
difficult to differentiate from acute rejection (pattern B); (iii) by pronounced tubular atrophy 
and fibrosis of late stages (pattern C) where only few viral cytopathic changes are seen to the 
point where they may even be undetectable (false negative).^^' ' ' Given the diverse determi
nants (Fig. 3) and presentations of PVAN and confounding concurrent pathologies, hands-on 
stratification can be achieved by searching for BKV replication in urine. Because of its high 
negative predictive value, lack of detectable BKV replication in the urine practically excludes 
PVAN. Conversely, if BKV replication is detectable, the risk for PVAN is increased and further 
diagnostic studies are warranted. Thus, the hallmark of PVAN is that ongoing polyomavirus 
replication is detectable as BKV viremia, viruria and decoy cell shedding in all of these presenta
tions. '̂ '̂ '̂̂ '̂̂ '̂ The limited sensitivity of allograft biopsy is also critical for the definition of 
"resolved PVAN" as the goal of any intervention. Therefore, resolution of PVAN not only re
quires the disappearance of the histological signs of active disease (e.g., viral replication, inclu
sions, necrosis, inflammatory infiltrates) and negative immunohistochemistry, but should also 
include negative results of the surrogate replication markers such as BKV viremia and viruria. 
Thus, we suggest a terminology similar to invasive fungal diseases where viruria ("decoy cells") 
defines patients at risk ("possible" PVAN) who should be evaluated for plasma viral load. BKV 
replication above thresholds such as increasing BK viremia (> 10,000 copies/mL) (Fig. 4) defines 
"presumptive" PVAN for which an intervention of reducing immunosuppression should be 
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Figure 4. BKV load in plasma of patients with PVAN-negative n= 13) and positive (n= 16) allograft biopsies 
(H.H. Hirsch, unpublished). 

considered, preferably widi, but, due to the limited sensitivity, not dependent on prior histo
logical confirmation ("definitive PVAN") (Table 4). In summary, surrogate markers of 
polyomavirus replication complement the limited sensitivity of PVAN biopsy and allows for 
noninvasive monitoring. 

Polyomavirus replication can be demonstrated by several methods such as urine cytology 
(decoy cells), quantification of urinary BKV DNA or VPl mRNA load, '̂̂ '̂ '̂̂ '̂̂ ^ or electron 
microscopy for polyomavirus particles. ' The diff^erent screening methods have not been 
compared, but are assumed to be equivalent given sufficient local expertise. Because self-limiting 

Table 4. Polyomavirus replication and PVAN diagnosis in renal transplantation 

PVAN Acute Rejection 

Possible Presumptive Definitive Yes 

Screening test 
Adjunct test 
Biopsy 

Intervention 
indicated 

No 

+ 
+ 
-

(?) 

+ 
+ 
+ 
Pattern A-C 
Yes 

(+?) 
+ 
Banff'97 
Yes 

(-) 

No 

Screening tests for polyomavirus replication are the presence of decoy cells in urine cytology, of BKV 
DNA or RNA or polyomavirus particle in urine. Positive adjunct testing corresponds BKV VPl mRNA 
(6.5 X 10^ copies/ng total RNA) in urine or BKV DNA in plasma (10"̂  copies/mL; see text for details). 
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Screening assays for polyomavirus replication 
• urine for cytology or PCR 

Positive screening test 
{"possible PVAN") 

Quantitative test (thresliold): 
• plasma DNA load (>10* copies/mL) or 
• VP-1 mRNAIoad(>106 copies/mL 

I 
Quantitative test 

> threshold 
{"presumptive PVAN") 

Allograft biopsy 

Negative 
{"presumptive PVAN") 

Positive 
{"definitive PVAN") 

T 
Intervention 

:f 
Monitoring every 2-4 weeks 
• serum creatinine concentration 
• plasma DNA load decreasing or 
• VP-1 mRNA load decreasing 

J 
Negative 

("resolved PVAN") 

Figure 5. Screening and intervention. (Modified afi:er Hirsch et al. Transplantation 2005; in press.) 

(transient) polyomavirus replication has been observed in renal transplant patients,^^'^^' it is 
recommended that positive screening results are confirmed within four weeks, followed by 
adjunct quantitative diagnostic assays such as quantification of BKV DNA load in plasma (Fig. 
^̂ 21,65,66 ^^ yp2 mRNA load in urine.^^ Detecting higher levels of BKV replication above 
empirically defined thresholds may provide specificity and specificity of >93% such as BKV 
VP-1 mRNA 6.5 x 10^ copies/ng total RNA^^ or BKV DNA load in plasma >10'000 copies/ 
mL (Figs. 4, 5).^ '̂̂ ^ To monitor the course of disease, quantitative polyomavirus testing should 
be performed every 2-4 weeks until viral replication drops below the threshold or is no longer 
detectable. Fiowever, further interlaboratory and clinical validation of threshold values in plasma 
and urine is needed. 
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Table 5. Modification of maintenance immunosuppression in renal transplant patients 
with PVAN 

Strategy Intervention Comment Refs. 

Switching 
TAG -^ CYA 

MMF -^ AZA 

TAG-> SIR 

MMF -^ LEF 

Decreasing 
TAG 

MMF 

GYA 

Stopping 

TAG 
or 
MMF 
or 
GYA 

Trough levels 
100-150 ng/mL 

Dosing 
<100 mg/day 
Trough levels 
<6 ng/mL 
Trough levels 
>30 ng/mL 

Trough levels 
<6 ng/mL 
Dosing 
<1 g/day 
Trough levels 
100 ng/mL 

Gontinue dual 
therapy 
TAG-PRE 
GYA-PRE 
MMF-PRE 
SIR-PRE 

Gonsider in patients on TAG-MMF-PRE (11,21,28,51) 
combinations due to MMF lowering 
effect of GYA 
Gonsider in patients on TAG-MMF-PRE (21) 
wi th prior rejections 
Gonsider in patients wi th calcineurin (67) 
inhibitor toxicity 
Gonsider in patients wi th concurrent (68) 
cytomegalovirus infection 

Gonsider in patients wi th limited early (12,32) 

disease or "presumptive PVAN" 
Gonsider in patients wi th limited early (23,27,32) 
disease or "presumptive PVAN" 
Gonsider in patients wi th limited early (21,32) 
disease or "presumptive PVAN" 

Gonsider in patients wi th presumptive PVAN, (19,69,70) 
wi th stable graft function during the second 
year posttransplant without prior acute 
rejection episodes 

TAG, tacrolimus; GYA, cyclosporine; MMF, mycophenolate mofetil; LEF, leflunomide; PRE, prednisone; 
SIR, sirolimus. 

Intervention 
At the present time, there is no approved treatment for PVAN. In the absence of safe, 

specific and efficacious antivirals, the current mainstay of intervention resides in the judicious 
reduction of immunosuppression similar to cytomegalovirus infection in the era before 
ganciclovir. As indicated above, most cases diagnosed with PVAN to date are on triple immu
nosuppressive maintenance combinations containing calcineurin inhibitors (TAG, CyA), 
antiproliferative agents (MMF, AZA), and corticosteroids (PRE), or more recently sirolimus 
(SIR).^ '̂̂ 5 However, diere are no prospective randomized trials evaluating the efficacy and 
safety of the different interventions. In principle, three different, but not exclusive modes have 
been reported which include reducing, switching and stopping immunosuppressive drugs (Table 
5). It should be noted that these experiences are anecdotal and reflect individualized approaches 
to patients and cannot be generalized. More recendy, switching to leflunomide, an inhibitor of 
pyrimidine synthesis and protein tyrosine kinase, or the newer derivative FK778 has been 
proposed as these immunosuppressive drugs have also anti-viral activity in vitro. 

A critical issue with regard to management is the diagnosis of acute rejection concurrendy 
with PVAN. Although PVAN is generally considered a complication of intense immunosup
pression, both disease entities may start focally and show different kinetics which may lead to 
concurrence. In addition, reconstitution of BKV-specific cellular immunity may be difficult to 
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distinguish from, and in fact, trigger acute rejection.^ Given a bona fide diagnosis of PVAN and 
concurrent rejection, there is controversy regarding the use of antirejection treatment with 
steroids in this situation. Based on the initital experience it is clear that PVAN progression is 
frequently observed when anti-rejection treatment is administered and the maintenance im
munosuppression is maintained or intensified. '̂ -̂ '-̂ '̂̂ ^ However, in some centers, a two-step 
protocol of antirejection treatment coupled to a reduction of maintenance immunosuppres
sion has been successful. The sole reduction of maintenance immunosuppression in this 
situation seems to be particularly risky as it might precipitate severe rejection and premature 
graft loss. In general, the response to reduced immunosuppression seems to better when PVAN 
is diagnosed early, with only limited involvement^^'^^'^^'^ '̂ ^ which most likely also applies to 
the concurrence of PVAN and rejection. 

Several drugs have polyomavirus-inhibitory activity in vitro, including cidofovir, leflunomide, 
and certain quinolone antibiotics. In the clinical situation, the use of these drugs was combined 
with reduced immunosuppression which limits the evaluation of their efficacy. Amantidine has 
been used in the treatment of PVAN without discernable effect. ̂ '̂̂ ^ Cidofovir has a significant 
in vitro effect inhibiting nonhuman polyomaviruses. However, the pronounced nephrotoxicity 
limits its use particularly in renal transplantation. A number of patients have been treated with 
a combination of low-dose Cidofovir and reduced immunosuppression with variable results. In 
most published reports, its use was associated with a decrease in viremia, but viruria often 
persisted for prolonged times.'̂ '̂̂ ^ Some patients have gone on to develop end-stage renal 
disease which may, however, be multifactorial. This off-label use of cidofovir is at a low dose of 
0.25 mg/kg, administered every two weeks. The patients are usually premedicated, with in
creased intravenous fluids.^ Chandraker et al̂  have shown that the quinolones also have 
anti- polyomavirus activity in vitro, and observed resolution of BKV replication in vivo in 
some of 10 prospectively studied patients. Although the efficacy is less than requested for an 
antipolyomaviral agent, these data suggest that the BKV encoded helicase activity may repre
sent a significant drug target for further development. 

Retransplantation 
There is only limited experience with regard to retransplantation of patients who have lost 

a previous graft due to PVAN. Based on the 15 cases reported to date, the recurrence may be 
more frequent compared to that seen in primary transplants (13% versus 8%). 9'-̂ 2,77-79 ^ _ 
though conclusive evidence is lacking, persistent polyomavirus replication in the urine and/or 
in the plasma in a patient undergoing retransplantation is viewed as increased risk for recur
rence of PVAN. In these patients, reduction or discontinuation of immunosuppression should 
be considered unless this option is limited by other coexisting grafts (often pancreas). In pa
tients on hemodialysis, administration of antiviral drugs (e.g., cidofovir) may be considered 
prior to retransplantation. Although tansplant nephroureterectomy does not appear to be re
quired prior to retransplantation, this intervention should be considered in patients with per
sisting polyomavirus replication. Following retransplantation, the question arises whether or 
not the same immunosuppressive drugs and combinations can be used as for the primary graft. 
The data compiled in a multicenter survey by Ramos et at̂ ^ suggest that the same drugs can be 
used, but that intense immunosuppression should be avoided. Recommendations for screen
ing and treatment of polyomavirus are the same as for patients with a first renal allograft. 

Conclusion 
The association of BKV with PVAN in renal transplant recipients emphasizes the role of 

allo-situation in addition to immunosuppression. Most likely, patient, organ and virus specific 
determinants interact in a complementary fashion and are subject to dose- and magnitude 
dependent modulators (e.g., immunosuppression). BKV screening of renal transplant patients 
is warranted to enable early diagnosis of "possible", "presumptive" or "definitive" PVAN as well 
as of "resolved" PVAN after appropriate intervention. The detection of a plasma BBCV DNA 
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load or VPl mRNA in the urine above thresholds should trigger allograft biopsy to confirm 
PVAN and exclude acute rejection. Antivirals or immunosuppressants with antiviral activity 
are interesting new avenues that remain to be explored. Large prospective studies are needed to 
identify risk factors and to evaluate intervention strategies for PVAN. 
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CHAPTER 12 

BK Virus and Immunosuppressive Agents 
Irfan Agha and Daniel C. Brennan 

Abstract 

The last decade has witnessed the introduction of several potent immunosuppressive 
agents in the field of transplant medicine. Contemporaneously, infection with BK 
virus (BKV) has emerged as an important complication of immunosuppression and an 

important cause of allograft loss after kidney transplantation. Rhandhawa et al reported the 
first case of BKV associated nephropathy (BKVN) in the modern era of transplantation, in 
1995. Since then there has been a resurgence of interest in the epidemiology, biology and 
pathogenic associations of BKV especially in transplant medicine. Up to 90% of adults have 
serologic evidence of exposure to BKV. However, only 1-5% of normal healthy adults excrete 
the virus in the urine (asymptomatic viruria). Thus, for a vast majority of the population, the 
virus remains perfecdy latent and this state of latency is of no obvious consequence. Almost all 
instances of disease by the BKV have been seen in immunocompromised patients. In recent 
years, BKV has been associated with nephropathy (BKVN) in about 5% of renal transplant 
patients. Once established, the disease may result in allograft loss in 45-70% of patients. Al
though not proven by any prospective study, BKVN causing allograft failure has been linked to 
immunosuppressive regimens containing tacrolimus or mycophenolate mofetil. This is note
worthy, as both these agents have been used increasingly as the primary maintenance immuno
therapy in solid organ transplantation since their introduction around 1990. In addition to the 
immunosuppressed state, other factors like allograft injury have been thought to be involved in 
the pathogenesis of the disease. We believe that reactivation of the BKV from its latent state 
crucially depends on an immunocompromised state but more factors than one dictate precipi
tation of clinical end organ disease. 

In this Chapter, we will discuss the clinical aspects of BKV infection in the renal transplant 
recipient. We will focus on the role of immunosuppression as a seminal factor allowing replica
tion of the virus. Not all patients who have replicating BKV go on to develop nephropathy: we 
will discuss other host factors that may constitute a *second hit' allowing replicating BKV to 
precipitate BKVN. Results of our recendy concluded prospective study on the issue of current 
immunosuppressive agents in the development of BKVN will be discussed. Finally, based on our 
experience, we will provide some guidelines for early diagnosis and management of this disease. 

Biology of BKV Infection: From Primary Infection to Manifest Disease 
The life cycle of BKV has been discussed elsewhere in this book. Briefly, almost everyone is 

exposed to the virus as a child. ̂  The primary infection is either completely asymptomatic or 
takes the form of a mild respiratory illness, cystitis, or occasionally encephalitis.^' After the 
primary infection, virus becomes latent in the kidney. Renal tubular cells, the parietal epithelial 
layer of Bowman's capsule as well as transitional epithelium have been known to harbor the 
virus.^ BK virions enter the renal tubular cell in smooth (noncoated) mono-pinocytotic vesicles 
that are morphologically consistent with caveolae.^^ Virion assembly in the nucleus follows. 
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This can be seen as viral inclusions on kidney biopsy or as sheets of crystalline intra nuclear 
particles on electron microscopy of infected cells. The immune system is very effective in sup
pressing BKV replication and the virus seldom reactivates in the immune competent host. 
Hence, virus replication and host cell damage does not happen during the state of latency and 
virus inclusions, mRNA or DNA is not demonstrable in the urine of a patient with latent virus. 
However, even subtle changes in the status of the immune system like pregnancy, ' diabe
tes and old age may allow reactivation. Nevertheless, clinically important reactivation (and 
progression to disease) is seen only in states of severe immune deficiency due to hereditary or 
acquired cause. Tubular cells actively infected with BK virus demonstrate massive vitally 
induced necrosis, dissolution of basement membranes and spillage of virions into the intertu-
bular space. The virions thus get into the peritubular interstitial space. Destruction of intertu-
bular capillary walls may potentially breach the urine-blood barrier of sorts, gaining access for 
the virus into the blood stream.^ ' This is manifested as viremia. 

The "Second Hit" Hypothesis 
Thus far, two important factors i.e., failure of immune surveillance and aggressive virus 

replication, appear to result in a high virus burden in the urine and blood. However, there are 
other factors that affect the final outcome. The BKV has a strong tropism for the urogenital 
tract. Importandy, the disease spectrum noted with the virus varies significantly and predict
ably depending on the patient subgroup. In the bone marrow transplant patient, hemorrhagic 
cystitis is the end-organ disease manifestation most usually seen. In the kidney transplant pa
tient however, the virus causes BKVN or ureteral stenosis. This suggests that in addition to an 
immunosuppressed state leading to virus replication, a "second hit" is required, probably in 
some form of tissue damage. ' This would explain the specific tissue tropisms described 
above. Immunologic injury like clinical or subclinical rejection may make the transplanted 
kidney vulnerable to BKVN. BKVN is characterized by extensive tubular necrosis. Intrigu-
ingly, generalized damage of apparently noninfected cells has been observed in addition to 
necrosis of infected cells in biopsy samples of patients with BKVN.^^ This damage to nonin
fected cells may actually have been pharmacologically induced from immunosuppressive agent 

exposure 
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Figure 1. From primary infection to nephropathy. 
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toxicity or immunologically induced from clinical or sub-clinical rejection. In any case, injury 
may have predisposed the allograft to invasion by the BKV. '̂ ' The analogy holds in other 
clinical circumstances as well. In the case of bone marrow transplant patients, damage to the 
bladder by cyclophosphamide may explain BKV tropism for the bladder and clustering of 
BKV hemorrhagic cystitis in this population."^^ Surgical or stent trauma sustained by the ureter 
may make it susceptible to BKV invasion accounting for BKV associated ureteral stenosis.^^ 
However, in spite of severe renal injuries sustained during other solid organ transplantation 
such as heart and liver, there appears to be paucity of BKVN in these patients, disputing the 
second hit hypothesis. The paradigm is outlined in Figure 1. 

Clinical Correlates of BKV Infection in Renal Transplant Recipients 
Based on the above paradigm, the following clinical stages of the infection may be teased out. 

Latency 
BKV DNA may be demonstrated in kidney tissue (or perhaps peripheral blood lympho

cytes) but there is no active viral replication. Over 98% of the general population will maintain 
this status indefinitely. 

Replication 
The virus (or evidence of viral cytopathic effects) can be detected in the urine in the form 

decoy cells or demonstration of viral DNA by PCR. This stage signifies a state of active virus 
replication, which has not progressed to organ system disease. 

Viremia 
Occurs during a high state of viral replication resulting in viral access to the blood stream 

(with lytic effect of replication on tubular cells and disruption of the urine-blood barrier) with 
an imminent threat of precipitation of BKVN. 

Disease 
The virus now causes renal parenchymal damage. The renal function may remain steady for 

some time despite ongoing parenchymal damage but starts to deteriorate once BKVN has 
firmly established. The patient will have coexisting viruria and viremia. The various histologi
cal features of BKVN have been discussed in great detail elsewhere in this book. 

Impact of Immunosuppression: Net State or Asymmetric 
Predisposition? 

Since the first case of BKVN in the modern era was reported in 1995^^ an increased inci
dence of BKVN has been noted in the literature. There is a bias towards suspecting and diag
nosing the disease early given heightened awareness. However, this bias does not completely 
explain the increased incidence. Several centers have carried out extensive retrospective reviews 
of the transplant kidney biopsy archives. Nickeleit et al̂  reviewed kidney biopsies of 616 
patients transplanted from 1985-1995 on cyclosporine-azathioprine based immunosuppres
sion and found no cases of BKVN. However, on review of patients from 1996-1999 
(tacrolimus-MMF based immunosuppression), eleven cases of BKVN were identified. This is 
consistent with other observations and a true rise in the incidence of BKVN is accepted. As 
indicated previously, BKV replication can occur in states of relative immune deficiency such as 
pregnancy, diabetes mellitus or old age. However, in these states, the immune deficit is not 
critical enough to allow a complete breakthrough of the virus. Thus, in these conditions, all we 
see is asymptomatic viruria, if at all. Actual end organ damage resulting in BKV disease occurs 
only with more severe forms of immune suppression (like HIV or with solid organ transplan
tation). The increased incidence of BKV infection in the modern era coincides with introduc
tion of new immunosuppression agents. As incidence with cyclosporine and azathioprine was 
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low, attention was immediately focused on the two agents, tacrolimus and mycophenolate 
mofetil (MMF), which were introduced into clinical transplantation in the early 1990s. An 
obvious explanation is the increased net state of immunosuppression exposes the patient to the 
risk of BKV infection. A slightly different (but not mutually exclusive) explanation is that of 
asymmetric predisposition to develop BKVN disease due to use of a particular agent. 

Tacrolimus has been implicated as the drug with the greatest potential to cause BBCV reacti
vation. In a retrospective study by Nickeleit et al,̂ '̂  8 out of 11 (73%) patients with BKVN 
were on tacrolimus. Interestingly, 10/11 patients had suffered a rejection episode in the weeks 
to months prior to the diagnosis of BKVN and the tacrolimus trough levels were frequently 
over 15 ng/ml as part of immunologic rescue protocols. Similarly, 20/22 (91%) of patients 
with BKVN in a study by the Pittsburgh Group received tacrolimus as the primary calcineurin 
inhibitor in use. Again, many patients with BKYN had suffered steroid responsive rejection 
episodes prior to the diagnosis. Similarly, MMF may also play a role. Barri et al reviewed 8 
consecutive patients with BKVN: all 8 were on MMF and 7 out of 8 were on tacrolimus. 
Importandy, 75% of the patients had been treated for rejection while 63% had more than 1 
rejection episode prior to the diagnosis of BKVN. The use of anti-rejection therapy after histo
logical diagnosis of BKV infection was not associated with improvement of renal function 
despite a histological appearance suggestive of acute rejection. A review of BKVN from 1995 
to 1998 at the Duke University Medical Center identified 7 cases of BKVN. It was noted that 
Gil patients were on MMF with cyclosporine and steroids.^^ A role of MMF in this infection 
was thus suggested. Recendy, reports implicating Sirolimus in renal transplant recipients 
have been published as well.^ 

Thus, based on retrospective data, most cases of BKVN have been associated with use either 
tacrolimus or MMF or the combination. It is apparent that many of these patients were treated 
for acute rejection episodes prior to precipitation of BKVN. Based on our paradigm of patho
genesis, this represents the perfect set up for BKVN: an intense milieu of immunosuppression 
and ongoing or recent immunologic injury, providing the "two hits". But these data still do not 
indicate if this is from a high state of immunosuppression alone or if any of these agents or 
combinations may have a predisposing role to play. 

Another observation sheds some light on this issue. In one study, patients diagnosed with 
BKVN and on a dual immunosuppressive regimen (steroid plus FK506, Cyclosporine, sirolimus 
or MMF) had less graft loss and higher viral clearance in comparison to those patients who 
were on triple immunosuppression drugs (steroid plus FK506, Cyclosporine or sirolimus and 
MMF) at the time of diagnosis. This seemed to suggest that the combined immunosuppres
sive effect was perhaps more important than any individual agent. 

BKVN was poorly understood a few years ago. The evolution of clinical protocols at various 
transplant centers to deal with this problem lends some instructive insights into the nature of 
this infection. Initially, many cases of BKVN were histologically confixsed with rejection or 
read as rejection with coexisting BKVN. Therefore, these patients were treated with intensifica
tion of immunosuppression, with disastrous results. BKVN progressed rapidly leading to ad
verse outcomes. Astute clinicians caught on to this and started refraining from intensification 
strategies and reduced immunosuppression instead. '̂ ^ Randhawa et al̂ ^ subsequendy pub
lished outcomes of BKVN based on prompt versus delayed reduction of immunosuppression. 
Fifty percent of the patients whose immunosuppression was not reduced showed a persistendy 
high viral load and 80% had persistent or worsened cytopathic effects on repeat biopsy. Con
versely, early reduction of immunosuppression led to viral clearance in 70% of the patients. 
Thus, even with manifest disease, it seemed that reduction in the net state of immunosuppres
sion provided the only chance to control the disease and stabilize allograft function. Timing 
was a vital factor. Results of immunosuppression decrease were best when this was instituted 
early in the course, as observed above. Another study elaborates this key point: BKVN was 
studied prospectively using protocol biopsies: BKVN was identified in two clinical settings: on 
surveillance biopsies as part of the protocol (when it was not clinically associated with allograft 
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dysfunction), or on a for-cause biopsy when BKVN was causing allograft dysftinction. Patients 
diagnosed when clinically silent (implying early stage disease) responded better to decrease in 
immunosuppression compared to patients who had manifest allograft dysfunction.^^ 

A few assumptions emerge from the foregoing: 
1. BKV infection is a problem of immunocompromised patients. 
2. The net state of immunosuppression impacts the incidence of the disease. 
3. Newer immunosuppressive agents have increased the incidence of the disease either due to 

more potent immunosuppression or an asymmetric predilection of a particular agent(s) to 
cause BKVN. 

4. The disease has a severe course especially if immunosuppression is not decreased. 

Prospective Look at BKVN: Role of Immunosuppression 
Our current understanding of the interplay between immunosuppressive regimens and BKV 

disease were founded on studies oudined above. They are remarkable in the insights they pro
vide into this quite complex problem. However, they do have the disadvantage of being retro
spective in their design. 

To setde the issue of the role these newer and more potent immunosuppressive agents may 
play in asymmetrically predisposing to BKV, we have recendy concluded a prospective, random
ized trial of adiJt renal transplant patients. Patients received either tacrolimus or cyclosporine A 
in addition to other immunosuppression as per our protocol. BKV was detected using a modi
fied light-cycler based real time PCR technique. All patients were screened for the virus in urine 
(those not anuric) and plasma prior to transplant. After transplant, the urine and plasma were 
screened weekly for 16 weeks, then at months 5, 6, 9 and 12. The results of the PCR were 
available in real time allowing for therapeutic interventions. All positive specimens were quanti
fied to establish viral loads in urine and blood. This design allowed us prospectively to follow the 
course of a patient before and after detection of virus replication. Early on in the course of the 
study, we discovered that viremia never occurred without concomitant viruria. In most cases, 
viruria preceded viremia by several weeks. Thus, viruria identified a group of patients at risk for 
viremia. Viremia, however, is the most pivotal feature of BKV infection. Previous observations 
have suggested viremia to be strongly associated with nephropathy. In one study all 9 patients 
with evidence of BKVN on histopathology had positive blood BKV PCR that had turned posi
tive 16-33 weeks prior to clinical declaration of BKVN. ^ Similarly, in another retrospective 
study all 4 patients with histologic evidence of BKVN had positive blood BKV PCRs while none 
of the 16 controls had a positive test (p<0.0001); blood BKV PCR turned positive at a median of 
32 weeks before the diagnosis of BKVN. Interestingly, blood BKV titers decreased after reduc
tion of immunosuppression in 3 of the 4 patients. We therefore believe patients with viremia 
are in imminent danger of developing BKVN. As immunosuppression is a cardinal requirement 
for progression of the infection process, we believed viremia was a significant enough stage to 
take action in this respect: built into the study was a protocol for graduated responses to viremia. 
At the first positive blood PCR, the antimetabolite component of the immunosuppressive regi
men (azathioprine or MMF) was withdrawn. If viremia failed to clear, the calcineurin inhibitor 
was tapered to minimum acceptable levels (typically targeting trough cyclosporine A [CyA] lev
els around 100-200 ng/ml and tacrolimus [FK] levels of 3-5 ng/ml). The obvious aim of this 
approach was to lower immunosuppression at this critical time, allowing for immune surveil
lance to recover enough to stop the infection from progressing. The major risk was of course 
going too far and lowering immunosuppression to an extent to allow breakthrough rejection. 

All patients who developed an unexplained elevation of the serum creatinine underwent a 
kidney biopsy interpreted by a pathologist blinded to the treatment arms. All biopsies were 
evaluated for the BKV with light and electron microscopy as well as immunoperoxidase stain 
employing the mc3 antibody to the large T-antigen of SV40 virus. Additionally, biopsies were 
sent out to an independent pathologist blinded to treatment arms or BKV status. A total of 
200 patients were enrolled. Preliminary results of the first 100 patients shall be discussed here. 
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Figure 2. Calcineurin inhibitor levels in the BK positive and negative patients. 

Of the 100 patients enrolled, 34 were in the CyA arm and 66 in the FK arm. The minimum 
follow-up period was 12 months. Baseline recipient or donor characteristics were not dissimi
lar. BK viruria was detected in 36 (36%) of the patients, 12/34 (35%) in the CyA group and 
24/66 (36%) in die FK group (p = 0.90). Viremia was noted in 11 (11%), with 3/34 (9%) in 
the CyA arm and 8/66 (12%) (P = 0.87). Viruria always preceded viremia. FK or CyA levels 
were not different in the viruric and nonviruric patients early on. Later however, the FK and 
CyA levels of the viruric patients trended down due to the intentional decrease in immunosup
pression in the viremic patients. As the study was not blinded, it is possible that immunosup
pression was reduced in the viruric patients as a result of bias. This is shown in Figure 2. 

Twelve of 36 (33%) viruric patients were on CyA-azathioprine (AZA), 12 on FK-AZA and 
12 on FK- mycophenolate mofetil (MMF). No patient on CyA-MMF developed viruria in this 
cohort of 100 patients. Of the viremic patients, 6/36 were on FK-AZA, 3/36 were on CyA-AZA 
while 2 were on FK-MMF. The impact of immunosuppression subgroup was not statistically 
significant (p = 0.18). Again none of the patients on CyA-MMF developed viremia. The mean 
time of onset of viruria was 54 days post transplantation. Timing of the onset of viruria had an 
important impact on subsequent behavior of the virus: Of all viruric patients, 27/36 (75%) 
demonstrated replication early (within the first 16 weeks after transplantation). Of note, all 11 
patients progressing to viremia activated the virus early. None of the late onset viruric patients 
progressed to viremia. The mean virus titer in the urine for patients with early viruria was 6.56 
± 2.08 log 10 copies /ml compared to 4.17 ± 1.58 log 10 copies /ml for the late viruric patients 
(p = 0.003). Thus, it appears that early and robust replication of BKV signifies a higher likeli
hood of progression to viremia. 

The mean virus titer in the urine of patients who had viremia was significandy higher than 
those demonstrating viruria only (7.59 ± 1.57 vs. 5.42 ± 2.08 log 10 copies/ml, p = 0.003). 
The onset of viruria was also earlier among patients who subsequendy developed viremia (44 ± 
29 days) compared to those who were only viruric (126 ±139 days) (p = 0.06). This again 
underscores the importance of the magnitude of replication on subsequent behavior of the 
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virus: the higher the degree of replication, the higher is the chance of progression. However, a 
high urine titer independently did not predict the risk of viremia. The specificity of even quite 
high urine titers for viremia remained unsatisfactory. This dictates the need for checking a 
blood PCR to stratify risk of BKVN in patients with positive urine PCR. 

Viremia triggered immunosuppression modulation per protocol. All viremic patients cleared 
viremia during the course of the study follow up, with no evidence of BKVN developing in any 
case. This reduction in immunosuppression did not result in an increased rate of rejection: At 
12 months post-transplant, one patient in CyA arm (3%) and two patients in the FK arm (3%) 
had an acute rejection episode (p = ns). Only one patient (in the FK group) suffered a rejection 
direcdy due to protocol driven reduction of immunosuppression. This patient had developed 
viremia and was asked to decrease his FK dose as his viremia persisted despite discontinuing his 
adjuvant agent. He suffered a Banff IB rejection but responded to pulsed steroids and treat
ment with intravenous immunoglobulin. He stabilized on an FK-sirolimus combination with 
a creatinine of 1.8 mg/dl at the end of the study. Another patient was asked to reduce the dose 
of FK because of persistent viremia. He stopped taking immunosuppression altogether and 
suffered a Banff II acute cellular rejection. He was successfully treated with intravenous immu
noglobulin and a steroid pulse. His serum creatinine stabilized at 2.5 mg/dl. Both patients had 
cleared BK-viremia before the rejection episode and remained viremia-free at the end of the 
study. In this particular group of patients, kidney function in the BK positive patients was 
significandy reduced at the end of one year (mean creatinine levels of 1.6 ± 0.4 mg/dl while 
that of BK negative patients was 1.3 ±0.4 mg/dl, p = 0.006). Of note, though, on analysis of 
the full cohort (200 patients), this effect was no longer statistically significant. It therefore 
represents a type II error. 

Graft survival was similar at one year between the two groups (CyA 100% versus FK92%, 
P = NS). No patients suffered graft loss in the CyA arm and 5 patients suffered graft loss in the 
FK arm. Three of the FK-treated graft losses were due to early graft thrombosis, one due to 
noncompliance and one due to death with a functioning graft. 

At one year patient survival was 100% in the CyA arm and 97% in the FK arm, P = NS. 
Two patients in the FK group died; one patient expired from central nervous system 
post-transplant lymphoproliferative disorder (PTLD) at post-operative day 136 and one pa
tient expired at post-operative day 48 due to liver carcinoma. 

Reflections on the Biologic Behavior of the Virus 
Taken together the above observations suggest that the initial site of reactivation is the 

urinary tract and the first manifestation of viral reactivation is asymptomatic excretion of the 
virus in the urine. This is reinforced by the observation that positive urine PCR preceded 
positive blood PCR in all cases. In a few cases, the urine and blood were detected to be positive 
on simultaneously obtained samples. In no case was blood positive prior to demonstrated urine 
positivity. Also, in patients being managed with immunosuppression reduction, the blood al
ways cleared before the urine. 

After reactivation, the virus can potentially take three routes: it can clear spontaneously; 
persist in the urine or progress to viremia as depicted in Figure 3. At lower levels of replication, 
the virus is probably contained by the immune system. It is either completely cleared or persists 
at low levels. As discussed earlier, the cytopathic effect is probably not severe enough and the 
viral load not high enough to effectively breach the urine-blood barrier. At higher levels of 
replication, arguably achieved due to more intense immunosuppression, the barrier is breached 
and viremia occurs. BK viremia thus may serve as a de-facto in-vivo bioassay marker betraying 
a state of over-immunosuppression. Patients with high titer persistent viruria are at prime risk 
to develop viremia. 

Almost all studies have identified viremia as a key feature vis-k-vis diagnosis of BKVN.^^' '̂ 
However, positive blood PCR is not synonymous with BKVN. A variable period of sustained 
viremia is required for BKVN to set in, as observed by Nickeleit et al as well as Limaye et al.̂ ^ 
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Figure 3. Possible outcomes of BKV infection. 

Thus, viremia indicates a high rate of BKV replication and if persistent, a high likelihood of 
progression to BKVN. It is a key bridge that links asymptomatic viruria to BKVN. 

Therefore, viremia indicates the need for action. The risk of BKVN can be averted should 
viremia reverse itself. In practice, this can be achieved by timely modification in the intensity of 
immunosuppression. We have noted a decrease in virus titers in the blood after decrease in 
immunosuppression to a point where the PCR becomes negative. Similar changes are also seen 
in virus titers in the urine. The fact that we did not see any cases of BKVN and that viremia 
resolved in all cases during the course of this study was quite remarkable and underscores the 
effectiveness and safety of careful reduction of immunosuppression to prevent BKVN in pa
tients demonstrating BK viremia. 

Risks of Alteration of Immunosuppression 
Our data support that the best approach for management of BKVN probably is active 

surveillance for reactivation and preemptive decrease in immunosuppression to prevent pro
gression from viremia to disease. The obvious risk associated with this approach is 
under-immunosuppression and risk of rejection. Nickeleit et al have attempted to study the 
relationship of BKV and rejection. Unlike CMV, BKV does not seem to increase acute rejec
tion. However, this issue remains of paramount concern and deserves extreme caution and 
close follows up of patients. In our study population, despite active preemptive reduction of 
immunosuppression after detection of a positive blood BKV PCR, the acute rejection rate 
remained <5%. This study was a short-term study, though. It remains to be seen if there will be 
a higher incidence of chronic rejection in these patients and ultimate long-term outcomes are 
yet to be determined. It must also be kept in mind that our institution uses near universal 
induction with Thymoglobuiin, which serves as a protective umbrella of sorts during various 
immunosuppression modulations. 

Immunosuppression Management for BKV Infection 
The most sensitive marker for BBCV reactivation is viruria. Therefore, urine PCR or other 

reliably sensitive tests like the decoy cell preparation, where available are reasonable methods to 
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Figure 4. Approach to management of BKVN. 

screen for virus reactivation. However, though extremely sensitive, the specificity of positive 
urine PCR (or decoy cell) remains low for viremia as well as BKVN. In most cases, it needs to 
be confirmed with repeat urine tests and ultimately followed up with a blood PCR. Thus, we 
now believe that the best test to screen for BKVN is viremia. This direcdy isolates a group of 
patients at the highest risk of nephropathy in a single step and provides a clear decision point 
for subsequent action. 

1. Once a patient declares viremia it is reasonable to suspend the adjuvant agent. The patient's 
virus titer should be monitored at 2-4 weeks interval. 

2. If viremia fails to clear after one to two months or if allograft dysfunction develops, allograft 
biopsy is recommended before decreasing immunosuppression ftirther. This is important 
to establish histologic abnormalities consistent with BKVN and to exclude rejection. 

3. Further decisions are made in light of histopathologic changes. Following are the possibili
ties, as shown in Figure 4. 

No BKVN Seen 
This defines the preclinical stage of BKV infection where viremia has not yet precipitated 

histologically manifest disease. These patients need to be monitored closely. Quantitative PCR 
can be a useftil tool in this situation. Followed at 2-4 week intervals, another biopsy may be 
prompted should the virus titer increase abruptly or if renal dysfunction precipitates. 

BKVN Is Observed without Concomitant Rejection 
If histologic evidence of BKVN is seen, tapering of the calcineurin inhibitor to lower levels 

is justified given the likelihood of progressive renal dysfiinction and high rates of graft loss 
associated with the disease. '̂ ' 
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BKVN Is Observed with Coexisting Rejection 
This is a very tricky situation. We advocate treating the rejection but avoiding the *big 

guns" Uke monoclonal or polyclonal antibodies. We have had success with steroid pulses 
and/or IVIG in this scenario. As soon as the rejection is stabilized, immunosuppression is 
carefully reduced to allow recovery from the virus infection. Use of cidofovir may be consid
ered in such a situation. 

Our data do not suggest an asymmetric predisposition to develop BKVN with use of 
tacrolimus or MMF independendy. It appears that the intensity of overall immunosuppression 
is a key factor in predisposing to BKVN. The choice of the immunosuppressive agents cur-
rendy used probably does not play a determining role in the development of BK viruria or 
viremia. Rather, each patient appears to be his own "in-vivo bioassay" for determination of 
what could be considered over immunosuppression as manifested by the development of BK 
viruria and progression to viremia. Our findings indicate that active surveillance and preemp
tive reduction in immunosuppression are effective management strategies to deal with BKV in 
renal transplant patients to obviate clinically significant nephropathy. 
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CHAPTER 13 

BK Virus Infection 
after Non-Renal Transplantation 
Martha Pavlakis, Abdolreza Haririan and David K. Klassen 

Abstract 

I nfection with BK virus (BKV), a member of the Polyomavirus (PV) family, is ubiquitous, 
with the virus remaining in a latent form in the kidney and urinary tract. ̂ "̂  This infection 
is usually asymptomatic, but with impairment of the cellular immune system the virus can 

reactivate and lead to tissue damage. In recipients of bone marrow and solid organ transplants, 
PV reactivation can be associated with disease in urinary tract and kidneys. BKV was first 
discovered in 1971 from the urine of a kidney transplant recipient who had developed ureteral 
stenosis 4 months after transplantation. While much of the subsequent research focuses on 
patients afiier renal transplantation, we will review PV impact in patients after bone marrow 
transplant (BMT) and those with non-renal solid organ transplants. 

BKV-BMT-Hemorrhagic Cystitis 
PV primary infection occurs during childhood in 60-100% of general population. Virus is 

likely acquired through a respiratory or oral route. While the primary infection is usually as
ymptomatic, the virus seeds the urinary system and brain and remains in a latent form. ' It is 
not clear if lymphocytes are a site of persistence of the virus, or just a target site of reactivation. 
Extensive experience over the past two decades has shown the prevalence and clinical impor
tance of PV reactivation in patients with bone marrow and solid organ transplantation. 

The first evidence of PV in BMT was reported in 1981, with the detection of BKV in the 
urine of 13 patients, 1 to 6 weeks after transplantation. Appearance of BK viruria was associ
ated with transient hepatic dysfiinction in these BMT recipients. While no direct link to clini
cal disease could be made from this evidence, it represents the first successftil attempt to find 
this virus in BMT recipients. 

BK infection is associated with the condition of hemorrhagic cystitis (HC) in BMT pa
tients. HC results from damage to the bladder urothelium and blood vessels by toxins, irradia
tion, viruses and drugs, such as cyclophosphamide. Recipients of autologous bone marrow 
transplant (BMT) are at a particularly high risk for hemorrhagic cystitis, with an incidence of 
approximately 30 percent. '̂  HC episodes can vary in severity and often prolong hospitaliza
tion, require use of blood products and can result in impairment of bladder and kidney ftmc-
tion. Unlike recipients with kidney transplantation, renal parenchymal involvement associated 
with BKV reactivation has not yet been reported after BMT. Renal dysftmction with BKV-
associated hemorrhagic cystitis (HC) has been attributed to obstructive nephropathy second
ary to clot formation in the bladder. Detection of virus in the urine can be hampered by the use 
of intravesical saline irrigation, a treatment modality for HC. The method of detection of BKV 
in the urine of patients with HC is variable and may be confounded by the presence of viremia 
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and subsequent bleeding into the bladder. Blood containing BKV can contaminate urinary 
specimens and mislead investigators as to its source. 

The first clinical link between BKV reactivation and clinically important events after BMT 
was found in the association between the presence of BKV in the urine (by ELISA and DNA 
hybridization assays) and hemorrhagic cystitis lasting more than 7 days. In this study, excretion 
of BKV in urine was demonstrated in almost half of the patients studied, but occurred more 
frequendy in those with significant hemorrhagic cystitis. Subsequent reports have observed that 
up to 90% of allogenic bone marrow transplant recipients shed BKV in the urine. ̂ ^ Prolonged 
cystitis was observed more commonly in recipients of allogeneic BMT than in those of autolo
gous or syngeneic BMT. Subsequent reports confirmed this finding, using culture and electron 
microscopy to detect the virus. ̂  One group reported a preponderance of microscopic, but not 
gross, hematuria in BMT recipients who were shedding BKV in their urine. ̂ ^ However, other 
studies failed to confirm a temporal association of PV shedding with hemorrhagic cystitis, as in 
some BMT recipients, gross hematuria began prior to the detection of BKV in the urine. 

The most convincing evidence to date of a causal association between BKV in the urine and 
HC in BMT patients was demonstrated by Bedi et al.^^ They studied 95 consecutive BMT 
patients for evidence of BK virus excretion in the urine by PCR. BK virus was found in at least 
one urine specimen of over half of the recipients and 40% had persistent viruria. Viral excre
tion began 2 to 15 weeks after transplantation. All of the recipients with BK viruria post-BMT 
were seropositive prior to transplantation, suggesting reactivation, rather than primary infec
tion, was the source of viral replication. In this study, the incidence of BK viruria was indepen
dent of the marrow source (allogeneic vs. autologous). Fifty percent of the patients with persis
tent BK viruria developed hemorrhagic cystitis, while none of those without viruria experienced 
this complication. This study showed that, despite prophylaxis with mesna or forced diuresis, 
virtually every patient with HC had associated BK viruria. Since HC associated with BK virus 
was often delayed until several weeks following BMT at the time of hematologic recovery and 
discontinuation of immunosuppressive therapy, they suggested that development of HC asso
ciated with BK viral reactivation may require immunocompetent T lymphocytes. 

Other groups have not seen a tight association of BK shedding in the urine after BMT and 
HC.^^-^^In one small study, Azzi et al̂ ^* looked for BK viruria by DNA detection methods in 
52 unselected BMT recipients. While BK viruria was demonstrated before the onset and dur
ing the bleeding episodes in only half the cases of HC, BK viruria was noted in more than three 
fourths of BMT recipients without HC. This suggests that BK viruria is not necessary for HC 
to occur, nor is it always associated with HC. 

The presence of BKV shedding in the urine is not, in of itself, diagnostic of an active 
disease. It is known that immunocompetent individuals can shed BKV in the urine without 
any associated hematuria or other bladder disease. Some groups have noted that quantitation 
of viruria in normal people and in BMT recipients without HC is lower than that seen in BMT 
recipients with HC. Leung et al̂ ^ noted healthy controls had BK viruria in levels comparable 
to BMT recipients without HC. They hypothesized that immunosuppression leads to increased 
BKV reactivation. When the viral replication exceeds a certain level, cytopathic effects of BKV 
contribute to the disruption of bladder mucosa and in hematuria. It is also possible that the 
immunologic response to viral activity leads to more intense cellular damage, and thereby more 
severe hematuria. The difference between clinical syndromes of BK reactivation in bone mar
row transplant recipients as compared to renal transplant recipients may hold a clue as to the 
sequence of events leading to injury. Renal transplantation is associated with varying degrees of 
ischemic injury to the allografted kidney. Although ureteral complications have been reported 
in association with BKV, the most common syndrome in renal allograft patients is an intersti
tial nephritis and viral particles detected by EM in the swollen nuclei of tubular epithelial cells. 
It is possible that this initial ischemic injury to the kidney (and ureter) or injury from an 
alloimmune response is the "first hit" in a series of events leading to tissue injury. The reactiva
tion of BKV in these damaged tissues, facilitated by immunosuppression, could provide a 
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Figure 1. Hematoxylin and eosin staining of this patient s biopsy shows a tubular epithelial cell with 
characteristic cytopathic changes due to PV reactivation (arrow). There is minimal interstitial fibrosis. 

second hit, leading to a clinically apparent injury. In this model, radiation and chemotherapy 
induced damage to the bladder mucosa is the first hit in BMT recipients, who are more likely 
to develop HC if they have BKV reactivation. 

An alternate explanation was forwarded by Akiyama and coworkers, ̂ ^ who studied 45 BMT 
recipients who had developed HC for evidence of adenovirus and BK activity. Based on the 
results of PCR screening of the urine samples, they suggested that increased BK viral shedding 
is secondary to HC, and reported a strong correlation between adenovirus excretion in the 
urine and post-BMT HC. It is possible that disruption in mucosal immunity caused by either 
adenovirus or HC itself, is responsible for BK reactivation. 

Given that BK viruia is not a specific predictor for HC in BMT patients, Priftakis and 
colleagues '̂̂  studied 25 BMT patients with BK viruria and analyzed the presence of a mutation 
in the transcription factor Spl binding site in the non-coding control region of the BKV ge
nome. Sixteen of the 25 patients had HC. They found the mutation was present in 43% of the 
patients with HC, but none in those without HC. The biological significance of this mutation 
is unclear, but they hypothesized that these point mutations increase the binding capacity of the 
transcription factor Spl, that leads to enhanced viral replication and more cytopathic effects. 

There is no proven effective therapy for BKV associated HC in BMT patients. Most cases 
of hemorrhagic cystitis after BMT are usually self-limited, but may persist for several weeks. 
Supportive therapy includes hydration, and bladder irrigation as needed to avoid clot obstruc
tion. There have been few case reports suggesting the beneficial effects of two antiviral agents, 
vidarabine and cidofovir, in patients with BKV-associated HC after BMT. In these case reports, 
HC resolved after anti-viral therapy was given and was associated with disappearance of virus 
from blood.'^^' Others have observed no response to cidofovir.'̂ ^ Despite case reports of re
mission of HC after anti-viral therapy,^ the natural history of HC is one of spontaneous 
remission with supportive therapy so little can be concluded from these cases regarding the role 
of anti-viral therapy in the treatment of BKV associated HC. 

In conclusion, it is clear that reactivation of latent BKV is common in recipients of both 
allogeneic and autologous bone marrow transplants. Hemorrhagic cystitis occurs in up to 50-
GA% of these patients with viral reactivation, and in those with HC, BK viruria can be demon
strated in as many as 56-80% of the cases. Although the majority of the evidence shows a 
strong, likely causal, association between BKV viruria and HC in recipients of BMT, the data 
is very suggestive of a multi-factorial relationship including viral reactivation bladder injury 
and the occurrence of HC. 
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BKV-Non-Renal Solid Organ Transplant 
Non-renal solid organ transplant recipients are at risk of BKV reactivation in the native 

kidney and urinary tract. There is very limited data in heart transplant recipients regarding BK 
viruia. No association with either renal dysfunction or hematuria has been identified in this 
group.̂ ^-^« 

Like renal transplant patients, recipients of a pancreas transplant alone (PTA) can experi
ence BK nephropathy. The first case of BK nephropathy in a PTA patient was confirmed by 
renal biopsy that showed typical cytopathic changes in the renal tubular cells (Fig. 1) along 
with decoy cells in the urine.^^ This report clearly showed that in the absence of allogeneic 
microenvironment of a renal graft, native kidneys in recipients of pancreas transplant alone are 
at risk of BK reactivation and associated parenchymal damage. This same group screened 38 
PTA recipients for evidence of BK viruria by urine cytology. After an average of 16 months 
following transplantation, viruria was detected in four patients. To date, there have been no 
published reports of BKV detection after liver, small bowel or lung transplantation. 

It is clear that BK infection is associated with significant morbidity among BMT patients. 
The role of BK infection in non-renal solid organ transplantation is not as clearly understood 
and may be minimal due to the lack of concomitant renal or uroepithelial injury. Prospective 
studies are needed to answer outstanding questions such as the method and frequency of moni
toring for active infection and its role in affecting recipients of other solid organ transplants. 
Further investigation is needed to clarify the role of BKV in hemorrhagic cystitis after BMT, 
and to develop effective antiviral agents with efficacy in suppressing viral reactivation. The 
limited finding that BKV causes disease in the native kidneys of the recipients of non-renal 
solid organ grafts points to the need for the transplantation and infectious disease communities 
to better characterize the extent of the effects of BKV in non-renal solid organ transplantation 
and to optimize our diagnostic and therapeutic options. 
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CHAPTER 14 

Latent and Productive Polyomavirus 
Infections of Renal Allografts: 
Morphological, Clinical, and Pathophysiological Aspects 

Volker Nickeleit, Harsharan K. Singh and Michael J. Mihatsch 

Abstract 

Polyomavirus allograft nephropathy, also termed BK virus nephropathy (BKN) after the 
main causative agent, the polyoma-BK-virus strain, is a major complication following 
kidney transplantation. BKN is the most common viral infection affecting the renal 

allograft with a reported prevalence of 1% up to 10%. It often leads to chronic allograft 
dysfunction and graft loss. BKN is most likely caused by the reactivation of latent BK viruses 
which, under sustained and intensive immunosuppression, enter a replicative/productive cycle. 
Viral disease, i.e., BKN, is typically limited to the kidney transplant. It is histologically defined 
by the presence of intranuclear viral inclusion bodies in epithelial cells and severe tubular in
jury. Virally induced tubular damage is the morphological correlate for allograft dysfunction. 
In this chapter, different variants of polyomavirus intranuclear inclusion bodies [types 1 through 
4] and adjunct techniques [immunohistochemistry, in-situ hybridization, electron microscopy 
and polymerase chain reaction (PCR)] that are used for proper characterization of disease are 
described. Special emphasis is placed on the cUnical and pathophysiological significance of 
different histological stages of BKN. 

Introduction 
General aspects of polyomaviruses and polyomavirus infections are discussed in detail else

where in this book. Here, we will focus primarily on the morphology and clinicopathological 
aspects of polyomavirus associated allograft nephropathy which we will refer to as "BK virus 
nephropathy* (BKN) since kidney disease is nearly always caused by a productive infection 
with the polyomavirus-BK-strain. A minority of cases (approximately one third) show 
coactivation of BK- and JC-viruses simultaneously with, as yet, undetermined biological sig
nificance. ' Polyomavirus nephropathies that are only caused by a productive JC virus infec
tion or by the coactivation of BK and SV40 viruses are exceptionally rare and do not seem to be 
clinically significant.^' In severely immunocompromised nontransplant patients, BK viruses 
can also enter into a productive/replicative cycle in native kidneys and demonstrate histological 
changes identical to those found in renal allografts.^' 

BKN affecting a kidney transplant was first described as a single case report by the patholo
gist Mackenzie in 1978. In subsequent years however, during the era of cyclosporine and 
azathioprine based immunosuppression, BKN was largely 'forgotten .̂ '̂  The clinical scenario 
changed dramatically in the mid 1990s when new third generation immunosuppressive drugs, 
specifically, high dose tacrolimus and mycophenolate-mofetil were introduced into the routine 
management of kidney transplant recipients in many centers worldwide.^'^'^ Interestingly, one 
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of the largest initial series of patients suffering from BKN was reported from the University of 
Pittsburgh which was one of the first transplant centers that had largely replaced cyclosporine 
with tacrolimus. Risk factors for BKN, however, are still not fully understood, and "high 
dose immunosuppression" with new drugs is likely only one component in a multi-factorial 
risk profile promoting viral disease.^ ' Currently BKN is reported with a prevalence of 1% 
up to 10% with rising incidence rates. ' BKN is by far the most important infectious 
complication affecting kidney transplants. It exceeds productive CMV infections of renal al
lografts by approximately 20 - 30 times. Since effective anti-viral treatment strategies are poorly 
defined, BKN often leads to severe allograft dysfunction and graft loss.^'^'^^'^^^^'^^'^^ Graft 
failure rates, especially when BKN is diagnosed late or treatment strategies fail, can reach 50% 
to 100% within 24 months following the initial diagnosis. ̂ '̂̂ '̂̂  Improved graft survival has 
recently been reported from centers with vigorous patient screening programs which facilitate 
an early diagnosis of BKN and better outcome.^ ,0,27-29 

BKN in renal allograft recipients is typically limited to the transplanted kidney. Depending 
on the extent of vitally induced tubular injury, patients clinically present with varying degrees 
of allograft dysfunction. Serum creatinine levels vary from normal (BKN stage A) to markedly 
increased (BKN stages B and C).^ '̂ '̂̂ ^ The native kidneys are free of disease and systemic 
signs of an infection (fatigue, fever) are generally absent. BK-virus associated hemorrhagic 
cystitis, often seen after bone marrow transplantation, is not found in the setting of BKN in 
renal allograft recipients. Early observations linking productive infections of BK viruses with 
ureteral stenosis could not be confirmed in recent reports. ' A definitive diagnosis of 
BKN requires a kidney biopsy and the detection of characteristic histologic changes. 

Morphologic Characterization of BK Virus Allograft 
Nephropathy (BKN) 

Histology 
Two morphologic features define BKN: (i) intranuclear viral inclusion bodies in epithelial 

cells, and (ii) vitally induced tubular epithelial cell injury and necrosis (Fig. 1).9.10.13-15,23 BK 
viruses use the proliferative "machinery" of the host cells for replication. The formation of 
intranuclear viral inclusion bodies in tubular epithelial cells and glomerular parietal epithelial 
cells is a characteristic histologic sign of a productive polyomavirus infection, i.e., BKN. Four 
distinct variants of viral intranuclear inclusion bodies as well as "hybrid forms" exist which can 
often be seen side by side (Fig. 2 A-D): type I (the most frequent form; Fig. 2A)—an amor
phous basophilic ground-glass inclusion body; type 2 (Fig. 2B)—a central, eosinophilic, granu
lar type surrounded by a (mostly incomplete) clear halo; type 3 (Fig. 2C)—an eosinophilic 
finely granular form without a halo; and type 4 (Fig. 2D)—a vesicular variant with clumped, 
irregular chromatin and occasional nucleoli (also see Chapter 13: "Urine cytology findings of 
polyomavirus infections"). It is currently undetermined whether the different phenotypes of 
inclusion bodies represent various stages of intranuclear viral replication and maturation and/ 
or potential fixation artifacts. A productive infection with polyomaviruses does not induce 
cytoplasmic inclusion bodies. Ultimately, the intranuclear viral replication and assembly result 
in lysis of the host cell and the release of mature daughter virions. 

Most important are changes in the tubules since vitally induced tubular epithelial cell in
jury and necrosis with denudation of basement membranes are the morphologic correlates for 
graft dysfunction (Fig. 3).^'^ '̂ '̂'̂ ^ Of special note: despite marked virally induced epithelial 
cell damage, the tubular basement membranes remain intact (Fig. 3). They can serve as the 
structural skeleton for tubular regeneration and healing once the viral replication ceases. There
fore, BKN, especially stages A and B, can heal with morphologic and functional restitution. 

BKN typically involves renal tubules and collecting ducts in a focal fashion. Often, severely 
injured tubules containing many inclusion bearing epithelial cells are located adjacent to nor
mal tubules. This observation likely reflects the ascending route of viral spread within "in
fected" nephrons. 
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Figure 1. This is the characteristic picture of florid BKN (pattern B). Intranuclear viral inclusion bodies are 
seen within some of the tubular epithelial cells (arrows). One tubule demonstrates severe epithelial cell 
necrosis (arrowheads) and denudation of the tubular basement membrane. The interstitial compartment 
shows edema and scattered inflammatory cell infiltrates. Periodic Acid Schiff (PAS) stained section, xl25 
original magnification. 

Figure 2. Different types of intranuclear polyomavirus inclusion bodies: A) Type 1. An amorphous baso
philic ground glass variant (the most common form). B) Type 2. An eosinophilic variant surrounded by an 
incomplete halo (arrow). C) Type 3. A finely granular variant. D) Type 4. A vesicular variant with clumped 
chromatin and discernible nucleoli. PAS stained sections, x 400 original magnification. 
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Occasionally, inclusion bodies are observed in die parietal epidielial cell layer lining Bowman's 
capsule and in small "pseudo-crescents". Signs of polyomavirus replication are characteristi
cally absent in stromal, mesangial, endothelial, and inflammatory cells as well as in podocytes. 
Viral inclusion bodies can sometimes be detected in the transitional cell layer lining the renal 
pelvis, the ureters and/or the urinary bladder. They are, however, not part of the strict histo
logical features defining BKN (see Chapter 15: "Urine cytology findings of polyomavirus in
fections"). 

Ultrastructural Features 
BK viruses are likely initially (re)activated within intrarenal or urothelial foci of latent infec

tions. Dormant viruses can enter into a replicative and lytic cycle and subsequently spread by 
receptor mediated mechanisms from cell to cell via an ascending route. Virions attach to the 
apical surface of tubular epithelial cells in large numbers, but only relatively few seem to ulti
mately invade permissive target cells. Viruses enter tubular cells in small noncoated vesicles/ 
caveolae which fuse with a network of membrane bound tubules and cisternae including the 
endoplasmic reticulum and the Golgi apparatus (Figs. 4 and 5). BK viruses travel through these 
intracytoplasmic tubules and presumably reach the nucleus through perinuclear cisternae and 
nuclear pores. Viral replication and assembly as well as the expression of the polyomavirus large 
T antigen take place in the host cell nucleus. During the final phase of intranuclear viral repli
cation, mature daughter virions are densely packed and often arranged in crystalloid arrays 
surrounded by a rim of chromatin. This is the ultrastructural correlate for the histologically 
observed intranuclear viral inclusion bodies. Ultimately, host cells are lysed and large numbers 
of mature viral particles are released (Fig. 6).^^ 

Ancillary Diagnostic Techniques 
Although the histologic changes are characteristic for BKN, they are not pathognomonic 

since other viral infections caused by Herpes Simplex Virus, Adenovirus or Cytomegalovirus 
must be considered in the differential diagnosis. '̂̂ '̂̂ ^ Diagnostic confirmation of BKN is 
generally achieved by immunohistochemistry, in-situ hybridization and/or electron micros
copy. These techniques are well suited to identify viral families if a productive viral infection is 
already suspected by light microscopy. However, their routine diagnostic use as generalized 
screening tools to "hunt" for a productive polyomavirus infection is neither helpful nor cost 
effective.̂ '̂ ^ 

The majority of intranuclear viral inclusion bodies in cases of BKN render a positive stain
ing reaction with an antibody that detects the simian virus "SV-40 T antigen" which is com
mon to all known polyomavirus strains pathogenic in humans (i.e., BK-, JC- and SV-40 strains) 
(Fig. 7)} '̂ '̂̂ ^ Because the large T antigen is only expressed in abundancy during the early 
stages of intranuclear viral replication, some inclusion bearing cells representing late phases of 
virus assembly can be "SV-40 T antigen" negative. On the other hand, the expression of the 
SV-40 T antigen can precede the formation of intranuclear viral inclusion bodies and, conse
quently, a positive staining reaction may be detected in histologically normal nuclei. 

In order to render the diagnosis of BKN it is clinically sufFicient to document "SV-40 T 
positivity" since BK viruses are the causative agents in practically all cases. '̂̂ '̂ Additionally, 
BK virus specific antibodies are also available.^ (See refs. 14 and 23 for details on antibodies 
and staining protocols.) 

Ultrastructurally, all polyomaviruses present as viral particles measuring between 30 and 50 
nanometers in diameter, occasionally forming crystalloid structures (Figs. 4-6). Electron mi
croscopy is not suited to distinguish between different strains of polyomaviruses. PCR tech
niques may be utilized to demonstrate viral DNA in tissue samples and to confirm the diagno
sis of BKN.^ However, PCR results must be interpreted with great caution. Only strong 
amplification signals of BK virus DNA in the setting of histologically demonstrable intra
nuclear viral inclusion bodies can be used to confirm the diagnosis of BKN and to distinguish 
clinically significant productive from clinically insignificant latent BK virus infections. 
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Figure 3. Florid BKN (pattern B) with severe vitally induced tubulat injury. Tubular epithelial cells are 
necrotic (asterisks) and the tubular lumen is filled with debris. The tubular basement membrane is com
pletely denuded of the epithelial cell layer, however, it remains structurally intact (arrowheads). The inter-
stitium shows edema and inflammatory cells. PAS stained section, x 250 original magnification. 

Figure 4. Electron microscopy. A cluster of polyomaviruses is seen in an infolding of the apical plasma 
membrane of a tubular epithelial cell (arrow). This finding represents the earliest step of viral entry into a 
cell. BK viruses enter permissive host cells via endocytosis in noncoated vesicles/caveolae, x 8000 original 
magnification. 
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Figure 5. Electron microscopy. Virions are seen within the tubular epithelial cell cytoplasm (arrow) but not 
in the nucleus (arrowhead). The overall architecture of the cell is unaltered. This finding represents the 
passage of virions through the cytoplasm to the nucleus where viral replication takes place. Asterisk: tubular 
basement membrane, x 5000 original magnification. 

Figure 6. Electron microscopy. Lysis and destruction of a host cell after the completion of viral replication. 
Mature daughter virions (arranged in crystalloid arrays, arrowheads) are released into a tubular lumen. 
Asterisk: cellular debris. Figure 6 represents the ultrastructural correlate of the light microscopic findings 
illustrated in Figure 3, x 3000 original magnification. 
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Figure 7. Immunohistochemistry. BKN (pattern A) with focal nuclear staining of tubular epithelial cells 
(brown staining reaction). Only scattered nephrons are involved. The tubular and interstitial architecture 
is normal. Formalin fixed and paraffin embedded tissue section, antibody directed against the SV-40 T 
antigen, x 60 original magnification. 

Histologic Stages/Patterns of BKN 
BKN can present with different histologic patterns and progress through various 

stages.̂ '̂ "̂ '̂ '̂̂ '̂ '̂ ^ Three patterns have recently been defined at the "Polyomavirus Allograft 
Nephropathy Consensus Conference'* (Basel, Switzerland, October 2003, in press*). They are 
listed here with slight modifications: (1) Pattern A (limited/early stage) (Figs. 7 and 8): Signs of 
viral replication in less than 25% of cortical and medullary tubular cross sections with only 
minimal evidence of epithelial cell necrosis and no denudation of tubular basement mem
branes. Interstitial inflammation, fibrosis and tubular atrophy are inconspicuous. Changes 

Figure 8. BKN (pattern A; early stage). Only few tubular epithelial cells show intranuclear viral inclusion 
bodies (arrows). The tubular and interstitial architecture is unaltered. Hematoxylin and Eosin (H&E) 
stained section, x 80 original magnification. 

* The manuscript has been accepted for publication: Hirsch HH, Brennan DC, Drachenberg CB et al. 
Polyomavirus-associated nephropathy in renal transplantation: Interdisciplinary analyses and recommen
dations. Transplantation 2005, in press. 
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Figure 9. BKN (pattern B; florid stage). Signs of viral replication with intranuclear inclusion bodies (arrow) 
are associated with tubular injury. The interstitial compartment shows a diffuse predominately lymphocytic 
infiltrate. Asterisk: normal glomerulus. PAS stained section, x 60 original magnification. 

classified as pattern A are frequently most pronounced in the renal medulla. (2) Pattern B 
(florid, fully developed stage) (Figs. 1, 3 and 9): Signs of viral replication in more than 10% of 
cortical and medullary tubular cross sections with conspicuous epithelial cell necrosis, denuda
tion of tubular basement membranes, and interstitial edema. Inflammation, often rich in plasma 
cells and polymorphonuclear leukocytes, is common, whereas interstitial fibrosis and tubular 
atrophy are minimal. Changes classified as pattern B can be found in the renal cortex and 
medulla. (3) Pattern C (late, sclerosing phase) (Fig. 10): Signs of viral replication in generally 
less than 2 5 % of cortical and medullary tubular cross sections associated with tubular epithelial 
cell injury. Interstitial inflammation can vary from minimal to marked. Interstitial fibrosis and 

Figure 10. BKN (pattern C; late, sclerosing stage). The late, sclerosing phase of BKN is characterized by 
tubular atrophy and diffuse interstitial fibrosis (blue staining reaction) .Viral inclusion bodies are noted in 
some mbular cells (arrows). Interstitial inflammation is inconspicuous. Asterisk: normal glomerulus. Trichrome 
stained section, x 80 original magnification. 
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tubular atrophy are typically seen in greater than 25% of the tissue sample. Changes classified 
as pattern C are frequently most pronounced in the renal cortex. 

Pattern A represents the earliest stage of BKN with only scattered intranuclear viral inclu
sion bodies likely located in reactivated foci of latent BK virus infections. BKN-stage A, in 
contrast to stages B and C, responds to therapy more frequently with favorable graft survival 
and cessation of viral replication in up to 50% of patients. '^^''^'^'^^ Since tubular injury in 
pattern A is very limited (often confined to the renal medulla), graft function typically remains 
stable, and the optimal timing of a diagnostic graft biopsy, which is generally triggered by 
allograft dysfunction, becomes a clinical challenge (see Chapter 15: "Urine cytology findings of 
polyomavirus infections"). BKN- stage A can progress to stages B and C if productive viral 
replication spreads and persists over weeks to months. In one series, progression was observed 
in 70% of follow-up graft biopsies.^^ The therapeutic goal of BKN in stages A and B is to limit 
viral replication and tubular injury, to promote tubular epithelial cell regeneration, and to 
prevent disease progression to pattern C with irreversible interstitial fibrosis and tubular atro
phy. BKN-stage C is typically associated with severe allograft dysfunction or graft loss.̂ '̂ '̂̂ ^ 

BKN patterns A-C are associated with varying degrees of interstitial inflammation. The 
inflammatory cell infiltrate, especially in pattern B, can represent "vitally induced" interstitial 
nephritis with polymorphonuclear leukocytes located adjacent to severely injured tubules, plasma 
cells, and plasma cell tubulitis.^'^ '"̂ '̂̂ ^ In some cases, mononuclear cell infiltrates rich in lym
phocytes and a lymphocytic tubulitis can be found representing BKN and concurrent acute 
allograft rejection. The diagnosis of acute rejection and BKN is challenging. It can be facili
tated by the detection of transplant endarteritis, transplant glomerulitis, as well as the tubular 
expression of MHC-class II (HLA-DR) and/or the deposition of the complement degradation 
product C4d along peritubular capillaries. '̂ '̂'̂ '̂̂ '̂'̂ '̂̂ '̂ The immunohistochemical 
phenotyping of the inflammatory cells in BKN has shown plasma cell (CD 138) as well as B 
(CD20) or T cell (CD3) dominant infiltrates with currently undetermined pathophysiological 
significance. ^' ^ 

Latent BK Virus Infections 
Surprisingly little is known about latent infections with polyomaviruses in normal organ 

systems including the kidneys, ureters, and the bladder. Chesters' and colleagues studied latent 
BK and JC infections by the Southern blot technique more than 20 years ago. They found 
dormant BK viruses in a focal distribution pattern in 33% of kidneys and dormant JC viruses 
in 10% with viral load levels of up to 5 BK virus copies and up to 40 JC virus copies per cell. 
These early studies are very informative since they clearly indicate that only a subgroup of 
kidneys harbor latent BK virus. 

In order to study latent BK-virus infections in a systematic fashion we analyzed kidneys, 
ureters, bladders and plasma samples from 40 nontransplant patients at time of autopsy with 
quantitative PCR techniques. Plasma BK virus antibody titers were assessed with the hemag
glutination inhibition assay. Dormant BK virus infections were found in 58% of patients 
and 14% of kidneys. Typically, especially in the bladder and ureters, latent viral load levels 
were low (less than 100 BK copies per 25,000 cell equivalents). High viral loads (more than 
100 BK virus copies per 25,000 cell equivalents) were only sporadically detected in 5% of 
the kidneys in a focal distribution pattern in the cortex and medulla. Latent BK virus infec
tions were not associated with morphological changes, i.e., intranuclear viral inclusion bod
ies were absent, and immunohistochemical incubations to detect the SV-40 T antigen were 
unrevealing. No BK virus DNA was found in plasma samples. 97% of patients had positive 
BK virus antibody titers greater than 1:128. The antibody titers did not mirror latent intrarenal 
BK virus load levels. 

Presumably, a productive infection with BK viruses starts within intra-parenchymal foci 
of "high" latent BK virus loads when the right window of opportunity is provided. Thus, 
donor kidney organs carrying a high load of dormant BK virus may be at increased risk for 
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the development of BKN post transplantation.^^' Morphologic changes of a productive in
fection become apparent once viral replication exceeds certain—currently undetermined— 
intranuclear viral load levels.When viral replication enters into the lytic cycle with necrosis of 
tubular epithelial cells, viral particles gain access to the blood stream via peritubular capillaries, 
and BK virus DNA becomes detectable in the plasma - the typical presentation of BKN. 
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Abstract 

Polyomaviruses of the BK- and JC-strains often remain latent within the transitional cell 
layer of the bladder, ureters and the renal pelvis as well as in tubular epithelial cells of the 
kidney. Slight changes in the immune status and/or an immunocompromised condition 

can lead to the (re) activation of latent polyomaviruses, especially along the transitional cell 
layer, resulting in the shedding of viral particles and infected cells into the urine. A morpho
logic sign of the (re) activation of polyomaviruses is the detection of typical intranuclear viral 
inclusion bearing epithelial cells, so-called "decoy cells", in the urine. Decoy cells often contain 
polyoma-BK-viruses. The inclusion bearing cells are easily identified and quantifiable in rou
tine Papanicolaou stained urine cytology specimens. With some experience, decoy cells can 
also be detected in the unstained urinary sediment by phase contrast microscopy. Different 
morphologic variants of decoy cells (types 1 through 4) are described and ancillary techniques 
(immunohistochemistry, electron microscopy (EM), and fluorescence-in-situ-hybridization 
(FISH)) for proper identification and characterization are discussed. Special emphasis is placed 
on the clinical significance of the detection of decoy cells as a parameter to assess the risk for 
disease, i.e., polyoma-BK-virus nephropathy (BKN) in kidney transplant recipients. The sensi
tivity and specificity of decoy cells for diagnosing BKN is 99% and 95%, respectively, the 
positive predictive value varies between 27% and more than 90%, and the negative predictive 
value is 99%. The detection of decoy cells is compared to other techniques applicable to assess 
the activation of polyomaviruses in the urine (polymerase chain reaction (PCR) and EM). 

Introduction 
General aspects of polyomaviruses are discussed in detail elsewhere in this handbook. Here, 

it is important to emphasize that polyomaviruses are often not cleared from the body after the 
primary infection. Rather, it is assumed that primary viral entry into the host, often via an 
upper respiratory infection, results in transient viremia and viral spread to permissive tissues, in 
particular, to transitional cells and renal tubular epithelial cells. Polyomaviruses can establish 
life-long latency under normal cellular and humoral immuno-surveillance.^ Latent 
polyomavirus infections cannot be identified histologically or immunohistochemically but rather 
require the use of molecular techniques for detection (Southern blot or PCR analyses). ' Dis
ease caused by (latent) polyomaviruses is typically not seen in the immunocompetent host. 
However, even slight changes in the immune surveillance can result in transient, asymptomatic 
and self-limiting activation of latent polyomaviruses in healthy individuals. Since the urothelium 
is a common site of viral latency, reactivation of polyomaviruses often occurs in the transitional 
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cell layer. Such viral (re) activation is characterized by the shedding of viral particles and viral 
inclusion bearing epithelial cells (so-called "decoy cells") into the urine. Indeed, the first strain 
of human polyomaviruses was isolated from the urine in 1971 and named "BK-polyomavirus" 
strain afi:er the initials of the patient. Based on the detection of decoy cells in the urine, 
transient and asymptomatic reactivation of polyomaviruses can be seen in 0.5-0.6% of all urine 
cytology specimens.^'^ A high prevalence of decoy cell shedding is found in pregnant women 
(3%), patients suffering from cancer (13%), and diabetes mellitus (3%), as well as in healthy 
renal allograft (23%) and pancreas transplant (11%) recipients.^'^^ Decoy cell shedding has 
also been reported after heart transplantation. Polyomavirus (re)activation and the shedding 
of decoy cells are generally not associated with kidney dysfunction, i.e., a rise in serum creati
nine levels, or other renal abnormalities.^'^^ 

In contrast, in severely immunocompromised patients, polyomaviruses can cause manifest 
disease. With the advent of new, highly potent immunosuppressive drug regimens introduced 
into the management of renal transplant recipients, the activation and replication of 
polyomaviruses of the BK-strain in renal tubules of the allograft, i.e., polyoma-BK-virus al
lograft nephropathy (BKN), has gained great clinical significance. BKN is characteristically 
associated with signs of viral activation, i.e., the shedding of decoy cells. Decoy cells contain 
mosdy BK-virus antigens. Thus, in renal allograft recipients, the examination of urine cytology 
specimens and the search for polyomavirus inclusion bearing cells can be used as a clinical tool 
to assess the (re)activation of latent polyomaviruses and the risk for BKN {vide intra). In bone 
marrow transplant recipients, massive replication of BK-virus in the bladder mucosa and the 
shedding of decoy cells are associated with a hemorrhagic cystitis several weeks post grafting. 
However, BKN is not seen after bone marrow transplantation. A productive infection with the 
polyoma-JC-virus strain in the brain (i.e., in oligodendrocytes) of Acquired Immune Defi
ciency syndrome (AIDS) patients can cause "progressive multifocal leukoencephalopathy" which 
is generally not associated with renal or urinary abnormalities. 

In the following paragraphs, we will characterize polyomavirus inclusion bearing "decoy-cells". 
We will emphasize the clinical significance of decoy cells for assessing the risk of BKN in 
kidney transplant recipients. The morphological detection of decoy cells will be compared with 
other ancillary techniques, such as PCR analyses, electron microscopy, and FISH analyses. 

Polyomavirus Inclusion Bearing ^^Decoŷ ' Cells 
Beginning in 1945, George Papanicolaou stressed the usefulness of urine cytology examina

tion and the "Papanicolaou stain * for the diagnostic evaluation of cellular elements in voided 
urine specimens. This technique rapidly gained worldwide acceptance since it provided an 
easy, reliable, and inexpensive clinical tool. Approximately forty years ago, Koss and colleagues 
described polyomavirus inclusion bearing cells for the first time in urine cytology specimens. 
They coined the term "decoy cells" to alert pathologists not to misdiagnose viral inclusion 
bearing cells as malignant cancer cells. 

Decoy-Cells, Morphology and Characterization 
The name "decoy cell" is a descriptive term for epithelial cells with intranuclear viral inclu

sion bodies that can have different phenotypes (types 1-4) depending upon the state of viral 
replication and maturation as well as the state of cellular preservation. The order in which the 
various phenotypes may occur during intranuclear viral assembly is unclear. Hybrid forms repre
senting transitions between the different phenotypes are frequendy found in the same specimen. 
Most common are classic decoy cells characterized by large, homogenous, amorphous ground-glass 
like intranuclear inclusion bodies and a condensed rim of chromatin (type 1) (Fig. 1). Some
times, decoy cells reveal graniJar intranuclear inclusions surrounded by a clear halo, i.e., cytome
galovirus (CMV)-like (type 2) (Fig. 2). Occasionally, multinucleated decoy cells with granular 
chromatin are detected (type 3) (Fig. 3). Type 4 decoy cells show vesicular nuclei, often with 
clumped chromatin and nucleoli (Fig. 4). Koss called these latter inclusions the "empty 
post-inclusion stage".^^ Types 3 and 4 decoy cells are especially prone to misinterpretation as 
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Figure 1. Urine cytology specimen with classical decoy cells (type 1) showing homogenous, amorphous, 
ground-glass like intranuclear inclusion bodies (arrows) in the central portion of the nuclei (N). A small 
condensed rim of chromatin is still visible under the nuclear membranes. Note: The cell on the right shows 
an eccentric "comet-like" cytoplasm (C). Papanicolaou stained preparations, 400 x original magnification. 

Figure 2. Type 2, "CMV-like" decoy cells showing central, intranuclear viral inclusion bodies surrounded 
by irregular and incomplete (intranuclear) halos (arrows). The nuclear membranes are easily discernible. 
The cell on the left reveals a "comet-like" cytoplasm. Papanicolaou stained preparations, 400 x original 
magnification. 

"cancer cells". Although the nuclear features are most characteristic, many decoy cells addition
ally show a typical eccentric cytoplasm resembling the tail of a comet (termed "comet cells" by 
some, Figs. 1 and 2). 

Decoy cells mostly contain polyomaviruses of the BK strain or less commonly of the J C 
strain. Rarely, also adenoviruses may be found (Table 1). Immunohistochemical and 
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Figure 3. Type 3 decoy cells showing a granular chromatin pattern and multinucleation (N), cytoplasm (C). 
Papanicolaou stained preparations, 400 x original magnification. 

electron microscopical analyses can easily be used to verify the presence of viruses and to iden
tify the virus families. In general, most types 1 through 4 intranuclear inclusion bodies in decoy 
cells give a positive staining reaction with a commercially available antibody detecting the 
simian virus "SV-40 T antigen" which is common to all known polyomavirus strains patho
genic in humans (i.e., BK-, JC-, SV-40 strains, (Fig. 5); see appendix for staining protocols).^'^^ 
Of note: since the large T antigen is only expressed in abundancy during the early phases of 
viral replication, decoy cells with late stages of polyomavirus assembly may be "T antigen" 
negative. Using BK-virus specific antibodies or PCR techniques, most decoy cells contain 
polyoma-BK-virus particles. Immunohistochemistry can also help to identify adenovirus con
taining decoy cells. Electron microscopy is well suited to detect polyomaviruses and adenoviruses 
based on their characteristic size of 40-50 nm and 80 nm, respectively (Fig. 6). Ultra structural 
analysis, however, is not suited to distinguish between different polyoma- or adenovirus strains. 

Figure 4. Type 4 decoy cells with vesicular nuclei and a distinct network of coarsely granular and clumped 
chromatin. Papanicolaou stained preparations, 400 x original magnification. 
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Table 1. Cytological changes induced by the most common viral infections observed 
in urine cytology specimens 

Virus Cytological Features 

Decoy Cells 
Polyomaviruses Type 1: Classic decoy cells show large, amorphous ground-glass like 

intranuclear viral inclusion bodies and a condensed rim of chromatin 
Type 2: Granular intranuclear inclusion bodies surrounded by a clear 
halo, i.e., CMV-like 
Type 3: Decoy cells with granular chromatin and no halo; 
sometimes multinucleated 
Type 4: Vesicular nuclei with a distinct network of often coarsely 
clumped chromatin; nucleoli can be found 

Decoy Cells 
Adenoviruses Nuclear features are identical to those seen with polyomaviruses; 

type 1 decoy cells are most common 
Herpes simplex virus Large multi-nucleated cells with nuclear molding, well defined nuclear 

inclusions of the ground-glass type (Cowdry A). 
Cytomegalovirus Large cells containing prominent intranuclear viral inclusion bodies 

surrounded by clear halos ("owl's eye'' appearance). Additionally: 
eosinophilic cytoplasmic viral inclusion bodies can be found. Ground 
glass appearance of nuclear inclusion bodies is uncommon. 

Although productive infections with cytomegalovirus, herpes simplex virus or human 
papillomavirus can show nuclear abnormalities including viral inclusion bodies, typical "decoy 
cells" as described above are generally not found in the urine in these infections (Table 1). 

Decoy-Cells, Origin 
The origin of decoy cells cannot be easily discerned based on morphologic grounds. It 

seems likely to us that they would commonly originate from the urothelium, in particular, in 
healthy and asymptomatic patients (Fig. 7a).^'^ This assumption is based on the observation 
that the urothelium often harbors latent BK-virus infections (approximately 50% of individu
als, personal observation). The replication of polyomaviruses is most pronounced in the super
ficial transitional cell layer, i.e., in umbrella cells, which can easily be shed. As mentioned 
above, decoy cell shedding is often asymptomatic and renal function remains unaltered. 
Polyomavirus inclusion bearing cells are never seen in native kidneys of immune competent 
patients further arguing for an extra (renal) parenchymal origin of decoy cells found in the 
urine of healthy individuals. 

In contrast, in immunocompromised patients BKN is characterized by intra-renal replica
tion of BK viruses and kidney dysfunction. The morphological signs of viral replication in 
renal tubular epithelial cells in cases of BKN are very similar to those seen in transitional cells 
and decoy cells (see Chapter 14: "Latent and Productive Polyomavirus Infections of Renal 
Allografts: Morphological, Clinical and Pathophysiological Aspects"). Thus, in cases of BKN, 
decoy cells likely also originate from the renal parenchyma. ' It is tempting to speculate that 
BKN may be caused by an ascending route of infection with spreading of polyomavirus repli
cation from transitional cells to collecting ducts and proximal tubular epithelial cells in some 
patients in whom risk factors provide the right window of opportunity (Fig. 7b,c).^ However, 
this hypopthesis has not yet been proven. 
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Figure 5. Immunohistochemical incubation to detect the SV-40T antigen (which is common to the SV40-, 
BK- and JC-polyomavirus strains). Typically, decoy cells show a distinct nuclear staining pattern (arrows). 
Urine cytology specimen, 200 x original magnification. N = nucleus, C = cytoplasm. 
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Figure 6. Electron microscopical image of decoy cells. The intranuclear viral inclusion bodies observed by 
light microscopy are ultrstructurally composed of densely packed viral particles (asterisk, arrows) with a 
diameter of approximately 40 nanometers. This is the typical size of viruses belonging to the "polyomavirus 
family". Occasionally, polyomaviruses are arranged in crystalloid arrays (image on the right, arrows). Note: 
In rare cases decoy cells can contain adenovirus particles which can easily be identified by electron micros
copy based on their large size of approximately 80 nanometers in diameter. 
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Figure 7. Intranuclear viral inclusion bodies are illustrated as large blue "dots", a) Transient and asymptom
atic (re) activation of polyomaviruses with shedding of decoy cells in healthy individuals without BKN. The 
replication of polyomaviruses is likely limited to the urothelium/transitional cell layer from where decoy 
cells presumably originate; renal tubules as well as collecting ducts are normal and renal function remains 
unaltered. b,c) In patients with BKN—potentially due to an ascending route of infection—^signs of viral 
replication are found in transitional cells and characteristically in renal tubular epithelial cells often resulting 
in kidney dysfunction. In BKN, decoy cells originate from the renal tubular compartment as well as from 
the urothelium. c) Cross section through a renal tubule in BKN. Lysis of tubular cells secondary to the 
replication of polyomaviruses releases viral particles into tubules with denuded basement membranes. Due 
to urine back-flow into the interstitial compartment polyomavirus particles gain access to the blood stream 
via the peritubular capillaries. Consequendy, PCR analyses to detect viral DNA in the plasma are useftil 
adjunct tools for diagnosing and managing BKN. (The figure is reproduced with permission from reference 
7: Nephrol Dial Transplant 2000; 15:324-332; copyright release by Oxford University Press). 

Decoy-Cells versus Malignant Tumor Cells 
One of the most important challenges, already stressed by Koss and his colleagues, is to 

properly identify decoy cells and to avoid their misinterpretation as "malignant tumor cells". ̂ ^ 
Sound knowledge of the various phenotypes of viral inclusion bodies and the utilization of 
immunohistochemical and electron microscopic analyses should generally lead to their proper 
identification. In cases of polyomavirus activation and replication, the evaluation of "atypical 
cells" with proliferation markers or by D N A image cytometry can be misleading. Polyomaviruses 
require the "machinery" of the host cells for viral amplification. Thus, immunohistochemical 
stains to detect "proliferation associated antigens", such as antibodies directed against prolifer
ating cell nuclear antigen (PCNA), KI-67 or MIB-1 , give strong signals in decoy cells and 
inclusion bearing transitional cells. Such staining profiles should not be misinterpreted as a 
sign of marked "cell " proliferation, but rather indicate the replication of viral DNA. Accord
ingly, D N A cytometry/histograms of decoy cells invariably show aneuploidy due to the viral 
D N A content (Fig. 8). In contrast, FISH with chromosome enumeration probes and single 
locus specific identifiers (9p21) (UroVision,^^ Vysis Inc., Downers Grove IL), can reliably 
demonstrate normal chromosome and gene copy numbers (Fig. 8). The FISH profile clearly 
identifies decoy cells as "benign" and distinguishes them from cancer cells."^^ 
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Figure 8. Representative examples of DNA image cytometry and fluorescence-in-situ hybridization 
(FISH) analyses on decoy cells. Due to the viral DNA content, image cytometry invariably shows highly 
aneuploid patterns, which should not be mistaken as evidence for malignancy. FISH analyses, here with 
UroVysion probes to detect chromosomes 3, 7, 17 (chromosome enumeration probes—CEP), and 
9p21 (single locus specific identifier—LSI) demonstrate regular copy numbers (n = 2) and confirm the 
benign nature of decoy cells. The DNA probes are directly labeled with the four dyes SpectrumRed 
(CEP 3), SpectrumCreen (CEP 7), SpectrumAqua (CEP 17), and SpectrumGold (LSI 9p21). 

Decoy-CeUsy Detection 
Decoy cells can best be identified and quantified in standard alcohol fixed and Papanico

laou stained urine cytology specimens from either smeared or cytocentrifuged (i.e., cytospin) 
urine samples. In addition, the recently introduced monolayer technique is also feasible since it 
provides excellent preservation of nuclear details (Cytyc Inc., Boxborough, MA, and Tripath 
Imaging Inc., Burlington, NC). The second morning midstream voided urine specimen is best 
suited as the high level of cellular degeneration severely limits the first morning specimen. A 
few important considerations in the handling of urine specimens are the following: (1) Fresh 
urine specimens should be promptly transported to the cytology laboratory for immediate 
processing. (2) An alternative and more frequently used method is the fixation of the urine 
with an equal volume of 50-70% ethyl alcohol, preferably with added 2% Carbowax (polyeth
ylene glycol). This procedure can be performed beside or in the laboratory when delayed speci
men handling is anticipated. (3) Conventional cytospin or smear preparations should be ob
tained immediately after the specimen is received in the cytology laboratory. (4) The use of 
coated glass slides is recommended for adequate adherence of the cellular and noncellular ele
ments to the slide surface. ̂ "̂  It should be noted that specific guidelines for adequacy of voided 
urine specimens at the time of cytologic interpretation have not been firmly established and 
much is still dependent on the experience level of the pathologist.^^ Decoy cells can also be 
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detected in the unstained urine sediment using phase contrast microscopy. '^^ This tech
nique, however, requires great experience and the quantification of decoy cells is tricky. We, 
therefore, recommend the analysis of standard Papanicolaou stained cytology specimens as 
described above. 

Urine Analysis for Risk Assessment and Management of BK-Virus 
Nephropathy (BKN) 

BKN is the most important infectious complication affecting renal allografts with a re
ported prevalence of 1% to 10%. It is typically caused by the replication of BK-virus in tubular 
epithelial cells, hence the name. The polyoma-JC and SV40 virus strains are only rarely 
(co)activated. BKN often results in chronic allograft dysfunction or even loss. The definitive 
diagnosis of BKN can only be made histologically in a renal allograft biopsy specimen showing 
characteristic tubular changes (see Chapter 14 "Latent and Productive Polyomavirus Infections 
of Renal Allografts: Morphological, Clinical and Pathophysiological Aspects")/'^'^^'^ De
pending on the histologic stage in which BKN is first diagnosed, the outcome may vary. Best 
clinical results are seen if BKN is detected early (histological stage/pattern A), at a time when 
graft function is largely unaltered and irreversible graft fibrosis and tubular atrophy are ab
sent.'̂ '̂ '̂̂ '̂'̂  ' Such an early diagnosis requires: (a) proper risk assessment of renal allograft 
recipients, and (b) optimal timing of a renal allograft biopsy. The search for decoy cells in the 
urine can assist in achieving these goals.^'^'^^'^^' '̂ ^ Clinical risk assessment strategies, includ
ing the search for decoy cells, were extensively discussed at the first "Polyomavirus Allograft 
Nephropathy Consensus Conference" held in Basel, Switzerland in October 2003 (in press). 

Urine Cytology 
As outlined above, the shedding of decoy cells generally indicates the (re)activation of (BK) 

polyomaviruses in the urothelium. Such (re) activation is a prerequisite for the potential devel
opment of BKN if the right "window of opportunity" for unrestricted viral replication in tubu
lar epithelial cells is provided.^'^^'^^ We retrospectively analyzed urine samples from more than 
300 renal allograft recipients and found decoy cell shedding in 23% of patients; in 7% in high 
numbers, i.e., more than 5 decoy cells per 10 high power microscopic fields in cytology smears 
or alternatively more than 10 decoy cells per cytospin preparation.^'^ ̂  BKN was diagnosed in 
2% of patients, all of whom demonstrated abundant decoy cell shedding which often preceded 
the histological diagnosis of BKN by weeks to months. ' ' These observations were con
firmed in a prospective analysis.^^ In our hands, the detection of high numbers of decoy cells 
had a positive predictive value to indicate BKN of 27% and a negative predictive value of 99%, 
I.e., no decoy cells, no BKN".^'^^ The positive predictive value can be further increased to over 
90% by taking additional parameters into consideration: (a) a "dirty" cytological background, 
(b) decoy cell shedding in the setting of allograft dysfunction, (c) extended and persistent 
decoy cell shedding over more than 6 weeks, and (d) the detection of decoy cell casts.^^'^^' 
The latter finding is considered to be pathognomonic for BKN since "cast material" always 
originates from the kidney parenchyma, i.e., the renal tubtdar compartment. In histologically 
confirmed cases of BKN, the number of decoy cells correlates with the number of inclusion 
bearing renal tubular epithelial cells. Thus, the detection of decoy cells can also be used 
during therapeutic attempts to monitor for decreased viral loads and ultimately for viral "clear
ance" from the transplanted kidney.'̂ ' ' '̂  ' Clinically, the search for decoy cells in the urine 
is frequently supplemented by (quantitative) PCR studies of BK virus DNA loads in plasma 
samples which can provide very valuable additional clinical information (Fig. 7^) 10,29,31-33 

Ancillary Techniques 
Besides the search for decoy cells, PCR and EM analyses of urine samples have also been used 

to evaluate the activation of polyomaviruses and to assist with patient management. ̂ '̂̂  All 
tests can provide important information, however, they vary gready in sensitivity, specificity. 
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feasibility, time requirement, and cost. So far, exhaustive comparative analyses have not been 
performed. A test should be carefully chosen in order to address specific questions. 

Electron microscopy (EM) of negatively stained urine samples can be easily used to rapidly 
identify polyomaviruses in large numbers. ' Howell and colleagues studied six patients with 
BKN, all of whom showed icosahedral, nonenveloped polyomavirus particles in the urine. ̂  In 
three patients in whom BK virus replication in the kidney ceased during follow-up, i.e., BKN 
"cleared from the graft", viral particles also disappeared from the urine. The investigators did 
not find polyomaviruses in control patients (potentially due to low copy numbers below the 
level of detection, which varies between 10^ and 10^ viral particles per ml urine).^ Thus, EM 
of negatively stained urine specimens provides an additional rapid, noninvasive, and relatively 
inexpensive diagnostic tool for the detection of large numbers of polyomaviruses. Such "crude" 
analyses appear to be suitable for patient management/risk assessment. 

In contrast, highly sensitive PCR studies of urine samples do not seem to be of great clinical 
benefit in the setting of kidney or bone marrow transplantation since PCR tests often detect 
clinically irrelevant (low) levels of BK virus activation, i.e., low positive predictive value to 
indicate disease. In addition, urine PCR analyses can be technically challenging, due to non
specific endogenous inhibition of the PCR reactions or cross-contamination problems. Whether 
quantitative PCR tests measuring BK virus DNA or RNA loads in urine samples may be better 
suited for patient management has to be determined in future multicenter studies. Not 
surprisingly, one report suggests that viral load levels in the urine have to be very high and 
exceed 10 BK virus DNA copies per ml in order to be predictive of BKN.̂ "̂  

From a clinical point of view, we propose a step-wise approach to assess the risk of renal 
allograft recipients for BKN. Initially (step one), patients should be screened for the activation 
of BK-virus. As oudined above, this goal can most easily be achieved by searching in the urine 
for decoy cells or alternatively for viral particles by EM. Positive test results should further be 
amended by quantitative PCR analyses measuring BK virus DNA loads in serum samples (step 
two). Serum BK-virus load levels exceeding 10,000 copies/ml indicate a very high risk for 
BKN.^^ This algorithmic approach will help to properly identify kidney transplant recipients 
in whom a diagnostic graft biopsy should be performea'^^'^^'^^'^^'^^ This concept has largely 
been adopted by the "Polyomavirus Allograft Nephropathy Consensus Conference" (Basel, 
Switzerland, October 2003, in press). 

Appendix Immunohistochemical Staining Protocols to Detect 
Polyomavirus Antigens in Urine Cytology Specimens (Decoy Cells) 

In order to detect polyomavirus antigens in decoy cells, we generally use a monoclonal 
antibody directed against the large T antigen of the SV-40 polyomavirus strain (Oncogene 
Research Products, San Diego, CA, USA, Cat #DP02, DP02A, clone PAB 416). This antibody 
typically detects theT antigen of the BK-, JC-, and SV-40 strains (i.e., "pan" anti-polyomavirus 
antibody). Thus, the immunohistochemical detection of the SV40-T antigen can only prove 
the presence of polyomavirus antigens; different polyomavirus strains cannot be differentiated. 
The antibody typically gives a crisp nuclear staining reaction in some, but not all decoy cells 
(likely due to different stages of viral assembly and maturation since the large T antigen is 
expressed during early viral replication). 

BK-viruses can be detected with a monoclonal antibody specifically directed against the T 
region of the polyoma-BK-virus strain (Chemicon, Mab8505, clone BK-Tl). This antibody 
does not cross-react with JC-viruses. The antibody often shows increased background staining. 

For all cytology specimens, we use antigen retrieval by microwaving for 5 minutes at 80 
degrees Celsius followed by overnight incubation with the primary antibody at a dilution of 
1:20.000 at 4 degrees Celsius. Subsequent to the incubation with a secondary antibody AEC is 
used as a chromogen. Histological sections of known cases of BKN can serve as positive stain
ing controls. 
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CHAPTER 16 

Diagnosis and Treatment of BK 
Virus-Associated Transplant Nephropathy 
Abhay Vats, Parmjeet S. Randhawa and Ron Shapiro 

Abstract 

The incidence of polyoma virus infection, particularly that of BK virus (BKV) in kidney 
transplant recipients has been increasing steadily since early 1990s. The diagnosis is 
generally made by a renal allograft biopsy. However the diagnosis can sometimes be 

difficult because of the pathological similarities between BKV associated nephropathy (BKVAN) 
and acute cellular rejection. In addition to the difficulties in making a diagnosis, the treatment 
of BKVAN can also be very complex. Reduction in immunosuppression is generally advocated 
as the initial therapeutic option for the management of BKVAN. Despite reduced immuno
suppression, BKV can persist in the renal allograft and lead to gradual loss of kidney function. 
Hence, new therapeutic options are being evaluated for treatment of BKVAN. Cidofovir, an 
anti-viral agent with known nephrotoxic effects, has been successfully used in very low doses to 
treat patients with BKVAN, with serial measurement of the blood and urine BKV load with 
PCR assays. More recendy several other agents have also been utilized to treat BKVAN, with 
variable success. This chapter summarizes the current diagnostic modalities and therapeutic 
options for BKVAN. 

Introduction 
BK, JC, and SV40 viruses are three closely related members of the polyomavirus family. 

Serological studies have shown that BK and JC virus infections occur worldwide and in child
hood.^'^ However, very litde is known about the epidemiology of these viruses, including routes 
of infection, the modes of spread, or clinical spectrum of disease. Both JC and BK viruses 
appear to be stricdy human viruses, but the prevalence of SV40 infections in humans is un
clear. Of the three viruses, BK virus associated nephropathy (BKVAN) of renal allograft has 
emerged as a major cause of renal allograft dysfunction worldwide since early 1990s.^-5 This 
emergence seems to have coincided with the widespread availability and administration of 
potent immunosuppressive drugs. ' However, the diagnosis of BKVAN can be a challenge in 
the initial stages of the disease and treatment can be even more complex and demanding. 
BKVAN can be a difficult clinical problem and has been associated with a graft loss rate of 
more than 50% in some series.^' ' ' Since the recognition of BKV as a major cause of both 
acute and chronic allograft dysfunction, different treatment modalities have been proposed in 
an attempt to prolong graft survival in patients who develop BKVAN. This chapter focuses on 
the current state of diagnostic testing and therapeutic options for this difficult and poorly 
understood condition. 

Polyomaviruses and Human Diseases, edited by Nasimul Ahsan. ©2006 Eurekah.com 
and Springer Science+Business Media. 
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Clinical Presentation of BKVAN 
BKVAN can present in many different ways and can affect both children and adult renal 

transplant recipients. In early studies, the prevalence of BKVAN in renal transplant recipients 
was reported to be 2-3%.^'^ More recent data, however, indicate that the incidence is progres
sively increasing and may affect 5- 7% of kidney transplant recipients. ̂ '̂ '̂  ̂ '̂  ̂  The rise in BKVAN 
over the last few years has been attributed to a number of factors, including increased aware
ness, more frequent use of biopsies, improved methods for diagnosis and the introduction of 
new and more potent immunosuppressive drugs such as tacrolimus, microemulsion cyclosporine, 
mycophenolate mofetil, and sirolimus.^^ 

Generally BKVAN is diagnosed on a kidney biopsy in asymptomatic patients presenting 
with a rise in serum creatinine during routine follow-up and with no obvious preceding or 
concurrent symptoms. '̂ '̂ BK-virus is known to be tropic for tubular epithelial cells and 
in most cases BKVAN is presumed to result from reactivation of virus latent in the renal 
tubules. However, affected children may have a primary infection with BKV especially if 
recipient is very young (less than 5-7 years of age).^ Glomerular capillary tufts remain 
uninvolved by viral replication and significant proteinuria or hematuria are generally not 
clinically observed in BKVAN. '̂  It is not uncommon to find that many patients are diag
nosed with and treated for acute rejection in the months preceding the diagnosis of BKVAN. 
Many such rejection episodes are generally only partially responsive to therapy. Thus, a 
high index of suspicion is needed for diagnosis of BKVAN especially in patients presenting 
with episodes of acute rejection that are refractory to steroid therapy or those presenting 
with late acute rejection (more than 6 months - 1 year after transplantation). In addition to 
asymptomatic patients, BKVAN has been diagnosed in patients who have presented with 
features that were variably diagnosed as acute rejection, interstitial nephritis, and ureteral 
stenosis. '̂ ^ A viral prodrome can sometimes be seen in a small fraction of patients prior to 
onset of allograft dysfunction.^ The prodrome may consist of low-grade fever, myalgias or 
mild flu-like or gastro-enteritis type symptoms. These systemic symptoms may resolve spon
taneously or after specific anti-viral therapy with cidofovir. Although BKV infection is pri
marily limited to kidney transplants, including the allograft and ureters, native kidney in
volvement can also be seen in recipients of nonrenal solid organ and bone marrow 
transplants. ̂ '̂̂ ^ The nonrenal transplant polyoma infections are discussed elsewhere in this 
book. 

Diagnosis of BKVAN 
Since the first report of BKV in the urine of a renal transplant recipient in 1971, BKVAN 

has been emerging as an important cause of renal allograft dysfunction over the last de
cade.^' '̂  It was virtually nonexistent in many centers till mid 1990s, even when all allograft 
biopsies since 1985 from patients with documented shedding of "decoy cells" (a hallmark 
of BKVAN and discussed further below) were systematically reexamined.^ The first case of 
PVAN diagnosed by a renal allograft needle biopsy was seen in 1993 and published in 1996 
from University of Pittsburgh. ^ The previous literature on histologic diagnosis was re
stricted to occasional observations made at the time of graft nephrectomy or autopsy, while 
other studies focused on the diagnosis of polyomavirus infection by serology or urine cytol
ogy. Most such studies had concluded that polyomavirus infection usually does not affect 
graft outcome.^' However, BKVAN is now increasingly being recognized as an important 
contributor to graft dysfunction and failure. The diagnosis of BKVAN currently must be 
established by renal biopsy, which shows typically shows viral inclusions and is often asso
ciated with interstitial infiltrates that may resemble acute rejection. '̂  The details of viral 
pathogenesis are discussed elsewhere (Chapter 2, Discovery and Epidemiology of the Hu
man Polyomaviruses) while some of the various modalities that are useful in the diagnoses of 
BKVAN are discussed below. 
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Figure 1. Renal allograft biopsy showing BKVAN. Several tubular epithelial cells contain an intranuclear 
viral inclusion typical of polyomavirus. The interstitium contains an active infiltrate comprised of neutro
phils and mononuclear cells, which is presumably a response to viral antigens (H&E X 400). 

Histopathohgy 
The key to establishing the diagnosis of BKVAN remains the recognition of BKV inclu

sions in tubular and glomerular epithelial cells in renal allograft biopsy specimens ' ' (Fig. 
1). The renal medulla is preferentially affected during the early stages of the disease, and viral 
inclusions may be observed with little associated inflammation. Later phases of the disease are 
characterized by mononuclear infiltrates with focal invasion of the renal tubules and urothelium 
and involvement of cortex. Infected epithelial cells show enlarged nuclei, hyperchromatic chro
matin, and intranuclear inclusions. ^' Cytoplasmic inclusion bodies are not seen, which helps 
distinguish polyomavirus infections from cytomegalovirus (CMV) infections. BBCVAN can show 
varying degrees of tubular epithelial cell injury ranging from occasional intranuclear viral in
clusion bodies, to widespread acute tubular necrosis with denudation of basement membranes. 
In approximately 30% of the biopsies with PVAN, a significant inflammatory infiltrate of 
polymorphonuclear cells is also present.̂ '"^^ Prominence of plasma cells and changes resem
bling acute tubular necrosis are other features described in this clinical setting. 

The initial histological changes of BKVAN can be fiiUy reversible, and renal function may 
remain clinically unaltered. When viral replication spreads to the cortex and shows extensive 
involvement of proximal tubules with epithelial cell necrosis, allograft: dysfixnction almost al
ways ensues. ''̂  Persistent and long lasting necrosis is associated with irreversible changes of 
interstitial fibrosis, tubular atrophy and will ultimately lead to chronic renal failure. '"̂  '^^ at 
times there can be a poor correlation between viral load, tubulitis grade, and serum creatinine. 
Clinical management practices can also affect renal viral load and pathology. In a recent study, 
we systematically examined the evolution of histologic viral load, grade of tubulitis, and graft 
function in BKVAN.^ Over an 8 week period, reduced viral load in biopsies was seen in a 
significandy lower proportion (20% or 4/20) of patients treated initially by increased immu
nosuppression, compared to 83.3% (15/19) of patients treated with reduced immunosuppres
sion (p =0.001). Fiowever, improvement in serum creatinine occurred in only a smaller frac
tion of these patients (15.8% and 5.3% respectively). Improved tubulitis was seen in a similar 
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Figure 2. In-situ hybridization confirming the presence of BKV infected cells in the biopsy illustrated 
in Figure 1. Intranuclear hybridization signals are seen in the tubular epithelium (X 400). 

proportion in the two groups. These data demonstrated that reduced immunosuppression is 
more effective in lowering viral load than steroid therapy but also suggested that there is a 
complex interplay of viral and alloimmune factors leading to graft injury. 

The presence of polyomavirus protein or DNA expression in the infected cells can be con
firmed by immunohistochemistry using commercially available antibodies (Fig. 2) or by in-situ 
hybridization.'^'^^ Electron microscopy (EM) can also be used to confirm the diagnosis of 
BKVAN. EM typically shows intranuclear, intracytoplasmic, and extracellular virus particles 
(size, 40-50 nm) arranged in small clusters or crystalline arrays.^ This size distinguishes 
polyomaviruses from other viruses such as adenovirus or CMV. Immunohistochemical or EM 
techniques are, however, not sensitive enough to detect latent virus in biopsies lacking viral 
inclusions by standard light microscopy. These modalities can only serve as confirmatory or 
adjunct diagnostic tools for the light microscopic examination, usually is performed by well 
trained and experienced personnel. '̂"^^ 

BKVAN and Renal Allograft Rejection 
Viral inclusions in BKVAN are often associated with a variable mononuclear interstitial 

infiltrate and focal tubulitis that closely resemble acute rejection. It is not clear if this resem
blance reflects common mechanisms of T-cell influx or the concurrent presence of viral infec
tion or true acute rejection. Conceivably, polyomavirus infection could precipitate acute rejec
tion via upregulation of MHC class I or class II antigen expression, or the release of other 
pro-inflammatory cytokines.^' ^ Conversely, experimental evidence suggests that tubular in
jury associated with acute cellular rejection could secondarily increase polyomavirus replica
tion."^^ Hence, at times it can be very difficult to separate BKVAN from its one major 
diff^erential diagnosis, i.e., acute rejection. It has been proposed that the diagnosis of rejection 
can be suggested by the detection of strong tubular human leukocyte antigen-D related 
(HLA-DR) upregulation or the detection of C4d along peritubular capillaries. Both markers 
reportedly remain unchanged in pure BICVAN.*̂ '̂"̂ '̂ '"̂ ^ In another study, immunophenotyping 
found that there were more B cells (CD20) and fewer cytotoxic T cells in the lymphocyte 
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infiltrates of BKVAN than in those with acute rejection.^^ The relationship between polyomavirus 
infection and acute, as well as chronic graft rejection thus remains to be evaluated in a system
atic fashion, as it has been done for CMV. 

Molecular Aids to Diagnoses 
Although identification of nuclear viral inclusions by light microscopy is currendy manda

tory for the diagnosis, in certain circumstances (i.e., patchy renal involvement or early in the 
course of the disease) these findings may not be clearly evident."^ Lately both qualitative and 
quantitative polymerase chain reaction (PCR) techniques have been utilized to show BK-virus 
DNA in biopsy tissue samples and to confirm the diagnosis.̂ '̂ '̂"^ '̂̂ ^ By its inherent nature, 
PCR can detect BKV DNA in much smaller amounts than is possible by in-situ hybridization 
or by antigen detection using immunohistochemistry. In studies at our institution, quantita
tive PCR assay for BKV DNA was performed on biopsy tissue to see if it can aid in early 
diagnosis of BKVAN."̂ ^ These studies showed that BKV DNA was present at a lower viral load 
(mean 216 copies/cell) in 38% of the 50 biopsies performed 1 to 164 weeks before diagnosis of 
BKVAN compared to a significandy higher viral load (mean 6063 viral copies/cell) in 28 biop
sies of patients with active BKVAN. A BBCV load exceeding 59 copies per cell identified all 
cases of BKVAN. Interestingly 8% of control biopsies (mostly with chronic allograft nephr
opathy or acute rejection) also showed a low level of BKV load (mean 3.8 copies/cell). The 
diagnostic sensitivity, positive predictive value, and negative predictive value of tissue quantita
tive PCR were 100%, 73.6%, and 100%, respectively. Thus, determination of renal BKV load 
by PCR may identify patients at risk for disease before histologic nephropathy develops. How
ever, PCR-based BKVAN diagnostics is still an evolving field and only additional studies can 
determine if earlier recognition of at-risk patients allows application of antiviral strategies to 
improve graft outcome. 

Another advantage of PCR based diagnostics is identification of coinfection of BKV with 
other polyoma and non polyoma viruses. '̂  ' Lately, coinfection with both BKV and JCV 
was described, based on PCR amplification profiles of renal allograft; biopsies, and approxi
mately 35% of cases with BKVAN may have coexistent JCV.^^' Although JCV DNA has 
been detected in the kidneys of a significant subset of renal transplant recipients, a role for JCV 
as an independent etiologic agent of kidney disease has not been proven. Incidentally, coinfection 
with JCV and BKV has also been reported in pregnant women with viruria and in the urine and 
brain tissue of HIV-infected patients with progressive multifocal leukoencephalopathy (PML) 
and patients with HIV-related nephropathy.^^'^^ Similar to JCV, detection of SV40 sequences 
has also been described in some patients with renal transplants but its role in allograft nephr
opathy needs further confirmation.^^'^^ 

Non-Invasive Viral Load Monitoring 
Since primary isolation of human polyomaviruses is too difficult to be attempted outside of 

research laboratories and, at present, a definitive diagnosis of BKVAN requires a biopsy. There 
has been considerable interest in developing less invasive diagnostic methods that are also rapid 
and reproducible. Similar to other viral infections, such as CMV or Epstein-Barr virus (EBV), 
both qualitative and quantitative assessments of BK-virus activation can provide important 
clinical information that is crucial for patient management. Some of the practical noninvasive 
approaches have been: (a) Urine cytology and (b) PCR of blood and urine. 

Urine Cytology 
The hallmark of BKVAN is the presence of so-called "decoy cells", which are BKV infected 

cells, shed into the urine from renal tubules.^'^ '̂ '̂  Different studies have shown that the detection 
of decoy cells in urine has a very high negative predictive value of about 100%, but a relatively low 
positive predictive value of 25-30% for BKVAN. '̂  It has been found that most cases with 
detectable decoy cells on urine cytology are asymptomatic and transient shedding can be seen in 
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Figure 3. Real Time PCR technology is now increasingly being used 
specimens. The results of a typical real time PCR run (TaqMan ) on j 
are shown. 

to detect BK virus DNA in clinical 
an Applied Biosystems, Inc. machine 

up to a fourth of healthy renal allograft recipients.^ However, the presence of inclusion-bearing 
decoy cells in high numbers may have a greater significance and association with active BKVAN. ' 
A cut-ofF level of greater than five decoy cells per 10 high power microscopic fields has been 
proposed for such an association. The presence of decoy cells generally precedes the histologic 
diagnosis of BKVAN by 5-6 months and disappear shordy afi:er transplant nephrectomy or clear
ance of die infection. '̂22 The risk for BKVAN increases significandy, with positive predictive 
value reaching up to 100%, if a combination of factors is taken into account; i.e.: high numbers 
of decoy cells that are detected persistendy over months, or presence of decoy cell casts, and 
presence of pronounced allograft dysfiinction.^ '̂ ^ Thus urine cytology is a good screening tool 
in renal allograft recipients, but is not diagnostic of BKVAN.^ 

Polymerase Chain Reaction (PCR) 
Viral DNA can be detected in urine and blood and suspect tissues, such as kidney biopsy, by 

PCR. Such tests have been found to be useful for diagnosis of many other viral infections (i.e., 
CMV, HIV or EBV) and are increasingly being applied for the diagnosis and monitoring of BK 
and JC virus infections.^' Unfortunately, qualitative PCR techniques reported in earlier stud
ies varied greatly in their sensitivity and performance in different laboratories. More recently, 
reproducible quantitative PCR tests utilizing the newly available real time PCR technology 
(TaqMan^^) have been developed and utilized in management of BKVAN^ '̂̂ '̂̂ ^"^^ (Fig. 3). 
Many studies are currendy in progress to evaluate further the role of blood and urine quantita
tive PCR in the diagnosis of and management BKVAN. 

PCR Viral Load Measurements in the Blood 
PCR analysis of blood samples (serum or plasma) to detect and quantify BK-virus DNA is 

rapidly becoming the test of choice for confirming the diagnosis and monitoring the progress 
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of BKVAN.̂ '̂̂ '̂̂ '̂̂ ^ Its sensitivity is considered to be 100%, and the specificity is about 85%.^'^^ 
In a single study, a serum BK-virus DNA load of more than 7700 copies / ml was predictive of 
BKVAN whereas several groups, including ours, now consider a titer above 10,000 copies / ml 
to be a significant correlate of BKVAN. ''̂ '̂ Also, the presence of BK DNA in blood may 
reflect the dynamics of the disease: the conversion of plasma from negative to positive for BKV 
DNA after transplantation, the presence of DNA in plasma in conjunction with the persis
tence of nephropathy, and its disappearance from plasma after the reduction of immunosup
pression or anti-viral therapy can be various stages in the evolution of BKVAN. '̂  In addition 
to confirming the diagnosis, these assays could also help monitor the response to therapy and 
guide the duration of therapy. ' ' The ultimate goal of any BKVAN treatment should be at 
least a persistendy negative serum PCR for BK-virus DNA. 

PCR Viral Load Measurements in Urine 
Urine PCR analysis can detect a very small number of viral copies. It thus has a higher 

sensitivity but a lower specificity than urine cytology.^' Viral load measurement by PCR in 
the urine is not routinely performed at many centers, but has been monitored at the University 
of Pittsburgh since 2001 and has been reported by others. ̂ '̂̂ '̂̂ '̂̂ ^ All BKVAN patients with 
active disease in our studies were found to have a variable urinary viral load but it was generally 
more dian 10 million (10^ or 10E7) copies / ml [ranging from several thousand to more than 
10 billion (10^^ or lOElO) copies / ml]. No patient with BKVAN had a negative urinary PCR 
and we now consider a urine load of more than 10 million (10^ or 10E7) copies / ml to be a 
significant risk factor of BKVAN. During acute BKV infection, the urinary viral load is several 
log orders higher {>A-G log orders) than the plasma load. Several patients can maintain high 
urinary viral loads despite clearance of virus from blood. However PCR analyses for quantifica
tion of BKV loads in the urine can assume clinical significance especially if a rising titer of 
several log orders is noted. In our experience, several patients have been identified with a rising 
urinary viral load prior to their presentation with full blown BKVAN on renal biopsy and 
positive blood PCR.^^ Such a scenario can predict and predate the onset of overt BKVAN by 
several months. These assays can provide additional clinical information that may alert a phy
sician to presence of early BKV infection, especially in clinical scenarios where the patient 
shows renal allograft dysftinction and the blood PCR or biopsy are negative still for BBCVAN or 
biopsy shows mild rejection that appears to be refractory to conventional therapy with in
creased immunosuppression. ' Besides urinary DNA PCR, there has been a recent report of 
using BKV messenger RNA as the substrate for amplification by real time reverse 
transcription-PCR (RT-PCR). ^ In this study, quantitation of urinary BKV VPl messenger 
RNA was reported to be better predictor of disease activity or onset with a specificity and 
sensitivity of 93.8% and 93.9%, respectively. ^ However the role of BKV messenger RNA 
amplification in BKVAN diagnostics needs fiirther confirmation. 

Risk Factors for BKVAN 
It is still not clear why only a small number of immunosuppressed patients with BKV 

infection develop fijll blown renal disease. BKV reactivation, as marked by viruria, does not 
necessarily indicate BKVAN, as it can be seen in 15-50% of renal allograft recipients, while the 
incidence of BKVAN is only 1-10 %. ' '̂  Thus, several efforts have been made to identify risk 
factors for development of BKVAN. Specific immunosuppressive agents, i.e., tacrolimus and 
mycophenolate mofetil, are generally believed to be associated with a higher incidence of 
BKVAN. '̂̂ '̂ '̂̂ ^ In fact, most cases of BKVAN have occurred in patients treated with one or 
both of these drugs since 1995, after their use became widespread suggesting their role as risk 
factors for BKVAN. '̂ ' ^ However, a single prospective trial that compared the incidence of BK 
viremia and viruria in patients randomly assigned to receive tacrolimus or cyclosporine demon
strated no significant difference between the two agents as well as no significant association 
between mycophenolate mofetil and BKV infection. Also several studies have reported BKVAN 
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in association with q^closporine and even sirolimus. ^ Therefore, it is more plausible that 
patients whose overall immunosuppression is maintained at a higher total level, rather than 
with a specific agent, have an increased incidence of BKVAN.^ '̂̂ ^ Other factors that have been 
associated with an increased risk of BKVAN include: a higher number of HLA mismatches 
between donor and recipient, the use of corticosteroid pulses to treat graft rejection, cell injury 
due to acute rejection or cold ischemia, male gender, older recipient age and BKV seropositiv-
ity.̂  ,17, 5, 1,51 However, many studies have also contradicted these associations too. ' ' 
BKVAN thus seems to be promoted by the concurrent presence of several risk factors, among 
which potent immunosuppression appears to be a prerequisite.^'^ 

Molecular Techniques in Identification of Risk Factors fi^r BKVAN 
In addition to the factors defined above, efforts have also been made to identify variable 

host susceptibilities or pathogenecity of the virus that may further identify the risk factors for 
the development of BKVAN. Besides aiding in the diagnoses of BKVAN, molecular tech
niques have thus also been used to characterize possible mutations in BKV that may affect its 
pathogenecity. The polyomavirus genome contains a noncoding control region (NCCR), which 
is believed to contain the enhancer elements that are important activators of viral transcrip-
tion.^^'^^ DNA sequence variations, in the form of nucleotide substitutions, deletions, com
plex rearrangements or duplications, have been identified in several putative transcription fac
tor binding sites in the NCCR region and these viral genomic changes have been proposed to 
play a role in the pathogenesis of BKVAN. Changes were most commonly found in binding 
sites for the granulocyte/macrophage stimulating factor promoter and the nuclear factor-1 
transcription factor in our studies. The regulatory region of BKV thus shows sequence het
erogeneity in biopsy tissue, a situation that is reminiscent of genomic changes in JCV that are 
pathogenic and cause PML. 

Besides viral genotype, it is possible that the host (renal transplant recipient) genotype may 
also contribute to the risk of BKVAN. There is now increasing evidence that cytokine gene 
polymorphisms can influence both rejection and infection outcomes after solid organ trans
plantation. We recendy assessed whether various cytokine gene polymorphisms can be associ
ated with the risk of development of BKVAN after renal transplantation in 86 renal allograft 
recipients, of whom 25 developed BKVAN and 61 did not (controls). A statistically significant 
correlation with BKVAN was detected between the presence of specific alleles of three genes 
i.e., the low expression allele of interferon (IFN)-y (+874 A/A); and high-expression alleles of 
transforming growth factor (TGF-yl) (+25 G/G); and interleukin (IL)- 6 (-174 G/G).^^Thus, 
it is possible that presence of these cytokine gene polymorphisms may contribute to an imbal
ance between TGF p, IFN-y and IL-6 expression and thereby increase the risk of BKVAN. 
Further studies are obviously needed to clarify the role of host and viral genotype in the devel
opment of BKVAN. 

Clinical Management of BKVAN 
BKVAN is associated with markedly compromised renal allografi: survival with a variable 

rate of graft loss ranging from 10% to over 70 % in some series. ' ' ^ ^ This is related to the fact 
that the clinical management of BKVAN has been a significant challenge. Although various 
therapeutic strategies have been tried, the results have often been variable and dismal. The fact 
that even when biopsies show tubulitis, suggesting rejection, there is little response to corticos
teroids in many cases. Reduction of immunosuppression decreases the viral load, but also in
creases the risk of rejection. This therapeutic dilemma can result in an unfavorable clinical 
outcome although it has been associated with better outcomes than those seen with increasing 
immunosuppression. For instance, in 1993, the clinical diagnosis of BKV was first made in 
one of our renal transplant recipients who was treated aggressively for presumed cellular 
rejection. This patient subsequently lost her graft. Our initial experience in other similar 
patients who were treated with steroids and increased maintenance immunosuppression. 
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instituted as treatment of the variable tubulitis seen in these patients, also resulted in graft loss 
in nearly 50% of such cases. In view of the dismal experience associated with the ongoing 
treatment of tubulitis, we have attempted to treat BKVAN with reduced immunosuppression 
alone for the past 5-6 years. Others have also reported prolongation of graft function following 
an approach that involves a careftil reduction of the immunosuppressive therapy with the aim 
of eliminating the viral load before significant scarring develops in the kidney. ' This ap
proach, although relatively successful, can still be associated with graft loss, either to chronic 
rejection, or to ongoing viral nephropathy, confirmed either by repeated kidney biopsies, or by 
plasma and urine PCR assays. This scenario has also been reported by other centers. In a study 
from University of Maryland, one-third of the patients diagnosed with BKVAN over a six year 
period lost their grafts, and a third of the remaining patients had a serum creatinine over 3 mg/ 
dl. No specific immunosuppressive agents were found to increase the incidence of BKVAN. 
Patients on a single immunosuppressive agent in addition to prednisone had less graft loss and 
a higher rate of viral clearance compared to patients on two immunosuppressant drugs and 
steroids. After reduction of immunosuppression, clearance of the infection and disappearance 
of the viral cytopathic changes in biopsies were seen in 20%; while persistence of viral replica
tion with ongoing tubular damage occurred in the majority (70%) of the patients. Thus, early 
diagnosis and complete cessation of viral replication with morphological and fiinctional resti
tution are the ultimate clinical goals of BKVAN therapy. 

Although the optimal man^ement of BKVAN remains controversy-ridden at this stage, we 
describe the management approach that is currendy close to consensus and is also the approach 
followed at University of Pittsburgh. In most centers, BKVAN is initially treated by reducing 
immunosuppression and sometimes additionally by discontinuing drug regimens containing 
tacrolimus. ' At our institutions, the first step in the treatment of BKVAN is to decrease 
immunosuppression. ̂ '̂̂ ^ The dose of tacrolimus is decreased (to achieve level of 5 ± 2 ng/ml), 
and steroids are either decreased or discontinued. If patients are on mycophenolate mofetil or 
sirolimus, these agents are nearly always discontinued after the diagnosis of BKVAN is estab
lished. These therapeutic attempts can sometimes result in good clinical success particularly if 
BKVAN is diagnosed at an early stage, viral loads and renal function tests are carefiiUy moni
tored and if acute rejection is adequately controlled. '̂ '̂ However, if the patient's BK viral 
DNA load increases (in blood and / or urine) along with worsening of renal ftxnction during 
the follow up of such patients, a consideration for institution of additional therapy should be 
made quickly. Currendy, specific anti-viral strategies to treat patients with BKVAN are poorly 
defined, although very low dose cidofovir has been increasingly used by us and other centers 
with generally beneficial results. ' ' ' Cidofovir is a very nephrotoxic drug and its use in 
BKVAN has to be carefully monitored. The role of cidofovir and additional therapeutic op
tions for BKVAN is ftirther discussed in another section and Figure 4 shows the flow diagram 
currendy being practiced at University of Pittsburgh in the management and viral load moni
toring of BKVAN. 

Specific Anti' Viral Therapy fi^r BKVAN: Pittsburgh Experience 
Several therapies have been tried or shown to be effective in vitro for BKV infections, and 

these include vidarabine, cidofovir, retinoic acid derivatives, and DNA gyrase inhibitors.^^' 
We first used one such therapy, anecdotally in 1999, when low dose cidofovir was tried in a 
child with BKVAN with an encouraging outcome. ' Since then, low dose cidofovir has been 
used in a number of our patients to treat BKVAN. ̂ '̂̂ '̂̂ ^ Details of cidofovir therapy in BKVAN 
are presented below. 

Cidofovir (HPMPC, Vistide , (S) -1 -(3-hydroxy-2-phosphonylmethoxypropyl) cytosine) 
is an anti-viral agent that is a synthetic purine nucleotide (phosphorylated nucleoside) analog 
of cytosine. ' It is converted via cellular enzymes to the pharmacologically active diphos
phate metabolite (cidofovir diphosphate). This metabolite has in-vitro and in-vivo inhibitory 
activity against a large number of herpes viruses, as well as activity against adenovirus, human 
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Figure 4. Flow charts showing the approach for screening patients for BKVAN and for management of a 
patient with active BKVAN. The antiviral treatment for BKVAN is still in evolutionary stages. Please see 
the text for details. 

papilloma and polyoma viruses. Cidofovir diphosphate exerts its antiviral effect by interfering 
with DNA synthesis and inhibiting viral replication. Since this drug has an extended half-life, 
there is a prolonged anti-viral effect as well as an extended protection against subsequent viral 
infections in uninfected cells. Initial indications for the use of cidofovir were for the treatment 
of human CMV infection, partictilarly CMV retinitis in patients with acquired immunodefi
ciency syndrome. It had also been shown to be effective in the therapy of bone marrow 
transplant patients with hemorrhagic cystitis due to BKV and CMV infections. '̂ ^ In order to 
prevent or reduce the nephrotoxicity of cidofovir, the dosages used in our studies were reduced 
to 5-20% of the recommended dose levels given to patients without renal disease. These pa
tients were also adequately hydrated. Although probenecid (an uricosuric agent) is recom
mended for concomitant use with cidofovir to reduce renal excretion and possibly nephrotox
icity, withholding probenecid possibly allows for concentration of cidofovir within the proximal 
tubules, with an increased amount of drug excreted from the kidney. Thus the patients at our 
center have been treated with low dose cidofovir in the range of 0.25-1.0 mg/kg/dose given 
once every 2-3 weeks intravenously, without probenecid. The initial dose has tended to be 
0.25-0.33 mg / Kg with incremental doses as needed. 

Patient and Graft Outcome 
In our report of 16 cidofovir treated BKVAN patients, the drug was effective in rendering 

the plasma PCR negative in a significant majority (98%) of the patients.^^ However, a few 
patients continued to demonstrate BKV interstitial nephritis despite negative plasma PCR 



Diagnosis and Treatment ofBK Virus-Associated Transplant Nephropathy 223 

1.00E+10 -

1.00E+09 -

1.00E+08 " 

^ 1.00E+07 -

1 
% 1.00E-H)6 
'a 
0 
^ 1.00E+05 -
CQ 
O 

l l 1.00E+04 -
re 

> 
1.00E+03 -

1.00E+02 -

1.00E+01 -

1 (inp-fon 1 

i 

x*-® ^ 

k i 4 
1 mk 

4 i - • • urine —^ plasma A Bx n 

3.3?rt 

v'n ifn A A 
V - 4^^ 2.57 [ f 1 4 ^ ^ 2̂ 3 

\ 2.15 

X 
\ 

\ 

100 200 300 400 500 

Days after ctiagtK>$i$ of BKVAN 

cido — • — G R E A T ] • 

.I'^/ _ i i / 

r 4 

-3 .5 

T 3 

^ 
^ 2,5 E. 

.£ 
'£ 

- 2 1 

O 

^ 1.5 1 
(0 

-0 .5 

- n 1 

600 700 

Figure 5. Typical time course events in a patient treated with cidofovir with improvement in serum crea
tinine, clearance of blood viral load and reduction of urinary viral load as determined by real time PCR for 
BKV. The cidofovir doses are represented by open squares (D), urine viral load by diamonds (• )and blood 
viral load by crosses (X). 

levels. This might be explained by the ongoing presence of virus in the kidney and urine 
without spillover into the blood stream. The continued presence of the virus is the kidney 
can lead to progressive destruction of the graft. This can be monitored by serial urinary titers 
or, if necessary, renal allograft biopsy for BKV. Cidofovir therapy was associated with signifi
cant reduction in the urine viral load {A-G log orders) in over half of the patients and with a 
transient clearance of urinary viral load in a smaller fraction (about 15 %) of patients. How
ever, most patients remained with positive urine PCR levels despite multiple courses of low 
dose cidofovir, and clearance of virus from the plasma. One possible reason could be that, 
because of concern about cidofovir's nephrotoxicity, the dosages used were too low. 

Four patients (25%) lost their allografts, one of which was related to a single inadvertent 
high dose (3 mg/Kg) of cidofovir. Another patient with graft loss in our series did not respond 
at all to cidofovir therapy and this scenario could represent infection with a drug-resistant 
virus. Both plasma and urine PCR levels remained elevated throughout the course of therapy 
and allograft nephrectomy showed ongoing severe BICV infection. Twelve (75%) patients re
tained prolonged graft function. Serum creatinine improved from pretreatment levels and re
mained less than 2 mg/dl in three patients. Figure 5 shows typical time course events in a 
patient treated with cidofovir with improvement in serum creatinine. Five of twelve patients 
had serum creatinine levels between 2.3 and 3.8 mg/dl, which were unchanged or improved 
when compared to the serum creatinine levels prior to the diagnosis and treatment of BKVAN. 

To date we have treated over thirty patients with BKVAN with reduction of immunosup
pression and low dose cidofovir and three overall patterns of response have been identified 
by us: (1) significant improvement, based on assessment of renal function by serum creati
nine, seen in approximately 25% of patients; (2) slight improvement or maintenance and 
preservation of renal function in approximately 50%; and (3) ongoing worsening of renal 
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function in another 25%. Future studies are needed to identify factors or markers that 
contribute to the poor response to therapy and ultimate poor graft outcome seen in some of 
these patients. Identification of various biomarkers including viral drug sensitivity, and viral 
and host genotypes along with their correlation with clinical outcomes may shed more light 
on these observations. 

Thus our experience demonstrates the ability to use cidofovir safely, and efficaciously and 
shows low dose therapy administered every 1-3 weeks at a dose of 0.25-1 mg/kg without 
probenecid can be useful in the management of BKVAN. A gradual increase in the dosage of 
cidofovir with each treatment for BKVAN would perhaps allow for an earlier clearance of the 
virus and a shorter course of infection and treatment. Most importandy, this potentially neph
rotoxic therapy should be carefully monitored by serial assessment of renal function and viral 
load. The quantitation of the viral load in blood and urine can allow a close monitoring of the 
patient's response to cidofovir. Systematic assessment of the kidney by biopsy can be useful in 
determining the progression and/or deterioration of renal function and may need to be under
taken if viral load determination is not helpful. The role of cidofovir in BKVAN needs to be 
further investigated in a larger cohort of patients in a multi-center setting to arrive at a consen
sus regarding the optimum dose and duration of therapy. 

Additional Approaches far BKVAN Management 
The timing of the initial diagnosis of BKVAN is very critical for therapeutic success and a 

good outcome, since graft failure rates can be very high. In addition to cidofovir, anecdotal 
evidence suggests that leflunomide, a new anti-arthitic and immunosuppressive agent with 
antiviral properties, may also be effective in BKVAN.^ '̂̂ ^ Additional agents that have been 
recendy reported to have a potential therapeutic benefit include intravenous immunoglobulin 
and even steroid therapy given along with reduction in other immunosuppression. '̂  It is 
quite possible that BKVAN therapy in future may evolve to include simultaneous or sequential 
use of one or more of these or other yet-to-be-identified agents. 

Retransplantation and BKVAN 
Once a graft has been lost due to BKVAN, consideration has to be given regarding 

retransplantation and its timing. There is now growing evidence that retransplantation is a safe 
therapeutic option, either with or without graft nephrectomy. '̂  '̂  Recendy, the characteris
tics and outcome in the largest series so far of 10 patients from five transplant centers who 
underwent retransplantation after losing their renal grafts to BKVAN was reported.^ These 
patients underwent retransplantation a mean of 13.3 months after failure of the first graft. 
Nephroureterectomy of the first graft was performed in seven patients, while maintenance 
immunosuppression regimens after the first and second grafts were similar. BKVAN recurred 
in only one patient, but subsequent stabilization of graft function was achieved with a decrease 
in immunosuppression and treatment with low-dose cidofovir in this patient. After a mean 
follow-up of 34.6 months, all patients were found to have good graft function with a mean 
creatinine of 1.5 mg/dL. Thus the risk of recurrence does not seem to be increased in compari
son with the first graft, and retransplantation should be offered to such patients after the active 
disease has subsided and the BKV PCR in the blood has turned negative. 

Conclusion 
There have been several recent advances, specifically viral load monitoring by quantitative 

PCR and cidofovir therapy that have both facilitated a better understanding of the natural 
course of BKVAN and also improved its management. However, anti-viral treatment strategies, 
that will enable complete cessation of BK-virus replication and functional graft recovery with 
minimal side effects, still need to be optimized. There are still a large number of unanswered 
questions. For example, why do only some of the patients develop the fidl blown BKVAN 
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syndrome even though seroprevalance is over 85%, or why do some patients with BKVAN 
respond better to therapy (either reduced immunosuppression or cidofovir) while others have 
a much poorer outcome. Thus, risk factors associated with BKVAN should be carefully studied 
and it will be of great clinical interest if biomarkers other than PCR or serum creatinine could 
be identified that would correlate with disease activity or progression. Finally, there is also an 
urgent need for high throughput assays capable of screening currendy available libraries of 
chemical compounds for anti-polyomavirus activity that are safer to use and not as nephrotoxic 
as cidofovir. 
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Abstract 

Polyomaviruses [BK virus (BKV), JC virus (JCV) and simian virus 40 (SV40)] have been 
known to be associated with diseases in humans for over thirty years. BKV-associated 
nephropathy and JCV-induced progressive multifocal leukoencephalopathy (PML) were 

for many years rare diseases occurring only in patients with underlying severe impaired immu
nity. Over the past decade, the use of more potent immunosuppression (IS) in transplantation, 
and the Acquired Immune Deficiency Syndrome (AIDS) epidemic, have coincided with a 
significant increase in the prevalence of these viral complications. Prophylactic and therapeutic 
interventions for human polyomavirus diseases are limited by our current understanding of 
polyomaviral pathogenesis. Clinical trials are limited by small numbers of patients affected 
with clinically significant diseases, lack of defined risk factors and disease definitions, no proven 
effective treatment and the overall significant morbidity and mortality associated with these 
diseases. This chapter will focus on a review of the current and future research related to thera
peutic targets and interventions for polyomavirus-associated diseases. 

Introduction 
Polyomaviruses (PV) are nonenveloped, double-stranded deoxyribonucleic acid (DNA) vi

ruses that are ubiquitous in nature. Although 13 types of PV exist, only three species [simian 
virus 40 (SV40), JC virus (JCV), and BK virus (BKV)] have been reported to be associated 
with diseases affecting humans.^ This chapter will focus on pharmacotherapeutic options for 
the management of BKV and JCV 

Both BKV and JCV were first isolated in immunocompromised patients in 1971.^'^ Infec
tion with either BKV or JCV is widespread, with seroprevalence rates of up to 90% world
wide. Primary infection typically occurs during childhood, and is largely asymptomatic.^ Af
ter being infected with BK or JC virus, antibodies remain throughout life, but the titer may 
fluctuate.^ In immunocompetent hosts, both viruses are known to remain latent in the kidneys 
and in B-lymphocytes.^' Unlike BKV, JCV may also persist in brain tissue.^ It is not uncom
mon for patients to have asymptomatic viruria with BKV or JCV. Viruria is known to occur in 
0.3% of nonimmunosuppressed patients, 3.2% of pregnant women, and in 25-44% of pa
tients after kidney transplantation. ̂ '̂ '̂ '̂ ^ Clinically significant disease due to PV is primarily 
found in patients with severely impaired cellular immunity. This would include immunosup-
pressed recipients of organ, stem cell and bone marrow transplants, patients with primary 
immunodeficiency diseases, human immunodeficiency virus (HIV) infection, or patients un
dergoing immunosuppressive chemotherapy.^'^^ 
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JC Virus 
Upon prolonged suppression of the immune system, JCV replication may result in a fatal 

demyelinating disease of the central nervous system known as progressive multifocal leukoen-
cephalopathy (PML).^ JCV has shown oncogenic potential in laboratory animals and has re-
cendy been reported to be associated with human medidloblastomas, brain tumors ̂ '̂ '̂ ^ and 
colorectal cancers. There are currendy no prophylactic therapies directed at JCV replication 
to prevent oncogenic related disorders or PML. 

Progressive Multifocal Leukoencephalopathy 
PML is a neurodegenerative disease of the human central nervous system causing demyelin-

ization of the white matter of the brain, resulting from a lytic infection of oligodendrocytes by 
JCV.^^ The pathogenesis of JCV in PML is not well understood, and consequendy the devel
opment of therapeutic targets for the prevention and treatment of JCV-induced PML has been 
limited. For example, it is unknown if PML is a consequence of initial JCV entry into the 
central nervous system via infected lymphocytes in the blood, or whether it is a result of 
reactivation of latent infection. ̂ '̂̂ ^ Further defining the cellular mechanisms of JCV leading 
to PML occurrence, could aid in the development of specific therapeutic interventions. Poten
tial targets may be aimed at inhibiting viral entry into the central nervous system, preventing 
viral activity by blocking JCV cell receptor attachment, or interfering with subsequent pro
cesses necessary for viral replication. ' 

Although several cases of PML have been reported in patients without an underlying disor-
der,̂ '̂  the majority of patients presenting with PML have a significant degree of immune sys
tem suppression due to predisposing conditions such as malignancy, organ transplantation or, 
more recendy, HIV infection."^^ Therefore, in the absence of specific antiviral treatments, a 
potential target for therapeutic intervention in PML patients is to partially or completely re
verse the underlying condition responsible for causing the immune system suppression. ' In 
patients with HIV infection, as immune reconstitution occurs [usually as a result of adminis
tration of highly active antiretroviral therapy (HAART)], an inflammatory response may de
velop. This inflammatory response is thought in most cases to be beneficial and may eventually 
prevent PML disease progression."^^ In contrast, rapid immune reconstitution due to HAART 
may paradoxically worsen the course of PML and, therefore, gradual reversal of immune defi
ciency might be associated with better outcomes.^^ A report based on 43 HIV-infected patients 
with PML has proposed that HAART associated immune reconstitution may play a role in the 
development of PML. Eight (19%) patients presented with PML symptoms 21-55 days after 
the initiation of HAART, concomitant with a decrease in HIV load and an increase in CD4 
cell count. Four (50%) subsequendy died of PML. Apart from baseline viral load, no other 
variable could distinguish these cases of PML occurring during immune reconstitution from 
those occurring in patients either untreated or failing to respond to therapy. A subset of 23 
patients untreated with HAART at the time of onset of PML was compared for 
viroimmunological response to patients who initiated HAART and developed PML, but no 
different pattern of response to HAART was observed between patients who either died or 
survived. Therefore, the authors concluded that although no direct deleterious effect of HAART 
on PML could be identified, prompt initiation of HAART afiier PML diagnosis and subse
quent successful response to HAART were often associated with poor PML outcomes. Cer
tainly, the benefits, and detrimental effects of the inflammatory response in HIV-infected pa
tients with PML requires fiirther investigation. 

HIV infection is currently the most common underlying disorder associated with PML, 
with up to 5% of all HIV-infected patients eventually developing this infectious complica
tion.^^ The reason why PML has seemed to increase disproportionately in HIV infection com
pared to other predisposing immune system altering conditions (such as organ transplantation 
or malignancy), is uncertain.^^ One proposed explanation is that the presence of HIV infection 
may contribute to a state of more profound immunosuppression (IS) than that seen with other 
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PML predisposing conditions, or HIV may directly play a role in JCV pathogenesis.^^"^^ Al
though HAART targets HIV infection, the multifactorial pathogenic role of HIV infection in 
JCV-induced PML requires more study. 

Historically, the prognosis of PML in patients with HIV infection was poor, with death 
occurring within three to four months from the time of initial disease manifestations.^'^ To 
date, none of the antiviral treatments, including cytarabine (Ara-C), alpha-interferon, cidofovir 
and topotecan, have shown a clearly defined beneficial effect on disease progression. ' Con
versely, the introduction of HAART has had a significant impact on opportunistic infections 
and has improved the survival of patients with PML. '̂ '̂ ^ Median survival from PML in the 
HAART era has increased from 4 months to 10.5 months."^^ The increase in survival may be 
attributed to disease stabilization in approximately half of the patients, whereas the remainder 
do not show any longer survival than before the introduction of HAART. ^ Recendy, defini
tions for consensus PML terminology and clinical trial guidelines to test the efficacy of 
therapeutic agents in PML with patient survival as the primary endpoint have been proposed. 

BK Virus 
BKV is most frequently associated with nephropathy and ureteral stenosis in renal trans

plant recipients, and nonhemorrhagic and hemorrhagic cystitis (HC) in bone marrow and 
stem cell transplant recipients. '̂ Clinical disease with BKV manifests principally in the geni
tourinary tract, because the virus is known to remain latent in transitional epithelium. '̂ 
There is currently no standardized treatment available for patients diagnosed with 
BKV-associated disease. The most common treatment strategy is to reduce or discontinue 
immunosuppressive drugs and treatments, if possible. This approach is designed to reduce viral 
replication, but may be associated with risks such as acute rejection and graft loss in renal 
transplant recipients, so patients must be monitored closely.̂ '̂ 

BKV-Associated Hemorrhagic Cystitis 
Hemorrhagic cystitis (HC) is a well-defined complication following treatment with high-dose 

cyclophosphamide, which is often used in bone marrow or stem cell transplant patients. HC 
typically occurs within 48 hours of cyclophosphamide infiision. HC associated with viruses, 
including adenovirus, JCV and BKV, differ in that it most commonly occurs late and is long 
lasting. Review of the literature suggests that reactivation of latent BKV is common in both 
autologous and allogeneic bone marrow transplant recipients, occurring in 60% to 100% of 
patients. In patients with viruria, 50% to 64% develop HC. In patients with HC, BK viruria 
has been detected in 56% to 80% of patients.'* '̂'̂ ^ Late onset HC is strongly associated with 
BKV viruria, however, a causal link has never been fiilly established. Renal dysfijnction associ
ated with HC is the result of clot retention and urinary tract obstruction, without direct in
volvement of the renal parenchyma. ' 

The treatment of HC is largely supportive and usually includes hydration, alkalinization of 
the urine, bladder irrigation, pain management, antibiotics, and maintaining an adequate platelet 
count. '̂̂ '̂̂ ^ The intravesical instillation of drugs such as formalin, alum, silver nitrate and 
prostaglandin E2 (PGE2) may also be used for severe cases of HC, but side eff̂ ects such as 
bladder spasms limit their clinical utility.^ '̂ ^ Several case reports have described the use of two 
antiviral agents, vidarabine and cidofovir, to successfiilly treat BKV-associated HC. This is 
described in detail later in this chapter. 

PolyomaviruS'Associated Nephropathy in Transplant Recipients 
Historically, the majority of PVN was due to BKV. Although some studies have found the 

presence of JCV and SV40 in conjunction with BKV on renal biopsies of patients with PVN, 
the pathogenic role of SV40 or JCV remains unknown. Recent studies have demonstrated 
that BKV causes nephropathy in up to 8% of kidney transplant patients, and leads to kidney 
allograft failure in as many as 70% of PVN cases. ̂ '̂ '''^^''^^ Certain risk factors, such as multiple 
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acute rejection episodes and the availability of more potent immunosuppressive medications 
[including tacrolimus and mycophenolate mofetil (MMF)], have been associated with PVN. ''̂ '̂  
However, prospective studies to date have been unable to identify either antibody induction 
therapy, or any specific maintenance immunosuppressive agent or combination, as the cause of 

a prospective, 2:1 randomized evaluation of kidney transplant recipients receiving 
rabbit anti-thymocyte globulin and either tacrolimus (n = 32) or cyclosporine (n = 18) in 
combination with MMF/azathioprine and corticosteroids, an interim analysis at 43 weeks showed 
no difference in the incidence of viruria or viremia between the tacrolimus and cyclosporine 
groups, and PVN was not observed.^ This is the only study to date that has examined whether 
a reduction in IS when BKV is detected early, may prevent the development of clinically sig
nificant PVN. 

Even though IS seems to be a prerequisite for PVN, the interaction between several factors 
such as IS, preexisting recipient factors, and tubular injury (due to a variety of causes such as 
drug toxicity, ischemic injury, and rejection episodes), may be responsible for the development 
of P V N 7 ^ ' ^ ^ Patients have been diagnosed with PVN between 2-60 months after transplant, 
but are most commonly diagnosed within the first 12 months post-transplant. ̂ '̂'̂ '̂ '̂ ^ Patients 
often present with an asymptomatic rise in serum creatinine (SCr), necessitating fiirther inves
tigation. Unfortunately, in most cases, renal dysfunction is representative of a late stage of 
PVN, occurring as a result of BKV-associated renal allograft injury.^ '̂̂ ^ Confirmation of the 
diagnosis requires biopsy of the allograft and the use of either immunohistochemical analysis, 
in situ hybridization, or BKV PCR on the renal transplant biopsy specimen. These advanced 
techniques are needed to distinguish if the tubular injury is due to the virus or the presence of 
concurrent acute rejection. 7,68,77,81 

A better understanding of how to manage PVN is slowly evolving. Historically, it was diffi
cult to exclude concurrent acute rejection on biopsy. Therefore, many patients were given 
intensified immunosuppressive regimens to treat acute rejection. Based on the following data, 
most authors have concluded that it is best to avoid anti-T-cell agents such as muromonab-CD3 
(Orthoclone OKT3) and anti-thymocyte preparations afiier a diagnosis of PVN has been 
made. However, if acute rejection is found concomitantiy on tissue biopsy, patients may ben
efit from pulsed steroid therapy followed by a reduction in baseline IS. ' 

Hussain et al̂ ^ described their experience in patients diagnosed with PVN (Table 1). They 
compared seven patients who received OKT3 or equine antithymocyte globulin (Atgam ) at 
the time of diagnosis, to seven patients who did not. In the OKT3/Atgam group, all 7 (100%) 
grafts were lost, whereas only 2 (29%) grafts were lost in the other group. Randhawa and 
colleagues reported their initial experience with 12 patients diagnosed with PVN. All pa
tients were given empiric steroids. Only 1/12 (8%) patients cleared the virus, and 3/12 (25%) 
had a partial response. The other eight patients that did not respond were managed with a 
reduction in baseline IS, with graft failure occurring in 8/12 (G7%) patients. Ahuja et al also 
treated ten patients with PVN; 9/10 (90%) were given steroids at diagnosis and one patient 
also received Atgam followed by OKT3. This approach resulted in a 70% rate of graft loss. 
Mengel et al'̂ '̂  prospectively evaluated all biopsies performed at the Hannover Medical School 
in Germany. Seven patients were diagnosed with PVN. Acute rejection was found in 617 biop
sies. In the first three patients, no change or an intensification in IS was made. In the next four 
patients, IS was initially reduced. Overall, 5/7 (71%) of grafts were lost to PVN, and another 
graft was lost in a patient who died from heart failure. In another study by Nickeleit and 
colleagues, 11 patients diagnosed with PVN were given antirejection therapy if concurrent 
acute rejection was detected on biopsy. As their awareness of PVN evolved, patients were man
aged with an initial decrease in IS. The overall rate of graft loss was 5/11 (45%). 

Other authors have reported better outcomes associated with the initial use of antirejection 
therapy in the setting of PVN. Howell et al diagnosed PVN at nephrectomy in one patient 
who was given antirejection therapy and an increase in maintenance IS. In three patients ini
tially given antirejection therapy followed later by a decrease in IS, and in three other patients 
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Table 1. Management. 

Source 

Hussain et al^^ 

Randhawa 
etal^7 

Ahuja et al^^ 

Mengel et aP^ 

Nickeleit 
et al̂ 3-6^ 

Howell etal^^ 

Huralt de Ligny 
et al«3 

Rahamimov 
et ajs^ 

Li et al^^ 

Ramos et aP^ 

Buehrig et af^ 

Trofe et al^° 

Trofe et al^^ 

Barri et al^^ 

Ginevri et al̂ ^ 

Hirsch et aP 

Totals 

PVN 
Cases 

14 

22 

10 

7 

11 

7 

10 

7 

6 

67 

18 

13 

10 

8 

5 

5 

220 

and outcomes 

Anti-
Rejection 
Therapy 

11 

12 

9 

— 

n/a 

4 

9 

7 

3 

— 

3 

— 

— 

3 

— 

4 

63 
(29%) 

in polyomavirus-associated nephropathy 

Baseline 
Immunosuppression 

Decrease Increase No Change 

14 

16 

10 

4 

n/a 

6 

8 

6 

6 

52 

18 

10 

10 

7 

5 

5 

177 
(80%) 

PVN—polyoma virus-associated nephropathy; n/a—data 

— — 

— 6 

1 2 

n/a n/a 

1 — 

2 — 

— 1 

— 15 

— — 

— 3 

— — 

— 1 

— — 

— — 

4 28 
(2%) (13%) 

not available. 

Graft Loss 
Due to PVN 

9/14(64%) 

10/22(45%) 

7/10(70%) 

5/7(71%) 

5/11 (45%) 

1/7(14%) 

2/10(20%) 

1/7(14%) 

1/6(17%) 

11/67(16%) 

7/18(39%) 

7/13(54%) 

1/10(10%) 

2/8 (25%) 

1/5(20%) 

0/5 (0%) 

69/220(31%) 

managed with an initial decrease in IS, no patient experienced graft loss. Hurault de Ligny and 
coileagues^^ diagnosed ten patients with PVN. Nine patients were given treatment for acute 
rejection at the time of PVN diagnosis. Two patients managed with an increase in basal IS 
experienced graft loss, while the other eight patients managed by a reduction in IS stabilized 
their renal function. Rahamimov et al̂  diagnosed seven patients with PVN; one patient was 
given anti-thymocyte globulin to treat rejection, and the other six were given increased oral 
steroids along with a reduction in basal IS. The overall rate of graft loss was 1/7 (14%). Li et 
al identified six patients with PVN; all were managed with a decrease in IS, but three received 
pulsed steroids to treat acute rejection. Five patients have maintained graft function while the 
remaining patient (1/6 = 17%) experienced graft loss. 
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Several authors have reported their cHnical experience with decreasing IS when PVN is 
initially diagnosed. The largest experience to date is by Ramos et al/^ who diagnosed PVN in 
G7 patients between June 1997 and March 2001. An initial decrease in IS was performed in 52 
patients, while no specific IS intervention was made in 15 patients. The overall rate of graft loss 
was 11/67 (16.4%). Buehrig and colleagues reported their experience with 18 patients diag
nosed with PVN; all patients were ultimately managed with a decrease in maintenance IS, but 
three were given a steroid bolus or a modest temporary increase in baseline IS to initially treat 
acute rejection. Satisfactory results occurred in 11 patients (61%), while the remaining seven 
(39%) had poor outcomes (graft loss, increased severity of PVN on repeat biopsy, or SCr > 3 
mg/dl at 6 months after diagnosis). Trofe et al reported their experience at the University of 
Tennessee-Memphis with 13 patients diagnosed with PVN; ten patients were managed with a 
decrease in maintenance IS, while three patients (who received a kidney-pancreas transplant) 
were not. Graft loss occurred in 7/13 (54%) of patients. Trofe et al̂ ^ also reported the results of 
ten patients at the University of Cincinnati diagnosed with PVN. All patients were managed 
with an initial decrease in baseline IS. Graft loss occurred in only one patient (10%). Barri et 
al̂ 9 

reported their experience with eight patients diagnosed with PVN; three patients were 
given antirejection therapy followed by a decrease in maintenance IS, baseline IS was reduced 
in four patients, and one patient had no intervention. Graft loss occurred in 2/8 (25%) of 
patients, but one patient was lost to follow-up and stopped taking their IS. Ginevri and col
leagues managed five pediatric kidney transplant recipients with PVN; a decrease in baseline 
IS was performed in all patients, and one patient was treated with cidofovir. Only one patient 
(20%) experienced graft loss. 

Although the majority of data describing PVN in kidney transplantation is based on retro
spective analyses, one prospective study has been published to date. Hirsch et al^^ followed 78 
renal transplant patients at University Hospitals in Basel, Switzerland. The primary outcomes 
were the detection of decoy cells in the urine using the Papanicolaou method, the detection of 
BKV DNA in the plasma, and the development of PVN in allograft biopsy specimens. Routine 
screening for viruria was performed every month for the first six months, during any hospital
ization, if allograft ftinction declined, or if a biopsy was performed. BKV DNA was measured 
in the plasma using a nested PCR assay at three, six and twelve months, and when viruria was 
present. A biopsy was performed if the SCr increased by > 25%, and all biopsies were stained 
for polyomavirus specific antigen. The median follow-up was 85 weeks (range 43-130). Viruria 
developed in 23 patients, viremia developed in ten patients, and PVN was detected on biopsy 
in five patients. Using a Kaplan-Meier analysis, the probability of developing viruria was 30% 
(95% CI 20-40%), die probability of developing viremia was 13% (95% CI 5-21%), and the 
probability of developing PVN was 8 % (95% CI 1-15%). Concurrent acute rejection was 
detected in 4/5 (80%) patients. Three patients were treated with steroids and one patient was 
given anti-T-cell therapy. Baseline IS was modified in all patients at the time PVN was diag
nosed. The overall graft survival rate in the group was 96%, with no graft loss due to PVN. 
Factors found to contribute to BKV reactivation/disease included the use of steroids to treat 
acute rejection, but BKV did not correlate with the induction IS therapy used. The authors 
concluded that screening for decoy cells in the urine is simple and always precedes PVN, and 
that the use of quantitative BKV viremia can be usefiil since the mean viral load was signifi-
candy higher in patients with PVN (28,000 vs. 2,000 copies/ml, P < 0.001 by the Mann-Whitney 
U test). 

Better diagnostic testing and more experience suggest that in the case of PVN, early detec
tion is imperative. It is also important to distinguish PVN from acute rejection so that 
anti-rejection therapy is not given inappropriately. The mainstay of therapy is to lower the 
amount of maintenance IS in an attempt to allow the patient's immune defenses to overcome 
the viral infection. '̂ ' '̂ Several approaches have been advocated, including reducing or 
stopping azathioprine, MMF, or sirolimus; using lower target concentrations of the calcineurin 
inhibitors (cyclosporine or tacrolimus); switching from one calcineurin inhibitor to another; or 
stopping the calcineurin inhibitor completely. These approaches have resulted in a variety of 
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difFerent outcomes (Table 1). A better prognosis is likely if PVN is suspected and diagnosed 
early, followed by an immediate reduction in IS. Many patients, however, may still have persis
tent allograft dysfunction that may progress to chronic allograft nephropathy with eventual 
graft loss. This has led to the search for novel therapeutic agents that may be used as an adjunct 
to treat PVN. 

Targets for Pharmacotherapeutic Intervention (Table 2) 
The receptors for viral entry differ for polyomaviruses. BKV, TCY, and murine polyomavirus 

use sialoglycoproteins as primary receptors for viral entry. '̂ In contrast, SV40 has recep
tors related to the MHC system.^ '̂̂ ^ Many viruses enter host cells using the endocytic pathway 
that utilizes clathrin-coated vesicles. JC virions have recendy been shown to use this endocytic 
pathway for cell entry. ^ SV40 and murine polyomavirus, however, are internalized in 
nonclathrin-coated vesicles called caveolae."̂ ^ Recently, BK virions have also been shown to enter 
renal tubular cells in smooth monopinocytotic vesicles consistent with caveolae. Chlorprom-
azine has been shown to inhibit clathrin dependent endoctyosis of JCV, but has no significant 
activity against BKV. Since chlorpromazine is associated with the development of extrapyra
midal symptoms that may be heightened in HIV-infected patients (due to basal ganglia deficits 
in AIDS patients), clozapine, an atypical anti-pyschotic agent that is associated with less severe 
side effects, has also been evaluated for antiviral activity against JCV. Clozapine was found to 
be as effective as chlorpromazine at inhibiting infection. Furthermore, the combination of low 
dose chlorpromazine and clozapine was shown to synergistically inhibit infection in vitro in 
glial cells. It is unknown, however, if these drugs can inhibit already active infection.^^ There
fore, further in vitro studies followed by initiation of clinical trials are necessary to determine 
the efficacy and safety of these drug combinations in the treatment of PML. 

In vitro, nystatin inhibits caveolae activity associated with SV40 and BKV entry, but to 
date, has not been evaluated in vivo for BKV^2-^^ Furdier research into the efficacy and dosing 
of nystatin necessary to inhibit PVN in vivo are required prior to recommending it for thera
peutic use. 

Caveolae containing either SV40 or BK virions appear to use an extensive network of tu
bules and vesicles to transport the virions to the nucleus. The mechanism of nuclear entry, 
however, remains unclear for all of the polyomaviruses. The virus multiplies in the nucleus and 
involves the structural proteins VPl, VP2, and VP3. Polyomaviruses do not encode viral DNA 
polymerases, but they rely extensively on host-cell enzymes, thereby providing potential targets 
for therapeutic intervention. The majority of virions in infected cells appear to remain within 
the nucleus until released by cell lysis. 

Retinoic acids, 5-bromo-2'-deoxyuridine and prokaryotic DNA gyrase inhibitors 
have been shown to inhibit PV in vitro but have not been tested in clinical trials.^^'^^ 
Several other compounds have been evaluated in vitro for their inhibitory activity 
against murine polyomavirus and SV40 strains. Many compounds, including acyclovir, 
ganciclovir, penciclovir, brivudine, ribavirin, vidarabine [Ara-A], and foscarnet, were 
found to have minimal or no activity against polyomavirus replication, whereas 
cidofovir [HPMPC: (S)-l-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine] and cy
clic HPMPC were found to be the most selective inhibitors. ' Leflunomide 
[N-(4-trifluoromethylphenyl)-5-methylisoxazole-4-carboxamide] is a known immunosup
pressive agent that is reported to have antiviral properties, and may have a role in the 
management or 

PYN71.103 j ^ ^ malononitrilamide (MNA) compound FK-778 
{2-cyano-3-hydroxy-N-[4-(trifluoromethyl)phenyl]-2-hepten-6-yonic acid amide} is cur
rently being evaluated in a phase II clinical trial in kidney transplant recipients. It is a 
derivative of leflunomide's active metabolite A77-1726 and has been shown in vitro to 
possess activity against polyomavirus.^ Cytarabine (Ara-C) and topotecan have shown in 
vitro activity against JCV, and clinical data exists in humans. Another potential therapeu
tic target that is currently being studied are the antisense oligonucleotides.^^ These agents 
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Table 2, Potential targets for therapeutic intervention 

jC Virus BK Virus 

Modulation of overall immune status yes yes 

Chlorpromazlne/clozapine yes no 

Nystatin no yes 

Retinoic acids yes yes 

DNA gyrase inhibitors yes yes 

Vidarabine/cytarabine yes yes 

Cidofovir no yes 

Leflunomide ? yes 

Topotecan yes ? 

Antisense oligonucleotides ? ? 

Interferon-alpha no yes 

Interferon-beta ? ? 

Intravenous immune globulin ? yes 

Yes—in vivo/in vitro data shows activity; no—in vivo/in vitro data shows no activity; ?—no data 
available. 

have been shown to inhibit viral DNA replication and transcription^^^ and techniques for 
drug delivery to the brain are currently being studied. 

The remainder of this chapter will focus on a review of therapeutic agents that have been 
used to treat polyomavirus related diseases (PML, HC and PVN) in humans. 

Specific Phartnacotherapeutic Intervention 

Cidofovir 
Cidofovir (Vistide ) is currendy approved for use in the treatment of CMV retinitis in 

patients with acquired immunodeficiency syndrome (AIDS). It is often reserved for patients 
who are intolerant, unresponsive or relapse on drugs such as ganciclovir or foscarnet.̂ ^* '̂̂ ^^ 
Cidofovir is being evaluated for its activity against other viruses, including BKV and JCV, 
however, it is not approved for use in these settings. 

Mechanism of Action 
Cidofovir is an acyclic nucleoside phosphonate that is active against virtually all herpesvi

ruses, as well as polyomaviruses, papillomaviruses, adenoviruses, iridoviruses, and poxviruses 
(Fig. 1). The spectrum of activity for cidofovir is very different from classic acyclic nucleoside 
analogues such as acyclovir, penciclovir and ganciclovir. To exert antiviral activity, these agents 
require phosphorylation by viral nucleoside kinases. In contrast, this initial phosphorylation 
step is not needed for cidofovir. ^̂  In murine models, cidofovir is more effective than acyclovir 
against herpes simplex virus (HSV) infection, and more effective than ganciclovir against cy
tomegalovirus (CMV) infection.̂ ^ '̂̂ ^"^ The active intracellular metabolite, cidofovir diphos
phate, suppresses viral replication by interfering with DNA transcription following incorpora
tion into the growing DNA chain. 

Pliarmacokinetics 
Cidofovir is extensively metabolized intracellularly. It is phosphorylated by cellular enzymes 

to its active diphosphate form. Cidofovir has minimal protein binding (0.5%), and is not 
thought to undergo systemic metabolism. When 5 mg/kg doses of cidofovir are used with 
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probenecid and hydration, die volume of distribution is 300 ml/kg, and the renal clearance is 
80 ml/kg/hr. The half life of the parent compound is 2.5 hours, however, the antiviral activity 
is related to the intracellular concentrations of the active phosphorylated metabolite (half-life 
65 hours).^^^'^^^ The accumulation of this metabolite allows for a prolonged antiviral effect 
with infrequent dosing. The majority of each cidofovir dose (70-85%) is excreted renally within 
24 hours as unchanged drug in patients who have received probenecid, and approximately 
80-100% of the drug is excreted unchanged without probenecid. 

Dosing and Adverse Events 
The dosing of cidofovir recommended for AIDS patients is 5 mg/kg once each week for two 

doses (induction phase) followed by the same dose every other week (maintenance phase). 
Each dose is diluted in 100 ml normal saline and infused intravenously (IV) at a constant rate 
over 1 hour. Cidofovir is contraindicated in patients with a SCr >1.5 mg/dl, a calculated crea
tinine clearance < 55 ml/min, or a urine protein > 100 mg/dl. The dose must also be reduced 
or discontinued if the patient's renal function deteriorates during therapy. To minimize the risk 
of nephrotoxicity when treating CMV retinitis, cidofovir is routinely given with high-dose oral 
probenecid (used to block the uptake of cidofovir by the proximal tubular cells), and saline 
hydration (at least one liter of sodium chloride 0.9%) prior to each dose. When cidofovir is 
used to treat CMV retinitis, the most common clinical adverse events reported include nephro
toxicity (specifically proteinuria), nausea, vomiting, and fever.̂ ^^ Cidofovir has also been asso
ciated with neutropenia and intraocular inflammation (uveitis). 

Clinical Experience 

Progressive Multifocal Leukoencephalopathy 
Although an initial in vitro study showed the efficacy of cidofovir against SV40 and murine 

polyomaviruses,^^ a second in vitro study found it to be ineffective at inhibiting JCV replica
tion.^ ̂ ^ Anecdotal PML experiences have shown some benefit with cidofovir treatment in both 
HIV and nonHIV-infected patients, ^ while others have advocated a role for combined 
HAART and cidofovir for HIV-infected patients widi PML.̂ ^ '̂̂ ^ '̂̂ ^^ In contrast, other stud
ies have found no benefit of cidofovir for the treatment 
ever, are difficult to interpret due to small sample sizes and the coadministration of HAART in 
HIV-infected patients. 

A multicenter, observational study evaluated consecutive HIV-infected patients with viro-
logically or histologically proven PML treated with either HAART alone (n = 26) or HAART 
plus cidofovir 5 mg/kg IV per week for 12 weeks and alternate weeks thereafter (n = 14). 
After two months of therapy, 5/12 (42%) patients receiving HAART alone and 7/8 (87%) 
patients receiving HAART and cidofovir, reached undetectable JCV DNA in the cerebrospinal 
fluid (CSF) (Chi-square, P = 0.04). Furdiermore, 24% of HAART alone patients and 57% of 
HAART plus cidofovir patients showed neurological improvement or stability (P = 0.038). 
One-year cumulative probability of survival was 0.67 with cidofovir and 0.31 without (log-rank 
test, P = 0.01). Variables found to be independently associated with longer survival were the 
use of cidofovir, HAART prior to the onset of PML, a baseline JCV DNA load in CSF < 4.7 
loglO copies/ml, and a baseline Karnofsky performance status > 60. The authors concluded 
that in HIV-infected patients with PML, cidofovir added to HAART was associated with more 
effective control of JCV replication, with improved neurological outcome and survival com
pared with HAART alone. An extended follow-up for this study at a median of 132 weeks post 
diagnosis found that the one-year cumulative probability of survival was 0.61 with cidofovir 
and 0.29 without (log rank test, P = 0.02).^^^ After adjusting for baseline CD4 counts, JCV 
load in the CSF, Karnofsky performance status, and use of HAART prior to the onset of PML, 
the use of cidofovir was still found to be independently associated with a reduced risk of death 
(hazard ratio, 0.21; 95% confidence interval, 0.07-0.65; P = 0.005). 
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In contrast, a single center observational study compared 22 patients treated with HAART 
alone to 24 patients treated with cidofovir and HAART for PML in HIV-infected patients. At 
six months, JCV load in the CSF was below the detection level in 8/24 (33%) patients in the 
cidofovir plus HAART group and 7/18 (39%) patients in the HAART alone group (P = 0.71). 
One-year cumulative probability of survival was 62% in the cidofovir plus HAART group and 
53% in the HAART alone group (P = 0.72). The authors concluded that the addition of 
cidofovir to HAART had no significant benefit. ^ 

Because of these conflicting results, a prospective, multicenter, open-label, pilot study was 
recendy conducted. Twenty-four HIV-infected patients with symptoms of PML for 90 days or 
less, received cidofovir 5 mg/kg IV at baseline and one week, followed by infusions every two 
weeks with dose adjustments for renal function. Probenecid was administered based on weight 
and saline infiisions were administered before and afi:er each cidofovir dose. Eligibility criteria 
did not include the use of antiretroviral agents, and no specific regimen or duration of therapy 
was required. Seventeen (71%) patients also received potent antiretroviral therapy defined as at 
least three antiretroviral agents at study entry. For 15 (88%) patients, the regimen included a 
protease inhibitor. Follow-up continued to 24 weeks. Results showed that a higher CD4-cell 
count at study entry was significantly associated with survival (P = 0.02). Two (8%) patients 
underwent cidofovir dose reduction for neutropenia and elevated serum creatinine, respec
tively. Five (21%) patients discontinued cidofovir treatment because of toxicity; a 50% or 
greater decrease in intraocular pressure in either eye (n = 4), and proteinuria (n = 1). Twelve 
(50%) deaths occurred, with 11 (46%) patients dying from PML during the 24 weeks of 
follow-up. As a result of toxicity or patient death, 14 (58%) patients discontinued study treat
ment by week 12, and only seven of the ten remaining patients completed 24 weeks of treat
ment. The median duration of treatment was seven weeks (range 1-23) and the median num
ber of cidofovir doses was five (range 1-13). Only two (8%) patients experienced a 25% or 
greater improvement in neurological examination scores at week eight. The authors concluded 
that cidofovir did not improve neurological examination scores at week eight. In a secondary 
analysis, patients who entered the study with suppressed plasma HIV RNA levels (500 copies/ 
ml or less), had significandy better scores at eight weeks compared to patients who entered the 
study with plasma HIV RNA levels of greater than 500 copies/mL. The authors proposed that 
cidofovir may confer some benefit in patients who have already had a virological response to 
potent antiretroviral therapy, or who are controlling HIV infection by their own immune mecha
nisms. The authors also propose that their results may simply mean that individuals with 
control of HIV infection may have a less aggressive clinical course of PML. Since a control 
group was not evaluated in this study, the authors cannot differentiate between these two theo
ries, and a prospective controlled study would be required to determine whether cidofovir 
confers a benefit beyond that of potent antiretroviral therapy for PML. Nevertheless, this pro
spective trial failed to show significant benefit of cidofovir for PML in HIV-infected patients 
above that seen with antiretroviral therapy alone. 

In summary, although some positive experiences with cidofovir have been reported, cidofovir 
was not found to be effective for PML in HIV-infected patients in a prospective multi-center 
trial.^^ Moreover, HIV-infected patients with high JCV load and/or low CD4-cell counts do 
not respond to potent antiretroviral or antiretroviral plus cidofovir combinations.^ '̂ ^̂  The 
current belief is that immune reconstitution is a requisite for clinical improvement. 

BKV'Associated Hemorrhage Cystitis 
There are several case reports describing the use of cidofovir for BKV-associated HC in 

bone marrow and stem cell transplant recipients.^^'^^'^ '̂ '̂ '̂  In one patient, after palliative treat
ment of HC failed, cidofovir was initiated at 5 mg/kg/week IV for two weeks, followed by 5 
mg/kg IV every two weeks for a month (total of four doses over six weeks) with concurrent 
probenecid to minimize the risk for nephrotoxicity. Symptoms improved after two weeks, and 
BK viruria cleared. The patient experienced nausea and vomiting, thought to be secondary to 
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probenecid, and also a slight increase in SCr that resolved in one week with IV hydration.^^ 
Another patient, who had CMV reactivation in addition to BKV-associated HC, was treated 
with cidofovir. Cidofovir was given as an initial 5 mg/kg infusion, and was repeated at one 
week and three weeks. Probenecid and IV hydration were also given simultaneously. As the BK 
viruria improved, the patients symptoms of HC improved, and the CMV antigenemia became 
negative. During treatment, the SCr fluctuated, but it never exceeded 1.8 mg/dl and always 
returned to baseline.^ In a third patient, cidofovir was used for BKV-associated HC, but 
treatment failed and the patient underwent cystectomy. ̂ ^ In another case report, a 15 year old 
male developed HC and renal dysfunction after allogeneic BMT. Both BKV and adenovirus 
type 11 were detected in the urine. Initially, a course of IV vidarabine was given (10 mg/kg/day 
for 5 days) without improvement. He was later given cidofovir (1 mg/kg IV three times a week) 
along with probenecid. He complained of mild nausea (likely due to probenecid) but other
wise tolerated the regimen well. After seven doses of cidofovir his renal function normalized 
and the HC resolved. Based on these and other anecdotal reports, cidofovir may be safe and 
effective for treating HC in the setting of BKV, and should be considered for patients who fail 
conventional methods for controlling HC. 

Polyomavirus-Associated Nephropathy 
Based on in vitro findings, attention has focused on the therapeutic use of cidofovir as an 

adjunct to managing patients with PVN. The successful use of cidofovir has been described in 
several case reports, ^̂ '̂ ^̂  (Table 3) but the largest experience to date has been reported from 
the University of Pittsburgh. Cidofovir was used in 16 renal transplant patients diagnosed with 
PVN.^^ '̂̂ ^^ In addition to a kidney transplant, two had also received a simultaneous pancreas 
transplant, and one patient had previously received a liver transplant. In 12 patients, the diag
nosis of PVN was made using renal biopsy specimens, and in four patients the diagnosis was 
made by plasma DNA-PCR assay (two patients diagnosed using both methods simultaneously). 
Patients had a median age of 48.5 years (range 6-70), the time to diagnosis was 3-73 months, 
and the male-to-female ratio was 13:3. IS was decreased in all patients at the time of diagnosis. 
Tacrolimus was decreased and steroids were decreased or discontinued. If patients were on MMF 
or sirolimus, it was almost always stopped. Cidofovir was administered as 0.2-1 mg/kg/dose 
every 1-4 weeks IV for a total of 1-7 doses (mean 2.7 doses per patient). Low doses (5-20% of 
the dose recommended for the treatment of CMV retinitis, given less often) were used, since the 
majority of cidofovir (80-100%) is excreted unchanged in the kidney, and the goal was to treat 
virus localized in the kidney. Overall, the SCr improved in five (31%) patients and stabilized in 
five (31%). In two (13%) patients the SCr increased but then stabilized, and the remaining four 
(25%) patients developed graft failure. Using a quantitative polymerase chain reaction (PCR) 
assay for BKV, the majority of patients [14/16 (88%)] showed clearance of viremia. Most pa
tients [15/16 (94%)] also had either a transient clearance or reduction in viruria. No lasting 
nephrotoxicity was attributed to the use of low dose cidofovir. Only one patient appeared to be 
completely unresponsive to intervention with cidofovir and it is possible that this patient was 
infected with a drug-resistant virus. Several patients have had recurrence of the viruria, and 
therefore, after treatment, patients still need to be monitored closely. The authors suggest that 
quantitative PCR testing can be used to diagnose and manage the course of PVN, and that 
cidofovir therapy may be beneficial in select patients, especially those who have not responded 
to a reduction in IS. The authors also state that patients may benefit from a gradual increase in 
the cidofovir dose with each treatment in an attempt to clear the virus earlier. 

When cidofovir is used to treat PVN, lower doses must be used. This helps to minimize the 
risk for developing adverse events such as dose-dependent nephrotoxicity. Probenecid has not 
been advocated for use in patients being treated for PVN, to allow for maximal excretion of the 
drug by the kidney, but prehydration with normal saline is still recommended. In addition, a 
second liter of fluid may be given over 1-3 hours during or after the cidofovir infixsion if the 
patient will tolerate it. 
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Ŝ  QJ 
C 

"2 
«tw 

$ 
? 
1 
1 
^ 
"5 Q. 
e 
•̂  . V , 

•̂  ^ ^ 
^ ^ •5 
«4«. 

o 
^ i?i 
:D 
H 
^ 
3 

c 
0^ 

E a> 

c 

% 
u 
*5b 
o 

i 
i f « 

^ Q . 

* i M 

C 

**3 

(« fi. 

! • 

3 
O 

I 
E 
E 

I 
s 
3 
o 

0) 

15 
iS 
CO 

-a c 

CD 

1 
E 

U 
C O 

CD 

> 
"f̂  

E 
fT3 
U 

_ Q 

T 3 

1^ 
IS 
Q - CD 

"a 
Q; <fc 

2 fe 
.i 2 

T 3 
c 
OJ 

Q; 

.> 
0 ) 
c 
cu 
E 
oj 

u 
0) 

" O 
OS 

_o 

*> 
E 

D . 

0 

> 
0 

t/5 

}— 

E 
0 

bJD h= 

V5 S S 

.0 fe 

^ CU CD 

U 
0-) t 0 

cu 
> 
rO 

0) 

c 
E 
03 
u 
a; 

_D 

03 

0 

*> 
03 

E 
to 
03 
Q_ 

CD 

1 -
D. 

u 
CN 

CN 

t / ) 

03 

E 
0 

0 

0 _ 
a; OS 

c ., 

V5 ^ - . 

ID ^ 

S 0 

1 
^ 
c 

QJ 

Q. 
m 
c 

"D 

c 
03 

T 3 CU > 
0 

u 

f^ 

D 

*> 
^ "a; 

S ^ 

E ^ 
cu . . 

•|3 
1 S 
> be cu ==: 

• ^ 0) 

Q _ 0 

- 0 - D 
CU <U 
> N 
0 — 
Q - I Q 

u 
^n 

t-
C2-

LO 

u 
cy^ 

? 
v£5 

LO 

CU 

15 
i2 
C 

f -

"3 
-D 
-D 
0) 
tr> 
03 
OJ 

U 

U 
c/^ 

? 
r o 

CN 

0 

1 
DO 

? 
CN 

vX5 

^ 

I D 

:3 

5 
<fc 

^ 
Qi 

0 

'"=, -o 'u 

- D QJ . > 
<U <u bO 

u^ 

cu 
Q 

H O fe 

^ 8.1 
_c _c c/-) 

O o 
E E 

CXD T ^ 

o 

> 
'bO 

o 
(U 

Q 

-a 

> 
*bO 

(1) 
en 
m 
0) 

u 
lU 

"c 
CU 

"ra 
0 

m 

f o 

a* 
tn 
03 cu 
u 
cu 

"D 
0 
Z. 

"c 
cu 
CO 
0 

T -

> 0 
0 

-0 
{ ) 

c 
fl) 

-!» * W ) 
t / 1 

cu 

03 
0. 

< 

CO 

cu 
U5 
01 
ci; 

u 
cu 

U 
i« 
C 

CU 

03 
Q . 

vO 

> C) 
0 

-a 
u 
c-
o; 
> * D 0 

^ 
C 
CD 

03 
D-

< 

>< >< hS 

1 1 ^ 
m ^ S 
' - fN ^ 

o ^ 
CU ^ 

^ 0 3 
cu ^ 

^ E ^ 
03 - -
D 03 
OS ^ 

03 

"S 
tn 

03 > 

_D 
CU rs 

Is 
u ^ _ 

> •;;; ^ 03 , 

U 
CO 

^ 



240 Polyomaviruses and Human Diseases 

Leflunomide 
Leflunomide (Arava ) is a novel disease modifying anti-rheumatic drug (DMARD) with 

anti-inflammatory, anti-proliferative and immunomodulative properties that was approved for 
the treatment of active rheumatoid arthritis in 1998.^^^ Leflunomide is chemically unrelated to 
other immunosuppressants including cyclosporine and tacrolimus, and it is currendy being 
evaluated in many different disease states including transplantation. 

Mechanism of Action 
Leflunomide is an isoxazole derivative. Its immunosuppressive properties are due to the 

inhibition of the enzyme dihydroorotate dehydrogenase (DHODH), as well as its ability to 
interfere with protein tyrosine kinases. DHODH interferes with the de novo synthesis of pyri-
midine nucleotides, and ultimately induces cell-cycle arrest and inhibits lymphocyte clonal 
expansion. ' Leflunomide has also demonstrated antiviral activity against cytomegalovirus 
(CMV) and herpes simplex virus- vitro studies have shown that in 
contrast to other anti-CMV and anti-HSV agents used today, leflunomide acts at a late stage in 
virion assembly, rather than interfering with viral DNA synthesis. 

Pharmacokinetics 
Leflunomide is a prodrug that is rapidly metabolized to the active major metabolite, 

A77-1726. This metabolite is a MNA compound and is responsible for the large majority of its 
pharmacologic activity. Pharmacokinetic studies have primarily evaluated the plasma concen
trations of the active metabolite A77-1726, since leflunomide concentrations are usually unde
tectable after oral administration. Peak plasma levels of the active metabolite occur between 
6-12 hours after an oral dose. A loading dose of leflunomide is recommended due to the long 
half-life of A77-1726 of approximately 15 days. Using a loading dose will help to achieve 
steady state concentrations of the active metabolite after approximately 2-3 weeks. In contrast, 
without a loading dose, it would likely take about two months to reach steady state.^^ ̂ ' The 
active metabolite has a low volume of distribution (0.13 L/kg) and is highly protein bound to 
albumin (>99.3%). It is eliminated by further metabolism and subsequent renal and biliary 
excretion. 

Leflunomide pharmacokinetics are known to vary with renal ftinction. In a study by Will
iams et al,̂ ^^ renal transplant patients with diminished renal function were more likely to have 
lower serum levels of active metabolite, despite comparable doses. This is likely due to the fact 
that protein binding of the active metabolite is reduced in uremia, and results in a higher 
fraction of unbound drug. This may lead to increased elimination, thus necessitating higher 
doses in patients with renal dysfunction. 

Dosing and Adverse Events 
The dosing of leflunomide recommended for patients with rheumatoid arthritis is 100 mg 

each day for three days followed by 20 mg each day. This dosing regimen is designed to pro
duce a steady state serum concentration of the active metabolite of approximately 25-45 meg/ 
ml. Higher maintenance doses are not recommended, and if a patient experiences adverse 
events, the dose may be decreased to 10 mg per day. 

Adverse reactions associated with leflunomide in rheumatoid arthritis patients include nau
sea, diarrhea, alopecia, rash, anemia and elevated liver enzymes.^^^ It appears that the side 
effect profile may differ slighdy in different patient populations. In kidney transplant patients, 
the main side effect reported has been anemia, while in liver transplant patients, an elevation in 
liver enzymes was found. ̂ ^̂  

It was noted that side effects were more common in patients with lower total serum concen
trations and diminished renal ftinction, and this may be attributed to a higher unbound frac
tion. The assay that the authors utilized to measure A77-1726 detected total (both bound and 
unbound) concentrations, and in patients with renal dysftinction, this assay is not likely to 
accurately reflect the amount of pharmacologically active drug. 



Pharmacotherapeutic Options for the Management of Human Polyomaviruses 241 

Clinical Experience 

Progressive Multifocal Leukoencephalopathy and BKV-Associated Hemorrhagic Cystitis 
Currently, there are no data describing the use of leflunomide to treat PML or BBCV-associated 

HC. Moreover, the time period that would be necessary to achieve therapeutic concentrations 
with leflunomide may prohibit its use in PML or HC. 

PolyotnaviruS'Associated Nephropathy 
Several investigators are starting to use leflunomide to manage PVN, but clinical experience 

is limited. Foster and colleagues described the use of leflunomide in place of MMF in two 
patients with PVN who showed no clinical improvement after they were switched from 
tacrolimus to cyclosporine. Immunosuppressive doses were used with a target blood concentra
tion of 60-90 mcg/ml. Renal function improved in both patients, and BK virus was no longer 
detected in the blood. ̂ ^̂  Poduval and colleagues described the use of leflunomide in six pa
tients diagnosed with PVN. All patients were on tacrolimus, MMF and prednisone. After 
diagnosis, MMF was stopped and replaced with leflunomide. A loading dose of 100 mg per 
day for 3-5 days was used and then a 40-60 mg maintenance dose was given every day. Patients 
were followed with BK viral load by PCR in blood, SCr measurements, and follow-up biopsy 
as indicated. Within 60 days of leflunomide therapy, the SCr decreased from 2.8 ± 1.6 mg/dl 
to 2.4 ± 0.7 mg/dl. After 90 days, the SCr was 2.1 ± 0.6 mg/dl. At diagnosis, blood PCR was 
positive in Al^ patients and became negative in all patients. The urine PCR was positive in five 
patients tested initially, but with treatment, there was a significant reduction in viruria. No 
rejection or graft loss was reported with a follow-up of 147 ± ^1 days. The authors concluded 
that this unique drug, with both antiviral and antirejection properties, may be useful in the 
setting of PVN. The optimal dosing strategy to maximize clinical outcome and minimize 
adverse effects in patients with PVN remains unclear. 

Topotecan 
Data from in vitro studies have shown that the topoisomerase I inhibitors, camptothecin 

and topotecan, can block parts of JCV replication in glioblastoma cells at drug levels that were 
not toxic to the host cells. ̂  ^ Topotecan is a semi-synthetic derivative of the drug camptothecin, 
and is approved for the treatment of ovarian and small lung cancer. Recendy, topotecan, has 
been evaluated in a phase II trial to treat HIV patients with JCV-induced PML.^ 

Mechanism of Action 
The mechanism of action of topotecan involves inhibition of topoisomerase I. Topoisomerase 

I is an enzyme that produces single strand breaks in DNA and promotes unwinding of super-
coiled DNA to allow for DNA replication to proceed and subsequendy repairs the strands. 
Inhibiting topoisomerase I prevents S-phase DNA replication and translocation, resulting in 
cell death. 

Pharmacokinetics 
Topotecan exhibits multiexponential pharmacokinetics with a terminal half-life of two to 

three hours. Total exposure is approximately dose proportional. Topotecan is about 35% pro
tein bound and achieves significant concentrations in the CSF. Mean half-life, estimated in 
three renally impaired patients was approximately five hours. Hepatic function impairment 
may also slighdy increase the terminal half-life of topotecan. Approximately 30% of topotecan 
is eliminated by renal excretion. Some topotecan is also eliminated via the biliary route. 

Dosing and Adverse Events 
Topotecan treatment of cancer is usually continued for a minimum of four cycles. In clini

cal studies, the median time to response was 9-12 weeks, and responses may be missed if 
therapy is discontinued prematurely. The usual dose of topotecan for ovarian cancer and small 
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cell lung cancer is 1.5 mg/m of body surface area given IV over 30 minutes for five consecutive 
days, repeated every 21 days. 

Due to its myelosuppressive and hematologic effects, the manufacturer recommends that 
topotecan should only be administered to patients with adequate bone marrow reserves (baseline 
neutrophil count of at least 1,500 cells/mm^. In order to monitor the occurrence of bone 
marrow suppression, primarily neutropenia, which may be severe and result in infection and 
death, frequent peripheral blood cell counts should be performed. Neutropenia is not cumula
tive over time. If severe topotecan-induced anemia, neutropenia or thrombocytopenia occur 
during treatment, subsequent courses of topotecan should be delayed until the hemoglobin 
recovers to at least 9 gm/dl (with transfusion if necessary), neutrophil counts recover to greater 
than 1000 cells/mm , and platelet counts recover to greater than 100,000 cells/mm^. 

In patients with mild renal impairment (creatinine clearance 40-60 ml/minute), topotecan 
clearance was decreased to G7% of the value seen in patients with normal renal function. In 
patients with moderate renal impairment (creatinine clearance 20-39 ml/minute), topotecan 
clearance was reduced to approximately 34% of the value in control patients, with an increase 
in half-life. The manufacturer does not recommend dose adjustment for patients with mild 
renal impairment, but does recommend dose adjustment to 0.75 mg/m for patients with 
moderate renal impairment. There are insufficient data to provide dosage recommendations 
for patients with severe renal impairment (creatinine clearance less than 19 ml/minute). There 
is no dose adjustment recommended for patients with impaired hepatic function (plasma bi
lirubin > 1.5 to < 10 mg/dl).^^^ 

Clinical Experience 

Progressive Multifocal Leukoencephalopathy 
Based on the in vitro effects of camptothecins inhibiting JCV, topotecan has recendy 

been evaluated in a phase II clinical trial for PML treatment in HIV-infected patients. Data 
was evaluated in 11 of 12 HIV-infected patients with PML, all of whom were on a HAART 
combination, at the time of initiation of topotecan therapy. A total of 38 treatment courses were 
administered to 11 patients, the majority at a dose of 0.3 gm/m^/day or higher, over the 2.5 year 
study period. The maximum dose administered was 0.6 mg/m^/day. Overall, responders had 
higher pretreatment Karnofsky performance scores and lower Kurtzke expanded disability sta
tus scale scores than nonresponders. Only three patients responded to therapy, with two alive at 
the time of publication. The time to radiographic response was approximately two months for 
all three patients, and the time to clinical response was less than one month in one patient, and 
more prolonged in the other two patients. Additionally, one patient was treated oflFprotocol and 
showed a response to therapy. In this patient, progression of disease occurred after the first dose, 
however, a partial radiographic response was noted after five doses. Seven patients did not re
spond to treatment and died of PML within 30 days of treatment initiation with topotecan. 
Furthermore, one study patient died of hematologic toxicity from an accidental topotecan over
dose (2.42 mg/m /day). Despite using lower doses of topotecan than those used in oncology, 
moderate to severe neutropenia, anemia and thrombocytopenia developed in 10 (90%), 6 (54%) 
and 5 (45%) patients, respectively. The authors speculated that one reason the incidence of 
hematologic adverse events was still high despite using lower doses of topotecan may be that 
HIV infection itself could have contributed to the observed hematologic toxicities. However, by 
adjusting treatment doses according to the protocol, and administering granulocyte colony 
stimulating factors (G-CSF) and blood transfusions, the hematologic effects eventually resolved. 
The most frequendy reported nonhematologic effects were nausea in 4 (36%) patients, vomit
ing in 3 (27%) patients, fever in 3 (27%) patients, and diarrhea, fatigue, rash, and alopecia 
developing in two patients (18%) each, respectively. The authors concluded that due to the 
small number of patients, and the late stage of PML at time of entry into the protocol, further 
studies are needed to assess the efficacy of topotecan for PML. The study was closed due to poor 
recruitment and the fact that the early data did not surest a beneficial effect.̂  
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Topotecan is also limited by its parenteral formulation. However, development of an oral 
formulation of topotecan is underway. Future studies of topotecan with larger patient enroll
ment, stratification by treatment group, interim analyses, use of a toxicity grading system that 
incorporates multiple etiologic factors, and defined earlier PML at study entry^ may allow 
for better assessment of topotecan efficacy and safety in the treatment of PML in HIV-infected 
patients. 

BKV-Associated Hemorrhagic Cystitis and Polyotnavirus-Associated Nephropathy 
Topotecan has not been evaluated for use in BKV-associated HC or PVN mainly due to its 

significant hematologic toxicities, which could result in fatal opportunistic infections in the 
immunosuppressed transplant recipient. Moreover, since the drug is renally eliminated, many 
patients presenting with PVN may have significant renal dysfiinction which may require dose 
adjustment. The manufacturer does not have guidelines for dosing in severe renal dysfunction, 
and accumulation of doses could theoretically lead to fiirther hematologic toxicity. 

Vidarabine and Cytarabine 

Clinical Experience 

Progressive Multifocal Leukoencephalopathy 
Vidarabine (Ara-A) was administered to two patients with advanced cases of PML in the 

1970s, but the therapy was unsuccessfixl.^^^ Cytarabine (Ara-C) has been shown to inhibit JCV 
replication in vitro. Cytarabine is a synthetic pyrimidine nucleoside that is thought to in
hibit DNA polymerase activity. Cytarabine is associated with significant bone marrow toxicity, 
which is reported to occur within the first seven days of treatment and manifests as neutrope
nia, anemia and thrombocytopenia in greater than 10% of patients.^ In anecdotal reports, 
cytarabine has induced remission of PML in patients with and without HIV infection. 
However, in a randomized, multicenter, prospective trial of cytarabine for the treatment of 
PML in HIV patients, cytarabine was not effective for PML in this patient population.^^ 
Fifty-seven patients with HIV infection and a diagnosis of PML established within two months 
of study entry were randomly assigned to receive one of three treatments: antiretroviral therapy 
alone, antiretroviral therapy plus IV cytarabine, or antiretroviral therapy plus intrathecal 
cytarabine. For most patients, antiretroviral therapy consisted of zidovudine plus either 
didanosine or stavudine. This study was undertaken prior to the advent of HAART. After a 
lead-in period of 1 to 2 weeks, active treatment was given for 24 weeks. An external perfor
mance and safety monitoring board reviewed the results at a second interim (when 50% of the 
expected results had occurred) and concluded that no treatment was likely to show a survival 
benefit, even if the study was continued to completion. The study was terminated at 24 months. 
Median follow-up was 8.7 weeks and outcomes did not differ significandy among the three 
treatment groups. Only seven (12%) patients completed the 24 week treatment. Forty-two 
(74%) patients (14 in each treatment group) had died, and there were no significant differ
ences in survival among the three groups (log-rank test, P = 0.85). Thirty seven (88%) patients 
died from PML. The median survival times (11,8, and 15 weeks, respectively) were similar to 
those in previous studies. Anemia and thrombocytopenia were more frequent in patients who 
received antiretroviral therapy in combination with intravenous cytarabine. The authors con
cluded that cytarabine administered either IV or intrathecally did not improve the prognosis of 
HIV-infected patients with PML who were treated with antiretroviral therapy.^^ 

In contrast to the cytarabine experience in PML patients with HIV infection, an open-label, 
retrospective study of 19 nonHFV-infected patients with PML treated with IV cytarabine at 2 
mg/kg/day for five days found that 7/19 (36%) patients treated with cytarabine and followed 
for 2-4.5 years had neurologic improvement.^ '̂  All patients who experienced neurologic im
provement also exhibited radiologic improvement on magnetic resonance imaging (MRI) scans. 
Cytarabine treatment was associated with significant bone marrow toxicity. Eleven patients 
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experienced panqrtopenia, with five requiring transfusion of blood products. Interestingly, all 
who survived their neurologic disease also recovered firom their pancytopenia. However, 12 
patients showed no evidence of response and died rapidly of PML after treatment (range 8 
days-6 months). The authors concluded that cytarabine, when used to treat PML in 
nonHIV-infected patients, is associated with a 36% chance of disease stabilization at one year. 
Although treatment was associated with significant bone marrow toxicity, the 36% one year 
survival was higher than expected for PML patients. 

In summary, in vitro data has shown cytarabine to be effective at inhibiting JCV replica
tion. ̂ ^̂  However, cytarabine failed to show efficacy in a multi-center, randomized trial for 
PML in HIV-infected patients. Some investigators have proposed that the failure of cytarabine 
in this trial was due to insufficient drug delivery through traditional IV and intrathecal routes. 
An alternative convection-enhanced intraparenchymal delivery of cytarabine is currendy be
ing studied.^ ^ Although cytarabine has not been shown to be beneficial in patients with HIV 
infection and PML,^^ it has shown a small benefit in the treatment of nonHIV-infected pa
tients with PML.^ Bone marrow toxicity is the main limiting factor in cytarabine administra
tion, and treatment is not recommended in patients without adequate bone marrow reserve, or 
in those presenting with severe pancytopenia. Currendy, cytarabine may be an effective choice 
for some nonHIV-infected patients with PML. Due to the lack of in vitro data, and the lack of 
availability in parenteral form in the United States, vidarabine (Ara-A), has not been used 
routinely to treat PML in nonHIV or HIV-infected patients. 

BKV-Associated Hemorrhagic Cystitis 
Several different drugs have been used to treat BKV-associated HC found in patients after 

either allogeneic bone marrow or stem cell transplant. The nucleoside analogue vidarabine 
(adenine arabinoside or Ara-A), is known to be active against several double-stranded DNA 
viruses. It appears to exert its antiviral effects by interfering with the early steps in viral DNA 
synthesis. Ara-A use has been described in several case reports. Chapman et al successfully 
treated a 23-year-old man with BKV-associated HC with Ara-A 10 mg/kg/day for five days, 
given IV over 12 hours. Within two days, his symptoms improved, and after seven days, he was 
symptom free. On day 16 of therapy, the virus was cleared from the urine. In another case 
series, Ara-A (10 mg/kg/day for five days, given IV over 2-3 hours) was used in one patient 
with polyomavirus associated cystitis, and in two patients with asymptomatic polyoma viruria.^^ 
With Ara-A therapy, the viral inclusion bodies in urinary sediments disappeared in all three 
patients. In one patient, the viruria recurred, and was successfully cleared with another course 
of Ara-A. In another case report, severe polyomavirus associated HC was treated with Ara-A 
(10 mg/kg/day for five days, given intramuscidar), resulting in resolution of HC within 24 
hours of starting therapy, and clearance of the virus from the urine after four days of treat
ment.^ ̂ ^ Intramuscular Ara-A may be an alternative when patients have an adequate platelet 
count and do not have IV access. In another case, a 48 year-old male with CMV antigenemia 
60 days after allogeneic bone marrow transplant, developed HC. ^̂  Acute obstructive renal 
failure developed with bilateral hydronephroses. Initially, tests for polyomavirus were negative, 
and ureteric stents were placed with improvement. Symptoms of HC resolved and then re
lapsed. Further laboratory testing later in the course revealed the presence of BKV by PCR. On 
day 174 after transplant, treatment with vidarabine was started (10 mg/kg/day IV for five days 
given as 12 hour infusions). Symptoms resolved within one week, but because of recurrence, 
vidarabine was repeated twice. 

The most common side effects of Ara-A include nausea, vomiting, diarrhea, increased liver 
function tests, headache, confusion and tremor. In the case reports above, Ara-A was associ
ated with fatigue, nausea, vomiting, diarrhea, claustrophobia and a transient increase in liver 
function tests.̂ '̂̂ ^ '̂̂ ^^ Ara-A appears to be a safe and effective therapeutic alternative for 
BKV-associated HC, however, parenteral Ara-A is no longer available in the United States. 
Historically, Ara-A was used to treat varicella-zoster and herpes simplex virus infections, but 
drugs such as acyclovir are now used to treat these types of viruses. 
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PolyomaviruS'Associated Nephropathy 
Cytarabine and vidarabine have not been evaluated for use in the management of PVN due 

to the lack of in vitro activity.^ The potential hematologic toxicity would also limit these 
agents' clinical utility. 

Intravenous Immune Globulin 

Clinical Experience 

Progressive Multifocal Leukoencephalopathy and BKV-Associated Hemorrhagic Cystitis 
Intravenous immune globulin (IVIG) has not been evaluated for use in PML or HC. 

Polyomavirus-Associated Nephropathy 
IVIG has been administered empirically for PVN, but there are limited data to support its 

efficacy. Recendy, an in vitro study has shown that IVIG contains antibodies to BKV,̂ ^^ 
suggesting that IVIG may provide a therapeutic option for patients with PVN. IVIG has also 
been used to treat steroid resistant acute rejection, and may offer an advantage for a patient 
with PVN who has concurrent acute rejection.^^ Based on this recent finding, IVIG has been 
used at a dose of 500 mg/kg/day for seven days in conjunction with IS reduction in four renal 
transplant patients to treat PVN. When comparing these four patients to two patients who 
received IS reduction alone, patients in the latter group failed to clear viremia by 45 weeks 
post-treatment. In contrast, 2/4 (50%) patients treated with IVIG cleared BK viremia at 12 
and 19 weeks after initiation of treatment and their SCr concentrations stabilized. The other 
two patients have had much shorter follow-up and were still viremic at four weeks post-treatment. 
To date, no patient has experienced graft loss. 

Interferons 

Progressive Multifocal Leukoencephahpathy 
Interferons have also been considered for use in treating PML in an effort to reconstitute 

the immune system. ̂ ^ A retrospective, open label, study of 77 HIV-infected patients with 
PML, prior to the availability of HAART, was conducted. ̂ '̂̂  Patients received a minimum 
treatment of 3 weeks of 3 million units of alpha-IFN daily (n = 21) and were compared to 
untreated historical controls (n = 32). In patients who died, median survival of treated patients 
was 128 days longer than in untreated patients (Chi-square = 4.21, P = 0.04). When living and 
deceased treated patients were combined, the median survival was 325 days (range 35 - 1634) 
versus 121 days (range 46 - 176) in untreated patients (Chi-square = 13.47, P < 0.001). When 
survival times in untreated patients were censored to account for possible survivorship bias in 
treated patients, survival in treated patients remained significantly prolonged (325 days versus 
176 days, Chi-square = 4.65, P = 0.03). In addition, use of alpha-IFN was associated with a 
significant delay in the onset of memory loss (Chi-square = 8.59, P < 0.01). Seven alpha-IFN 
treated patients showed sustained remissions of several months to over a year, with documented 
improvements in mental status, aphasia, dysarthria, dysphagia, paresis, and dyscoordination. 
Moreover, four IFN-treated patients had evidence of regression of MRI lesions, although this 
was not always correlated with clinical remission. Four of 32 untreated patients also reported 
transient symptomatic improvements. The authors concluded that alpha-IFN may delay pro
gression, palliate symptoms, and significandy prolong survival in HlV-associated PML, and 
therefore, recommended that a controlled clinical trial is warranted. 

The long term follow-up of the study described above has recendy been reported.^^ The 
retrospective analysis compared the survival of 97 HIV-infected patients with PML prior to the 
HAART era, during the HAART era, ± alpha-interferon. No benefit was found for 
alpha-interferon therapy. Likewise, a multivariate analysis showed no difference in survival among 
patients on none, one, or two forms of antiretrovirals. However, survival was significantly greater 
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for those on HAART. Whereas alpha-interferon use was shown to be associated with longer 
survival (P < 0.057), this effect was not independent of the effects of HAART. The authors 
concluded that HAART significandy increases survival for patients with PML and AIDS; how
ever, alpha-interferon does not appear to provide additional benefit. 

In summary, although interferon appeared to possibly have benefit in PML prior to the 
HAART era,̂ ^^ it does not appear to have any benefit above that seen with HAART in treating 
PML in HIV-infected patients. However, due to the lack of other effective therapy against 
JCV induced PML in HIV-infected patients, and the prevalence of PML in the HAART era, 
researchers now propose that agents such as interferon-beta should be explored in clinical tri
als. Interferon-beta has been reported to inhibit HIV transcription in macrophages, and may 
potentially have an antiviral effect on JCV in PML. Moreover, researchers have proposed that 
its efficacy in treating multiple sclerosis, another central nervous system demyelinating condi
tion, and its known toxicity profile in humans, make it a therapeutic alternative worth consid
ering in a clinical trial setting. ^̂  

BKV'Associated Hemorrhagic Cystitis 
Interferon therapy has not been evaluated for use in BKV-associated HC. 

PolyomaviruS'Associated Nephropathy 
The effects of human leukocyte interferon on BKV infection were studied in 41 renal trans

plant recipients as part of a randomized, double-blind, placebo-controlled trial. ̂ ^̂  Eight trans
plant recipients demonstrated a fourfold or greater rise in antibody to BKV, and three excreted 
BKV in urine. Neither seroconversion nor excretion was reduced by interferon administration. 
No clinical syndromes could be clearly linked to BKV infection. BKV was also relatively resis
tant to the in vitro effects of interferon. Pretreatment of interferon-sensitive human fibroblasts 
with up to 620 units of interferon/ml resulted in a loss of viral infectivity of one log or less. 
Continuous exposure of infected cultures to these interferon levels reduced BKV titers by 1.5-2.9 
logs, whereas continuous exposure to lower concentrations of interferon had less effects. The 
levels shown to be marginally effective in vitro were considerably higher than those achieved in 
patient sera. Based on the lack of activity of interferon and the fear of promoting rejection in 
transplant recipients, interferon therapy has not been used for PVN. 

Algorithms for Clinical Interventions (Fig. 1) 
Several authors have devised algorithms for the screening, diagnosis and monitoring of 

patients widi PVN.̂ '̂̂ '̂̂ ^ '̂̂ ^^ These include die use of urine cytology to screen for decoy cells 
in renal transplant patients. Ramos et al recommends monitoring for viruria at 3, 6, 9 and 
12 months post-transplant, and every 12 months thereafter. Screening may also be intensified 
in patients who receive treatment for acute rejection.^^ Mayr and colleagues^ suggest that if 
>5 decoy cells per 10 high power fields are found repeatedly, then a plasma PCR to check for 
BBCV is indicated. Likewise, Ramos et al̂  also recommend that a quantitative viral load in the 
plasma should be checked in the presence of viruria. If > 10,000 copies of BK virus/ml are 
present, then an allograft biopsy should be performed. If the diagnosis of PVN is made, overall 
IS is decreased. If acute rejection is also present on the biopsy, the authors recommend the use 
of pulsed steroids to treat the acute rejection, followed either by repeat urine cytology and 
quantitative viral load in the plasma or by a reduction in IS. Based on the current data avail
able, an algorithm for the pharmacologic management of PVN has been developed (Fig. 1). 
Many authors support the reduction or discontinuation of the antimetabolite agent in addi
tion to reducing the target concentrations of the calcineurin inhibitor. ̂ '̂̂ '̂ '̂ '̂̂ '̂̂ '̂ ^ '̂̂ ^^ If the 
antimetabolite is discontinued, leflunomide may be added to take advantage of both its antivi
ral and antirejection properties. A loading dose of 100 mg per day for 3-5 days is suggested 
followed by a maintenance dose of 40-60 mg every day.̂ ^ Preliminary data suggest that a target 
range of 60-90 mcg/ml should be achieved, however, this warrants further investigation, since 
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Figure 1. Proposed algorithm for the pharmacological management o^atients with polyomavirus-associ-
ated nephropathy. 

leflunomide pharmacokinetics are known to vary with renal function. ^̂ ^ Leflunomide or 
cidofovir should be considered for patients who have persistent viremia/viruria despite a reduc
tion in IS, especially if renal function continues to worsen. Further studies are needed to deter
mine if utilizing this approach to treat PVN will stabilize or improve renal function and ulti
mately prevent graft loss. 
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Conclusion 
In conclusion, the pathogenesis and treatment of the complications associated with 

polyomavirus disease (PML, HC, and PVN) in humans remains to be defined. It is clear that 
the development of clinically significant disease with polyomavirus is related to the degree of 
overall IS. Immune reconstitution through influencing the underlying immune defect such as 
reducing IS in transplant recipients with PVN, or HAART administration in HIV-infected 
patients with PML theoretically should impact disease prevention and progression. However, 
these interventions alone are apparently not sufficient, as these diseases are still associated with 
significant morbidity and mortality such as renal allograft loss in PVN and death in PML. Our 
current understanding of polyomavirus disease pathogenesis is limited. Consequently, the avail
ability and development of effective prophylactic and therapeutic agents are lacking. 

Efforts are focused on improving clinical outcomes through early diagnosis and monitoring 
for polyomavirus diseases. Current therapies for PML including cidofovir, cytarabine, topotecan 
and alpha-interferon have not been shown to be effective in prospectively conducted trials for 
PML treatment in HIV-infected patients. However, cytarabine may be of some benefit in 
nonHFV-infected patients with PML. Likewise, cidofovir, IVIG and leflunomide may have 
some benefit in PVN, but have not been studied in large prospective trials. Furthermore, no 
agent has been studied in a prospective trial for HC. Chlorpromazine and clozapine have been 
shown to inhibit the growth of JCV in vitro, but not active infection in vivo. With further in 
vitro study, consideration may be given to using chlorpromazine and clozapine in clinical trials. 
Similarly, due to its known efficacy in multiple sclerosis and its reported inhibitory effects on 
HIV transcription in macrophages, interferon-beta is also being considered for use in clinical 
trials to treat PML. FK-778, a nonnephrotoxic immunosuppressive and antiviral agent, has 
shown in vitro activity against polyomaviruses and may be beneficial in the treatment of PVN. 
Nystatin has also been shown to inhibit BKV cell entry in vitro and further in vitro research is 
underway. 

In the future, these compounds may be added to the current armamentarium of agents used 
to treat polyomavirus-induced diseases. Future research efforts focused on further delineating 
the pathogenesis of polyomaviral disease may allow for the development of more specific thera
peutic targets. Clinical trials designed to enroll large numbers of patients, with broad inclusion 
criteria and stratification based on treatment groups and utilizing consensus definitions for 
disease states are necessary to determine the safety and efficacy of current and future manage
ment techniques (screening, diagnostic and monitoring) and therapeutic interventions for 
polyomavirus diseases. 
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CHAPTER 18 

Leflunomide in Solid Organ Transplantation 
and Polyoma Virus Infection 
Michelle A. Josephson, Basit Javaid, Pradeep V. Kadambi, 
Shane M. Meehan and James W. Williams 

Introduction 

Leflunomide, trade name Arava (Aventis Pharmaceuticals Incorporation, Bridgewater, 
New Jersey, U.S. A.), belongs to a family of drugs called the malonitrilamides. Some, like 
leflunomide, have substantial immune suppressive activity in experimental allograft 

models. In addition to experimental data suggesting leflunomide s value in preventing^'^ and 
reversing acute ' and chronic rejection, ' it has been shown to inhibit human cytomegalovi
rus (CMV) and herpes simplex virus (HSV) in vitro. ̂ '̂ ^ Because it is a drug with a variety of 
biologic activities, it has been investigated for diseases as disparate as cancer and autoimmunity. 
Leflunomide was approved for the treatment of rheumatoid arthritis and has been used in 
more than 300,000 patients worldwide with efficacy and a favorable side effect profile. In this 
chapter, we will discuss the immunemodulatory effects of leflunomide and its metabolite A77 
1726 that prevent organ rejection. We will also share our experience in the treatment of 
polyomavirus infections. 

Clinical Pharmacology 
Leflunomide, a pro-drug, is rapidly metabolized to A77 1726. A77 1726, a 

malononitrileamide, accounts for the in vivo and in vitro activity of leflunomide as well as its 
toxicity. The pharmacokinetic behavior of this drug is very different in humans from all other 
species tested. The half life of the drug in dogs, rats, mice, cats, and non human primates is 9 to 
24 hours while in normal human volunteers and patients with rheumatoid arthritis, the half 
life is 15 to 30 days. The half life in patients with reduced renal fiinction is much shorter, 
approximately 10 days. The reason for this phenomenon is not well understood but may be 
linked to a reduction in protein binding as kidney function worsens. ̂ ^ 

Leflunomide and similar analogues (malononitrile amides) inhibit both immune and 
nonimmune cell responses to various cytokines and signaling molecules. ' Experimental 
features of this drug include the following: (1) inhibition of T Cell activation and control of 
acute rejection in rodents '̂̂ '̂̂ '̂̂ '̂ '̂ ^ and dogs;^^ (2) inhibition of B cell activity '̂̂ '̂ '̂̂ ^ and 
control of xeno-rejection;^' ''̂  (3) ability, in rodents to reverse an on-going acute rejection re
fractory to cyclosporine; (4) synergistic interaction with the calcineurin inhibitors in vitro and 
in vivo; ' ' (5) the ability to reverse established pathological features of chronic rejection in 
rodents; '̂  (6) inhibition of CMV replication in vitro and in vivo at concentrations readily 
attained in humans; ' (7) inhibition of polyoma BK virus replication in vitro. The two areas 
of leflunomide activity that are relevant to transplantation immunosuppression are cytokine 
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driven immune suppressive activity and nonimmune anti-proliferative activity involving cells 
of mesenchymal origin. 

A77 1726's mechanism of action involves at least two properties: the inhibition of a mito
chondrial enzyme, dihydroorotic acid dehydrogenase (DHODH), in the de novo synthesis of 
uridine, ' ' and the inhibition of selected tyrosine kinases involved in T cell, B cell, vascular 
smooth muscle cell and fibroblast signaling cascades.^ '̂̂ '̂̂ ^ It also has been reported to block 
NFkB and AP-1 activation in peripheral blood lymphocytes in vitro.'̂ ^ 

Immunosuppressive Properties: Mechanisms of Immunosuppression 
Consensus on the basic mechanism of action of this drug has been slow to evolve. In 

1996 it was established and subsequently confirmed, that the active metabolite, A77,1726, 
at low molar concentrations reversibly inhibits a mitochondrial enzyme (DHODH) in de 
novo pyrimidine synthesis. ' ^' Because rapidly proliferating lymphocytes tend to rely 
on de novo pyrimidine synthesis rather than the salvage pathways, the inhibition of this 
enzyme can impede lymphocyte proliferation [peripheral blood lymphocytes (PBL) and cell 
lines]. However, while high concentration mitogen stimulated lymphocyte proliferation is 
controlled, lower mitogen concentrations and other proliferative stimuli are not controlled 
by pyrimidine (DHODH) inhibition.^^ We^'^^ and others^^ have shown that if adequate 
supply of pyrimidine is provided the salvage pathway is adequate to restore intracellular 
stores of uridine/pyrimidines in the lymphoid, splenic, hepatic and myeloid compartments. 
Restoring pyrimidine levels in vitro reverses the anti proliferative effects at the lower concen
tration of A77 1726, but not at concentrations of drug above 50 uM where other mecha
nisms of activity are encountered. ̂ '̂̂ '̂̂ '̂̂ ^ 

This observation has been replicated in experimental animals, with intra peritoneal (IP) 
pyrimidine supplementation reversing the toxicity of high dose leflunomide, but not reversing 
the control of acute allograft: rejection.^ In a xenograft model (Hamster to Lewis rat), a potent 
stimulus to both T and B Cell proliferation, 15 mg/kg leflunomide alone effectively delays 
rejection to more than 45 days, and exogenous pyrimidine replacement (uridine IP) reduces 
graft survival to ^ 15 days. In the presence of exogenous uridine a leflunomide dose of 30 mg/ 
kg, restores the control of xeno-rejection, extending graft survival to 40 + days.^ A number of 
other drug effects, including the anti-polyoma and anti-CMV activities, are similarly not ex
plained by the DHODH mechanism (Table 1). 

In 1993 Mattar et al reported that A77 1726 blocks phosphorylation by protein tyrosine 
kinases (PTKs) and these observations have been confirmed by other investigators. The protein 
tyrosine kinases shown to be blocked by A77 1726 are listed in Table 1. The molecule has no 
effect against serine/threonine kinases or phosphatases. Evidence has been reported that the 
molecule inhibits activation of NFKB^^ but this has not been confirmed by other laboratories. 
Because A77 1726 blocks phosphorylation of several tyrosine kinase cellular signaling mol
ecules important for immune responses at inhibitory concentrations (IC50) attained in ani
mals and humans, (Table 1) and because the toxicity, but not the efficacy, is reversed by pyrimi
dine repletion in rats, we have proposed that the mechanism of action is primarily related to 
the ability to interrupt these signaling molecules. 

Relationship of in Vitro Kinase Activity to Mechanism of Action in Vivo 
Assigning a relevant protein kinase inhibitory mechanism to the in vivo action to leflunomide 

has been resisted^ '̂̂ ^ for three principal reasons: (1) in rats the concentration of drug needed to 
inhibit the PTKs is 100 to 1000 times the concentration needed for inhibition of rat DHODH 
(and the affinity of A77 1726 for the rat isoform is approximately 3 logs greater than the 
human DHODH), (2) the drug levels attained in leflunomide treated rats were not well de
fined, and (3) until recently there were essentially no data on the blood levels attained in 
human subjects with organ transplantation. 
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Table 1, In vitro activity not dependent on DHODH inhibition 

Inhibition of by A771726 

PDGF-B ICso 30 u M 
PDGF-B ICso 75 u M 
EGF ICso 30-40 uM 

ICso 150-200 uM 
JAK/STAT ICso 75-100 uM 
LCK, FYN ICso 50-100 uM 

^ chain TCR ICso 35uM 
PLC-y1 ICso 44uM 
Adhesion 

Chemotaxis, Neutrophil 
Inhibition of Cytokine Production 
TNF, IL-1, IL652 

Antibody phenomena 
Isotype Switch 
No uridine reversal of Ab inhibit ion at A77 1726 

cone of 10OuM 
Blocks Al io IgG 
Class Switch, IgG and IgE 
PGEand IL6 
Sepsis Protection 
B cell and T cell, differential reversal 
Endothelial cell proliferation 
Viral Replication 

1 by uridine 

* Leflunomide rather than A77,1726 used for in vitro 

References 

*17,21 

16,21 

13,18 
19 
19 
19 
50 
51 

18 
53 

6 
54 

55 
Unpublished data. 
56 
57 

9 

studies in reference 18. 

Ma Y et al 

It now appears that the difference in IC 50 for DHODH and PTK inhibition in humans is 
approximately 50 fold (IC 50 for human DHODH is -1-3 jiM and PTKs is 50 to 150 |iM). 
More importantly, it is now clear that transplant patients tolerate A77,1726 blood levels of 150 
|lM to 250 \\M with minimal side effects. * 

Leflunomide andPDGF (Platelet Derived Growth Factor) 
PDGF (A and B isoforms) are potent mitogens for smooth muscle cell (SMC) and mesangial 

cell proliferation and chemotaxis. This cytokine is thought to mediate vascular remodeling in 
models of immune and non immune arterial injury as well as mesangial proliferation and, in 
concert with other signaling molecules, influence arterial and mesangial matrix deposition. 
While other cytokines are invoked in the repair process (TGpp, epidermal growth factor [EGF] 
for example), blockade of this receptor signaling, binding of the ligand by antibody or genetic 
deletion, eliminates or substantially reduces the observed fibrosis and mesangial injury end-
points in several models of experimental renal injury and vascular responses. 

We and others have shown that leflunomide (A77 1726) prevents PDGF receptor phos
phorylation at an IC 50 of approximately 50 îM.̂ '̂ '"̂ ^ This corresponds to approximately 16 
|Xg/ml, well within the blood levels clinically attained in transplant patients. Because there 
appears to be limited requirement for PDGF functioning in adult life, blockade of this receptor 
is not likely to be associated with significant morbidity. 

*Blood levels of A77 1726 are reported as ug/ml, and 150 mM corresponds to a blood level of 50 mg/ml. 
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Figure 1. The isonazde ring is immediately opened after oral dosing and only A77 1726 is ft)und in blood. 

Leflunomide Control of Acute Rejection: Data and Possible Mechanisms 
Once leflunomide was shown to control acute rejection in rodents at a wide range of 

doses '̂̂ '̂ '̂ ^ a number of laboratories, in addition to ours, began to study the effects of A77,1726 
on lymphocyte function in vitro (Table 1). The molecular activities ascribed to leflunomide, 
aside from pyrimidine synthesis inhibition, that may explain its control of acute T and B cell 
activation in an allograft include the following: 

Inhibition PTK(phosphorylation) 
1. Inhibition of theta chain of TCR 
2. Inhibition of src family kinases P56 Ick and P59 fyn 
3. JAK STATs 
4. Activation of PLCy 

A77,1726 blocks the phosphorylation of these proteins at IC50 concentrations of 50 to 
150 |lM, levels now known to be attained in the blood of animals and patients receiving 
leflunomide following organ transplantation. While it is intuitive to conclude that the effective 
blockade of these molecules (either alone or as a group) would prevent T and B cell activation 
and thus control acute rejection, little in the way of direct proof of this concept in vivo exists. 
While Xu et al̂ ^ have demonstrated that leflunomide treatment reduced phosphorylation of 
various substrates in the Iprllpr mouse that coincided with reduced lupus-like manifestations, 
these studies have not been done in transplant models. 

Leflunomide Control of Chronic Rejection: Data and Possible 
Non Immune Mechanisms 

In addition to its effects in acute rejection, a considerable amount of work in rodents has 
shown leflunomide to be effective in both the prevention^^ and reversal '̂̂ ^ of chronic allograft 
rejection and in controlling acute and chronic xeno rejection.^' '^ Using the Lewis to Fisher 
chronic cardiac rejection model, the combination of leflunomide and cyclosporine starting 
30-45 davs after surgery, reversed the arterial vasculopathy almost to baseline with 60 days of 
therapy^ (Table 2). In this model cyclosporine is not significantly better at controlling 
vasculopathy or interstitial fibrosis than no treatment. The potency of this drug combination 
in this and other models has been reproduced by others. '̂ '̂ 

Because an immune suppressive drug alone cannot (or at least has not been able to) control 
chronic rejection, it is likely that nonimmune suppressing activities of leflunomide account for 
its experimental control of chronic rejection and vascular remodeling. The ability of leflunomide 
(unpublished data from our laboratory), as well as other malononitrile amide analogues, to 
control the exuberant intimal expansion in rat carotid artery catheter injury support this position. 

Despite the descriptive data in chronic vascular remodeling, there are no data direcdy ad
dressing the molecular mechanisms of action behind this feature. However, the ability of 
leflunomide to inhibit PDGFR signaling at low drug concentrations is an attractive hypothesis. 
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Table 2, Score of chronic arterial lesions with various treatments 

Arterial Score 
N Arteries Scored Day 30 Day 60 Day 90 % of Art Injured 

Control 17 
CyA 12 
Lef 12 
CyA and Lef 12 

508 
404 
442 
480 

2.3 ±0.9 2.7 ±1.3 
1.6 ±0.8 
1.6 ±0.5 
0.8 ±0.3 

3.4 ±0.9 
2.8 ± 1.0 
1.4 ± 0.9* 
0.7 ± 0.4* 

92% ± 10 
83% ± 20* 
48% ± 18* 
37% ± 12 

*p< 0.05. Modified from Xiao et al. Transplantation 1995; 60:1065.^^ 

Clinical Itntnunosuppression Efficacy in Transplantation 
The evaluation of leflunomide in clinical transplantation is not extensive. Its use in 53 

transplant patient with a variety of clinical issues has been published. A study of 22 patients 
with clinical evidence of chronic allograft nephropathy (CAN) by Hardinger et al supports 
leflunomide s safety and potential efficacy in renal allograft recipients. Active metabolite blood 
level monitoring of a targeted blood level between 50 and 100 jilg/ml (150 to 300 \xM) requires 
doses higher than those more commonly used for rheumatoid arthritis. 

Anti-Viral Properties: In Vitro Activity of A77 1726 

CMV 
The first evidence that leflunomide had anti viral activity was developed in collaboration 

with Waldman et al̂ '̂ ^ who showed that human and rat CMV are inhibited by A77 1726 in 
vitro in a dose dependent manner with an IC 50 of 50 |xM and that the effect is independent 
of pyrimidine deficiency. In collaboration with Waldman, we have shown that A77 1726, 
significandy inhibits replication of rat CMV in vivo.^^ Herpes virus Type I is similarly inhib
ited in vitro and all of these anti viral effects are unrelated to inhibition of pyrimidine produc
tion. Waldman suggests that while neither CMV viral DNA nor viral protein synthesis are 
affected, tegumentation and viral assembly are impaired. This defective viral assembly prevents 
production of infectious virions. 

Clinical evaluation of leflunomide in the treatment of CMV is limited to a small number of 
patients with CMV who have been treated with leflunomide when all else had failed. Five of 
these cases have been reported. '̂ In four other patients treated by the authors, (one liver, one 
heart, and two kidney allograft recipients) CMV became undetectable in the blood with 
leflunomide therapy. 

Polyoma 
Atwood and colleagues have tested polyoma BK and polyoma JC viral strains in vitro for 

sensitivity to the active metabolite of leflunomide, A77 1726 (manuscript in preparation). 
SVG-A and Vero cells were grown in Eagles minimal essential media with 10% fetal bovine 
serum. Sub-confluent 6-well culture plates were pretreated for 45 minutes with 100 uM uri
dine alone or in combination with 18 ^M, 39 jiM and 390 [iM A77 1726 (leflunomide active 
metabolite). The cells were then infected with JCV (SVG-A cells) or BKV (Vero cells). Follow
ing incubation with virus the cells were washed three times with PBS and then maintained in 
media with or without drug and uridine. At 72 hours post-infection the cells were washed three 
times with phosphate buffer solution (PBS), acetone-fixed, and stained with an anti-V antigen 
monoclonal antibody followed by goat anti-rabbit fluorescein isothiocyanate (FITC) conju
gated secondary antibody. Infected cells were visualized and counted on a Nikon E800 
epi-fluorescent microscope. 
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Figure 2. Effects of A77 1726 (leflunomide) on infection of cells by the human polyomaviruses, JCV and 
BKV. Vero cells and SVG-A cells were infected with either BKV or JCV in the absence and presence of 
increasing concentrations of A77,1726. At three days post-infection cells were fixed and scored for expres
sion of the late viral protein V antigen by indirect immunofluorescent analysis. The percentage of infected 
cells in drug treated samples was compared to the percentage of infected cells in untreated cells which was 
set at 100%. The presence of uridine at 100 ̂ M had no effect on viral inhibition. Data used with permission 
from Walter J. Atwood. 

Figure 2 shows the effect of increasing concentrations of active metabolite A77,1726 on 
replication of JC and BK virus in vitro. Data are presented as the estimated proportion of 
infected cells, relative to an untreated control, plus the corresponding estimate of standard 
error for each concentration. These data suggest that the IC 50 for polyoma BK virus is ap
proximately 40uM. However, unlike CMV, polyoma viruses lack a tegument, and so a differ
ent mechanism of viral inhibition from that seen with CMV must be involved. 

Reconciliation of Immune Suppression and Anti-Viral Activity 
Anti-viral activity from a potent immune suppressive molecule seems to defy the conven

tional principles in immune suppressive therapy. Some of the previously described features of 
the drug allow us to speculate about what might account for this paradox. Experimental data 
from in vitro and in vivo studies clearly show that the anti viral activity^'^ and substantial 
immune suppression occur independendy of the pyrimidine inhibition. The active metabo
lite, A77 1726, and structural analogues of this molecule have also been shown to block signal
ing mediated by several tyrosine kinases including PDGF,^^'^^ EGF,̂ '̂ '̂ '̂'̂ ^ JAK 3,^^'^^ Brutons 
Tyrosine Kinase^ ̂  ^ chain of T cell receptor (TCR), PLCyl, and the Src family kinases p56 
Ick and fyn,^^ molecules which are involved in signaling within T and B cell and other popula
tions. Thus, drug induced interference with the phosphorylation of molecules causing the 
virally infected cell to proliferate, such as the Src family of kinases or others known to be 
inhibited by leflunomide, could be the link between the drugs ability to inhibit viral replica
tion and at least part of its ability to prevent rejection. 

The relevance of leflunomide s PTK inhibition demonstrated in vitro to its clinical immune 
suppression efficacy has been disputed^^'^^ because levels required in vitro for PTK inhibition 
are higher than those observed for DHODH inhibition. However, the blood levels of A77 
1726 found clinically to be efficacious in reducing polyoma BK viral loads, above 40 |Xg/ml 
(120 |lM), exceed the IC 50 concentrations demonstrated in vitro for inhibition of BK virus. 
These blood levels also exceed the in vitro IC 50 concentrations required for inhibition of 
PDGF B signaling,^ '̂̂ ^ EOF signaling,^ '̂̂ ^ JAK/STAT, PLCy, LCK, FYN, and ^ chain TCR 
signaling.^^'i«'^9 
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Figure 3. Copies of Polyoma BK virus measured by PCR in urine (A) and blood (B) in 15 patients sustaining 
blood levels of A771726 above 40 fig/ml. Modified from Williams JW, Javid B, Kadambi PV et al, N Engl 
J Med (letter) 2005; 352:1157-8. 

Leflunomide in BKN 
From July 2001 to April 2004 we used leflunomide as the initial anti viral therapy for 16 

patients with biopsy proven BKN. All but one of these patients was receiving tacrolimus, pred
nisone and mycophenolate mofetil at the time of diagnosis. Mycophenolate mofetil was stopped, 
tacrolimus was targeted at trough levels of 4-6 ng/ml, and the prednisone dose generally was not 
altered. Leflimomide was dosed to a targeted blood level of 50 to 100 |Xg/ml using a loading dose of 
100 mg daily for five days and maintenance doses of 20 mg to 60 mg/day. Treatment was moni
tored by serial determinations of viral load in blood and urine (PCR), serum creatinine, hemato
logic and liver functions, A77 1726 blood levels and allograft rebiopsy when clinically needed. 

All patients maintaining blood levels of A77 1726 above 40 |lg/ml either cleared the virus 
or have had progressive reduction in viral load in blood and urine (p<.001) (Fig. 3). Seven 
patients cleared the viremia and five of these have cleared the viruria. Although viruria persists 
(at significantly reduced levels) in 11 patients, viremia has not recurred in any of them. 

Two of these 16 patients did not sustain blood levels of A77 1726 above 40 jig/ml using a 
60 mg daily dose and both graft histology and viral load failed to improve. With continued 
leflunomide dosing, a short course of cidofovir was given to these two patients. The viremia 
then cleared in one and the viral load continues to fall in the other. 

Serum creatinine levels stabilized in those with therapeutic A771726 levels, and have not 
changed significantly from base line. There were no significant dose limiting changes in 
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Change of ct+ci scores 

Figure 4. Change in ct +ci score in index (B x 1) and follow up biopsies (B x 2). The ct +ci score is die sum 
of the Banff 97 chronic score indices for tubular atrophy and intersitial fibrosis. The median sum score 
was 2 (range 0-4) for the index biopsies (B x 1), and 4 (range 2-6) for the follow-up biopsies (B x 2), p = 
0.01. The dark bolded line represents the median trend-line. 

hematocrit or white blood cell counts. One patient had an elevation of serum alkaline phos
phatase to 5 times that of the baseline value requiring dose reduction. 

It is important to note that the protocol described above, using leflunomide for anti viral 
therapy, employs doses higher than those recommended in the drug "package insert." The 
insert states that the maximum dose for Arava (leflunomide) is 20 mg/day. The increased 
dosing protocol used for anti-viral therapy was only used when drug levels were monitored 
closely and doses adjusted as needed. Doses higher than 20 mg/day should not be prescribed if 
drug levels cannot be monitored closely. 

The Consequences of Late Diagnosis and Intervention 
The experience described above is consistent with in vitro data demonstrating leflumomide's 

anti-polyoma virus activity. Though these observations are encouraging, we are left with the 
question: did leflunomide use improve the dismal graft survival that might otherwise be ex
pected in BK nephropathy? In the absence of a controlled clinical trial, it is difficult to answer 
that question. However, examining the kidney biopsies of treated patients gave us some insight 
into the potential for BK nephropathy to cause irreversible and progressive damage, despite 
viral resolution. Eight patients with a history of leflunomide only treated BK nephropathy 
underwent repeat biopsy. These biopsies revealed either complete resolution of or significant 
reduction in the extent of tubular T antigen expression. Despite the decreased extent of T 
antigen expression, interstitial fibrosis and tubular atrophy had developed in the graft paren
chyma. The chronic changes were more apparent in the follow-up biopsy compared to the 
index diagnostic biopsy (Fig. 4). This patient cohort had likely been diagnosed late in their 
disease course and the virus and inflammation had been present for a considerable but indeter
minate duration. Early diagnosis and intervention before the onset of fibrosis may allow reso
lution of the virus without long term fibrosis and impaired graft survival. This hypothesis 
implying early viral screening deserves further study. 

Conclusion 
Leflunomide was approved in 1998 in the United States for the treatment of rheumatoid 

arthritis. The drug appears to be efficacious in the treatment of rheumatoid arthritis in patients 
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refractory to methotrexate. Though generally well tolerated, the most common side effects 
include gastrointestinal complaints, hair loss and skin rash. In the first 100,000 patients 
receiving the drug serious liver complications were seen in approximately 15 patients with liver 
failure and death in 10, most of whom had known preexisting liver disease or were taking other 
hepatotoxic drugs. When these conditions were avoided and liver enzymes were monitored 
during the first few months of therapy, this complication has fallen substantially. In addition to 
its use as a disease modifying agent in rheumatoid arthritis there are multiple reports of success
ful outcomes with the use of this drug in various clinical conditions including autoimmune 
diseases, solid organ transplantation, and viral infections specifically in immune compromised 
individuals. The unique immunomodulatory and antiproliferative properties of this drug, and 
its evolving role as an antiviral agent, has generated a great deal of interest for this compound in 
the field of transplantation. The mechanism of leflunomide antiviral activity is a topic of active 
research. Preliminary observations with the successful use of leflunomide in patients with BKN 
warrant additional clinical studies to further define the role of this drug in the field of solid 
organ transplantation. 
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CHAPTER 19 

JC Virus Can Infect Human Immune 
and Nervous System Progenitor Cells: 
Implications for Pathogenesis 

Jean Hou, Pankaj Seth and Eugene O. Major 

Abstract 

Recent advances in stem cell biology have called attention to the role these cells may play 
in the pathogenesis of systemic and nervous system diseases. Although not capable of 
indefinite self renewal and pluripotentiality as stem cells are, progenitor cells can give 

rise to cells of different lineages. It is infection of these differentiated cells that has tradition
ally been associated with the pathology and symptoms of viral-induced disease. However, 
neural progenitor cells have been shown, in vitro, to be susceptible to infection by neurotro
pic viruses such as the human polyomavirus, JCV, and the lentivirus, HIV-1. These progeni
tor cells, which exist during development as well as in the fully developed adult brain, could 
therefore be involved in neuropathogenesis. Morever, JCV can also infect progenitor cells of 
the hematopoietic system, derivatives of which have been implicated in the trafficking of 
virus from the periphery to the brain. Interestingly, susceptibility to and molecular regula
tion of JCV infection in hematopoietic cells closely parallels what has been observed in glial 
cells. The biological interaction between the immune and nervous systems that exists in the 
dissemination of virus from periphery to nervous system and the susceptibility of both sys
tems to JCV infection provide potential for hematopoietic and neural progenitor cell in
volvement in JCV pathogenesis. 

Introduction 
The human polyomavirus, JCV, is the etiologic agent responsible for the fatal demyeli-

nating disease. Progressive Multifocal Leukoencephalopathy (PML).^ Although the majority 
of the healthy human population has circulating antibodies against JCV,^ it is only during 
periods of severe immune deficiency that the virus will reactivate and cause disease. PML 
was initially associated with immunosuppressive disorders such as lymphomas and leuke-
mias,^ however, it has recently become a more common concern for patients undergoing 
transplant or particularly, for patients with AIDS. It has been estimated that 5% of the AIDS 
population will eventually develop PML, which has since been added to the list of AIDS 
defining-illnesses. 

After an asymptomatic initial infection early in childhood, the virus may remain latent 
in several body compartments, including the tonsils, kidneys, lymphoid tissues and bone 
marrow. However, in the immune-compromised host, reactivation of the latent infection 
can ultimately lead to lytic infection of oligodendrocytes, resulting in demyelination and 
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Figure 1. Pathogenesis of JCV infection. The proposed pathway from initial infection to demyeHnation, 
through different tissues and susceptible cell types. 

associated clinical symptoms of PML. Figure 1 outlines the pathogenesis of J C V as we un
derstand it to date, including susceptible cell types. It is not known precisely when the virus 
enters the brain; whether JCV is already present in a latent state or whether it enters only 
after reactivation has occurred elsewhere in the periphery. A hematogenous route of J C V 
dissemination had been implicated, where infected, circulating B lymphocytes function to 
traffic the virus across the blood brain barrier. This was further supported by later studies 
which demonstrated the presence of J C V nucleotide sequences in B lymphocytes isolated 
from patients with PML and other immunosuppressive disorders. The susceptibility of lym
phoid cells to J C V also raised the possibility that hematopoietic precursor cells might sup
port viral infection. Indeed, two CD34+ hematopoietic progenitor cell lines (KG-1 and 
KG-la ) , as well as primary CD34+ hematopoietic progenitor cells isolated from human fetal 
liver did demonstrate evidence of infection following J C virus exposure. 

Similarly, primary human C N S progenitor cells have also been shown to support J C V 
infection in vitro, as well as astrocyte lineage cells derived from the progenitor population. 
These results mirror data obtained from primary human brain cell cultures, where astrocytes 
demonstrate a high susceptibility to JCV.^^ Although lytic infection during the actual course 
of PML occurs in oligodendrocytes, there is also evidence of infected astrocytes in vivo, 
raising the possibility of astrocytic involvement in the spread of infection to neighboring 
cells. Since J C V can infect progenitor and some progenitor derived cells of both the immune 
and nervous system, these undifferentiated precursor cells may play roles in J C V pathogen
esis and the development of PML. Furthermore, current data suggest that the susceptibility 
to J C V infection in the neural and hematopoietic cells is linked by a common mechanism of 
molecular regulation. 
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JCV in the Immune System 
JCV was originally believed to be a neurotropic virus with a restricted cellular tropism. 

However, in the last decade significant progress has been made to define the possible route of 
infection and widen the range of susceptible cell types to JC virus, in order to include other 
tissues such as kidney, heart, spleen, bone marrow, lung, liver and colon. ̂ ^ The route of pri
mary infection is unknown, however the widespread nature of infection points towards a com
mon route such as respiratory inhalation. The discovery of JCV in tonsillar stromal cells sup
ports the hypothesis that if JCV enters the human body by inhalation, tonsillar tissue may then 
be a likely site for initial infection, with dissemination occurring via circulating B lymphocytes 
that come in contact with the infected stromal cells. ̂ ^ 

Previous reports have shown that B-lymphocytes are susceptible to JCV infection, which 
strongly points to a role in the dissemination of the virus throughout the body via a circulatory 
route. Viral DNA sequences have been documented to be present in sites such as the bone 
marrow and spleen of PML patients as well as in circulating peripheral lymphocytes from 
both PML and otherwise immunocompromised patients. However, not much is known 
about the sites and mechanisms of JCV latency and reactivation. As primary exposure to JCV 
occurs in childhood and is not associated with any known clinical manifestations, it has been 
suggested that the onset of PML originates from a reactivation of latent JCV infection rather 
than from an isolated primary exposure event. Serological data also support this hypothesis, as 
the majority of circulating antibodies are of the IgG subtype, and not IgM, which would be 
indicative of a primary infection. 

The initial evidence of JCV infection in hematopoietic progenitor cells was provided in 
1996 with the first description of the infection of primary human CD34+ cells isolated from 
fetal liver tissue and primary human B lymphocytes. Consistent with these results was the 
demonstrated susceptibility of CD34+ hematopoietic cell lines KG-1 and KG-la. (Monaco 
1996). Infection and subsequent differentiation of hematopoietic progenitor cells in peripheral 
lymphoid tissues could be a factor in explaining how the virus can be disseminated and re-
populated in the body. A better understanding of the expanded JCV cellular tropism was made 
available with studies taking advantage of unique properties of the CD34+ hematopoietic cell 
line KG-1. These JCV susceptible CD34+ precursors could be further differentiated into either 
a lymphocyte lineage, or with exposure to phorbol 12-myristate 13-acetate (PMA), into a 
monocyte/macrophage lineage. JC viral infection was maintained only in the lymphocytic 
cells. Consistent with results from primary tissue, cells that were differentiated into a 
macrophage-like lineage were nonsusceptible to infection. ̂ ^ 

Closer examination of the cellular host range of JCV was based on previous studies demon
strating the presence of several nuclear transcription binding sites in the regulatory region of 
the JCV genome. ̂  It was hypothesized that the cell type susceptibility could be regulated at 
the transcriptional level, through interactions with transcription factors. One binding site in 
particular served as a consensus sequence for the nuclear transcription factor 1 (NF-1) fam
ily, ̂ '̂̂ ^ which is made up of four different class members. ̂ ^ It had been previously demon
strated that the expression of NFl-D message was significantly higher in JCV susceptible cell 
types such as primary human fetal brain cells and an immortalized human glial cell line, SVG, 
as compared to a completely non susceptible cell type, HeLa. Based on Northern blot and 
PCR analysis of the three hematopoietic populations, it was later shown that the level of NFl -D 
expression was significantly higher in the KG-1 (precursors) and KG-la cells (lymphocytes) 
which supported JCV infection, and lower in the nonsusceptible PMA treated KG-1 cells 
(macrophages). Furthermore, overexpression of NFl-D using an expression construct in the 
PMA treated cells initiated susceptibility to JCV infection, as measured by in situ DNA hy
bridization for viral sequences, as well as immunocytochemistry against the early viral protein 
Large T.̂ ^ Collectively, the data generated from these and previous studies suggest that suscep
tibility to JCV infection is controlled at the level of transcription, and that the NFl-D tran
scription factor plays an important role in cellular tropism. Furthermore, the ability of JCV to 
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Figure 2. JCV infection of human CNS progenitor cells. Immunocytochemical staining of human CNS 
progenitor cells following JC Virus exposure. Cells were stained with antibodies against the human stem 
cell marker, nestin (green), the major JC Viral capsid protein, Vpl (red), and nuclear dye, bisbenzimide 
(blue). Images were overlaid to detect the presence of JC viral proteins in nestin-postivie human CNS 
progenitor cells (yellow, center of field). 

infect undifferentiated hematopoietic progenitor cells could play a role in the dissemination of 
the virus in the periphery either upon differentiation of infected precursor cells or infection of 
differentiated cell types. 

JCV in the CNS 
In the central nervous system, lytic infection of oligodendrocytes by JCV leads to demyeli-

nation and the hallmark neurological symptoms in patients vv îth PML.^^ However, in vitro, 
the virus has also been show^n to infect astrocytes, while neuronal cells are nonsusceptible to 
infection. ' Indeed, there has been evidence of JCV infection in astrocytes of PML lesions, 
while neurons within the demyelinated plaques are largely spared from infection.^^ Added to 
this in vitro data is the recent surprising finding that human brain derived progenitor cells can 
also support J C V infection (Fig. 2), raising interesting questions about the role these cells play 
in the pathogenesis of this disease. As yet, JCV infected progenitor cells have not been identi
fied in PML brain tissue, but efforts are currently underway to further examine this possibility. 

In order to study the regulation of JCV infection in human brain derived cells, a multipo-
tential C N S derived progenitor cell culture model was established.^ Primary human progenitor 
cells were isolated from an 8 week gestation human fetal brain and established as adherent 
cultures. The cell population is positive for the human stem and progenitor cell marker, nestin, 
but negative for markers indicative of other fully differentiated neural cell types. This undiffer
entiated phenotype could be maintained for long periods of time in culture, without loss of 
nestin expression. Once established, the progenitor cell culture model eliminated the need to 
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Figure 3. Schematic representation of JCV susceptibility in nervous and immune system progenitor cell 
systems. *Both progenitor populations are susceptible to JCV infection. However, differentiation of the 
neural progenitor cells into an astrocyte lineage greatly increases susceptibility while differentation into a 
neuronal lineage does not. Similarly, differentiation of the KG-1 cells into a macrophage lineage following 
phorbol ester treatment abolishes susceptibilty to infection. In both neuronal cells and PMA treated KG-1 a 
cells, overexpression of the NF1 -D plasmid confers susceptibility to JCV infeaion in previously nonsusceptible 
cell types. 

work with primary tissues and mixed cultures which could not easily be separated into highly 
purified substituent populations. These CNS progenitor cells can be selectively differentiated 
into a neuronal or astrocytic lineage, dependening on growth factors supplied in the cell cul
ture medium. The ability to shift phenotypes in this culture system provided a useful model to 
study JCV infection in highly purified neural cell populations, as well as at different stages of 
differentiation. 

Much has been learned about the molecular regulation of JCV susceptibility using this 
human CNS progenitor cell culture system. Identical to primary cultures, JCV robustly infects 
primary and progenitor derived astrocytes, while primary neurons and progenitor derived neu
ronal cells remain nonsusceptible to infection. Following exposure to JC virion particles, only 
progenitor cells and progenitor derived astrocytes demonstrated evidence of active viral infec
tion, as demonstrated by in situ D N A hybridization using a JCV specific D N A probe and by 
immunocytochemical detection of viral proteins Large T and V p l . Although the numbers of 
infected cells were much higher in the astrocyte population, a small percentage of the progeni
tor cell population did show evidence of viral D N A replication and protein production. No 
evidence of infection was ever detected in the progenitor derived neuronal population. 

Similar to the hematopoietic system, susceptibility to infection has been linked to the ex
pression of the N F l - D transcription factor. The differential expression of the different N F l 
class members was examined in progenitor cells as well as the progenitor-derived neurons and 
astrocytes. The results demonstrated that susceptibility to infection correlated to the level of 
N F l - D expression, with astrocytes showing the highest level, as compared to the nonsuceptible 
neurons. Progenitor cells, which were shown to support a modest infection, demonstrated 
median levels of N F l - D expression. Transfection of the N F l - D plasmid construct into the 
neuronal cells once again conferred susceptibility to JCV infection (Fig. 3), demonstrating a 
crucial role for this transcription factor not only in the hematopoietic system, but also in the 
CNS cell culture model. 



JC Virus Can Infect Human Immune and Nervous System Progenitor Cells 271 

The role of CNS progenitor cells in the pathogenesis of PML is currently unknown. Al
though the progenitors can support JCV infection in vitro, efforts are underway to identify 
them in tissue sections from PML patients. The susceptibility of progenitor cells to JCV raises 
an interesting question as to when the virus actually enters the brain. The possibility exists that 
infected progenitor cells could give rise to other infected cell types such as astrocytes and oligo
dendrocytes. Alternatively, infection of the neural progenitor cells could prevent them from 
performing normal functions such as repopulation of cell types within the brain. The presence 
and proliferation of adidt neural progenitor and stem cells has been documented in the case of 
other brain injury models.'^ If these cells continue to exist in small numbers in the adult brain, 
viral infection at any point, either before or during immunosuppression, could have profound 
implications. Current studies are also examining JCV infected progenitor cells as they differen
tiate into an astrocytic lineage. Assays for viral DNA replication and virion production at 
different stages early in the differentiation process may yield more information on the molecu
lar regulation of JCV infection during CNS development. Furthermore, it may also reveal 
some data as to the role that these cells play in vivo, from initial infection to the development 
ofPML. 

Therapeutic Purposes 
Studying viral susceptibility in progenitor cell culture models would provide a new way to 

examine the fate of infection in target cells as they differentiate into different lineage pathways. 
Such studies could reveal more information on the molecular regulation of susceptibility, or 
viral pathogenesis in cases where it not yet completely understood. The progenitor cells pro
vide a renewable, multipotential source of tissue that largely avoids many of the ethical con
cerns associated with working with primary human fetal tissue. Studies examining HFV-l in
fection of immature neural cells in the past were severely impaired by the lack of true primary 
human stem or progenitor cells and relied mainly on cell lines with what were termed "imma
ture phenotypes."^ Other CNS viral infections such as Cocksackie have been studied as well, 
but with rodent neural stem cells rather than human, most likely due to restrictions and the 
lack of available human stem cell lines for research purposes. Recendy, due to better charac
terization methods and increased capacity to culture hematopoietic stem cells, HIV-1 infection 
is also being studied in human CD34+ cells isolated from patients with HIV, where differentia
tion into dendritic cells with strong T-cell stimulatory capacity could prove useful as a future 
immunotherapy to combat infection."^^ Evidence of HIV-1 infection has also been demon
strated in vitro in human CNS progenitor cells,"̂ ^ and efforts are currendy underway to iden
tify infected progenitor cells in the brains of patients with HIV-l encephalopathy. 

Perhaps the most apparent connection between progenitor cells and human disease is their 
potential role in cancer. This is of particular interest since many of the same pathways involved 
in self renewal are also involved in tumorigenesis. ' Indeed, there have been attempts to 
identify and isolate cancer stem cells from tumor tissue in both humans as well as from animal 
models. Mutations in either the stem cells or at the level of restricted progenitors could explain 
the heterogeneity of tumors, despite the fact that that most of the cells are derived from a single 
clone. The potential association of stem cells with cancer is not only causative, however, as 
hematopoietic stem cells hold great potential as therapeutic agents in combating 
lymphoproliferative disorders. CD34+ hematopoietic stem cells are routinely isolated, enriched, 
and transplanted back into patients undergoing immunotherapy.^^ Although autologous trans
plant largely avoids the potential of graft versus host disease, potential infection of the CD34+ 
stem cells by either of the human polyomaviruses could have severe implications in the setting 
of allogeneic transplants into an immunosuppressed host. 

Just as the progenitor cell culture models have proven useful for studying the pathogenesis 
of certain neurodegenerative diseases, the stem cells provide a powerful therapeutic potential in 
combination with genetic engineering and transplant. Neural stem cell lines are currendy 
being studied as therapeutic agents against brain tumors. The migratory capacity of these cells 
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could be utilized to deliver therapeutic agents in the brain. Genetically modified stem cell 
lines have been transplanted at or near tumor sites in animal models, with efficient distribu
tion throughout the tumor. Successful transplantation of progenitor cells points toward the 
possibility of differentiating CNS progenitor cells into specific cell types and transplanting 
these populations into the brain as a therapy for neurodegenerative disorders. Included in 
this list would be transplantation of dopaminergic neurons for Parkinson's disease, as well as 
transplantation of oligodendrocytes to combat demyelinating diseases such as multiple scle
rosis and PML. 

Conclusion 
While a clear understanding of the site and mechanism of JCV reactivation in the human 

host continues to elude the investigators in this field, majority of evidence suggests 
immunosupression to be the major cause of reactivation and setting in of PML. Significant 
progress has been made in determining the cell types that are initially infected and recent 
studies have provided convincing data to help understand the mechanism of JCV infection in 
CNS as well as non-CNS cells. The finding that JCV and HIV-1 can infect progenitor cells of 
the CNS and immune system is of particular importance, since latently infected CD34+ cells 
or CNS progenitors could produce virus upon reactivation and differentiation, as demon
strated by the tissue culture models. Progenitor and stem cells hold great potential for studies 
of viral tropism and pathogenesis, as well as therapeutic potential to combat viral induced 
infections and other neurodegenerative and neoplastic disorders. 
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CHAPTER 20 

The Polyomavirus, JCV, and Its Involvement 
in Human Disease 
Kamel Khalili, Jennifer Gordon and Martyn K. White 

Abstract 

The human neurotropic polyomavirus, JC virus QCV), is the etiologic agent of progressive 
multifocal leukoencephalopathy (PML), a fatal demyelinating disease of the central 
nervous system that occurs mainly in immunosuppressed patients. JCV has also been 

found to be associated with human tumors of the brain and other organs. In this chapter, we 
describe JC virus and its role in human diseases. 

An Introduction to JC Virus 
JC virus (JCV) belongs to the genus of viruses known as the polyomaviruses which are 

nonenveloped DNA viruses with icosahedral capsids containing small, circular, 
double-stranded DNA genomes. Polyomaviruses have been isolated from multiple species 
including humans, monkeys, rodents and birds. Each polyomavirus exhibits a very limited 
host range and does not usually productively infect other species. ̂ ' Mouse polyoma virus^ 
and simian vacuolating virus 40 (SV40) were the first polyomaviruses to be discovered. 
These two archetypal polyomaviruses have been intensively studied as model systems for 
the study of the basic eukaryotic molecular biology of cell processes such as DNA replica
tion, transcription, malignant transformation and signal transduction. In 1971, two hu
man polyomaviruses were discovered. BK virus (BKV) was isolated from the urine of a 
kidney allograft recipient with chronic pyelonephritis and advanced renal failure.^ JC vi
rus was isolated from the brain of a patient suffering from progressive mutifocal 
leucoencephalopathy (PML). The designations BK and JC were derived from the initials 
of the patients involved. 

JCV is very similar to its cousins, SV40 and BKV, with respect to size (--5.2 Kb), ge
nome organization and DNA sequence. The circular genome of JCV contains two regions 
of approximately equal size known as the early and late transcription units. Transcription 
of both units is initiated from a common nontranscribed regulatory region which contains 
the origin of DNA replication. Starting from this region, early transcription proceeds in a 
counterclockwise direction while late transcription proceeds clockwise on the opposite 
strand of the DNA. The JCV late region encodes the capsid structural proteins VPl, VP2 
and VP3 that are encoded by alternatively spliced mRNAs derived from the same primary 
late transcript and a small regulatory protein known as Agnoprotein. The JCV early region 
encodes the alternatively spliced transforming proteins large T-antigen and small t-antigen. 
These proteins are important in promoting transformation of cells in culture and onco
genesis in vivo. 

Polyomaviruses and Human Diseases, edited by Nasimul Ahsan. ©2006 Eurekah.com 
and Springer Science+Business Media. 
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Figure 1. Life q^cle of JCV. The following steps are indicated: 1—Binding of JC virions to cell surface 
receptor, 2—endocytosis, 3—nuclear import, 4—uncoating, 5—transcription of the early region, 6— 
translation of the early proteins, T-antigen and t-antigen, 7—^viral DNA replication, 8—transcription of 
the late region, 9—translation of Agnoprotein and the capsid proteins VPl, VP2 and VP3, 10—^virion 
assembly, 11—nuclear export, 12—^virion release from the cell, 13—infectious viral particles. (Adapted 
from Cole, 1996).^ 

The Life Cycle of JCV (Fig. 1) 
The infection of cells by J C V is initiated by the binding of the virion to a receptor on the 

outer cell membrane. Unlike SV40, J C V possesses hemagglutination activity reflecting the 
ability of the J C virion to bind to a (2-3) - and a(2-6)-linked sialic acid residues on the surface 
of ceils. ' Thus, oligosaccharide constitutes the cell surface receptor for JCV, unlike SV40 
whose receptor has been identified as the major histocompatibility complex ( M H C ) . Since 
these oligosaccharides are ubiquitously present on glycoproteins and glycolipids on the surface 
of cells, J C V can enter a broad spectrum of mammalian cell types. ^ However, J C V replication 
is restricted to glial cells and lymphoid cells of the B-cell lineage due to cell-specific intra
nuclear mechanisms. This restriction dictates the tropism of J C V and is described below. Inter
estingly, cells that replicate J C V also express high levels of the sialic acid receptor. ̂ '̂̂ "̂  

After binding to the cell surface, J C V capsids undergo endocytosis and are transported to 
the nucleus where the viral D N A is uncoated and transcription of the early region begins. 
Unl ike SV40, which enters cells by caveola-mediated endocytosis , J C V employs a 
clathrin-dependent mechanism that is blocked by tyrosine-specific protein kinase inhibition. '̂ ^ 
Recent data indicate that the nuclear localization signal of V P l is important for nuclear entry 
of J C V and involves importins and the nuclear pore complex. ̂ ^ After J C V enters the nucleus of 
a permissive cell, the primary transcript is expressed from the early region and is alternatively 
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spliced to give two mRNAs that encode large T-antigen and small t-antigen. JCV T-antigen is 
a large nuclear phosphoprotein that is an essential factor for viral DNA replication. It binds to 
the viral origin of DNA replication region where it promotes unwinding of the double helix 
and recruitment of cellular proteins that are required for DNA synthesis. JCV relies on cellu
lar enzymes and cofactors for DNA replication and these proteins are expressed in the S-phase 
of the cell cycle. JCV T-antigen modulates cellular signaling pathways and stimulates the cell 
cycle through its ability to bind to a number of cellular proteins that control cell cycle progres
sion and apoptosis. In this manner, T-antigen can direct cells to enter S-phase thus enabling 
viral DNA replication. As viral replication proceeds, the late genes are then expressed. T-antigen 
orchestrates these events as it initiates DNA replication and then acts to stimulate transcription 
from the late promoter while repressing transcription from the early promoter. The gene prod
ucts of the late region, the capsid proteins VPl, VP2 and VP3, assemble with the replicated 
viral DNA to form intranuclear virions, which are released upon cell lysis. 

Tropism of JCV 
JCV has a unique tropism for replication in glial cells. Earlier studies have demonstrated 

that the narrow tissue tropism of JCV that restricts its gene expression and replication to glial 
cells is largely determined at the level of viral early gene transcription which is responsible for 
the production of T-antigen. ̂ '̂̂ ^ 

Several lines of evidence indicate that the JCV early promoter is preferentially expressed in 
glial cells. For example, recombinant DNA constructs, in which the JCV early promoter is 
linked to a reporter gene, show levels of expression that are much higher in glial cells than in 
nonglial cells. Transgenic mice with the JCV early region selectively express T-antigen in 
oligodendrocytes leading to a phenotype of dysmyelination.^^ In addition, transgenic mice 
with constructs in which the early promoters and T-antigen regions of JCV and SV40 were 
exchanged showed patterns of expression that demonstrated the JCV early promoter, and not 
the T-antigen coding sequence, is responsible for glial-specific expression. In vitro transcrip
tion assays showed that hamster glial cell extract stimulated the JCV early promoter whereas 
HeLa cell extract reduced production of nuclear run-off transcripts. This suggests that glial 
cells contain an activating factor(s) for transcription of the JCV early promoter while nonglial 
(HeLa) cells contain a transcriptional repressor(s).^^'^^ Detailed analyses of the JCV early pro
moter have shown that transcription is regulated in a complex fashion. Multiple transcription 
factors, both general and cell-type specific, regulate the JCV early promoter including Jun, 
NF-1, GF-1, Spl, Smbp-2, Pura, and YB-1.^^'^^ 

The Spread of JCV 
The transmission of JCV is not fully understood. JCV is widespread throughout the 

human population with greater than 80% of adults exhibiting JCV-specific antibodies. 
Infection occurs during early childhood and is usually subclinical. In the human body, it is 
thought that JCV can infect cells in the tonsils and spread from there by replication in 
lymphoid cells. The mechanism of human-to-human transmission of JCV has not been 
firmly established but the presence of infectious JCV in raw sewage suggests that ingestion of 
contaminated water or food could represent a possible portal of entrance of JCV into the 
human population. '^' ̂  Earlier studies have revealed the presence of JCV DNA sequences in 
a high percentage of normal tissue samples taken from the upper and lower human gas
trointestinal tract. ' JCV is found in the urine and the kidney is thought to be the major 
organ of JCV persistence during latency.^ Infections in humans by JCV are usually re
stricted by the actions of the immune system, particularly cell-mediated immunity. A gen
eral impairment of theThl-typeT-helper cell function of cell-mediated immunity has been 
found to be associated with the emergence of JCV from latency to cause the disease progres
sive multifocal leukoencephalopathy (PML).^^ 
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Figure 2. Immunohistochemical analysis of PML lesions for the presence of JC viral proteins. VPl capsid 
protein is localized to the nucleus while Agnoprotein is observed in the perinuclear and cytoplasmic regions 
of inclusion bodies within infected oligodendrocytes (A and B, respectively). In bizarre astrocytes, VPl and 
Agnoprotein are both detected in the nucleus and the cytoplasm (C and D, respectively). 

JCV and PML 
PML is a fatal demyelinating disease of the CNS which is characterized by multiple foci of 

demyelination caused by lytic infection of oligodendrocytes, the myelin-producing cells of the 
CNS.^ '̂ ^ Only individuals with severely impaired immunity, mainly Acquired Immune Defi
ciency Syndrome (AIDS) patients, develop PML. The occurrence of PML was very rare until 
the advent of the AIDS pandemic but now it is much more prevalent in that it affects - 5 % of 
Human Immune Deficiency Virus (HIV)-infected persons. ' Indeed, PML is considered as 
an AIDS-defining illness.^^ AIDS has been estimated to be the underlying cause of immuno
suppression in 55% to more than 85% of cases of PML."̂ '̂̂ ^ Other circumstances that incur 
immunosuppression are also associated with PML, e.g., autoimmune diseases, agammaglobu
linemia, lymphoma, immunosuppressive drug treatment, cancer chemotherapy, etc.^'^^ Rarely, 
PML may occur without an underlying disease condition. 

Clinically, PML patients often develop hemiplegia, visual disturbances and subcortical de
mentia. ̂ '̂ ' ^ Other neurological symptoms may also be found such as dipoplia, monoplegia, 
and akinesia. The involvement of multifocal areas of demyelination in these patients is usually 
detectable by magnetic resonance imaging (MRI). Although the cerebral hemispheres are usu
ally involved, PML may develop within the white matter in any part of the CNS. The promi
nent histopathological finding of PML is multiple foci of myelin loss, eosinophilic, enlarged 
oligodendroglial nuclei, and enlarged bizarre astrocytes with lobulated hyperchromatic nuclei. 
Polyhedral viral particles can be observed within the inclusion bodies of oligodendrocytes by 
electron microscopy (Fig. 2). 
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The incidence of PML complicating HIV/AIDS is higher than that of any other immuno
suppressive disorder relative to their frequencies. There are a number of reasons why this may 
be the case. First, the degree and duration of cellular immunosuppression in HIV/AIDS may 
be greater in AIDS compared to other immunosuppressive disorders.^^'^^ JCV-specific CD4 
T-cell responses are impaired in HIV-infected patients with active PML compared to PML 
survivors on effective and prolonged antiretroviral therapy. In addition, HIV/AIDS may erode 
the blood brain barrier and facilitate the entry of B-lymphocytes infected with JCV into the 
brain. Finally there exist specific molecular mechanisms whereby HIV-1 may promote JCV 
gene expression ' ^ and participate in the pathogenesis of PML. Many studies have demon
strated cross-communication between HIV-1 and JCV through the HIV-1-encoded regula
tory protein, Tat. Tat has the ability to bind to and enhance the transcription of the JCV 
promoter in glial cells. In addition to transactivating JCV transcription, Tat also stimulates 
JC viral DNA replication. Several studies, however, have reported that infection of astrocytes, 
and to some extent oligodendrocytes, with HIV-l does occur suggesting the potential for coex
istence of these two viruses in neural cells."̂ ^ Of note, it is well established that Tat can be 
released from HIV-1-infected cells and taken up again by neighboring cells. ̂ '̂̂ ^ Thus the 
reactivation of JCV by HIV-1 need not require the coinfection of a glial cell with both viruses. 
Subsequent studies of the mechanism of Tat action demonstrated that Tat protein mediates the 
activation of the JCV Tat-responsive transcriptional control element by associating with the 
cellular nucleic acid binding protein, Pura."* '̂̂ ^ The high affinity Tat/Pura complex binds to 
the Tat-responsive JCV element, upTAR which consists of the canonical PUR element 
GGAGGCGGAGGC. Tat and Pura synergistically activate JCV late gene expression resulting 
in > 100-fold induaion. ^ The interaction between Tat and Pura is mediated by RNA and 
involves specific regions of both Tat and Pura.^^'^ 

HIV-1 transactivation of JCV can also occur by indirect mechanisms where HIV-1 causes 
the production of cytokines such as TNF-a,^^'^^ MlP-la,^^ and TGF-p.^^ These cytokines 
bind to receptors on the cell surface that signal to downstream transcription factors resulting in 
stimulation of the JCV promoter. 

The replication and dissemination of JCV in PML causes the death of oligodendrocytes 
and hence the development of focal areas of progressive demyelination. The exact cause of cell 
death in PML is not known. It has been suggested that apoptosis of infected oligodendrocytes 
is involved on the basis ofTUNEL assays and immunocytochemistry detecting activated caspase 
3.^^ We have also detected TUNEL-positive oligodendrocytes and astrocytes in sections of 
PML brains (Khalili et al, unpublished observations). The TUNEL assay detects DNA breaks 
which may be caused direcdy by the effects of JCV on the cell cycle and DNA repair. In clinical 
samples of AIDS/PML brain, image analysis of the DNA content of inclusion-bearing oligo
dendrocytes and atypical astrocytes revealed DNA indices that were near tetraploid congruent 
with the ablation of p53 function in maintaining diploid status. JCV-infected oligodendro
cytes and astrocytes exhibited strong immunostaining for p53 and PCNA. ' It can be envi
sioned that JCV early proteins T-antigen and Agnoprotein may abrogate cell cycle checkpoints 
(including p53 and pRb) and DNA repair in PML which would serve to drive cells into S-phase 
where JCV replication occurs. The cellular DNA damage accrued by oligodendrocytes and 
astrocytes during this process would no doubt contribute to cytotoxicity in PML and viral 
destruction of areas of white matter within the brain that is characteristic of PML pathogen
esis. The ability of JCV to dysregulate cell growth and cause DNA damage, as discussed below, 
is likely also involved in JCV-mediated tumorigenesis. 

JCV and Cancer: Experimental Tumorigenesis 
JCV is able to transform cells in culture, particularly cells of glial origin including human 

fetal glial cells and primary hamster brain cells. JCV-transformed cells exhibit the pheno-
typic properties associated with transformation including growth in soft agar, 
serum-independence, changes in morphology, plasminogen activator production etc. These 
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Table 1. Tumors induced in transgenic mice by JCV T-antigen expression 

Phenotype 

Adrenal neuroblastoma 
Neuroectodermal tumors 
Primitive tumors originating from the cerebellum 
Pituitary neoplasia 
Peripheral nerve sheath tumors 

Reference 

68 
70 
73 
71 
72 

studies have been reviewed recently. The transforming ability of JCV appears to be limited 
to cells of neural origin and cell-type specific transcriptional regulation of the viral promoter 
is thought to be responsible for this property, as discussed above. 

Many studies have established the highly oncogenic potential of JCV in laboratory animals, 
e.g., JCV induced multiple types of brain tumors when injected into the brains of newborn 
Golden Syrian hamsters. JCV is the only human virus that induces solid tumors in nonhuman 
primates. JCV caused the development of astrocytomas, glioblastomas and neuroblastomas in 
owl and squirrel monkeys which occurred 16-24 months after inoculation of JCV intracere-
brally, subcutaneously or intravenously. ' Study of monkey tissue revealed T-antigen expres
sion but no capsid protein or infectious virions indicating monkey cells are nonpermissive for 
JCV replication."^^ JC viral DNA was integrated into cellular DNA in JCV-induced tumors of 
owl monkeys. These animal studies have been reviewed recently. ' ^ As mentioned above, 
transgenic mice expressing JCV T-antigen can develop dysmyelinating disease. These mice can 
also develop adrenal neuroblastomas. ' ^ Franks et al have generated a line of transgenic 
mice with the JCV T-antigen gene under the control of the natural JCV promoter and these 
mice exhibit tumors of primitive neuroectodermal origin. Transgenic mice with the JCV 
T-antigen gene can develop tumors that arise from the pituitary gland. Recendy it was re
ported that a small subset of these animals developed solid masses arising from the soft tissues 
surrounding the salivary gland, the sciatic nerve, and along the extremities that histologically 
resemble malignant peripheral nerve sheath tumors, rare neoplasms that occur in individuals 
with neurofibromatosis. The phenotypes of transgenic mice expressing the JCV T-antigen 
are summarized in Table 1. 

JCV and Cancer: Clinical Tumors 
An indication that JCV may be associated with brain tumors has come from reports of 

brain tumors being found in patients with concomitant PML.^ JCV has also been associated 
with brain tumors in patients without PML. Rencic et al̂ ^ were able to detect JCV DNA by 
PCR in tumor tissue from a patient with an oligoastrocytoma. The identity of the amplified 
PCR product was confirmed as JCV by DNA sequencing. Moreover JCV RNA and T-antigen 
protein were detectable by primer extension analysis and Western blotting, respectively, in the 
tumor tissue indicating that JCV gene expression occurred in the tumor cells.^^ Del Valle et 
al examined 85 samples of various tumors of glial origin for the presence of JCV DNA and 
T-antigen expression. It was found that, depending on the tumor type, 57-83% of tumors 
were positive for JCV (Fig. 3). In addition, Krynska et al̂ ^ detected JCV T-antigen DNA 
sequences in 11 of 23 pediatric medulloblastomas. In another study, JCV Agnogene DNA 
sequences were detected in 11 of 16 meduUoblastoma samples and Agnoprotein expression by 
immunohistochemistry was found in 11 of 20 samples. Since some of the Agnoprotein-positive 
meduUoblastoma samples were negative for concomitant T-antigen expression, Agnoprotein 
may have a role in the development of JCV-associated meduUoblastoma independent of 
T-antigen.^^ Many other studies that have employed PCR-mediated DNA amplification and/ 



280 Polyomaviruses and Human Diseases 

Table 2. Detection ofJC virus DNA sequences and viral protein expression 
in human tumors 

Tumor Type Viral DNA Viral Protein Reference 

Oligoastrocytoma 

Xanthoastrocytoma 
Medulloblastoma 

Colorectal cancer 

Astrocytoma 

Ependymoma 

Oligodendroglioma 

Glioblastoma 

CNS lymphoma 

y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 

y 
y 
nd 

y 
y 
nd 

y 
y 
y 
n 

y 
y 
y 
y 
y 
y 
y 

75 
76 
79 
77 
78 
30 
80 
81 
76 
81 
76 
81 
76 
82 
76 
83 
84 

y—positive, n—negative, nd—not done. Viral DNA was detected by PCR followed by sequencing or 
Southern blotting. Viral protein was detected by immunohistochemistry forT-antigen and/or Agnoprotein. 

or immunohistochemistry of neural-origin tumor samples provide support for an association 
of JCV with a wide variety of tumors of the CNS and in other tumors such as colon cancer 
and CNS lymphoma. The detection of JC virus DNA sequences and viral protein expression 
in different types of human tumors are summarized in Table 2. 

JCV DNA sequences have been found in a high percentage of normal tissue samples taken 
from the upper and lower human gastrointestinal tract and in colon cancer.̂ '̂̂ ^ In a study of 
epithelial malignant tumors of the large intestine, 22 of 27 samples tested positive for JCV 
DNA sequences. Expression of JCVT-antigen and Agnoprotein was observed in >50% of the 
samples. No expression of JCV proteins was detected in normal gastrointestinal epithelial 
tissue. Thus, JCV is associated with some colon cancers and evidence has been presented that 
dysregulation of P-catenin signaling by JCV T-antigen is involved. ' The involvement of 
JCV in brain and nonbrain tumors has been recently reviewed. 

Studies of the effects of JCV on cultured cells and in animal models lend support to the 
findings on JCV and its association with human tumors and suggest mechanisms of 
JCV-mediated cellular transformation. However it remains unknown whether JCV has a causal 
role in human neoplasia. Problems include the following: JCV is ubiquitous in nature but 
JCV-associated cancer is rare. The incubation period between infection and the appearance of 
cancer may last many decades. The initial JCV infection is usually subclinical making it diffi
cult to establish when exposure to the virus occurred. JCV does not productively infect animal 
models, thus limiting experiments which can be performed to address these questions. Envi
ronmental cofactors (e.g., cocarcinogens) or host factors (e.g., immune status) modulate patho
genesis. Zur Hansen has proposed criteria for defining a causal role for a particular infectious 
agent in cancer: (1) epidemiological plausibility and evidence that a virus infection represents 
a risk factor for the development of a specific tumor; (2) regular presence and persistence of the 
nucleic acid of the respective agent in cells of the specific tumor; (3) stimulation of cell prolif
eration upon transfection of the respective genome or parts therefrom in corresponding tissue 
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Figure 3. Immunohistochemistry of human glial tumors for JCV T-Antigen and p53. T-antigen is localized 
in the nuclei of tumor cells within several forms of glial-origin tumors of the central nervous system. p53 
shows a similar pattern of nuclear immunolabeling in the same tumors (insets). A) oligodendroglioma; B) 
anaplastic oligodendrogliomarC) pilocytic astrocytoma; D) fibrillary astrocytoma; E) glioblastoma 
multiforme; F) ependymoma. (Reproduced with permission from Del Valle et al. Cancer Res 2001; 
61:4287-4293.)^^ 

culture cells; (4) demonstration that the induction of proliferation and the malignant pheno-
type of specific tumor cells depend on functions exerted by the persisting nucleic acid of the 
respective agent. Evidence has been presented here that J C V fulfills at least the last three crite
ria. J C V transforms cells in culture and produces tumors in inoculated animals or transgenic 
mice with a pattern consistent with its putative role in human tumorigenesis. The presence of 
viral D N A and viral gene expression in a subset of human tumors has been established. 

JCV Molecular Biology 
As viruses go, J C V is tiny, weighing in with a genome size of only 5,130 base pairs and 

encoding only 6 viral proteins: 3 capsid structural proteins (VPl , VP2 and VP3) and 3 regula
tory proteins (T-antigen, t-antigen and Agnoprotein). Not surprisingly, the regulatory proteins 
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of JCV have been found to be highly multifunctional. These properties have been reviewed in 
detail recendy '̂̂ '̂ ^ and will be summarized here. As well as its role in viral DNA replication, 
JCVT-antigen interacts with a number of cellular proteins that are involved in regulating cell 
proliferation and transformation including the product of the retinoblastoma susceptibility 
gene,^ '̂̂ ^ p53,^^'^^ IRS-1,^^ P-catenin,^^'^^and the neurofibromatosis type 2 gene product/"^ 
In addition to dysregulating cell proliferation, JCV also causes damage to cellular DNA which 
may be important to the pathogenesis of PML and JCV-associated tumors. Infection with JCV 
increases spontaneous mutation frequencies up to 100-fold in cultured lymphoid cells or hu
man peripheral blood lymphocytes^ and also in human colonic cells.^^ Expression of the JCV 
large T-antigen inhibits HR-DNA repair in cultured cells.^ In the case of the closely related 
virus, SV40, large T-antigen rapidly induced numerical and structural chromosome aberra
tions in human fibroblasts^ '̂̂ ® and disturbs the formation of the nuclear DNA-repair foci 
containing MRE11/Rad50/Nibrin that are involved in both HR and NHEJ DNA repair.̂ ^ 
Agnoprotein also has a role in the dysregulation of DNA repair that is observed on polyomavirus 
infection. When expressed alone in cultured cells, JCV Agnoprotein binds p53, alters the cell 
cycle and inhibits NHEJ DNA repair.^^'^^^ 

The second of the two proteins encoded by the early region of JCV is small t-antigen. 
Published research on small t-Ag has concentrated almost exclusively on SV40 t-antigen which 
has a mitogenic role in cellular transformation ^ ' ^ by binding to and inhibiting protein 
phosphatase 2A which is a negative regulator of many growth promoting signal transduc
tion pathways. We are currently investigating whether or not JCV t-antigen functions in a 
similar manner. 

Future Studies of JCV 
Future studies of polyomaviruses will be aided by recent technical advances. 

Oligonucleotide-based microarray approaches should permit the evaluation of the expres
sion of many thousands of genes at once to generate transcriptional profiles that can be used 
to examine the effects of JCV in cell culture systems and in tumors. Radhakrishnan et al̂ ^^ 
correlated changes in gene expression in primary human astrocytes after JCV infection with 
gene expression alterations that were observed in astrocytes within PML lesions of brain 
tissue from patients with neuro-AIDS. Proteomics-based approaches could be used to assess 
the status of JCV T-antigen in tumors. For example, 2-dimensional electrophoresis could be 
used to resolve T-antigen/p53 followed by mass spectrometry to establish the identity of the 
T-antigen protein (JCV as opposed to BKV or SV40) and the status of the p53 protein 
(wild-type or mutated). 

Since JCV is associated with a significant number of human tumors, it may be possible to 
use the viral oncoproteins as targets for cancer therapies. The highly multifunctional trans
forming proteins of JCV impinge on many cellular signal transduction pathways and thus 
molecular strategies for the disruption of their interactions with cellular proteins may represent 
a fruitful avenue for the development of new types of therapeutic interventions. For example, 
ELISA-based assays for T-antigen/p53 interaction have been used to screen chemical libraries 
for agents that inhibit SV40 T-antigen binding to p53.^^^ Such an approach could also be 
employed for JCVT-antigen. Delivery of antisense transcripts to the early region of JCV rep
resents another possible approach. In the case of SV40, an adenoviral antisense vector achieved 
significant growth inhibition and apoptosis of SV40 T-antigen-expressing human mesothe
lioma cells in culture. We have recently demonstrated the efficacy of a strategy of RNA 
interference using JCV T-antigen and Agnoprotein siRNA to inhibit JCV protein expression 
in JCV-infected human fetal astrocytes. The inhibition of T-antigen production by siRNA 
reduced the rate of JC viral replication.^ Agents that target JCV proteins have the potential of 
providing new therapies for PML and JCV-associated cancers and of answering questions about 
the importance of JCV protein functions in the pathogenesis of these human diseases. 
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Transfomiing Activities of JC Virus 
Early Proteins 
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Abstract 

Polyomaviruses, as their name indicates, are viruses capable of inducing a variety of 
tumors in vivo. Members of this family, including the human JC and BK viruses (JCV, 
BKV), and the better characterized mouse polyomavirus and simian virus 40 (SV40), 

are small DNA viruses that commandeer a cell's molecular machinery to reproduce themselves. 
Studies of these virus-host interactions have greatly enhanced our understanding of a wide 
range of phenomena from cellular processes (e.g., DNA replication and transcription) to viral 
oncogenesis. 

The current chapter will focus upon the five known JCV early proteins and the contribu
tions each makes to the oncogenic process (transformation) when expressed in cultured cells. 
Where appropriate, gaps in our understanding of JCV protein function will be supplanted 
with information obtained from the study of SV40 and BKV. 

Introduction 

Human Polyomaviruses 
The first isolations of JCV and BKV from humans were reported in 1971, and subsequent 

studies have failed to identify additional animal hosts. Serologic data indicate that asymptom
atic infections often occur in young children, with 80-90% of the population eventually be
coming seropositive for one or both viruses. Given stable anti-viral antibody levels and the 
frequent occurrence of viruria in infected individuals, it is likely that JCV and BKV persist for 
the lifetime of their host (reviewed in ref 1). 

The natural host of SV40 is the rhesus monkey; however, humans were exposed to this virus 
by contaminated lots of poliovirus and adenovirus vaccines administered during the mid-1950s 
to early 1960s. It is estimated that at least 30 million of the 98 million people in the United 
States receiving these vaccines were given preparations containing live SV40. Prior to the ad
vent of highly sensitive polymerase chain reaction (PCR) technologies, litde evidence was avail
able to support the suggestion that SV40 circulates in the human population. However, during 
the last decade, numerous reports have surfaced that require the field to reconsider this possi
bility (reviewed in refs. 2-4). 

Association of JCV with Its Human Host 
JCV may establish latent, persistent or active infections in vivo depending upon the im

mune status of the host, the tissue infected, and the JCV variant involved. JCV has routinely 
been detected in kidney tissue and urine, and it has been suggested that the virus replicates at 
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relatively low levels (persistent infection) in renal proximal tubule cells. The form of virus 
usually detected in urine is called archetype JCV, a variant that contains a single copy of the 
viral promoter-enhancer sequences within its transcriptional control region (TCR). A sec
ond variant, called rearranged JCV, has been associated with active infections in brain that 
lead to disease in severely immunocompromised individuals (see below). Several laboratories 
have reported the detection of these rearranged TCR sequences in healthy brain as well. Few 
amplicons are amplified from this tissue, and it is possible that a latent infection is estab
lished at this site. Relative to the archetype TCR, the promoter-enhancer sequences of a 
rearranged TCR have undergone deletion and duplication events that result in a virus with 
altered tissue tropism and pathogenic potential. In addition to the brain and kidney, one or 
both JCV TCR variants have been detected in tonsils, a possible primary site of infection, in 
peripheral blood mononuclear cells, which may seed virus to secondary sites of infection, 
and in colon tissue (reviewed in refs. 5,6). 

JCV Infection and Human Disease 
JCV actively infects oligodendrocytes, the myelin-producing cells of the central nervous 

system (CNS), and abortively infects astrocytes, a second glial cell type. The infected astro
cytes take on a transformed appearance, whereas the oligodendrocytes are destroyed, leading 
to multiple foci of demyelination in the CNS (progressive multifocal leukoencephalopathy 
[PML]) and a variety of debilitating symptoms with the type and severity depending upon 
the region of the brain affected. Death usually occurs within a year of the onset of symptoms. 
PML patients nearly always have an underlying immune deficiency. Prior to the AIDS epi
demic, PML was considered rare, and it occurred mostly in the elderly with 
lymphoproliferative diseases. PML is now common in younger individuals with AIDS, and 
it is the cause of death in --5% of these patients (reviewed in re£ 1). It is unclear whether 
oligodendrocyte death results from an apoptotic or necrotic event, although two groups have 
recently reported evidence of apoptosis within and near PML lesions.^'^ JCV has also been 
linked to polyomavirus-associated nephropathy (PAN); however, BKV is considered to be 
the more likely cause of this emerging disease in renal allograft recipients (reviewed in ref 9). 

Polyomaviruses go through their entire life cycle during an active infection (e.g., PML), 
with the outcome being the release of large numbers of infectious virions from the lysed cell. 
However, these viruses may enter certain cell types that do not support replication 
(nonpermissive cells) and the infection is aborted. A subset of the viral proteins (the early/ 
tumor/regulatory proteins) may be expressed in these cells, thereby altering cell survival and 
proliferation responses and resulting in tumor induction in vivo or cellular transformation 
in vitro. The ability of viral proteins to induce proliferation by effecting transcriptional acti
vation of critical cellular genes and through interactions with key cell cycle regulators and 
cell survival factors has become an area of intense interest. 

The possibility that primate polyomaviruses might cause human cancer has been consid
ered ever since SV40 was found as a contaminant in the early poliovirus vaccines; however, 
subsequent studies generally failed to identify adverse outcomes associated with this acciden
tal exposure. It wasn't until the development of sensitive nucleic acid and protein detection 
methods that evide-nce was uncovered linking SV40, as well as JCV and BKV, to human 
oncogenesis. In the past decade, SV40 has been associated routinely with four types of can
cer: brain tumors (ependymomas, meduUoblastomas and glioblastomas), osteosarcoma, me
sothelioma and non-Hodgkin lymphoma (reviewed in refs. 10,11). Similarly, JCV sequences 
have been found in tumors of the CNS (meduUoblastomas, glioblastomas, oligodendroglio
mas, astrocytomas, ependymomas and B cell lymphomas), colon and prostate.^"^'^ 

Lytic and Oncogenic Potential of JCV in Vivo 
An animal model has not been developed to study productive JCV infections. Under some 

conditions, transgenic mice containing JCV sequences exhibit neurological problems associ
ated with dysmyelination of their CNS. Such mice developed a shaking disorder that resembles 
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that of myelin-deficient strains o( qiiaking or jimpy mice.^^ However, this phenotype does not 
involve cytolytic destruction of oligodendrocytes, but rather a down-regulation of myelin-specific 
genes by the JCV large T antigen (TAg). ' ^ In addition, PML-like disease has been reported 
in SV40-infected rhesus monkeys immunosuppressed by simian immunodeficiency virus. ̂ ^ 

SV40 was first identified as a tumor virus following the appearance of sarcomas in Syrian 
golden hamsters injected subcutaneously with the virus. Later studies involving injection of 
virus or creation of transgenic animals expressing viral tumor protein(s) revealed that several 
rodent hosts are susceptible to tumor induction by SV40, JCV and BKV. These studies indi
cated that JCV displays a predilection for inducing tumors in neural tissues, including meduUo-
blastomas, primitive neuroectodermal tumors, glioblastomas, pineocytomas, retinoblastomas, 
neuroblastomas and meningiomas. Particularly relevant to the question of polyomaviruses and 
human cancer, was the observation that JCV inoculation of primates (owl and squirrel mon
keys) results in the appearance of astrocytomas. Compilation of data from several animal sys
tems indicate that tumor type and incidence depend upon a number of parameters, including 
the viral variant employed, inoculum amount, route of injection, and immune status of the 
host (reviewed in re£ 1). 

Lytic and Oncogenic Potential of JCV in Vitro 
A major obstacle to the study of JCV, in contrast to that of SV40 and BKV, is its highly 

restricted host range. JCV replicates efficiently only in primary human fetal glial (PHFG) cells 
and in transformed cells derived from these heterogeneous primary cultures (e.g., POJ and 
SVG cells). Much effort has been expended in attempts to identify a more convenient cell 
system (reviewed in ref 20). Varying success has been achieved in propagating virus in human 
tonsillar stromal cells, astrocytes, Schwann cells, B lymphocytes, embryonic kidney cells and 
brain cell lines, but none of these cells support infection as efficiently as PHFG cells. Produc
tive JCV infections involve early and late gene expression (see below), phases of the lytic cycle 
that are separated temporally by the process of viral DNA replication. In contrast, transforma
tion of cells in culture requires only early gene expression. SV40, and to a lesser extent BKV, 
induce oncogenic transformation in cells derived from a variety of tissues and host species. 
Somewhat surprisingly, given its oncogenic potential in vivo, JCV transforms only a few cul
tured cell types (mostly rodent fibroblasts and brain cells). The inability of JCV to efficiently 
convert cells to a transformed state is related to both the reduced expression and activity of the 
JCV tumor proteins.̂ '̂"^^ 

Organization oftheJCVandSV40 Genomes 
The organization of the primate polyomavirus genomes is highly conserved (Fig. 1). Each 

genome can be divided into three regions: the early and late coding regions and the regulatory 
region. The TCR positioned within the latter region contains viral promoters that direct tran
scription of the early and late genes. Alternative splicing of the precursor transcripts yields 
mature mRNAs that encode the early and late viral proteins. The early proteins regulate virus-cell 
interactions through a number of mechanisms. For example, these proteins exhibit transactivating 
functions that are effected through interactions with cellular transcription factors and DNA. 
They also bind and inactivate cellular tumor suppressor proteins, thereby influencing cell cycle 
progression and survival. Furthermore, the viral tumor proteins alter the activities of a number 
of cellular factors that regulate such diverse processes as DNA replication, intracellular signal
ing, protein degradation and apoptosis. It is hypothesized that these interactions prepare the 
cellular environment for a lytic infection; in some cells these events result in malignant trans
formation, a biological dead end for the virus. 

The JCV early precursor mRNA is alternatively spliced to yield five transcripts encoding 
TAg, small t antigen (tAg), T'165, T'136, or T'135 (Fig- !)• All five proteins share their 
amino-terminal (N-terminal) 81 amino acids, whereas TAg and the three T' proteins also share 
the contiguous 51 amino acids. Furthermore, each protein has a unique carboxy-terminus 
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Figure 1. JCV and SV40 genomes. A) The circular, double-stranded DNA genomes of JCV and SV40 
represented by the inner circles are slighdy greater than 5 kilobases in length. The genomes are divided into 
early and late coding regions and a regulatory region (RR) containing replication and transcription signals. 
The single early precursor mRNA is alternatively spliced to yield mature transcripts encoding 5 QCV) or 
3 (SV40) proteins. The 3 JCVT' proteins share their N-terminal 81 amino acids with tAg and 132 amino 
acids with TAg; coding sequences are indicated by shaded arcs and different shading patterns indicate the 
exon was translated in an alternate reading frame. The T ' proteins have unique C-termini of 3 (T'135), ^ 
(T'i36), or 33 (T'165) amino acids (coding sequences for all 3 T ' proteins are denoted by the same arc). The 
late region encodes 3 capsid proteins and a fourth protein, LPl (also called Agnoprotein). B) The early 
coding region is expanded below each genome, and the positions of viral sequences binding to cellular 
Hsc70, Rb family members, p53 and PP2A are shown. 

(C-terminus), except for TAg and T'165 ^ ^ ^ \^aNQ overlapping C-termini. The presence of shared 
sequences among the J C V early proteins suggests that functional domains identified within the 
N-terminus of TAg may also be active in one or more of the smaller tumor proteins. O n the 
other hand, it is likely that removal of TAg sequences during the processing of tAg and T ' 
mRNAs leads to the production of proteins with distinct structures, post-translational modifi
cations and stabilities. Such alterations might modify or abolish functions that the J C V early 
proteins are predicted to share. 

The J C V regulatory region contains numerous, overlapping cis-acting sequences, including 
the early and late promoters, the enhancer and the core and auxiliary origins of D N A replica
tion. Following early gene expression in a permissive cell, TAg binds specifically to a 
pentanucleotide motif within the origin sequences to initiate viral D N A replication. Once 
replication occurs, late gene expression ensues, leading to the production of Agnoprotein (also 
called LP l ) and three capsid proteins, V P l , VP2, and VP3 . Agnoprotein influences the assem
bly of the SV40 virion, whereas the related J C V protein was found recendy to play roles in viral 
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gene transcription and DNA replication and to influence cell cycle progression and DNA 
repair mechanisms."^ '̂ Because this chapter focuses on the transforming functions of the JCV 
early proteins, the reader is referred to other chapters in this book for a more complete discus
sion of JCV replication signals and late protein functions. 

JCV TAg Functions 
The TAg of the primate polyomaviruses functions as the viral replication protein through 

(i) direct interactions with a host of cellular factors involved in regulating cell cycle progression 
and survival (Table 1), and (ii) its ability to transregulate viral and cellular promoters to alter 
gene expression. TAg is modified post-translationally in a number of ways; most work has 
focused upon the phosphorylation of two clusters of serine and threonine residues located in 
N- and C-terminal domains of the protein. Phosphorylation influences a wide range of TAg 
activities, including nuclear import, oligomerization and modulation of viral DNA replication 
(reviewed in refs. 26,27).^^'^^^ 

TAg'Mediated Viral DNA Replication 
The multifunctional TAg is the sole JCV protein required for viral DNA replication.^^ Rep

lication is initiated within a 68 base pair (bp) sequence, the core origin, that includes three 
domains, (i) TAg binding site II (BSII) composed of four copies of the pentanucleotide 

Table 1. 

Protein* 

E, T'us 
TAg 
TAg 
TAg 
TAg 
TAg 
T' 
TAg 
T' 
TAg, r 
TAg 
TAg 
TAg 
TAg 
TAg 
TAg 

TAg 

JCV early protein interactions 

' Sequences'* 

J domain 
J domain 
N.R.^ 
AA# 266-628 
AA# 82-628 
LXCXE domain 
LXCXE domain 
LXCXE domain 
LXCXE domain 
LXCXE domain 
N.R. 
N.R. 
Bipartite p53 domain 
N.R. 
N.R. 
DNA binding domain 

N.R. 

Binding Partner 

Hsc70 
Tst-1 
Pur-a 
YB-1 
c-Jun 

pRB 
pRB 
p i 07 
p i 07 
p i 30 
p-catenin 

IRS-1 
p53 
JCV Agnoprotein 
JCV TAg 
DNA: BSI, 

DNA: non 

BSII 

-specific 

References^ 

Bol lageta l , in prep. 
Renneretal , 1994 

Gallia e ta l , 1998 
Safaketal , 1999 
Kim et al, 2003 
Dyson et al, 1989 
Bollag et al, 2000 
Dyson et al, 1990 

Bollag e ta l , 2000 
Bollag e ta l , 2000 
Enam et al, 2002 
Lassak et al, 2002 
Frisqueetal, 1980 
Del Valle e ta l , 2002 

Bollag e ta l , 1996 
Tavis and Frisque, 1991 
Bollag e ta l , 1996 
Bollag e ta l , 1996 

^ JCV early protein(s) shown to directly interact with a viral or cellular protein or with DNA (see text 
for details). In some experiments it was not possible to determine If more than one early protein 
(denoted by "E") was involved in binding. Some interactions involved all three T' proteins (T') or a 
single T'protein (e.g., T'l 35). In many instances it is expected thattAg and/or T'proteins will contribute 
to the Interactions already confirmed for TAg. " Sequences (specific amino acids [AA] or functional 
domain) within the JCV early protein(s) demonstrated to be Involved in binding. Identification of these 
sequences is based upon analyses of JCV mutants and chimeras, In addition to comparisons with SV40 
results. ^ The first report of a particular Interaction is given in the listed reference; some papers also 
identify the specific viral protein sequences involved in that binding. " N.R.= not reported. 
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sequence GAGGC embedded widiin a 25 bp dyad symmetry, (ii) a 15 bp imperfect palindrome 
(IP) and (iii) a 15 bp AT-rich region."^ '̂̂ ^ Sequences adjacent to the core origin that enhance, 
but are not required for DNA replication, include TAg BSI and a pentanucleotide repeat (AGGGA 
AGGGA) referred to as the lytic control element (LCE). The LCE motif is bound by the tran
scription factors YB-1 and Pur-a and influences viral transcription as well as replication. ' 

Polyomavirus TAgs influence both the initiation and elongation steps of DNA replication, 
and our understanding of these processes relies primarily on studies with SV40 TAg. Upon 
binding to TAg BSII, the protein oligomerizes into a double hexamer structure that leads to the 
distortion and unwinding of origin sequences and the recruitment of the cellular replication 
machinery. Upon transition from the initiation to elongation phase of DNA replication, 
TAg displays helicase and ATPase activities resulting in the appearance of two replication forks. 
Replication proceeds bidirectionally as DNA is threaded through the hexameric structures and 
two cellular polymerases copy the unwound template strands. The rate-limiting step in the 
replication process occurs at the termination stage, perhaps because steric constraints begin to 
interfere with replication fork movement.^^ 

Several in vivo and in vitro approaches have been taken to compare the replication potential 
of the primate polyomaviruses. The viral replication components, TAg and the core origin, 
exhibit a high degree of sequence similarity. Combinations of mutant, chimeric or naturally 
occurring variant origins have been examined to identify the basis for observed differences in 
JCV, BKV and SV40 DNA replication behavior (reviewed in ref. 38). These studies reveal that 
JCV TAg binds to both the JCV and SV40 replication origins, but with reduced efficiency 
relative to its SV40 counterpart. While the BKV and SV40 TAgs interact productively with the 
JCV origin, the JCV TAg promotes replication only from its own origin. The inability of the 
JCV TAg to drive replication from the SV40 origin has been mapped to amino acids 82-411^^ 
and to 3 nucleotide differences between the AT-rich regions of the two viral core origins.^^ 
Overall, JCV TAg mediates replication, even from its own origin, less efficiently than do the 
BKV and SV40 proteins.^^'^^ 

JCV-SV40 early region chimeras have been used to investigate the well-established observa
tion that JCV exhibits a more restricted host range than SV40 or BKV. When a series of con
structs containing different portions of the JCV and SV40 TAg coding regions were introduced 
into human and monkey cells, JCV replication was extended to the latter cells if the C-terminal 
host range (HR) region of JCV TAg was replaced with that of SV40 TAg (Fig. 2)?^ It should be 
noted that Smith and Nasheuer ^ recendy revisited the prediction that JCV s strict species speci
ficity reflects the inability of its TAg to interact productively with a nonhuman DNA polymerase 
a-primase complex. Previous work with SV40 and mouse polyomavirus in fact supported this 
hypothesis, ' but surprisingly, the JCV TAg, unlike the SV40 TAg, was foimd to promote 
DNA replication in an in vitro system employing DNA polymerase a-primase of either human 
or murine origin. 

TAg Transformation Functions: Interactions with Rb andp53 Tumor 
Suppressor Proteins 

Multiple TAg functional domains contribute to viral transformation by altering cellular 
signaling pathways regulating proliferation and survival. At least three regions of SV40 TAg are 
involved in these processes, the N-terminal J domain and the Rb (LXCXE) and p53 binding 
domains (reviewed in ref AA)-, these motifs have also been identified in the JCV TAg. In 
addition, the LXCXE and J domains are present in the T ' and 17kT proteins, and the J domain 
is found in the small tAg of each virus (Fig. 1). 

To understand the mechanisms by which polyomaviruses induce transformation, research
ers have focused much of their attention on the interaction of viral tumor proteins with the 
cellular tumor suppressors pRB and p53. Polyomavirus infection of permissive or nonpermissive 
cells may induce the cell s progression into S phase, with the outcome being either a lytic 
infection or transformation. Sheng and coworkers proposed a model to explain the ability of 
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Figure 2. JCV-SV40 chimeric early regions. A) JCV-SV40 chimeras were constructed by exchanging the 
amino-terminal (N; dark shading), middle (M; horizontal lines) and carboxy-terminal (C; light shading) 
early coding sequences. The restriction enzymes BstXI2sv(i Nsil, used to swap JCY and SV40 sequences, are 
located at the same positions in both viral coding regions. The structure represents the JCV early region 
encoding the TAg (T), tAg (t) and 3 T' proteins (TO; the SV40 coding region would be similar in appearance 
except that 17kT would replace the T ' proteins. The first introns of the TAg, T'135, ̂ '135, T'165 ^^^ ^ ^ 
mRNAs are denoted by dotted peaks. The second introns of the three T' mRNAs are not shown, however, 
the locations of the shared donor (dashed vertical line) and unique T'i65 acceptor (dotted vertical line) sites 
are indicated. Region N includes amino acids 1-81 of JCVTAg, T'135, T'136, T'165 ̂ ^^ 1-131 of tAg. Region 
M includes amino acids 82-411 of JCVTAg, 82-132 of T135, Ti^6> T'i65 and 132-172 of tAg. Region C 
includes amino acids 412-688 of JCVTAg, 133-135 ofT'135 (unique C-terminus, not shown), 133-136 
ofT'i36 (unique C-terminus, not shown), and 133-165 of T'165 (T'; shared C-terminus with TAg). Func
tional domains are indicated in the appropriate position above (P*, phosphorylation sites) and below (J, 
PP2A, LXCXE, NLS, p53) the early region structure. B) The JCV (J) and SV40 (S) sequences comprising 
the N, M and C regions of the 6 constructs are indicated to the left of the figure. These parental and hybrid 
early coding regions were linked to the SV40 regulatory region (SRR) and transfected into rat fibroblasts 
(R) and human brain cells (H). Relative transformation (rat and human cells), immortalization (rat cells) 
p53 binding (p53; rat cells) and DNA replication (DNA Rep; human cells) activities are denoted by pluses 
and minuses. DNA replication activity was also tested using the 6 early coding regions linked to the JCV 
regulatory region ORR)-

TAg to initiate this event. Members of the Rb family of tumor suppressor proteins (pRB, p i 07, 
p i 30) bind to the E2F family of transcription factors to negatively regulate cell cycle progres
sion from G Q / G I to S phase. Under the appropriate conditions, cyclin-dependent kinases 
(cdks) phosphorylate Rb proteins, leading to the release of the transcription factors and pro
motion of Gi to S phase transition. The model suggests that TAg disrupts this regulation by 
first binding to Rb-E2F complexes through its LXCXE domain. Once bound, TAg, via its J 
domain, recruits the molecular chaperone, Hsc70, and activates this celltdar proteins intrinsic 
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ATPase function. These interactions are believed to cause the release of E2F from the complex, 
thereby making it available to activate genes involved in S phase progression. Sullivan et al have 
confirmed and extended several features of this model, especially in regards to the TAg-chaperone 
interaction.^^' Relevant to the current discussion of JCV tumor proteins, these investigators 
have shown that a chimeric SV40-JCVTAg containing a JCV J domain supports viral replica
tion and transformation, but with reduced efficiency relative to the intact SV40 protein. ^ 
Furthermore, they reported that an N-terminal truncated form of SV40 TAg (TNI36), that 
shares features with the JCVT' proteins, fails to form a stable complex with Hsc70, suggesting 
that sequences C-terminal to the J and LXCXE domains might be essential for stable interac
tion with Hsc70.^^ It should be noted that interactions between viral TAgs and Hsc70 appear 
to influence a wide range of activities in addition to cell cycle regulation and transformation, 
including viral DNA replication, transactivation of viral and cellular promoters, and virion 
assembly (reviewed in re£ 51). 

By promoting unscheduled cell cycle progression through the release of active E2F, small 
DNA tumor viruses may provoke a counter response by a cell that leads to stabilization and 
elevated levels of p53. Because this transcription factor regulates a wide variety of cellular pro
cesses including cell cycle arrest, DNA repair and apoptosis, p53 is an additional key target of 
several viral tumor proteins. To prevent this tumor suppressor protein from interfering with 
critical viral functions, DNA tumor viruses have evolved mechanisms to inactivate it; 
polyomaviruses accomplish this feat, in part, by binding to and inactivating p53. This latter 
event suppresses induction of the cyclin-dependent kinase inhibitor (CKI), p21, a key down
stream p53 effector that promotes arrest of cells in the Gl phase of the cell cycle. JCV TAg was 
first shown to bind p53 in transformed hamster brain cells using a co-immunoprecipitation 
approach. ̂ ^ As noted below, a smaller subpopulation of JCV TAg, compared to SV40 TAg, 
appears to bind p53. Through this binding, p53 is stabilized and its levels increase dramatically 
in primate and rodent transformed and tumor cells. Recendy, SV40 small tAg was found to 
contribute to p53 stabilization by an unknown mechanism; a similar role for the JCV tAg has 
not yet been demonstrated. 

Several in vivo and in vitro studies have confirmed that the JCV TAg interacts with cellular 
pRB, pl07, pl30, Hsc70 and p53.^^'^^'^^ As widi other comparisons of the JCV, BKV and 
SV40 TAgs, the JCV protein appears to be less robust in binding to and overriding the func
tions of these cellular factors. A limited number of mutations have been introduced into the J 
and LXCXE domains of the JCV TAg. Initial studies created two JCV TAg LXCXE mutants, 
one (RbS) in which the JCV sequence was converted to an SV40-like domain and the second 
(RbN) designed to disrupt the Rb binding region (Table 2). The first mutant exhibited in
creased DNA binding activity, wild type transforming activity and, surprisingly, decreased pRB 
binding. The latter mutant exhibited reduced DNA binding and was unable to bind pRB or 
transform Rat2 fibroblasts. Both mutants were defective for DNA replication and failed to 
produce infectious virions.^ An additional IXCXE mutant, E109K, has been generated in the 
JCV sequence (Tyagarajan and Frisque, in preparation); two J domain mutants were also pro
duced in these experiments, H42Q_and H42Q/D44N (Table 2). Co-immunoprecipitation/ 
Western blot (IP/WB) experiments performed on extracts of cells stably expressing wild type 
and mutant viral proteins indicated that (i) JCV early proteins influence the phosphorylation 
status and stability of pi 07 and pi 30; only the faster migrating hypophosphorylated forms of 
pi07 and pi30 are detected, (ii) both hypophosphorylated and hyperphosphorylated forms 
pi07 and pi30 are present in cells expressing the LXCXE and J domain mutants, suggesting 
that the mutant viral proteins fail to reduce the levels of the hyperphosphorylated species and 
(iii) J domain, but not LXCXE domain, mutant proteins bind pi07 and pi30. Relevant to these 
findings, Howard and coworkers^^ found that induced expression of pi 30 resulted in elevated 
levels of the CKI, p27. In cells derived from tumors caused by JCV, p27 and pi 30 were identi
fied as direct targets of TAg. Upon detecting a physical interaction between the two cellular 
proteins, these investigators suggested that pi30 and p27 cooperate to negatively regulate cell 
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cycle progression, and that TAg interferes with this activity either by sequestering p27 or by 
altering the phosphorylation state of Rb proteins. 

Earlier studies involving chimeric JCV-SV40-BICV genomes support the findings that JCV 
tumor proteins interact with the p53 and Rb tumor suppressor proteins, but that their ability to 
inactivate these key regulators is reduced relative to SV40 and BKV.̂ '̂ '̂̂ '̂ These experiments 
also suggest that the JCV proteins might target other cellular factors. Characterization of two 
sets of JCV-SV40 chimeras, generated by swapping JCV TAg sequences containing the J do
main (amino acids 1-81), LXCXE domain (amino acids 82-411) or most of the p53 bipartite 
binding region (amino acids 412-688) (Fig. 2), led to the following observations: (i) the substi
tution of the J domain of JCV TAg for that in the SV40 TAg resulted in reduced dense focus 
formation, DNA replication and pl30-E2F disruption, (ii) the presence of JCV sequences in 
place of SV40 sequences within any of the three exchanged regions of a chimera yielded lower 
transformation efficiencies, (iii) hybrid proteins containing most of the p53 binding domain 
of JCV TAg formed less stable complexes with p53 than did a TAg with an SV40 p53 binding 
motif^ '̂ and (iv) chimeric TAgs containing the JCV C-terminal region immortalized human 
fibroblasts more efficiendy than did the intact SV40 protein. At the time many of these studies 
were conducted, it was not known that the exchange of sequences within the viral early coding 
regions would also affect the structures of JCV T' and SV40 17kT proteins. 

TAg Transformation Functions: Disruption ofWnt andlGF-IR 
Signaling Pathways 

While most studies have examined the outcomes of interactions between polyomavirus 
TAgs and p53 and Rb proteins, recent work indicates that the oncogenic behavior of JCV TAg 
may involve the disruption of other cell signaling networks. The Wnt signal transduction path
way plays critical roles in developmental patterning events during embryogenesis; deregulation 
of the pathway is associated with a number of human cancers. Greater than 90% of colorectal 
cancers involve a genetic lesion within the Wnt pathway that leads to stabilization and nuclear 
import of p-catenin, a key component of this signaling cascade (reviewed in ref. 62). Nuclear 
P-catenin partners with the transcription factors TCF-4/LEF-1 to activate promoters of genes 
involved in induction of cellular proliferation. Importandy, JCV is associated with tumors of 
the colon and prostate and with medulloblastoma, cancers in which the Wnt pathway may be 
aberrandy activated (reviewed in ref. 63). Immunostaining of cells derived from these tumors 
shows colocalization of TAg and P-catenin in the nucleus. ' Transfection of a JCV 
TAg-expressing vector into a colon cancer cell line indicates that TAg and wild type p-catenin 
form a complex and exhibit cooperativity in upregulating expression of c-myc. This latter 
proto-oncoprotein, a downstream target of P-catenin, is found at elevated levels in colon can
cer. ' These results indicate that JCV TAg may activate the Wnt pathway by altering p-catenin 
stability and localization, suggesting another mechanism by which TAg may exert its onco
genic potential.^'^^ 

The insulin-like growth factor I receptor (IGF-IR), when activated by its major ligand, 
insulin receptor substrate 1 (IRS-1), elicits numerous cellular responses involving mitogenic, 
anti-apoptotic and transformation signals (reviewed in ref. GS). The Khalili laboratory has 
presented evidence that JCV TAg may mediate transforming activity through its influence 
upon this signaling pathway. Analyses of human medulloblastoma tissues and medulloblas
toma cell lines derived from a transgenic mouse model revealed elevated levels of IGF-IR and 
IRS-1 in JCV TAg-positive cells. A direct interaction was observed between TAg and IRS-1, 
and the latter factor, which functions in the cytoplasm, was translocated to the nucleus in the 
presence of the viral protein. ' Further, the ability of JCV TAg to induce a transformed 
phenotype in different murine cell lines correlated with the levels of IGF-IR present in the lines 
examined. Finally, cells derived from IGF-IR knockout animals, but which continue to express 
p53 and Rb proteins, were refractory to vitally induced transformation, emphasizing the im
portance of a functional IGF-IR/IRS-1 pathway to JCV TAg function. ^ 
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TAg and Genomic Instability 
The preceding discussion argues that polyomavirus tumor proteins induce transformation 

by direcdy interacting with critical cellular factors to deregulate signal transduction pathways 
controlling cellular proliferation, differentiation and death. Less attention has been given to 
the possibility that polyomavirus infections disrupt regulated cell growth by causing genomic 
instability. In support of this possibility, it has been shown that JCV, BKV and SV40 TAgs 
exhibit mutagenic activity,'̂  and that JCV- and SV40-infected cells contain chromosomal 
abnormalities.^^''^'^ These and other findings support the suggestion that TAg expression sets in 
motion a series of mutational events that activate proto-oncogenes and/or inactivate tumor 
suppressor genes, thereby initiating malignant transformation. While a large body of work 
supports the hypothesis that continued expression of viral oncoproteins is required to maintain 
a transformed state, the ability of TAg to initiate a cascade of genetic defects might render the 
continued presence of an oncogenic virus unnecessary. Although controversial, a "hit-and-run" 
mechanism" has been proposed to operate in some human cancers, including meduUoblas-
toma and colon cancer (reviewed in ref. 73). 

Physical and Functional Interactions between TAg and Replication 
and Transcription Factors 

Based upon studies of SV40 TAg (reviewed in ref. 38), JCV TAg is predicted to physically 
interact with a number of cellular replication factors, including topoisomerase I, the 
single-stranded DNA binding protein RPA, and DNA polymerase a; however, such interac
tions have not yet been demonstrated. On the other hand, because many laboratories have 
focused upon the glial-specific regulation of the JCV early and late promoters, progress has been 
made showing TAg binding to specific components of the cells transcriptional machinery. 

The POU III domain transcription factor Tst-1 (Oct-6, SCIP) is selectively expressed in 
myelinating glia, the cells targeted during JCV infection. Renner and colleagues discovered 
that the N-terminal portion of JCV TAg binds Tst-1, leading to synergistic activation of both 
the early and late viral promoters. Further, they proposed that if JCV TAg, like its SV40 coun
terpart, binds TATA binding protein (TBP), then it might act as a co-activator to facilitate 
contact between Tst-1 and the basal transcriptional apparatus. 

The cellular transcription factor, Pur-a, stimulates JCV early protein expression six fold. 
JCV TAg interacts with Pur-a, resulting in negative modulation of both JCV promoters.^^ 
Whereas TAg antagonizes the ability of Pur-a to enhance earlv gene transcription, Pur-a in
hibits the ability of TAg to transactivate the late promoter.^ TAg, through its C-terminal 
sequences, also binds YB-1, a Y-box binding protein that regulates gene expression at both the 
transcriptional and translational levels (see ref. 79 and references therein). TAg functionally 
interacts with YB-1, leading to synergistic transactivation of the JCV late promoter. In addi
tion, YB-1 reduces TAgs negative regulation of its own promoter. Pur-a and YB-1 modu
late JCV transcription, in part, by binding to the late (A/G-rich) and early (T/C- rich) strands 
of the LCE motif in the viral TCR. In addition to effects on viral gene transcription, the 
interactions between TAg, Pur-a and YB-1 also appear to dictate the association of these fac
tors with target DNA sequences.'̂ '̂'̂ '̂̂ ^ Chen et al̂ "̂  have proposed a model to explain the 
mechanism by which TAg, Pur-a and YB-1 interaction leads to transition of early to late gene 
transcription. 

Members of the Jun and Fos families of proto-oncoproteins form dimers that were ini
tially recognized as the AP-1 family of transcription factors. These complexes activate a number 
of cellular and viral promoters and influence a variety of cellular events, including prolifera
tion, apoptosis and differentiation (reviewed in ref 83). JCV promoter function is enhanced 
by c-Jun and c-Fos, and c-Jun binds sequences within the JCV TCR.^ '̂ ^ Kim and cowork
ers^ have reported that in the presence of JCV TAg, however, both cellular factors 
down-regulate TAg-mediated viral transcription and replication. A physical interaction be
tween c-Jun and the central region of JCV TAg was demonstrated, leading to speculation 
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that positive effects of AP-1 on JCV early transcription might be important to establishing 
an infection, but that once TAg was expressed, these same factors might temper TAg func
tion through binding, thereby facilitating virus maturation. 

The late coding regions of primate polyomaviruses encode a small protein called Agnoprotein 
or LPl. Initial studies of the SV40 protein suggested that it has several functions, including 
roles in VPl localization and viral capsid assembly.^ '̂̂ ^ Recent experiments indicate that the 
JCV Agnoprotein displays additional activities. This 71 amino acid protein directly binds to 
TAg and to p53, and it has been hypothesized these interactions may influence cellular trans
formation and tumor formation. In addition, JCV Agnoprotein decreases the levels of JCV 
late gene transcription, and inhibits viral DNA replication, both TAg-mediated activities.^ ̂ '̂ "̂  
Recendy, Agnoprotein expression was found to enhance p21 levels in cells and to delay cell 
cycle progression during the G2/M phase of the cell cycle. 

JCV tAg Functions 

tAg Contributes to Viral Transformation 
Investigations into the functions of JCV tAg are just beginning, however, several activities 

can be predicted based upon studies of the related SV40 protein. Early mutagenesis studies of 
JCV and SV40 indicated that tAg mutants are viable (Mandl et al, unpublished data),^^'^^ but 
exhibit some defects in infectious virion production in cultured cells.^^ Transforming potential 
of the SV40 mutants was found to be variable and depended upon the experimental condi
tions.^ TAg transforms many cell types in the absence of other viralproteins, but co-expression 
of tAg is required to initiate transformation of certain human cells.^ Further, tAg enhances 
TAg-mediated transformation when quiescent cells are employed or under conditions in which 
low levels of TAg are present. Both the N-terminal portion of tAg, which is shared with TAg 
and the 17kT protein, and the unique C-terminal portion of tAg, influence its transformation 
functions. Significant effort has been expended to identify the functional domains of this 174 
amino acid protein, and two key interactions with cellular factors have been reported (reviewed 
in re£ 103). 

The J Domain of tAg 
The shared N-terminal 82 amino acids of SV40 TAg and tAg represent a J domain, a 

conserved sequence found in the DnaJ family of molecular chaperones. ^ As discussed above, 
DNA tumor virus proteins, through their J domain, bind the cellular chaperone Hsc70, exhib
iting a cochaperone function that contributes to viral lytic and transforming behaviors. SV40 
small t protein, but not large T or truncated T (TNI25 or TNI36) proteins, functionally 
replaces the chaperone function of the E, colt DnaJ protein under limited growth conditions in 
vivo.^ Further, tAg stimulates the ATPase activity of DnaK from E. coli in vitro. Differences 
in cochaperone activity of the individual SV40 proteins may be due to the unique tAg se
quences (amino acids 83-174) that substitute for a glycine-phenylalanine-rich domain of the 
bacterial Type I DnaJ protein. 

The SV40 tAg also exhibits transregulating activities that depend upon a functional J do
main. These activities involve both the activation and repression of cell cycle regulators, includ
ing cyclins A and Dl and the CKI, p27. '̂  In addition, tAg transregulates other cellular 
promoters through its binding to protein phosphatase 2A (PP2A). 

tAg Interaction with PP2A 
The discovery that unique C-terminal tAg sequences interact with the cellular serine/threo

nine phosphatase PP2A was crucial to identifying mechanisms by which tAg contributes to 
viral transformation.^^ '̂ ^̂  PP2A, a modular trimeric enzyme, plays critical roles in cell signal
ing through the dephosphorylation of specific substrates. The large number of isoforms of the 
regulatory B subunit directs functional specificity when joined to the core enzyme composed 
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of subunits A and C (reviewed in ref. 108). SV40 tAg forms a complex widi die AC core, in 
part, through a cysteine-containing motif (amino acids 97-103). This association modifies the 
substrate specificity and intracellular localization of PP2A,^^^ resulting in a multitude of re
sponses that suggest mechanisms by which tAg cooperates with TAg to induce transformation. 

Inhibition of PP2A by tAg results in the activation of the protein kinase C ^ isoform (PKC Q 
in quiescent cells via a mechanism requiring phosphoinositide 3-kinase (PI 3-kinase). Acti
vated PKC ^ then upregulates the stress- and mitogen-activated protein kinase signaling cas
cades (SAPK and MAPK). Downstream targets of these pathways include the transcription 
factors, CREB, AP-1, Spl and N F - K B , which contribute to cellular proliferation and survival 
(reviewed in ref 108). 

Yuan and colleagues^ ̂ ^ reported that transformation and immortalization of human 
keratinocytes require the simultaneous expression of SV40 TAg and tAg. In parallel with these 
observations, the investigators detected increased phosphorylation of the protein kinase, Akt, 
in cells expressing both viral proteins, but not in those producing TAg only. The authors pro
vided data supporting the hypothesis that the interaction between tAg and PP2A activates Akt, 
a PKC-related kinase, and telomerase, the enzyme that regulates telomere length, contributes 
to a cells extended life span and displays reactivated expression in most human tumors. These 
experimental results fit well with earlier reports that (i) identify Akt as a target of upstream 
kinases of the PI 3-kinase signaling pathway and (ii) indicate activated Akt inhibits apoptosis, 
stimidates cell growth and enhances telomerase activity (reviewed in ref. 110). 

tAg Expression and Genomic Instability 
Human diploid fibroblasts expressing SV40 tAg are blocked in their progression through 

G2/M, and Gaillard et al̂ ^^ observed that overexpression of the viral protein in these cells 
prevents formation of the mitotic spindle. This phenotype depends on the interaction between 
tAg and PP2A and the resulting inhibition of centrosome maturation and duplication. Such 
tAg effects might contribute to the TAg-mediated alterations in ploidy and genetic stability 
already discussed above. 

tAg Expression and Effects on the Tumor Suppressor^ p53 
The phosphorylation state of p53 is regulated by multiple cellular kinases and phosphatases, 

and this post-translational modification, in turn, modulates p53 functions such as specific 
DNA binding, transcriptional activation, cell cycle arrest and apoptosis induction (reviewed in 
ref 112). Okadaic acid and SV40 tAg, two inhibitors of PP2A, reduced p53 dephosphoryla-
tion and increased its transcriptional activity, but only okadaic acid induced p53-directed pro
grammed cell death in these experiments. 

As noted above, an important step in SV40-induced transformation is the stabilization and 
functional inactivation of p53 following its binding to TAg. Members of the Deppert labora-
tory^ '̂̂ ^^ have reported that the metabolic stabilization and high-level accumulation of p53 in 
SV40-infected mouse and rat cells requires co-expression of TAg and tAg. Further, they suggest 
that tAg influences transformation efficiency through its ability to activate an unknown cellu
lar fiinction that results in p53 stabilization. 

JCVT' Protein Functions 
The JCV early precursor mRNA is alternatively spliced to yield 5 transcripts encoding TAg, 

tAg, T'135, T'i36, andT'165.^^ '̂ ^̂  The three T ' proteins are 135, 136 and 165 amino acids in 
length, and share their N-terminal 132 amino acids with the multifunctional TAg, of which 81 
amino acids are also shared with tAg. T'165 shares its 33 amino acid C-terminus with TAg, 
while T'i35 ^^d T'136 have unique 3 and 4 amino acid C-termini, respectively, in a different 
reading frame (Fig. 1). Each T' protein retains the TAg nuclear localization signal (NLS) at the 
end of their second coding exon, and immunofluorescence experiments confirm that the signal 
is functional; tAg, which lacks this NLS, is found predominately in the cytoplasm (BoUag et al. 
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in preparation). Unlike the 17kT protein of SV40^^^ and tiny T protein of mouse 
polyomavirus,^^^ the JCV T' protein(s) are produced at relatively high levels in transformed 
and productively-infected cells (reviewed in ref. 118). Genetic and biochemical studies suggest 
that T' proteins contribute both to viral replication and oncogenesis through their interaction 
with key cellular regulatory factors (reviewed in ref. 119). 

Discovery of JCV T^ Proteins 
Based upon sequence analysis of the JCV genome, the early region was initially proposed to 

encode two proteins, TAg and tAg.̂ ^ Subsequent analysis of ^^S-methionine labeled extracts 
of JCV-transformed rodent cells^ '̂ revealed three bands on an SDS-polyacrylamide gel repre
senting TAg, tAg and an unidentified 17 kDa protein named T' protein (later shown to be 
T'i36). Although this protein was originally thought to be a degradation produa of TAg, 
pulse-chase experiments confirmed it to be an authentic early protein.^^^ Similar studies in 
lyrically infected PHFG cells revealed four T' bands of 16, 17, 22 and 23 kDa. Immunopre-
cipitation reactions using a monoclonal antibody directed against the N-terminus of TAg rec
ognized each T ' band, whereas an antibody directed against the C-terminus of TAg recognized 
only the two largest T ' bands. 

RNA extracted from infected PHFG cells and subjected to reverse transcription polymerase 
chain reaction (RT-PCR) led to the identification of three T' transcripts. Sequence analyses of 
cloned T ' cDNAs prepared from RT-PCR experiments indicated that two introns are removed 
during the processing of the T ' mRNAs. The first intron is removed using the TAg mRNA 
donor and acceptor splice sites, and the second intron, unique to T ' transcripts, is processed 
using a common donor site and three different acceptor sites. It will be noted that four T' 
bands were observed on SDS-polyacrylamide gels, but only three T' cDNAs were generated by 
RT-PCR. This discrepancy was resolved by using lambda phosphatase to identify the 23 kDa 
T' band as a phosphorylated form of T'165.̂ ^^ Subsequendy, the other two T' proteins were 
also found to be phosphoproteins (BoUag et al, in preparation).^^^ 

A single T ' protein (T'136) was detected in JCV-transformed rat fibroblasts, whereas all 
three T' proteins were observed in JCV-infected human brain cells, suggesting that T' expres
sion patterns either reflect differences in the species (human vs. rat), cell type (brain vs. fibro
blast) or virus-cell interaction (transformed vs. infected) examined. To investigate these possi
bilities, Jones and Frisque (unpublished data) conducted RT-PCR on infected, transformed or 
tumor cells derived from different species and tissues. The results suggest that changes in T' 
expression patterns are the result of differences in alternative splicing levels occurring during a 
lytic vs. transformation event. 

Replication Function of JCV T' Proteins 
Biochemical and genetic approaches have been employed to understand the role of the T' 

proteins in JCV biology. The N-terminal 132 amino acids shared by TAg and T' proteins 
encompass numerous functional domains influencing both viral replication and oncogenic 
behavior. Early mutagenesis experiments targeted the T ' common donor splice site, thereby 
abrogating T ' expression. Transfection of this mutant genome (JCVATO into PHFG cells re
sulted in a 10- to 20-fold reduction in replication, thus confirming that one or more T' pro
teins contributes to TAg-mediated viral DNA replication. To express these T' proteins indi
vidually or in combination with one another, the three unique T' acceptor sites were mutated 
(without changing the TAg amino acid sequence), and viral replication was measured in PHFG 
cells. ̂ "̂^ Those mutants still capable of producing one or two T' proteins had replication activi
ties similar to that of wild type virus, whereas the triple acceptor site mutant (no T' proteins 
made) had the same defective replication phenotype as the JCVAT' donor site mutant. ̂ ^̂  It 
was observed that cells transfected with the initial T'135 acceptor site mutant DNA produced 
newT' mRNAs and proteins as a result of the utilization of cryptic splice sites downstream of 
the original T'135 acceptor site. Therefore, these cryptic sites were altered to prevent expression 
of anyT'135-like transcripts.̂ "^^ 
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T^ Proteins Influence Virus-Cell Interactions 
Attempts to transform Rat2 fibroblasts with vectors expressing individual JCV early pro

teins have been unsuccessful (BoUag et al, in preparation). Therefore, to establish cell lines 
expressing each JCV tumor protein, a G418-selection protocol was employed. Constructs con
taining the entire JCV early coding region (JCVE) or individual proteins (TAg, T'135, T'136 or 
T'165) under the control of a cytomegalovirus (CMV) promoter were cotransfected into Rat2 
cells with the pSV2-neo plasmid. Cells acquiring G418 resistance were single-cell cloned for 
stable and high-level protein expression. Lines expressing T'135, T'136 or T'165 independendy or 
all 5 early proteins together were readily obtained, but lines containing the TAg cDNA ex
pressed TAg plus one or more T ' proteins. Because the TAg construct retains the unique T ' 
donor and acceptor splice sites, attempts were made to create lines expressing TAg only by 
using a JCVA T ' cDNA mutant (Bollag et al, in preparation). Only 1 of the 30 lines screened 
produced TAg, and in this line the viral protein was produced at low levels. Sequence analysis 
confirmed that the integrated TAg gene was not mutated. One interpretation of these results is 
that TAg induces apoptosis in Rat2 cells and that one or more T ' proteins block this effect. 
Others have shown that SV40 TAg and tAg may exhibit both proapoptotic or antiapoptotic 
functions depending on experimental conditions (see ref. 122 and references therein). 

Analyses of cell doubling time and saturation density in media supplemented with 1% or 
10% fetal bovine serum were performed on the cloned Rat2 lines expressing individual JCV 
proteins. Testing of 2 independent clones showed J C V E cells had accelerated growth rates and 
higher saturation densities, although the values were lower than those of a control transformed 
line isolated from a dense focus assay (Bollag et al, in preparation). Cells expressing TAg, T'135, 
T'i36 or T'i65 showed growth parameters only marginally more robust than those of the paren
tal Rat2 line. The failure of the cloned Rat2 lines to exhibit an aggressive transformed pheno-
type might be attributed to expression levels of the tumor proteins that are below the threshold 
amounts required to induce such changes. 

T' Proteins Interact with Key Cell Cycle Regulatory Proteins 
The TAg isoforms produced by members of the Polyomavirus family, JCVT', SV40 17kT 

and mouse polyomavirus tiny T proteins, contain two of the three TAg transformation do
mains (LXCXE and J) (Fig. 1). In addition, several truncated versions of SV40TAg constructed 
in vitro contain these motifs. One of these latter truncated forms, TNI 36, binds to Rb proteins 
but fails to form a stable complex with Hsc70,^^ suggesting that sequences C-terminal to the J 
and LXCXE domains might be essential for stable interaction with Hsc70. Riley et al̂ ^^ found 
that the mouse polyomavirus tiny T protein stimulates ATPase activity of Hsc70, although a 
direct, stable interaction between the two proteins was not reported. The SV40 17kT protein 
binds to and reduces the levels of pi30, promotes E2F activity, and stimulates cell-cycle pro
gression of quiescent fibroblasts.^"^ Cells expressing only 17kT display a minimal transformed 
phenotype and the protein is underphosphorylated relative to TAg, reflecting the absence of 
C-terminal TAg sequences that regulate modification of the N-terminus.^"^ 

As discussed earlier, in vivo and in vitro studies confirm that JCV TAg interacts with cellu
lar pRB, pi07 and pi30 (reviewed in ref 119). Using an in vitro approach, Bollag et al̂ ^ 
investigated the possibility that T'135, T'136 andT'165 might also bind Rb family proteins. Viral 
proteins immunoaflinity-purified from insect cells infected with recombinant baculoviruses 
were mixed with extracts of human MOLT-4 cells containing pRB, pi 07 and pi 30. Each T ' 
protein was shown to interact with the hypophosphorylated forms of the Rb proteins, and, 
importandy, each viral protein exhibited differential binding affinity depending on the specific 
interaction examined. Similar studies conducted in vivo using Rat2 cells expressing individual 
JCV tumor proteins revealed binding of the T ' proteins to pi07 and pi30; the interaction 
between T'136 and pi07 was especially difficult to demonstrate (Bollag et al, in preparation). 
These experiments revealed that T ' proteins not only bind to hypophosphorylated pi07 and 
pi30, but that some hyperphosphorylated species of these cellular proteins are absent in the 
cell lines. 
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Given that JCV tumor proteins interact with pRB, pi07 and pi30, one might predict that 
the five viral early proteins would also bind Hsc70 via their J domains. However, the inability 
to demonstrate a stable interaction between the truncated SV40 N136 peptide and this mo
lecular chaperone raised questions about the binding potential of JCV T' proteins. Using POJ 
(PHFG cells transformed with Ori defective JCV)^ cell extracts, and a co-IP/WB assay, it was 
determined that at least one of the JCV early proteins bound Hsc70 (BoUag and Frisque, 
unpublished data). Recent experiments utilizing Rat2 cells expressing individual JCV proteins 
confirm that T'135 interacts with Hsc70 (Bollag et al, in preparation). 

The ability of JCVTAg andT' proteins to bind Rb proteins and Hsc70 is expected to result in 
the release of E2F and the cell's progression to S phase. To address this possibility, Rat2 lines 
expressing individual JCV proteins were cotransfected with a P-galactosidase expression plasmid 
and a luciferase vector under the control of a promoter containing four E2F-1 binding sites. 
Luciferase data normalized to that of P-galactosidase aaivity indicates that the highest levels of 
free E2F-1 are induced in cells expressing T'l 55 or all five early proteins (Tyagarajan and Frisque, 
in preparation). As expected, cells expressing either an LXCXE (E109K) or J (H42Q) domain 
mutant had relatively low levels of released E2F-1 (Table 2). Co-IP/WB experiments performed 
on extracts of these cells verified that the H42Q, but not the E109K, mutant proteins were 
capable of binding p i 0 7 and p i30 . Furthermore, both hypophosphorylated and 
hyperphosphorylated forms of pi07 and pi30 were detected in these cells, indicating that the 
mutant viral proteins fail to alter the phosphorylation states of the cellular proteins. 

Summary of JCV Early Protein Function 
An extensive literature details the contributions made by the SV40 multifiinctional TAg 

and tAg to the oncogenic process. On the other hand, litde is known about thel7kT protein 
that is produced in gready diminished amounts relative to the other SV40 early proteins. Using 
SV40 results as a guide, a number of studies have been conducted to examine JCV TAg func
tions. At the sequence level, many structural motifs (e.g., NLS, phosphorylation, zinc finger, 
ATP binding) and fiinctional domains (e.g., DNA binding, transformation) have been identi
fied that correspond to those of the SV40 TAg. Although similarities of structure and fiinction 
are readily apparent, it is also clear that the JCV TAg displays less robust support of DNA 
replication and transformation activity in cell culture and reduced potential to interact with 
key cellular regulatory factors. Analyses of JCV tAg ftinctions have only recendy been initiated, 
and much work must be done to determine how this protein influences the transforming 
potential of JCV. It is expected that JCV tAg interacts with cellular proteins such as PP2A 
through its unique C-terminal sequences and chaperones via its J domain, thereby affecting 
cellular proliferation and programmed cell death. Several observations support the hypothesis 
that JCV T' proteins make important contributions to the biology of the virus. Their expres
sion is differentially regulated in permissive vs. nonpermissive cells, and they are produced at 
significandy elevated levels relative to their SV40 and mouse polyomavirus counterparts. In 
addition, T' proteins enhance viral DNA replication and exhibit differential binding to critical 
cell cycle regulators. Finally, preliminary data surest that one or more T' proteins block apoptosis 
induced by JCV TAg under certain conditions. The ability to complement or antagonize ac
tivities of the midtifimctional TAg may permit T' proteins to fine-tune JCV s control over the 
virus-host interactions. 
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CHAPTER 22 

Polyomavirus in Human Guicer Development 
Winston Lee and Erik LanghofiF 

Abstract 

I n animal studies, polyoma viruses have been found to be viral agents for oncogenesis and 
to produce a wide range of pathological lesions in experimental animals, including a 
variety of neoplastic tumors. The human polyoma viruses (JCV and BKV), along with their 

simian cousin (SV40), are ubiquitous viruses that are primarily associated with progressive mul
tifocal leukoencephalolopathy (PML) and hemorrhagic cystitis, respectively, under specific con
ditions in immunocompromized individuals. Currendy, polyoma viruses are now undergoing 
increasing scrutiny as possible causes for several human cancers. Evidence has been mounting 
recendy that JCV, BKV as well as SV40 are potential oncogenic viruses in humans as well. 

Viral Life Cycle 
The molecular structure polyomavirus and its receptors have been described in great de

tail in several chapters and can be found elsewhere in the book. The exact mechanism in 
which the virus enters the host cell is not clearly defined at this time. It is known that one of 
the structural capsid proteins (VPl) binds to sialic acid, which is an important component 
of many cell receptors. It is theorized that the virus uses a class of sialoglycoproteins as a 
conduit for cell entry. These proteins are abundantly expressed on cell surfaces. Murine 
polyoma virus has been shown to replicate in at least 40 different cell types in various stud
ies. Once inside the cell, it is probable that the entire particle moves into the nucleus via a 
nuclear pore. In the nucleus, the virus expresses "early" proteins (mainly the Large T antigen) 
which accumulate and recruit host DNA polymerase to the viral DNA origin. Thus the host 
enzymes are utilized to replicate viral DNA and produce the structural proteins. New viral 
particles are then formed and leave the cell by an unknown mechanism (Table 1). 

Tissue tropism of polyoma viruses is determined by their enhancer regions. These regions 
regulate replication, and contain binding sites for multiple transcription factors which may 
be tissue specific. For example, Pura is a transcription factor which interacts with the en
hancer region for JCV; Pura DNA-binding is only found in brain tissues.^ Polyoma viruses 
are classified as archetypal or rearranged, based upon the structure of the transcriptional 
control region. Archetypal virus contains a single copy of the promoter and enhancer, while 
rearranged strains have significant variation in this region. '̂  This may help to explain the 
variability of viral replication and virulence found in different strains. Rearranged virus will 
often have duplication of the enhancer region, which promotes viral growth. Despite this, 
both archetypal and rearranged strains are found in normal and diseased human tissues '"̂  
and there is no known association between viral DNA structure and disease. It is probable 
that host factors contribute a great deal in this regard. Another possibility is that inefPicient 
replication of archetypal virus may not elicit a strong immune response and thus create a low 
level persistent infection. 

Polyomaviruses and Human Diseases, edited by Nasimul Ahsan. ©2006 Eurekah.com 
and Springer Science+Business Media. 
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Table / . Components encoded by polyomavirus DNA 

Structural Proteins Function 

VP1 
VP2 
VP3 

Major structural protein thought to be a mechanism of entry into the cell 
The gene is highly conserved. 

Functional Proteins Function 

Agnoprotein May modify Large T antigen function In JCV 
Large T antigen Share -70% amino acid indentity between 3 viruses. 

Primary agent in cell transformation. 
Small T antigen Studied mainly in SV40 

Complementary role in cell transformation 
11kJ" Found experimentally in SV40- relevance unknown 
T'i25/ T'i26, T'i65 Defined in JCV as products of further processing of viral transcripts-

may complement or modulate Large T antigen function 
T' in BKV Described in BKV, but relevance not fully defined 

Adapted from Graft: 5, 574, 2002. 

Mechanisms of Oncogenesis 
The virus' T antigens, large T (LT) and small T (ST), mediate the oncogenic potential of 

these organisms (Table 2). The large T antigen is thought to be the primary agent in transform
ing cells, via three domains. Tŵ o of these regions alter the pRb (retinoblastoma susceptibility) 
related tumor suppressor proteins, which normally binds to transcription factor E2E Free E2F 
activates transcription of genes involved in DNA synthesis, while binding of E2F by pRb 
represses these genes. Phosphorylation of pRb releases E2F, and leads to progression of the cell 
cycle and growth.^"^^ The LT of BK virus binds to the unphosphorylated form of pRb, and 
causes the release ofE2F^^ The J domain of LT is located near the N terminal and also aflPects 
pRb by mediating degradation of pRb complexes by an independent mechanism. The N ter
minus contains another domain which binds to these pRb complexes.^ ̂ '̂ ^ A region of LT has 
the ability to bind p53,^ whose normal function is to detect DNA damage in the cell and 

Table 2, Mechanisms of cell transformation 

Antigen Function Outcome 

Large T 
Large T 

Large T 
Large T 
Small T 

Binds pRb family proteins via LXCXE 
Binds hsc70 molecular chaperone protein 
affecting degradation of pRb family proteins 
via J domain 
Binds p53 tumor suppressor proteins 
Damages chromosomes in unknown manner 
Binds PP2a affecting the cell cycle 

Increase in cell proliferation 
Increase in cell proliferation 

Blockade of apoptosis 
Increase in mutations 
Increase in cell proliferation under 
certain conditions 

Adapted from Graft: 5, 574, 2002. 
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either pause the cell q^cle or to activate an apoptotic program. Aside from these pathways, there 
is evidence that LT can alter the human chromosome in other unspecified ways (Table 2). 

There is some variability in the function of the large T antigen across different polyoma 
viruses. SV40 LT reaches higher concentrations compared to BKV, thus the binding of the pRb 
sites is more prominent in SV40, while BKV affects this system mainly via the J domain. ^ JCV 
LT has not been extensively studied, but it is believed to function in a similar manner. 

The small T antigen (ST) has a homolgous N terminus when compared with LT, but it has 
a unique C-terminal end. ST is known to bind and inhibit cellular protein phosphatase 2A, 
which regulates signal transduction pathways. ST plays a complementary role in cell transfor
mation. Animal studies have shown that cells that are infected with SV40 strains that produce 
ST are more easily transformed and produce a wider range of tumors when compared to cells 
infected with ST deficient mutants. '̂ ^ It has been suggested that ST may help transform cells 
during times of stress, such as nutrient starvation, which would normally suppress prolifera
tion. ST has primarily been studied in SV40, but sequence homology with JCV and BKV 
may infer a similar mechanism of action. 

There are other, smaller forms of the T antigens that arise from alternative splicing and share 
identity with LT. These proteins have been studied in JCV and designated T \ These T' proteins 
share the amino terminus with LT; the J domain and the LXCXE domain are preserved and 
have been shown to contribute to JCV replication.^^ There is some evidence that T* proteins 
may function in JCV similarly to ST in SV40. These smaller protein products have also been 
found in BKV infected cells, ̂  but as of yet have not been further characterized (Table 3). 

Evidence of Polyoma-Cancer Association 

BKVirus 
BKV can remain latent in a variety of tissues- the most commonly reported are kidney and 

brain. Evidence of BKV has also been found in leukocytes, lung, liver, bone and reproductive 
tissue.'^^' The virus can be the cause of primary or reactivation disease in many sites, includ
ing brain, liver, eye, lung and kidney. There have been several strains of BK virus isolated, 
which may represent geographic differences as well as differences in virulence and transforming 
potential. 

With advancements in technology, the ability to detect viral DNA in tumor specimens has 
become more precise over the last two decades This may in part account for discrepancies 
between reports of BKV in tumors from previous studies. BKV DNA has been isolated from 
many different types of human tumors, both integrated into the genome and episomally. Sites 
include bone, pancreatic islet cells, kidney, urinary tract and a wide variety of brain tissues.̂ '̂"̂ '̂̂ ^ 
Some of the larger studies show data as follows: BKV has been detected episomally in 4/9 
tumors of pancreatic islet cells and 19/74 brain tumors via Southern blot.̂ ® Further work with 
PCR on a large group of tumor cells as well as normal tissue demonstrated BKV early DNA 
encoding LT in 58/68 of brain tumors, 21/27 osteosarcomas, and 5/13 Ewing*s tumors. The 
same sequences were found in 13/13 of normal brain tissue, 2/5 normal bone tissue and 25/35 
peripheral blood cells.^^ RT-PCR showed that most of these samples also expressed LT mRNA 
as well. A study of 18 cases of neuroblastoma showed that all 18 contained BKV DNA and 16/ 
18 expressed LT- compared to none in the controls (adrenal medulla). These samples were 
further studied with immunoprecipitation to demonstrate LT binding with p53. In Italy a 
strain of BKV designated UROl was identified in the examination of several types of urinary 
tract tissues.^^ The prevalence of viral DNA was similar between neoplastic [31/52] and non
neoplastic [21/37] samples. However, BKV DNA sequences were present in sufficient amounts 
to be detected by Southern blot in a portion of urinary tract tumors while not in that of 
normals. The DNA material appeared to be integrated into the host cell genome. 

The causal link between BK virus and cancer has not been established. The finding of BKV 
DNA in tumor specimens has not been reproduced in other studies. ' 



Polyomavirtis in Human Cancer Development 313 

Table 3. Evidence ofBKV in human tumors and tumor cell lines 

Site 

CNS 
Neuroblastoma 

Astrocytoma 

Papilloma 
Ependymoma 

Glioblastoma 

Meningioma 

Oligodendroglioma 

Spongioblastoma 

Bone 
Giant Cell 
Ewing's tumor 

Osteosarcoma 

Kidney/Urinary tract 
Carcinomas 

Insulinoma 

CNS 
Medulloblastoma 

Astrocytoma 

Ependymoma/sub-
ependymoma 

Evidence 

18/18 + DNA 
16/18 + LT 
4/5 + DNA 
2/6 + DNA 
7/7 + DNA 

2/11 + DNA 
6/6 + DNA 

10/11 +DNA 
1/3 + DNA 
2/3 + DNA 

19/22 +DNA 
4/4 + LT mRNA 

9/18 + DNA 
1/10 +DNA 
1/5 + DNA 
5/8 + DNA 

1/1 +LTmRNA 
2/20 + DNA 
2/2 + DNA 
5/6 + DNA 
5/7 + DNA 
1/1 + DNA 
1/1 + DNA 
2/2 + DNA 
1/3 + DNA 

5/5 + DNA 
5/13 +DNA 

5/5 + LT mRNA 
1/5 + DNA 

21/27 + DNA 
9/14+ LT mRNA 

31/52 + DNA 
1/1 + DNA 
1/1 + DNA 
4/9 + DNA 

22/23 + DNA 
4/16 + LT 

17/20 + DNA 
9/20 + LT 

11/20 + agnoprotein 
26/25 + DNA 

14/30+ LT 
5/6 + DNA 

5/6 + LT 

Method 

PCR 
Immunohistochemistry 
PCR 
Southern blot 
PCR 
Southern blot 
PCR 
PCR 
Southern blot 
Southern blot 
PCR 
RT-PCR 
Southern blot 
Southern blot 
Southern blot 
PCR 
RT-PCR 
Southern blot 
Southern blot 
Southern blot 
PCR 
Southern blot 
Southern blot 
PCR 
Southern blot 

PCR 
PCR 
RT-PCR 
Southern blot 
PCR 
RT-PCR 

PCR 
Southern blot 
Southern blot 
Southern blot 

PCR 
Immunohistochemistry 
PCR 
Immunohistochemistry 
Immunohistochemistry 
PCR 
Immunohistochemistry 
PCR 
Immunohistochemistry 

Reference 

26 
26 
24 
25 
24 
28 
24 
24 
28 
25 
24 
24 
28 
25 
31 
24 
24 
28 
25 
31 
24 
28 
31 
24 
28 

24 
24 
24 
25 
24 
24 

27 
29 
30 
28 

41 
41 
42 
42 
42 
44 
44 
44 
44 

continued on next page 
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Tables. Continued 

Site 

CNS 
Glioblastoma/glio 
sarcoma 
Oligodendroglioma 

Meningioma 
Colon 

Adapted from Graft: 5, 

12/46 

34/54 

Evidence 

13/22 + DNA 
6/27 + LT 

4/7 + DNA 
2/10 + LT 

1/131 +DNA 
+ DNA (normal/cancer 
matched pairs) 

+ DNA (normal/cancer 
matched pairs) 

574, 2002. 

Method 

PCR 
Immunohistochemistry 
PCR 
Immunohistochemistry 
PCR 
PCR 

PCR with topoisomerase 

Reference 

44 
44 
44 
44 
43 
34 

34 

JC Virus 
JCV commonly resides in the kidney and may also be found in lymphoid tissue and gas

trointestinal tissue.̂ " '̂̂ ^ Primary infection is generally asymptomatic. Reactivation of disease in 
immunosupressed hosts is thought to be the cause of progressive multifocal leukoencephalopa-
thy, Most of the evidence for the oncogenic potential of JCV has been in experimental models: 
brain tumors in owl monkeys and Golden Syrian hamsters.^ '̂ ^ Several years ago, case reports 
began appearing of JCV DNA detected in brain tumors.̂ ®"^^ Recendy, there have been more 
reports linking the virus with cases of human meduUoblastoma as well as other brain tumors. 
In 1999, 23 cases of pediatric medulloblastomas were evaluated for evidence of JCV; 20/23 
were positive for DNA encoding the N-terminal region of LT, 13/23 contained C-terminal 
sequences and 20/23 had VP-1 sequences. 11/23 had all three sequences present. Further analysis 
showed that 4/16 available samples had detectable T antigen by immunohistochemistry. SV40 
DNA was also detected in 5/23 of these samples-BKV DNA was not found. Other experi
ments have looked for late JCV gene products (agnoprotein) in 20 medulloblastoma speci
mens. The function of agnoprotein is not clear at this time, but there is some evidence that it 
may have a complementary role in replication of the viral genome. DNA sequences for LT 
were found in 13/20 specimens and sequences for agnoprotein in 11/16 specimens. Immuno
histochemistry revealed LT in 9/20 and agnoprotein in 11/20. When different varieties of 
brain tumors were analyzed (including oligodendroglioma, astrocytoma, glioblastoma, 
gliosarcoma, ependymoma, and subependymoma-a total of 85 specimens) all types of brain 
tumors showed evidence of early JCV DNA sequences- ranging from 57% to 83%. T antigen 
was also found in all the varieties of tumors except anaplastic astrocytoma, to a lesser extent. 
None of the samples showed immunohistochemical evidence of VP-1. JC virus has also been 
associated with nonneurologic disease. Studies of colorectal cancer and matched normals found 
12/46 samples contained JCV DNA^lWhen anodier 25 pairs were analyzed after treatment 
with topoisomerase, 48/54 samples tested positive for JCV by PCR. Viral DNA sequences 
were also detected in a human colorectal cancer cell line and in colon cancer xenografts. Data 
from this study also suggests that JCV DNA is present at 10 times higher numbers in cancer
ous tissue compared to the paired normal tissue. 

SV40 Virus 
While similar to JCV and BKV, SV40 is not a human polyoma virus. In its natural hosts, 

SV40 is transmitted via urine, respiratory, oral and subcutaneous routes. ^ It has been esti
mated that millions of people in the US were exposed to SV40 via contaminated virus vaccines 
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(mainly polio) from 1955 to 1963. These vaccines were prepared from infected rhesus monkey 
kidney cells. However, surveillance over the next 20 years failed to show any increase in the 
incidence of disease or cancer in this population. Recendy, there has been some evidence 
which may link SV40 with human tumors; this has led to the questioning of the initial conclu
sions regarding the safety of the tainted vaccines. ^ Evidence of SV40 antibodies have been 
found in a significant number of individuals too young to have received contaminated vac
cines. Considering that there are no known intermediate reservoirs or vectors, SV40 likely 
has a route of human to human transmission. Alternative explanations are that SV40 has been 
a low level human pathogen all along, or that there is some cross reactivity with other polyoma 
virus antibodies. There is in vitro evidence that SV40 can replicate in human cells and SV40 
DNA sequences have been detected in normal human tissue. 

SV40 DNA has been reported in numerous human tumors, mainly mesotheliomas, brain 
and bone tumors. A large focus of study has been the association of SV40 and malignant 
mesothelioma. Several investigators have found evidence of the virus in this cancer; prevalence 
ranges from 40-50% in some areas.^^'^ Viral components have been detected with microdis
section of tumor tissue^^ and with in situ hybridization.^^ There has also been some evidence 
that presence of SV40 may have a negative impact on prognosis in mesothelioma.^^ There is 
geographic variability in these findings; SV40 DNA was not found in mesothelioma samples 
from Finland or Turkey. Contaminated polio vaccines were not distributed in these coun
tries. Despite these data, the relationship between SV40 infection and mesothelioma is not 
defined and some investigators believe it is premature to link the two. A multicenter study 
formed specifically to address these issues did find evidence of SV40 in 83% of samples. 

Studies have shown SV40 LT DNA in approximately 30% of bone tumors including os
teosarcoma, giant cell tumors and various others.59-61 One report found as high as AG% of 
osteosarcomas had viral sequences. ^ Various central nervous system tumors have also shown 
evidence of viral gene sequences, although at lower levels and with much variability.^^' '̂ "̂ '̂ ^ 
One of these studies demonstrated LT binding with both pRb and p53. 

New studies have examined the correlation of this virus with nonHodgkins lymphoma. 
Two separate studies found that 43% of NHL patients had SV40 (compared to none in cancer 
and noncancer controls).6^'^^The sequences were found most commonly in B cell and follicu
lar variants of the disease. EBV was also detected at a significantly lower level, and the associa
tion occurred in both HIV positive and negative patients. 

Conclusion 
In this chapter, we have reviewed the data which link the poylomaviruses with human 

cancer. As with most epidemiologic data, it is very difficult to establish a causal link between 
these organisms and human cancer. The viruses are ubiquitous and primary infection is mild; 
it is often impossible to determine length of infection. The incubation period after initial 
exposure is very long and cancers produced are very rare. There are likely to be many other 
environmental and host factors which play a role in the production of tumor. Studies to this 
point have demonstrated the presence of these viruses in human tumors, and while there is a 
theoretical basis for cell transformation secondary to viral infection, it is premature to state that 
these viruses cause cancer. Nevertheless, data is accumulating which point to an association of 
these viruses (especially SV40) and a role in oncogenesis. 
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Abstract 

BK virus (BKV), JC virus (JCV) and Simian Virus 40 (SV40) are polyomaviruses, highly 
homologous at the DNA and protein levels. While the human polyomaviruses BKV 
and JCV are ubiquitous in humans, SV40 is a simian virus which was introduced in the 

human population, between 1955 and 1963, by contaminated poliovaccines produced in SV40-
infected monkey cells. Alternatively, SV40 or an SV40-like virus may have entered the human 
population before anti-poliovirus vaccination. Epidemiological evidence suggests that SV40 is 
now contagiously transmitted in the human population by horizontal infection, independendy 
from the earlier contaminated poliovaccines. All three polyomaviruses transform rodent and 
human cells and are oncogenic in rodents. JCV induces tumors also in experimentally inocu
lated monkeys. Transformation and oncogenicity induced by BKV, JCV and SV40 are due to 
the two viral oncoproteins, the large T antigen (Tag) and the small t antigen (tag), encoded in 
the early region of the viral genome. Both proteins display several functions. The large Tag acts 
mainly by blocking the functions of p53 and pRB family tumor suppressor proteins and by 
inducing in host cells chromosomal aberrations and instability. The principal effect of small tag 
is to bind the catalytic and regulatory subunits of the protein phosphatase PP2A, thereby consti-
tutively activating the p-catenin pathway which drives cells into proliferation. All three 
polyomaviruses are associated with specific human tumor types which correspond to the tumors 
induced by experimental inoculation of the three viruses in rodents and to the neoplasms arising 
in mice transgenic for the polyomavirus early region gene directed by the native viral early 
promoter-enhancer. Human tumors associated with BKV, JCV and SV40 contain viral DNA, 
generally episomic, express viral RNA and are positive for large Tag by immunohistochemistry. 
The low copy number of viral genomes in human tumors su^ests that polyomaviruses may 
transform human cells by a "hit and run" mechanism. An autocrine-paracrine effect, involving 
secretion of growth factors by cells expressing polyomavirus Tag, may be responsible for recruit
ing to proliferation Tag-negative cells in polyomavirus-associated human tumors. 

Introduction 
The human polyomaviruses BK virus (BKV) and JC virus (JCV) as well as Simian Virus 40 

(SV40) belong to the family Polyomavirinae. Both BKV and JCV have been associated with 
human tumors. The recent evidence that SV40 may be a cofactor in the etiology of specific 
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human tumor types ' has raised again the interest on the two human polyomaviruses as pos
sible agents involved in human oncogenesis. In this chapter we will consider the general prop
erties of BKV and JCV, the characteristics of the latent infection and of the ubiquitous state of 
these viruses in humans, their transforming capacity in vitro and oncogenicity for experimental 
animals, and we will critically evaluate their possible etiologic role in human tumors. We will 
also examine the peculiar situation of SV40 which is not a natural human virus and has been 
introduced recendy in the human population where it seems to exert pathologic effects. 

General Characteristics of BKV, JCV and SV40 
The three polyomaviruses BKV, JCV and SV40 code for six viral proteins. Two early non

structural proteins, the large tumor antigen (Tag) and the small tumor antigen (tag) are ex
pressed before replication of the viral DNA. Four late proteins are produced after replication of 
the viral genome: the agnoprotein, probably involved in processing of late mRNAs and assem
bly of viral particles, and three capsid proteins, VPl, which is the major structural protein, VP2 
and VP3.^' ^ In these viruses, the early and late genes are transcribed on different DNA strands 
of the circular viral genome, in a way that the transcription proceeds divergently from the 
transcriptional regulatory region. The three viruses show a great sequence homology. Consid
ering the entire viral genome, the DNA sequence identity is 72% between BKV and JCV, 69% 
between BKV and SV40 and 68% between JCV and SV40. '̂̂ '̂̂ ^ The amino acid homology in 
the early region, that is in tumor antigens, is 88% between BKV and JCV, 81% between BKV 
and SV40 and 79% between JCV and SV40, whereas in the late region, that is in structural 
proteins, the homology is 86% between BKV and JCV, 85% between BKV and SV40 and 
82% between JCV and SV40. ̂ ' '̂ A low homology is detected in the regulatory region of the 
three polyomaviruses. This probably reflects adaptation to in vitro cell culture and most labo
ratory strains may have evolved from a common natural archetype. ' However, the analysis 
of independent isolates by either direct cloning or sequencing of products obtained by poly
merase chain reaction (PCR) amplification shows that different arrangements of the regulatory 
region are often detected in vivo.^^' Selection of variants with a particular cell specificity or 
transformation potential was proposed as a possible outcome of such variability.^ '̂ '̂̂ ^ 

BKV, JCV and SV40 Infection in Humans 
BKV and JCV are ubiquitous and infect a large proportion of humans all over the world, 

except for some segregated populations living in remote regions of Brasil, Paraguay and Malay
sia. Early seroepidemiological surveys showed that seroconversion to both BKV and JCV is 
significandy related to age. ^ BKV primary infection occurs in childhood. At 3 years of age 
BKV antibodies are detected in 50% of children, and almost all individuals are infected by the 
age of 10 years. ̂ '̂̂ ^ JCV primary infection occurs later. Seroconversion to JCV is observed at 
highest rates during adolescence and continues at lower frequency until the age of 60 years, 
when 50 to 75% of adults show serum antibodies against JCV"̂ '̂̂ ^ Recent seroepidemiological 
data confirm that the age-specific seroprevalence is different for BKV and JCV. BKV 
seroprevalence reaches 91 to 98% at 5-9 years of age, remains stable at these values until the age 
of 30 years and then declines to 68% by age 60-69 years.̂ "̂ '̂ ^ JCV seroprevalence is only 14% 
by age 5-9 years and raises slowly to 50-70% by age 60-69 years.^^' The overall rates of 
seropositivity for BKV and JCV, throughout all the age groups from 1 to 69 years, are 81% and 
35%, respectively.'̂  Thus, JCV seems to diffuse more slowly than BKV in humans, perhaps 
reflecting a different mechanism of transmission or a lower permissiveness of human cells to 
JCV infection. The age of SV40 primary infection is not known. It may be variable if different 
mechanisms and routes of SV40 infection exist in humans. The antigenic cross-reaction of 
SV40 with the two human polyomaviruses BKV and JCV has been so far the most difficidt 
problem to study, by seroepidemiological surveys, the real diffusion of SV40 infection in humans. 
By virus neutralization and ELISA tests, a low number (1.3 to 16.4%) of normal human sera 
showed antibodies to SV40, suggesting a limited virus circulation in the human population. 
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Carter et al, using recombinant SV40 VPl virus-like particles (VLPs) as antigens in an ELISA 
test, while detecting a percentage of SV40-positive human sera {G.G%) comparable to previous 
studies, '̂  observed disappearance of SV40 antibodies after serum pre-adsorption with BBCV 
and JCV VLPs. The authors concluded that the antibodies reacting with SV40 VLPs in human 
sera are not authentic SV40 antibodies but BKV and/or JCV antibodies that cross-react with 
SV40. According to these results, therefore, SV40 does not seem to be a prevalent human 
pathogen. However, due to the great homology (more than 80 %) of the VPl structural pro
tein in the three polyomaviruses, ' pre-adsorption with BKV and JCV VLPs may have re
moved from human sera most of the SV40 antibodies, because they cross-react with the human 
polyomavirus capsid antigens. Conversely, recent seroepidemiological data suggest that specific 
SV40 antibodies can be detected in human sera, (i) In a collection of human sera from Mo
rocco, 100% of the samples had antibodies to SV40,'̂ ^ whereas in the same study other sera 
from Morocco, Zaire, Sierra Leone and Poland contained SV40 antibodies in 0.4 to 5.3% of 
the samples,^^ a value in agreement with the results of other surveys. '̂  All the sera in the 100% 
positive Moroccan collection were from cases of poliomyelitis in children under five years of 
age.*̂ ^ These children, therefore, had probably not been vaccinated against poliovirus. This 
result should not be overestimated, especially because the collection of the 100% anti-SV40-
positive sera is made up of only 29 samples. Nevertheless, this observation suggests that, under 
particular circumstances, humans can display a great specific antibody response to SV40. Per
haps, the overt poliomyelitis syndrome has influenced the immunological reaction of affected 
patients to SV40. (ii) Although it is obviously difficult, due to the ubiquity of the two human 
polyomaviruses, to find a human serum positive for SV40 and negative for both BKV and JCV 
antibodies, one such serum was detected.^^ (iii) While seroconversion to BKV and JCV is age-
dependent, ̂ '̂"̂ ^ there is no detectable age-dependent seroconversion to SV40,̂ '̂ ''̂  '^"^ suggest
ing that most of the SV40 antibodies present in human sera are not generated by infection with 
BKV or JCV (iv) In sera from two immunosuppressed renal transplant patients, that were 
examined sequentially for antibodies to BKV, JCV and SV40 over a period of 82 and 51 weeks, 
respectively, a significant rise in SV40 antibody titers was detected, indicating that a latent 
SV40 infection, like BKV and JCV latent infection, can be reactivated in humans by immuno
suppression. Moreover, during the post-transplant follow-up, the evolving profile of antibodies 
to SV40 was clearly different from that of antibodies to either BBCV or JCV,"̂  suggesting a 
specific immunological response to SV40 in these two patients. In our laboratory, we have set 
up an ELISA assay, using specific peptides of SV40 capsid proteins as antigens. These peptides 
do not cross-react with BKV and JCV capsid antigens. The results of this ELISA test indicate 
that SV40-specific antibodies could be present in a fraction of human sera larger than previ
ously reported (Corallini et al, unpublished results). These preliminary data suggest that, by 
using appropriate antigens, an SV40-specific antibody response can be detected in humans. 

The natural history of BKV, JCV and SV40 infection in humans has been described exten
sively in previous reviews. ̂ '̂ '̂̂  BKV and JCV primary infections are generally inapparent 
and rarely associated with clinical diseases. BKV, however, can cause upper respiratory or uri
nary tract disease, while acute JCV infection has been associated with meningoencephalitis. 
Natural infection by SV40 in humans is a rare event, restricted to people living in contact with 
monkeys, the natural hosts of the virus, such as inhabitants of Indian villages located close to 
the jungle, and persons attending to monkeys in zoos and animal facilities.^ However, massive 
infection of the human population by SV40 occurred between 1955 and 1963, when hun
dreds of millions of persons in the United States, Canada, Europe, Asia and Africa were vacci
nated with both inactivated and live polio vaccines contaminated with infectious SV40.^^ Vac
cines to adenoviruses, respiratory syncitial virus and hepatitis A virus also introduced SV40 in 
humans, although not in a massive scale. "^ Soon it was shown that people vaccinated with 
contaminated polio vaccines shed infectious SV40 in stools for at least five weeks after vaccina
tion. '̂̂  This observation suggested that SV40 could be transmitted by recipients of contami
nated polio vaccines to contacts by the fecal-oral route, raising the possibility that SV40 woidd 
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spread in humans by horizontal infection. Primary infection by BKV and JCV is followed by a 
persistent or latent infection which may be reactivated mainly in immunosuppressed but also 
in immunocompetent people. Virus isolation and Southern hybridization analysis established 
that the main site of BKV and JCV latency in healthy people is the kidney. ̂ '̂ '̂ '̂̂ ^ BKV and 
JCV viruria is detected after reactivation from latency in immunosuppressed and immuno
competent individuals.^^ The site of SV40 latent infection in humans is not known. However, 
detection of SV40 in human kidney and urine^ '̂ ^ points to the kidney as a site of virus latency, 
like in the natural monkey host.^ The PCR technology, applied to the study of BKV and JCV 
latency, disclosed the presence of their DNA and RNA specific sequences in a variety of normal 
human tissues (Table l).i-5'26,37 ̂ hese results indicate that BKV and JCV can establish latent 
infection in many more organs than previously thought. SV40 sequences were found in nor
mal brain, bone tissue and sperm fluids.^ '̂̂ ^ Of particular interest is detection of BKV, JCV 
and SV40 sequences in peripheral blood mononuclear cells (PBMC), '̂̂ '̂ '̂ '̂ ^ suggesting that 
infection of blood cells may represent the route of virus spread from the portal of entry to other 
tissues of the infected host. The modalities of inter-human virus transmission are at present not 
clear. Due to the high prevalence of infection and detection of BKV and JCV in tonsils, ̂ '̂ '̂ '̂̂ ^ 
the two human polyomaviruses were long thought to be transmitted mainly by the respiratory 
route. However, the recent evidence that JCV DNA is present in the gastro-intestinal tract 
and that BKV, JCV and SV40 DNA sequences and virions are detected in raw urban sew
age ' suggests also a fecal-oral route of transmission for the three viruses. The presence of 
BKV, JCV and SV40 DNA in PBMC as well as of BKV and JCV DNA in the prostate and of 
SV40 DNA in sperm fluids^'^''^® points also to the hematic and sexual routes as possible, 
although perhaps less frequent, means of virus transmission in humans. Clues to the mecha
nisms and routes of SV40 transmission in humans may come from studies of SV40 natural 
infection in monkeys. Since uninfected weaning animals do not frequendy seroconvert when 
grouped with infected mothers and infected littermates, it seems most likely that transmission 
of SV40 in monkeys, under conditions of natural infection, occurs after weaning from the 
environment rather than directly from other animals. ^ Interestingly, these results support a 
rather inefficient SV40 transmission in himians from the contaminated general environment, 
e.g. sewage, or from the home environment. This mode of restricted transmission, together 
with the semi-permissiveness of human cells to SV40 infection,^' '̂  would explain, in turn, the 
limited SV40 circulation and the low antibody response to SV40 in humans. '"̂ '̂  '̂  '̂ ^ 

BKV̂  JCV and SV40 Cell Transformation and Experimental 
Oncogenicity 

Transformation of rodent and human cells by polyomaviruses is induced by the two 
oncoproteins encoded in the early region of the viral genome, the large Tag and the small tag. 
Both these proteins display multiple functions. The main activity of large Tag for cell 
tranformation and tumorigenesis is to target key cellular proteins, such as the tumor suppressor 
p53 and pRB family proteins, inactivating their ftxnctions.^'^^'^^'^ However, binding to p53 
and pRB proteins varies for different polyomaviruses and in cells of different species. For in
stance, the amount of BKV Tag normally produced in BKV-transfected simian BSC-1 cells 
seems to be too low to bind a significant amount of proteins of the pRB family.̂  BKV Tag 
readily binds the p53 protein available in BSC-1 cells and induces serum-independence, but is 
unable to allow anchorage-independent growth in semisolid medium.^ These data support 
the notion that BKV Tag can affect cellular growth control mechanisms, but other additional 
events are required for ftill transformation of primate cells by BKV. In addition, human p53 
binds to BKV DNA in the region of the early viral promoter,^^ probably modulating the ex
pression of BKV oncoproteins. It was shown that the complex of SV40 large Tag with mouse 
p53 completely blocks the transactivating effect of the p53 protein, whereas the same complex 
in human cells allows human p53 to exert partially its transcriptional activity.^ Owing to the 
great homology of SV40 large Tag with the large Tag of human polyomaviruses BICV and JCV, 
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it is possible that the inefficienq^ in transformation of human cells by SV40 and human 
polyomaviruses may depend on the inability of their Tags to block completely the effect of the 
human tumor suppressor proteins pRB and p53. 

The principal role of polyomavirus small tag in transformation is to bind the catalytic (36 
kDa) and regulatory (63 kDa) subunits of protein phosphatase 2A (PP2A), ''̂  inactivating their 
function. PP2A is a serine/threonine phosphatase that regulates the phosphorylation signal 
activated by protein kinases '̂̂  and has recendy been shown to be a tumor suppressor gene 
involved in lung, colon, breast carcinoma and melanoma. ' The region of small tag binding 
to PP2A is not part of the large Tag, ''̂  suggesting that PP2A binding is a specific function of 
small tag. The interaction of tag with PP2A leads to inhibition of the Wnt pathway, lack of 
inactivation of P-catenin, its translocation to the nucleus and stimidation of cell prolifera
tion. ' The block of PP2A functions by tag induces an alteration of the actin cytoskeleton 
and tight junctions, resulting in loss of cell polarity and tumor invasiveness. Small tag inter
acts with the centrosome and blocks mitosis in human cells, suggesting that it may disrupt 
cell cycle progression. Recendy, it was shown that tag activates, in human mammary epithelial 
cells, phosphatidylinositol 3-kinase, an enzyme involved in pathways crucial for cell prolif
eration and transformation. In addition, SV40 small tag is able to enhance transcription from 
E2F-activated promoters of early growth response genes. ' 

Polyomavirus large Tags may lead to transformation through functions independent from 
inactivation of tumor suppressor proteins. In fact, BKV, JCV and SV40 large Tags induce 
mutations in rodent and human cells. ' SV40 and BBCV Tags induce chromosomal damage 
in human cells,'̂ '̂̂ ^ characterized by numerical and structural chromosomal alterations, such 
as gaps, breaks, dicentric and ring chromosomes, chromatid exchanges, deletions, duplications 
and translocations. Chromosome damage in human cells transfected with SV40 and BKV 
early region was evident before the appearance of immortalization and the morphologically 
transformed phenotype, suggesting that it is a cause rather than a consequence of transforma
tion. Similar alterations were observed in cell lines from human glioblastoma multiforme, har
boring the Tag coding sequences of both BKV and SV40.^^ JCV large Tag is also associated to 
chromosome damage and chromosomal instability in B-lymphocytes and in cells of the colorectal 
mucosa. The molecular mechanism of the clastogenic effect of polyomavirus Tag may 
reside in its ability to bind topoisomerase Î ^ and in its helicase activity'^ which could induce 
chromosome damage when unwinding the two strands of cellular DNA. Moreover, since 
polyomavirus large Tag binds the p53 protein inactivating its functions, ' the direct clastogenic 
effect of the viral oncoprotein may be enhanced, because it inhibits p53-induced apoptosis and 
allows DNA-damaged cells to survive, increasing their probability to transform and acquire 
immortality. Recendy, the X-ray diffraction structure of a hexameric SV40 large Tag with helicase 
activity was elucidated.^^ 

BKV, JCV and SV40 transform rodent cells to the neoplastic phenotype.^'^^ 
In these transformation experiments, essentially all cells in the culture express Tag in their 
nuclei and the viral DNA is integrated into the cell genome. SV40 immortalizes and trans
forms human cells^ '̂̂ ^ which induce tumors when implanted subcutaneously in autologous 
and homologous hosts.̂ "^ Transformation of human cells by BKV and JCV is inefficient and 
often abortive. '̂  BKV- and JCV-infected or transfected human cells generally do not display a 
completely transformed phenotype, characterized by immortalization, anchorage independence 
and tumorigenicity in nude mice, although they show morphological alterations and an in
creased lifespan.^ ^̂ ^ Sometimes, transformation is transient and cells revert to the original 
phenotype after a few passages in culture.^ A fully transformed phenotype was observed in 
human embryo kidney cells transfected with a recombinant plasmid containing BKV early 
region and the adenovirus 12 El A gene. '̂̂  These cells grow as a continuous cell line suggesting 
that, at least in human cells, BKV Tag is competent to contribute only a partially transformed 
phenotype and must interact with other oncogene functions to induce a complete transforma
tion. The recombinants pBK/r-myA and ^^¥Jc-myc, containing in the same plasmid BKV 
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early region and the c-W-ras or c-myc human activated cellular oncogenes,^^"^^ induced mor
phologic transformation of human embryo fibroblasts and kidney cells, but transformed cells 
were not immortalized. ' Tumorigenic cell lines were established only from BKV-transformed 
human fetal brain cells persistently infected by BKV. Fetal brain cells had all the characteristics 
of transformed cells and retained viral DNA, but they were negative for Tag expression.^^ SV40 
large Tag too needs cooperation for complete transformation of human cells, because a tumori
genic phenotype was obtained only after cotransfection of human cells with plasmids express
ing SV40 large Tag, the catalytic subunit of telomerase and the activated c-Yi-ras oncogene.^ 
Human cells transformed by BKV, JCV and SV40 harbor, in addition to integrated viral DNA, 
viral genomes in an episomal state, sometimes in great number. ̂ '̂ ^ 

BKV, JCV and SV40 are highly oncogenic in rodents.^'^^ JCV induces tumors also in mon
keys. ̂ '̂ '̂ '̂̂  The spectrum of tumors experimentally induced in rodents is similar but distinct 
for each of the three viruses. All the three viruses are highly neurotropic in tumorigenesis, but 
induce also extraneural tumors. ' Young or newborn mice, rats and hamsters developed tu
mors after inoculation of BKV via different routes. The frequency of tumor induction in ham
sters is strictly dependent on the route of injection. In fact, BKV is weakly oncogenic when 
inoculated subcutaneously (s.c), but induces tumors frequently (in the range of 73% to 88%) 
when inoculated intracerebrally (i.e.) or intravenously (i.v.).^'^ Tumors induced in BKV-in-
jected hamsters belong to a variety of histotypes, such as ependymoma, neuroblastoma, pineal 
gland tumors, tumors of pancreatic islets, fibrosarcoma, osteosarcoma.^'^ However, ependy
moma and choroid plexus papilloma, tumors of pancreatic islets and osteosarcomas are the 
most frequent histotypes, suggesting that BKV may have a marked tropism for specific organs. 
This tissue preference may occur because of a specific interaction between virus and cell recep
tors, cell type variations in the activity of the viral promoter-enhancer or the effect of viral 
oncoproteins on p53 and pRB in that particular tissue. The latter possibility is supported by 
the observation that choroid plexus cells, a tumor specific target of BKV and SV40, are unusu
ally sensitive to p53 and RB gene mutations, leading to inactivation of the corresponding 
products and to rapid malignant transformation. '̂ '̂ ' Cellular tropism is observed also in 
tumorigenesis by JCV. Indeed, it was shown recendy that JCV tropism for glial cells is due to 
cell type-specific transcription and/or replication factors. Tumors induced by BKV in mice 
and rats were fibrosarcoma, liposarcoma, ostesarcoma, nephroblastoma, glioma and choroid 
plexus papilloma, the latter arising only in mice.^'^ Gardner's BKV strain seems to be more 
oncogenic dian odier isolates, such as BKV-MM, BKV-RF and BKV-IR.^'^ Purified BKV DNA 
is not oncogenic when inoculated s.c. or i.v. and induces tumors at a very low frequency when 
inoculated i.e. in rodents. It displays, however, a strong synergism with activated oncogenes. 
Newborn hamsters inoculated s.c. with pBK/c-nwA, a recombinant containing BKV early re
gion gene and the c-W-ras oncogene, developed tumors within few weeks. Tumors developed at 
the site of injection and consisted of undifferentiated sarcomas expressing both BKV Tag and 
c-H-r^ p21. Neither BKV DNA nor c-Yi-ras inoculated independently were tumorigenic.^^ 
The same recombinant pBK/c-mjA, inoculated i.e., induced brain tumors in newborn ham
sters. These data suggest a synergic interaction of BKV transforming functions with human 
oncogenes. 

JCV inocidated i.e. in newborn hamsters produced brain tumors in 83% of animals.^^^ 
Most tumors consisted of cerebellar meduUoblastoma, but glioblastoma, astrocytoma, 
pineocytoma, thalamic gliomas and tumors of other histotypes were also observed. '̂  ^ '̂  Primi
tive neuroectodermal tumors were induced at a very low frequency, while neuroblastoma and 
retinoblastoma were consistently induced by intraocular inoculation. ̂ ^̂ '̂ ^ Pineal gland tu
mors were rarely obtained with JCV strains Mad-1 or Tokyo-1, but pineocytomas were de
scribed after inoculation of JCV strain Mad-4, suggesting that, as with BKV, different JCV 
strains may display a different oncogenic potential or tropism. '̂̂ ^ '̂̂ ^^ Owl and squirrel mon
keys inoculated with JCV either i.e., i.v. or s.c. developed, after a latency period of 14-36 
months, cerebral tumors, mostly astrocytomas. ' The primary monkey tumors and the 
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derived cell lines contained integrated JCV DNA and expressed JCV Tag.^ '̂ '̂̂  No tumors 
were obtained in primates inoculated with either BKV or SVAOP' 

SV40 inoculated s.c, i.e. or i.v. in newborn hamsters induces soft tissue sarcomas, ependy
momas and choroid plexus papillomas, osteosarcomas, lymphomas, and leukemias.^'' More
over, direct inoculation of SV40 into the pleural space induces malignant mesothelioma in 
100% of the injected hamsters.^^^ 

The oncogenic potential of BKV, JCV and SV40 is confirmed by the generation of transgenic 
mice in which polyomavirus large Tag expression is regulated by the native viral early pro
moter-enhancer. Transgenic mice expressing BKV Tag develop hepatocellular carcinoma, renal 
tumors and lymphoproliferative disease. ̂ ^̂ '̂ ^̂  Mice transgenic for the JCV Tag gene develop 
adrenal and peripheral neuroblastoma, medulloblastoma, pituitary adenoma and malignant 
peripheral nerve sheath tumors, according to whether the JCV early region sequence is directed 
by the Mad-4 or by the archetype promoter.^'^^^ SV40 transgenic mice, like rodents experi
mentally inoculated with the virus, develop ependymomas and choroid plexus papillo
mas. '^''^^^'^^^ Therefore, the transgenic mice experiments confirmed that BKV, JCV and 
SV40 display great oncogenic potential in experimental animals. 

Association of BKV̂  JCV and SV40 with Human Tumors 
All three polyomaviruses, BKV, JCV and SV40, are associated with human tumors. How

ever, their role as causative agents in human neoplasia is still uncertain. Fiori and Di Mayorca^ ̂  
found BKV DNA sequences by DNA-DNA reassociation kinetics in 5 of 12 human tumors 
and 3 of 4 human tumor cell lines. These results were confirmed by Pater et al, whereas three 
other reports failed to support these findings. '̂̂  These tumors contained full-length BKV ge
nomes, but also rearranged and defective BKV DNA molecules. Since BKV shows a specific 
oncogenic tropism for the ependymal tissue, endocrine pancreas and bones in rodents, BKV 
DNA sequences were searched by Southern blotting in those rare types of human tumors most 
frequently induced by BKV in experimental animals such as ependymomas and other brain 
tumors, insulinomas and osteosarcomas. BKV DNA was detected in a free, episomal state and 
generally at a low copy number (from 0.2 to 1 genome equivalent per cell) in 19 out of 74 
(26%) human brain tumors and in four out of nine (44%) human tumors of pancreatic is
lets.^ A number of tumors expressed BKV-specific RNA and Tag. Furthermore, a BKV vari
ant DNA, BKV-IR, was detected by Southern blot hybridization in a human insulinoma.^^^ 
Virus was rescued by transfection of human embryonic fibroblasts with tumor DNA. The 
genome of BKV-IR contains an IS-like structure,^ ̂ ^ a type of stem-loop transposable element 
able to integrate and excise from the host genome.^^^ The IS-like sequence of BBCV-IR incorpo
rates in its loop two of the early region transcriptional enhancer repeats. It may promote cell 
transformation by excision from viral DNA and insertion into the cell genome, thereby specifi
cally activating the expression of cellular oncogenes or more generally as a mutagen by random 
integration into the cell genome. In another study, BKV DNA was detected by Southern hy
bridization in 46% of brain tumors of the most common histotypes. In this report, BKV 
DNA sequences were found to be integrated into chromosomal DNA. 

More recently, tumors, tumor cell lines and normal human tissues were investigated by 
PCR using specific primers for early region BKV DNA. In most of these studies, the amount of 
viral DNA detected in human tumors and normal tissues was low, generally less than one 
genome equivalent per cell. The results of the studies conducted by Southern blot hybridiza
tion and PCR are summarized in Table 1 which reports positive and negative data, relative to 
human tumors of different histotypes, obtained by various authors. Nucleotide sequence analysis 
of seven brain tumors, one osteosarcoma, two glioblastoma cell lines, one normal brain and 
one normal bone tissue specimens confirmed that the amplified sequences correspond to the 
expected fragment of BKV early region.̂ "^ Expression of BKV early region was detected by 
Northern blot analysis or reverse transcriptase (RT)-PCR in several tumors, tumor cell lines 
and normal tissues^^ (Table 1). In one study, both SV40 and BKV sequences were searched in 
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Table 1. Presence and expression ofBKV DNA in human tumors^ tumor cell lines and 
normal tissues 

Tissues 
and 
Cell Lines 

Primary Tumors 
Brain tumors 
Brain tumors 
Brain tumors 

Brain tumors 
Brain tumors 
Brain tumors 
Neuroblastoma 
Bone tumors 
MED and PNET^ 
Insulinomas 
Hodgkin's diseases 
ALL^ 
Kaposi's sarcoma 
Kaposi's sarcoma 
Kaposi's sarcoma 
Urinary tract tumors 
Urinary tract tumors 
Genital tumors 

Cell lines from 
Brain tumors 
Brain tumors 
MED and PNET 
Bone tumors 
Kaposi's sarcoma 
Kaposi's sarcoma 

Normal tissues 
Brain 
Bone 
Urinary tract 

Adrenal gland 
Genital tissues 
PBMC^ 
PBMC 
Lymphnodes 

Skin 
Sperm 
Sperm 

BKV DNA-Positive 
Samples/Samples 
Analyzed (%) 

19/74 
11/24 

0/75 
50/58 
74/83 
0/10 
18/18 
11/25 
0/20 
4/9 
0/5 
0/15 
4/20 
38/38 
0/2 
31/52 
0/15 
32/42 

8/10 
21/26 
0/2 
20/20 

6/8 
0/14 

13/13 
2/5 

15/26 
0/5 
28/39 
25/35 
53/79 
4/4 

25/33 
18/20 
18/19 

(26) 
(46) 

(86) 
(89) 

(100) 
(44) 

(44) 

(20) 
(100) 

(60) 

(76) 

(80) 

(81) 

(100) 
(75) 

(100) 
(40) 
(58) 

(72) 

(71) 
(76) 
(100) 
(76) 
(90) 
(95) 

BKV RNA-Positive 
Samples/Samples 
Analyzed 

8/11 

5/5 

6/8 

2/2 

8/8 

Method'' 

SBH 
SBH 
PCR 

PCR 
PCR 
PCR 

PCR 
PCR, 
PCR 
SBH 
PCR 
PCR 
SBH 
PCR 
PCR 
PCR 
PCR 
PCR 

PCR, 
PCR 
PCR 
PCR, 
PCR 
PCR 

PCR 
PCR, 
PCR 
PCR 
PCR 
PCR, 
PCR 
PCR 
PCR 
PCR 
PCR 

RT-PCR 

RT-PCR 

RT-PCR 

RT-PCR 

RT-PCR 

References 

116 
120 
132 
37 
38 
133 
121 
37 
135 
116 
133 
134 

1-3 
127 
133 
26,123 
133 
26,127 

37 

38 
135 
37 
127 
133 

37 
37 
26,123 
121 
26,127 
37 

38 
127 
127 

38 
127 

^SBH: Southern blot hybridization; PCR, polymerase chain reaction; RT-PCR, reverse transcriptase 
PCR; "̂ MED and PNET, medulloblastoma and primitive neuroectodermal tumor; ^ALL, acute 
lymphoblastic leukemia; PBMC, peripheral blood mononuclear cells from healthy blood donors. 
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human brain tumors. All the tumors harboring SV40 sequences were coinfected by BKV.̂ ^ In 
three human brain tumors, we even detected the simultaneous presence of BKV, JCV and 
SV40 DNA sequences (Martini et al, unpublished results), suggesting a helper function of 
human polyomaviruses to support SV40 replication in human cells or a possible interaction of 
polyomaviruses in oncogenesis. It remains to be determined whether in these tumors the se
quences of the different polyomaviruses are present in the same cells. In another study, Flaegstad 
et al̂ "̂ ^ detected BKV DNA by PCR in 18 neuroblastomas and in none of five normal adrenal 
gland samples (Table 1). The presence of BKV DNA was confirmed by in situ hybridization in 
the tumor cells of 17 of the same neuroblastomas. The expression of BKV Tag was detected by 
immunohistochemistry and immunoblotting in tumor cells, but not in normal control samples. 
Finally, BKV Tag and p53 were coimmunoprecipitated and colocalized in tumor cells by double 
immunostaining, suggesting a block of p53 functions by BKV Tag. 

PCR amplification of DNA sequences from BKV early and regulatory regions was carried 
out in urinary tract tumors. Positive samples were 31 out of 52 (60%), with a range of 50—67% 
in different tumor types. The presence of BKV and JCV DNA in urothelial carcinomas of 
the renal pelvis and in renal cell carcinomas was recently confirmed. In addition, BKV DNA 
sequences were amplified by PCR in genital papillomas and carcinomas of the uterine cervix 
and vulva. The percentage of positive samples in the neoplastic tissues of the urinary and 
genital tracts was similar to that detected in the corresponding normal tissues (61 and 59%, 
and 16 and 15%,̂ ^^^ respectively). However, in tumors of the urinary bladder and prostate, 
two-dimensional gel electrophoresis and Southern blot hybridization analysis showed either a 
single integration of BKV DNA or integrated and episomal viral sequences. ̂ ^̂  In both the 
integrated and extrachromosomal viral sequences, the late region was disrupted. Viral episomes 
consisted of rearranged oligomers containing cellular DNA sequences, whose size was appar-
endy incompatible with encapsidation within a viral particle. Attempts to rescue these viral 
sequences by transfection of tumor DNA into permissive cells failed, suggesting that in these 
tumors the process of integration and formation of episomal oligomers produced a rearrange
ment of viral sequences responsible for the elimination of viral infectivity and potentially lead
ing to stable expression of BKV transforming functions. Recendy, a metastatic bladder carci
noma, arising in an immunosuppressed transplant recipient, appeared to be causally related to 
BKV, because high-level expression of BKV Tag was detected immunohistochemically in the 
primary and metastatic tumors but not in the neighboring normal urothelium.^^ p53 was 
colocalized immunohistochemically with BKV Tag in the nuclei of tumor cells, suggesting 
stabilization and inhibition of its functions by BKV Tag binding. Zambrano et al̂ "̂ ^ detected 
BKV and JCV DNA in the prostate by PCR and in situ hybridization analysis. Human 
papillomavirus (HPV) DNA was also frequently detected in the prostate. Interestingly, the 
prostatic tissue was, in same cases, coinfected by HPV and human polyomaviruses, opening 
the question of a possible role of these mixed infections in the etiopathogenesis of prostatic 
cancer. The results obtained with prostate and bladder carcinoma, in connection with the 
evidence that the kidney is the main site of BKV and JCV latency, suggest that tumors of the 
urinary tract are among the best candidates for an etiological association with BKV and JCV. 

Due to reactivation of BKV infection during immunosuppression, tumors typically associ
ated with immunosuppression were also investigated and BKV DNA was detected by South
ern hybridization in Kaposi's sarcoma (KS) at a frequency of 20%.^-^ Infectious BKV DNA 
was rescued from two KS tissues by transfection of cellular DNA into human embryonic fibro
blasts.^ PCR analysis for BKV early and regulatory regions in 38 samples of primary KS (5 
classic, 12 African and 21 AIDS-associated) revealed 100% positivity for BKV DNA sequences. 
Analysis by PCR of 8 KS cell lines disclosed BKV DNA sequences in 6 of them, whereas JCV 
and SV40 sequences were absent. ̂ ^̂  In addition, BKV DNA sequences were detected in 15 out 
of 26 (58%) prostatic tissues and in 18 out of 19 (95%) seminal fluids,^^'^ suggesting that BKV 
may be a candidate for the sexually transmitted infectious agent which was indicated by epide
miological studies to be an important cofactor in KS.^^^ A specific role of the sexual route for 



328 Polyomaviruses and Human Diseases 

Table 2, JCV Tag sequences in human central nervous system tumors and colorectal 
carcinoma 

Tumor Type 

Glioblastoma 
Glioblastoma 
Glioblastoma 
Astrocytoma 
Astrocytoma 
Oligoastrocytoma 
Oligoastrocytoma 
Xanthoastrocytoma 
Oligodendroglioma 
Oligodendroglioma 
Oligodendroglioma 
Medulloblastoma 
Medulloblastoma 
Ependymoma 
Ependymoma 
Colorectal carcinoma 
Colorectal carcinoma 

JCV Positive 
Samples/Samples 
Analyzed (%) 

12/21 
1/1 
9/22 
4/10 
18/21 
1/1 
7/11 
1/1 
1/5 
6/10 
15/20 
20/23 
13/20 
1/5 
5/6 
24/29 
22/27 

(57) 
(100) 
(41) 
(40) 
(86) 
(100) 
(64) 
(100) 
(20) 
(60) 
(75) 
(87) 
(65) 
(20) 
(83) 
(83) 
(81) 

^ND, not determined; "Rearrangement of the regt 

JCV Strain 

ND^ 
Mad-4 
Mad-1,Mad-4 
Mad-4 
ND 
Mad-4 
ND 
Mad-4 
atypical^ 
ND 
Mad-4 
ND 
ND 
Mad-4 
ND 
Mad-1 
ND 

ilatory region not detected 

References 

102,142 
143 
145 
137 
102,142 
136 
102,142 
139 
137 
102,142 
144 
140,141 
138 
137 
102,142 
44,46 
148 

in known strains. 

BKV transmission is suggested by the presence of JCV DNA only in 4 out of 26 (15%) pros
tatic tissues and in 4 out of 19 (21%) seminal fluids. ̂ ^̂  It is notable that polyomaviruses closely 
related to BKV induce angiogenic responses very similar to KS. Indeed, murine endothelial 
cells transformed by polyoma virus middle Tag or by SV40 large Tag induce hemangiomas or 
highly vascularized KS-like tumors in nude mice. '̂ ^̂  Similar lesions are induced in nude 
mice by mouse brain and aortic endothelial cells transformed by BKV.̂ ^̂  In other reports, 
however, the presence of BKV DNA sequences in human brain tumors, mosdy malignant 
glioma, medulloblastoma and primitive neuroectodermal tumors, urinary tract tumors, Kaposi's 
sarcoma, lymphoma and acute lymphoblastic leukemia, analysed by PCR, was not con-
firmed^^ '̂̂ ^^ (Table 1). The negative results obtained by Volter et al̂ ^^ may be attributed to a 
low sensitivity of the PCR reaction due to the use of degenerate primers, in order to detect 
simultaneously BKV, JCV and SV40 sequences, instead of primers specific for BKV DNA. In 
addition, Volter et al̂ ^^ tested human tumor tissue for the presence of BKV late sequences 
which code for BKV functions most likely not involved in carcinogenesis. 

JCV genomic sequences and expression of Tag have been observed in a variety of human 
brain tumor types.^' '̂ ^^ '̂̂ ^ Rencic et al̂ ^^ reported the presence of JCV DNA and Tag in the 
oligodendroglial portion of an oligoastrocytoma by PCR and Southern blot hybridization, 
immunohistochemistry, and Western blotting. Subsequent analyses of oligodendrogliomas have 
revealed JCV DNA in 20-75% and Tag expression in up to 50% of these tumors, '̂̂ ^ '̂̂ ^^ as 
shown in Table 2. The two human brain tumor types most closely associated with JCV are 
astrocytoma and medulloblastoma. In studies of meduUoblastomas, 77% of the tumors, 
analysed by PCR, were shown to contain viral DNA corresponding to the N-terminal region of 
JCV Tag, and 36% of the tumors, analysed by immunohistochemistry, showed portions of the 
neoplastic tissue with nuclear positivity for JCV Tag. '̂̂ ^^ An investigation of medulloblasto-
mas showed the expression of the JCV agnoprotein, a late viral protein, in 69% of tumor 
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Table 3. Detection ofSV40 DNA in liuman tumors 

Brain Bone 
Mesothelioma Tumors Tumors Lymphoma References 

Number of articles with: 
Positive results 23 

Negative results 

13 6,7,151-
153,170-
172,187 
133,157-
164,167 

samples. The agnoprotein is a small (71 amino acids) auxiliary polyomavirus protein whose 
functions are at present unknown. However, it has been shown to be expressed early in viral 
infection and it can interact with Tag to regulate viral transcription and replication. ̂  JCV 
agnoprotein colocalizes with tubulin ''̂  and may play a role in the stability of microtubules for 
the preservation of JCV-infected and JCV-transformed cells. JCV is also associated with non-
neural tumors.̂ '̂ ^"^ In agreement with the detection of JCV virions in raw sewage samples of 
urban areas ' ^ and with the possibility of JCV fecal-oral transmission, JCV DNA sequences 
were found in the upper and lower human gastrointestinal tract. A series of colorectal 
adenocarcinomas were then surveyed for the presence of JCV by PCR and Southern blot hy
bridization as well as by immunohistochemistry. In one study, 83% of 29 tumor samples analysed 
were found to contain viral DNA sequences,^' while a second study detected viral DNA in 
81% of 27 samples and nuclear Tag by immunohistochemistry in 63% of the samples.^'^ In 
addition, 44% of the colorectal tumors showed the presence of JCV agnoprotein.^' As in 
JCV Tag-positive cell lines, derived from meduUoblastomas arising in JCV-transgenic mice,^ ^ 
JCV Tag alters the regulation of the Wnt signaling pathway ' in JCV-positive colorectal 
tumors. ' This effect leads to constitutive expression of P-catenin and its cellular partner 
LEF-1 with subsequent increase in c-myc levels and induction of cell proliferation. Recendy, 
it was shown that JCV induces chromosomal instability in colon carcinoma cells, in an in vitro 
model of colorectal carcinogenesis.^ 

SV40 seems to be involved in kidney inflammatory diseases in humans,^ ' although a 
recent contribution suggested that the presence of SV40 DNA in kidney and blood cells of 
patients with focal segmental glomerulosclerosis was an artifact due to PCR amplification of 
oligomers generated by the forward and reverse primers SV.For3 and SV.Rev. In fact, PCR 
amplification with another pair pf primers (GabEl and GabE2) gave negative results. ̂ ^̂  Any
way, the main role postulated for SV40 in human pathology derives from its association with 
specific human tumor types: mesothelioma, lymphoma, brain and bone tumors as well as 
thyroid, pituitary and parotid gland tumors^' ' ' ^ ' (Table 3). These human tumors corre
spond in histotype to the neoplasms that are induced by SV40 experimental inoculation in 
rodents or by generation of transgenic mice with the SV40 early region gene directed by its 
own early promoter-enhancer.^' '̂ ' ^̂ "̂ ^̂  The association of SV40 with human tumors is proved 
by the presence of SV40 sequences in tumor tissues and by the expression of the virus-specific 
RNA and proteins. The SV40 sequences were generally detected in an episomal state and rarely 
integrated in tumor 

DNA.154,155 i^ addition, infectious SV40 was isolated from a choroid 
plexus carcinoma. ̂ ^ Negative results were also reported on the association of SV40 with hu
man brain tumors, lymphoma and mesothelioma. ̂ ^̂ '̂ '̂̂ '̂  However, Capello et al,̂ "̂̂  while 
failing to detect SV40 sequences in lymphomas, reproducibly found them in mesotheliomas, 
and Volter et al,^^^ as pointed out for BKV, investigated human tumor samples for the presence 
of SV40 late gene sequences which are unlikely to be involved in the process of SV40-induced 
transformation and tumorigenesis. The contribution on brain tumors by Engels et al̂ ^^ raised 
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a controversy because the assay used in this study was estimated to be affected by low sensitiv-
ity.̂ ^5'̂ ^^ A serological survey for antibodies to BKV, JCV and SV40 capsid proteins indicated 
no association of the three viruses with human astrocytic brain tumors. It is notable that 
search for antibodies to polyomavirus structural proteins ' may not be the best assay to 
evaluate polyomavirus association with human tumors. Indeed, antibodies to polyomavirus 
large T and small t oncoproteins should better reflect immunization against polyomavirus 
tumor-specific antigens. Engels et al̂  ^ report that childhood exposure to SV40 through re
ceipt of contaminated poliovaccines is not associated with increased risk for non-Hodgkins B-
cell lymphoma in AIDS patients. A recent commentary conveyed the skepticism of some scien
tists about the results linking SV40 to human tumors.^ To settle the dispute among different 
results on SV40 in human neoplasia, two multi-institutional studies were performed to exam
ine the presence of SV40 in human malignant mesotheliomas. '̂ '̂ ^ Unfortunately, the two 
investigations reached opposite conclusions leaving the question unresolved. It was therefore 
proposed that studies on association of SV40 with human tumors should fulfill at least three 
criteria: (i) analysis of primary tumor specimens and not of cell lines; (ii) inclusion of a control 
group; (iii) use of the same techniques for cases and controls. ̂ ^̂ '̂ "̂̂  The last point is very 
important, because different methodologies used in different studies appear to be one of the 
main reasons of the controversial results. 

The fiinctions of SV40 Tag must be continuously expressed in SV40-transformed rodent 
cells in order to establish and maintain transformation, since rodent and human cells trans
formed by temperature-sensitive mutants of Tag loose the transformed phenotype at the non-
permissive temperature. ̂ '̂ •̂̂ ^̂  This condition is in contrast with the evidence that the viral 
load in SV40-positive human tumors is generally low (less than one genome equivalent per 
cell) and Tag is expressed only in a fraction of tumor cells.^' '̂  The situation, however, may be 
more complex, due to the multifimctional properties of SV40 Tag. Indeed, in human cells 
SV40 Tag induces chromosome aberrations '̂ ^ which likely affect the fiinctions of genes in
volved in tumorigenesis, such as oncogenes, tumor suppressor and DNA repair genes. ̂ '̂ '̂ '̂ '̂  
Once chromosomal damage has been triggered in tumors and chromosomal aberrations have 
reached a threshold, genomic instability ensues,^ due to the fiinctional alteration of DNA 
repair genes, leading to more genetic lesions and tumor progression. This process does not need 
the maintenance of the original injury that initiated tumorigenesis. The same course of events 
may occur in SV40-positive human tumors, where the clastogenic activity of Tag, like a chemi
cal or physical carcinogen, initiates the tumorigenic process by hitting the cell genome, then 
becomes dispensable and is lost in the progression phase of the tumor, when the accumulation 
of genetic alterations renders the presence of viral transforming functions unnecessary. 
Immunoselection may even be exerted against persistendy SV40-infected cells, while geneti
cally mutated, uninfected cells may have a proliferative advantage and become the prevalent 
population in the tumor. This "hit and run" mechanism was originally proposed to explain 
transformation of human cells by the mutagenic herpesviruses, ' and has been recently 
demonstrated to be operative in an in vitro model of colorectal carcinogenesis associated with 
JCV. Contrary to SV40-transformed human cells, in transformed rodent cells, where SV40 
Tag is equally clastogenic, SV40 sequences are not lost during chromosomal rearrangements. 
This difference may depend on the fact that rodent cells are non-permissive to SV40 replica
tion and therefore the incoming viral DNA is integrated and fixed into the cell genome.^' 
Because human cells are semi-permissive to virus replication, most of the SV40 DNA mol
ecules remain in an episomal state, even when cell transformation is established,^' '"̂  rendering 
them more prone to be lost. 

Another observation explaining the low viral load in SV40-positive human tumors is that 
SV40 Tag induces a paracrine mechanism by which a growth factor, such as insulin-like growth 
factor type I (IGF-I), is secreted by SV40-positive cells^^^ and may stimulate proliferation of 
surrounding cells that do not contain SV40. More recendy, it was shown that SV40 Tag acti
vates in human mesothelial cells an autocrine-paracrine loop, involving the hepatocyte growth 
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factor (HGF) and its cellular receptor, the oncogene c-met}^ as well as the vascular endothelial 
growth factor (VEGF) and its cellular receptor. ̂ ^̂ '̂ ^̂  HGF and VEGF, released from SV40-
positive cells, bind their receptors in neighboring and distant SV40-positive and SV40-nega-
tive cells, driving them into proliferation and tumorigenesis. Thus, it is conceivable that not 
every cell in the tumor needs to express SV40 Tag in order to participate in tumor growth. 
Mesothelioma is the human tumor most closely and convincingly related to SVAO}^^ The role 
of SV40 Tag in the pathogenesis of human mesothelioma was shown by: (i) its ability to bind 
in vivo p53 and pRB family proteins in human mesothelioma samples; ^ '̂ ^̂  (ii) activation of 
Notch-1, a gene promoting cell cycle progression and cell proliferation in primary human 
mesothelial cells; ̂  (iii) induction of apoptosis in mesothelioma cells transfected with antisense 
DNA to the SV40 early region gene;^^ (iv) the presence of SV40 Tag specific antibodies in sera 
of mesothelioma patients; (v) the poorer prognosis of mesotheliomas harboring SV40 early 
region sequences compared to SV40-negative mesotheliomas. Moreover, human mesothe
lial cells can be infected by SV40, but they can control SV40 replication and are resistant to 
lysis, due to the endogenous high levels of wild-type p53 which maintains the cells in a 
resting state. As a consequence of these properties, human mesothelial cells are particularly 
susceptible to SV40-mediated transformation.^^ '̂ ^ Instead, JCV does not infect human me
sothelial cells and BKV replicates faster than SV40 in these cells, causing mesothelial cell lysis 
and not cellular transformation. ̂ ^̂  These observations may explain why mesothelioma is spe
cifically associated with SV40 rather than with the two ubiquitous human polyomaviruses. 
Asbestos, which is the main cause of human mesothelioma, cooperates with SV40 in transfor
mation of human fibroblasts, mesothelial cells and murine cells, ̂ ^ ' su^esting that SV40 
and asbestos may be co-carcinogens in the pathogenesis of mesothelioma. ̂ ^^^^ Fluorescent in 
situ hybridization analysis indicated that the RB and cyclin E/CDK2 genes undergo the same 
type of deregulation during the cell cycle in asbestos-treated and SV40-transformed human 
mesothelial cells as well as in mesothelioma cells. ̂ ^̂  Recendy, it was shown that SV40 large T 
and small t antigens induce telomerase activity in human mesothelial cells, but not in human 
fibroblasts, ̂ ^̂  suggesting that both SV40 oncoproteins participate in the immortalization of 
mesothelial cells during mesothelioma development. 

The problems of the SV40 infection in human population and of SV40 contribution to 
human cancer may be summarized by considering a recent evaluation by the Immunization 
Safety Review Committee established by the Institute of Medicine of the National Academies. 
The Committee stated that "the evidence is inadequate to accept or reject a causal relationship 
between SV40-containing polio vaccines and cancer". In fact, the epidemiological studies con
ducted in the past are flawed by the difficulty to establish which individuals received contami
nated vaccines, to determine the dosage of infectious SV40 present in different lots of vaccine 
(due to formalin inactivation of poliovirus which may have variably affected SV40 infectivity), 
and finally to follow large cohorts of subjects for several decades after virus exposure to monitor 
for cancer development. "̂ ^̂  The Committee concluded that "the biological evidence is strong 
that SV40 is a transforming virus, but it is of moderate strength that SV40 exposure from polio 
vaccine is related to SV40 infection in humans and that SV40 exposure could lead to cancer in 
humans under natural conditions". The Committee also recommended targeted biological 
research in humans as well as development of specific and sensitive serologic tests for SV40 and 
use of standardized techniques that should be accepted and shared by all laboratories involved 
in SV40 detection. 

Although it may seem somehow a premature effort, the conviction that SV40 is implicated 
as a cofactor in the etiology of some human tumors has prompted programs to prepare a 
vaccine against the main viral oncoprotein, the SV40 large Tag."̂  A recombinant vaccinia 
vector containing a safety-modified SV40 Tag sequence was constructed. Such modified Tag 
excludes the p53 and pRB protein binding sites as well as the amino-terminal oncogenic CRI 
and J domains, but preserves the immunogenic regions. Tumorigenesis studies carried out in 
vivo indicated that this vector can efficiently prime the immune response to provide effective. 
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antigen-specific prophylactic and therapeutic protection against SV40 Tag-expressing lethal 
tumors.^ Although truncation of large Tag at the carboxyl terminus, where the p53 binding 
sites are located, produces unstable products, these types of vaccines may represent in the 
fixture a useful immunoprophylactic and immunotherapeutic defense against human tumors 
associated with SV40, such as in persons exposed to asbestos at risk for mesothelioma. ^ '̂ ^̂  
Anti-SV40 vaccines to be used in human immunizatation should mainly activate CD4+ T 
lymphocytes of theTh2 type and induce production of IgGl antibodies, because these immu
nological reactions were shown to be most effective in the anti-tumor response of mice immu
nized with recombinant SV40 Tag. 

Conclusions and Future Perspectives 
This review has critically evaluated results demonstrating that polyomaviruses BKV, JCV 

and SV40 are latent in human tissues, disrupt normal cell growth control by expression of their 
large T and small t antigens, transform cells in vitro and are oncogenic in experimental animals. 
It appears then that polyomaviruses have the potential to be cofactors in induction and/or 
progression of human tumors. A "hit and run" mechanism could explain the low viral load and 
the low number of polyomavirus Tag-positive cells in human tumors. In fact, BKV, JCV and 
SV40 induce chromosomal aberrations and mutations in human cells before the appearance of 
the transformed phenotype. This effect may represent an important oncogenic mechanism 
and, once chromosomal alterations are fixed in the host cells, viral sequences may be dispens
able for the maintenance of transformation and may be lost by the neoplastic tissues. It is 
possible therefore that, while continuous expression of polyomavirus Tag is necessary for main
tenance of polyomavirus transformation in rodent cells, in human cells the transformed phe
notype is maintained by mechanisms independent from stable expression of polyomavirus 
oncoproteins. A suggestive proof of polyomavirus causative role in human oncogenesis would 
be to establish whether polyomavirus-positive tumors do not carry mutations in the p53 and 
RB family genes. Indeed, the viral oncoproteins should functionally inactivate the gene prod
ucts, substituting for mutations in these tumor suppressors genes, although mutations may 
subsequendy appear during tumor progression toward an invasive and metastatic phenotype, 
as it was shown to occur in genital tumors infected by HPV.205'206 Finally, the detection of 
BKV, JCV and SV40 in sewage"̂ "̂ '"̂ ^ prompts to search for the presence of BKV and SV40 in 
the gastrointestinal tract and for their possible association with colorectal tumors, as already 
shown for JCV.̂ ^-^^ 

The association of BKV, JCV and SV40 with human tumors is related to the general prob
lem concerning the role of infectious agents in human oncogenesis. Childhood brain 
tumors were recendy proposed to have an infectious etiology, on the basis of epidemiological 
investigations.'^^^ There was strong evidence of space-time clustering, suggesting transmission 
of an infectious agent, particularly involving cases of ependymoma and astrocytoma, that are 
neoplastic histotypes frequently associated to all three polyomaviruses. The incidence of brain 
tumors has increased substantially in the last years."̂ ^^ Environmental agents have been mainly 
incriminated, but polyomaviruses should not be overlooked as additional risk factors for such 
an increased frequency of brain tumors. Massive epidemiological surveys on the incidence of 
brain tumors in recipients of polio vaccines were discontinued in 1980 in the United States'̂  ^ 
and in 1989 in the former East Germany,^^^ just when a trend towards a greater incidence of 
certain brain tumors was observed in cohorts of vaccinated individuals."^^ In subsequent years, 
the latency period for SV40 oncogenicity may have elapsed and tumors may have developed in 
vaccinated persons. A thirty-five year follow-up of about thousand recipients of polio vaccine 
did not detect a significandy greater cancer mortality compared to non-vaccinated persons,"^ ̂ ^ 
but the number of cases was too low to exclude SV40 as a causative agent. 

While BKV and JCV natural infection in humans is essentially well known, much work 
remains to be done to clarify whether SV40 is now circulating in the human population, inde
pendently from the earlier contaminated poliovaccines, and whether it has become a human 
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pathogen. To determine the real diflFusion of SV40 infection in humans, it is of paramount 
importance to estabUsh a specific, sensitive and easy serological assay to investigate the presence 
of SV40 antibodies in human sera. Our laboratory is working to set up such a test, using 
SV40-specific structural epitopes that do not cross-react with BKV and JCV capsid antigens. 

Finally, we must recall that the classical Koch's postulates, formulated to demonstrate the 
etiologic role of microorganisms in infectious diseases, cannot be applied direcdy to prove the 
viral etiology of human tumors, because most tumor-associated viruses are ubiquitous in hu
mans and produce a persistent or latent infection in many human tissues. Thus, detection of 
virus in a tumor does not establish causation. New rules should be considered in order to 
evaluate the oncogenic effect of viruses in humans: ̂ ''̂ ^ '"̂ ^̂  

1. presence and persistence of the virus or its nucleic acid in tumor cells; 
2. cell immortalization and/or neoplastic transformation after virus infection or transfection 

of cells with the viral genome or its subgenomic fragments; 
3. demonstration that the malignant phenotype of the primary tumor and the modifications 

induced by infection or transfection of cultured cells depend on specific functions expressed 
by the viral genome; 

4. epidemiologic and clinical evidence that viral infection represents a risk factor for tumor 
development. 

BKV, JCV and SV40 fulfill at least the first three criteria. Further work will be carried out in 
the future to prove that BKV, JCV and SV40 infection represents a risk factor for the develop
ment and/or progression of polyomavirus-associated human tumors. 
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CHAPTER 24 

Epidemiologic Studies of Polyomavimses 
and Guicer: 
Previous Findings, Methodologic Challenges 
and Future Directions 

Dana E.M. Rollison 

Abstract 

P olyomavirus infection became the focus of epidemiologic studies of cancer several 
decades ago, soon after the discovery of simian virus 40 (SV40) in I960 and its ability to 
induce tumors in experimentally infected animals in 1961. Between 1963 and 2003, 

eight case-control and eleven cohort studies investigated the possible associations between 
polyomavirus infection and multiple types of cancer, including lymphoma, brain tumors, and 
mesothelioma. Two of these studies included measures of infection with the human 
polyomaviruses, JC virus and BK virus. Overall, the results from these studies were mosdy 
null, although limitations in study design and exposure assessment complicate their interpreta
tion. This chapter includes a review of results from previous epidemiologic studies of 
polyomavirus infection and human cancer, discussion of the methodologic challenges in study 
design, and proposed future directions for epidemiologic research. 

Introduction 
Polyomavirus infection became the focus of epidemiologic studies of cancer several decades 

ago, soon after the discovery of simian virus 40 (SV40) in 1960^ and its ability to induce 
tumors in experimentally infected animals in 1961.^ Early polio vaccines were prepared from 
virus pools grown in monkey kidney tissue which harbored SV40, resulting in the accidental 
contamination of polio vaccines administered to millions of Americans in the late 1950s to 
early 1960s. Fraumeni and colleagues were the first to address the concern that widespread 
exposure to SV40-contaminated polio vaccine may be associated with increased cancer inci
dence in their cohort study published in 1963. Findings from this initial study were reassur
ing, since there were no increases in cancer incidence observed within states thought to have 
the highest levels of SV40 polio vaccine contamination. However, only four years had elapsed 
since the widespread exposure to SV40 at the time of this study, and the possibility remained 
that a cancer epidemic was forthcoming. 

Subsequent epidemiologic studies of SV40 exposure and cancer published in the late 1960s, '̂̂  
1970s'̂ '̂  and early 1980s^ were mostly negative. Concern was quieted until the advent of poly
merase chain reaction (PCR) techniques and the subsequent detection of SV40 genomic se
quences in ependymomas and osteosarcomas by Bergsagel et al in 1992. ^ The literature quickly 
expanded with reports of PCR-detected SV40 sequences in several types of cancer, including 
brain tumors, mesothelioma, hematologic malignancies, and other types of cancer, as reviewed 

Polyomaviruses and Human Diseases^ edited by Nasimul Ahsan. ©2006 Eurekah.com 
and Springer Science+Business Media. 
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in previous chapters in this book. In response to the renewed concern over the possible associa
tion between SV40 exposure and cancer, several cohort studies incorporating longer follow-up 
time were conducted and published in the 1990s.^^' As before, findings from these cohort 
studies were mostly negative, but all were predicated on the assumption that human exposure 
to SV40 was limited to those individuals who were vaccinated for polio in 1955-63. Epidemio
logic studies conducted up to this point have been previously reviewed (refs. 17,18). 

Eight additional epidemiologic studies of polyomaviruses and cancer were published in 
2003, seven of which incorporated some measure of exposure to SV40.i^-25 Two studies m-
cluded measures of infection with the related human polyomaviruses, JC virus (JCV) and BK 
virus (BKV), as potential risk factors for cancer.^ ' These viruses are highly prevalent in the 
human population and have the same transforming capabilities as SV40. This chapter includes 
a review of results from previous epidemiologic studies of polyomavirus infection and human 
cancer, discussion of the methodologic challenges in study design, and proposed fixture direc
tions for epidemiologic research. 

Previous Findings 
The results from case-control and cohort studies of polyomavirus infection and cancer are 

presented separately in Tables 1 and 2, respectively, and studies are ordered chronologically 
within these two tables. When comparing results across studies, it is important to consider 
several sources of heterogeneity in the study designs, including selection of cases and controls 
for case-control studies (i.e., hospital-based versus population-based), the type of cancer stud
ied (i.e., cancer site, incidence vs. mortality, adult vs. pediatric), the geographic location of the 
study (differences in SV40 exposure vary by country), length of follow-up (length of time 
between exposure and outcome), and adjustment for potential confounders (i.e., approaches to 
teasing apart age and cohort effects). Variations in methods of exposure assessment are impor
tant considerations in the interpretations of these results, thus the case-control and cohort 
studies discussed below are grouped by method of exposure assessment. 

Case-Control Studies (Table 1) 

Maternal or Childhood Polio Vaccination and Childhood Cancers 
The earliest case-control studies investigated the association between childhood cancer and 

receipt of polio vaccine potentially contaminated with SV40 by either the mother during preg
nancy or the child after birth. Stewart and Hewitt (1965) observed no association between 
polio vaccination as recorded on the medical records and deaths from childhood leukemia or 
other cancers in the United Kingdom. Using the same measure of exposure in Australia, Innis 
(1968) observed no increased risks of childhood cancer in children immunized against polio at 
ages younger than 1 year, and a significant increase in childhood cancer risk associated with 
polio immunization at ages greater than 1 year. Farwell et al (1979) conducted a case-control 
study in Connecticut and observed an overall increase in childhood tumors of the central 
nervous system (CNS) associated with maternal receipt of injected polio vaccine (IPV) during 
pregnancy, an increase which was statistically significant for meduUoblastomas.'^This increased 
risk of medulloblastomas was not replicated in a cohort study of incidence rates in Connecticut 
conducted years later and reviewed below. 

Self-Reported History of Polio Vaccination and Adtdt Cancers 
Self-reported history of polio vaccination was not associated with multiple subtypes of adult 

non-Hodgkins lymphoma (NHL) in a population-based case-control study in San Francisco 
(2003).^^ Results remained unchanged after restriction of analyses to individuals vaccinated 
prior to 1963 and those vaccinated in childhood.^^ Similarly, a hospital-based case-control 
study of adult gliomas conducted within three U.S. cities (2003) did not observe a statistically 
significant association with self-reported history of polio vaccination, regardless of route of 
administration, year of vaccination, or year of birth. 
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Serologic Markers of Polyomavirus Infection and Adult Cancers 
Two recent studies incorporated measures of antibodies to SV40.^^'^^ No association was 

observed between SV40 neutralizing antibodies measured in the blood collected years prior to 
diagnosis and adult brain tumors in a case-control study nested within a Maryland cohort 
(2003). The prevalence of SV40 antibodies in this study population was low (11%). Simi
larly, de Sanjose and coUeagues^^ (2003) observed no association between SV40 antibodies 
measured by ELISA and adult cases of NHL in a hospital-based case-control study conducted 
in Spain, with a seroprevalence of 8%. 

Only two epidemiologic studies incorporated measures of JCV and BKV infection, both of 
which were case-control studies."^ ' In the same nested case-control study described above, no 
statistically significant associations were observed between prediagnostic circulating antibodies 
to JCV or BKV, as measured by ELISA, and adult brain tumors.'^ Pritakis and colleagues 
investigated JCV and BKV genomic sequences in dried bloodspots from Guthrie cards in child
hood cases of ALL and controls, and found no JCV or BKV sequences in any of the study 
samples. 

Cohort Studies (Table 2) 

Detection of SV40 Contamination in Polio \^ccine Lots 
As mentioned in the introduction, Fraumeni et al (1963) were the first to publish epide

miologic data on the association between SV40 exposure and cancer. Based on actual measure
ments of SV40 in stored polio vaccine lots and knowledge of which lots were distributed to 
individual U.S. states, each state was classified as having had no, low, or high levels of SV40 
contamination in polio vaccines distributed in 1955. Mortality rates from leukemia and other 
cancers were compared for time periods before, during and after the polio vaccination cam
paign, separately for states with different levels of SV40 contamination. Trends in mortality 
rates over time did not indicate any increases in childhood cancer associated with mass polio 
vaccination. 

Maternal or Childhood Polio Vaccination and Childhood Cancers 
Heinonen et al^ followed more than 50,000 children born to women in 1959-60 for child

hood cancer incidence and mortality through age four, and compared these rates among chil
dren born to mothers who reported vaccination for polio during pregnancy to rates among 
children born to mothers that reported no vaccination.^ Although small numbers of cases were 
observed, there was a statistically significant increased risk of childhood cancer overall (14 cases 
occurred in children of exposed mothers versus 10 in children of unexposed mothers), and 
neural tumors specifically.^ In contrast, a 35-year follow-up of more than 1,000 neonates who 
were experimentally administered IPV or oral polio vaccine (OPV) at 1-3 days of age in 1960-62 
observed no increased risks of cancer deaths overall. '̂̂ '̂̂ ^ 

Year of Birth 
Eight subsequent cohort studies investigated the association between SV40 exposure and 

cancer risk by comparing population-based cancer incidence rates among birth cohorts with 
the highest probability of exposure to SV40-contaminated vaccine to rates among those with 
the lowest probability of exposure. These studies were conducted in different countries, with 
emphasis on different cancer sites. Additionally, the complexity of statistical methods used to 
assess the association between birth year and cancer ranged from a presentation of rates with
out a measure of association^^ to the use of age-period-cohort models.^^ Despite the heteroge
neity in study designs, findings from these studies were reasonably consistent. No statistically 
significant increases in overall or site-specific cancer incidence were observed among birth co
horts potentially exposed to SV40-contaminated polio vaccine in Germany, ̂ ^ Sweden ̂ ^ or 
Denmark, with the exception of ependymomas among children 0-4 years of age in Den
mark. ̂ "̂  Among birth cohorts with the highest probability of exposure to SV40-contaminated 
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.E - ^ U 
GO i S 

o S 2 u '(30 
un ^ CU 

0 
-D 
c 
4> 

" D 

{ ) 

< 

C N " 
LO 

O^ 

_c 

0 

v£) 

LO 
LO 
0 ^ 

0 
K 

'̂  vD 
O i 

B 52 

_̂ 
^ ^ 00 0 
LO > . 
O^ . t i 

"1:; -Q 
0 03 
L. J2 
ro 0 
> . Q-

-c -E. 
t 130 

£ ^ 
03 

E ^ 

a Q_ C 

(/5 IX 

C 00 
0 03 

z ^ 

^ ^ 
S ^ 
>-oo 
+ LO 

LO 0^ 

""!' c 
<5 — 

"5 E 
~o 0 
< J2 

E 

Sf 
D 
t/i 

§. 
X 
CD 

> Q_ 

— 
6 00 
0^ 

c 

c 
0 

D 
< 
1 
03 

S ;/) * 0 0 
(D 

^ 

0 
(J^ 

c>^ 

Q 
< 
0) 

c 

1 1 
ft 

U 
C 
03 

U 
c-o 
Q 
< 

_C 

' 0 0 
(U 

ai 
JO 

u 
03 

c 
03 
U 

^ 
0 0 

oL 
-C 
u 

:5 

_«£ r o 
D O 
O O O 
C CN C CN —J 



Previous Findings Methodologic Challenges and Future Directions 349 

^ ^ 

.2 5 8 
J3 - d^ 
C/5 II i/^ 

« "o 

S'o ^ 

^ O LU 

.2 o 'S 

.E 2 £ 
^ -€ c 

eg -O U 
fo e «*> 

oS « 5 .h >- tJs 

t o ~ 0 

CD _ D 

E ^ 

cu 

- ^ ^ Q > 

_ ^ ^ LO O 

O 03 t n - T : 

E.E g ^ 

- I ^ -
o B .E ^ 
S2 V ^ o; 
m O 2 g 
>>> a T£ 0) 

J k! 
V o 

i l l 
I Q_ t n 

Q c "oj 
E 

:?-E 

S/J l « •— -7-5 flj 

03 X CD " 3 U 

^ "̂  ^ £ S 
03 c - c ^ > 

X > . _ t/5 t o 

E fO U CD O 

^ 2 2 E S$ 

CN 

CD > 
n3 

LO _S cĵ  o . 0 
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D Q^ C 
-D E t« 
* > ' ^ LD 

QJ CM 

?, o < .y o ^ 
is CN 3 

03 , 

CD 

^ Q _ C N 

i - 03 o ^ 

o 

t o , 

O LO 

C! "o T 
+-; U LO 
(D CD • 

- 9 X II D m " to ^ — 

°# 
t o LO 

> cn 

t o CD 

O 

ro 

p- II 

> 
CL D 

> 
X X X 5^ X 
QJ,_0 ^ 5̂  -
^ Q - ( 

II 

'a. 
X 

> 

\ 

1 

CN 

^ ^ U . 

^ 03 

. ^ CD ^ ' 

E ^ II 
^ o ^ 
• 5 0 4 c i ^ 

CD 03 

u 

CD 

LO 

CD > C 

E Q - CD 1 ^ 

CJ c * ^ - ^ 

5 o E ^ 

to to cr — 
-D •= > 03 
^ .E Q_ c >^ 
8 E O "Bb-o 
CD - D - -5= 3 

Qii 03 O O to 
CD 

J Z U 
^ bJD C 

" D 0 0 3 au 

£ g ^ ^ ^ 
"D 2 .E b "D 
' u - ^ iS o c 
£ * - t u 05 

. - Q . CD — ^ 
^ 3 U 03 T -
CD ^ C 0 0 

03 O) 5 CD £-

?B E -D -D T 

§ i g ̂  S 
C X . « £ , _ . T -

m ^ c ^ c 
l::̂  ?̂  E > 'm 

X 
CD Q 

CD '". ^ 
"O O o^ 
i _ . LO 
OJ t o 0*> 
CJ > ^ 
C - o 0 0 

D ^ II 
.y o Q̂  
"K CN Ci^ 
CD 

CD " - O 3 
U " O CJ ^ 
C - ^ C T -
q; O o vD 

c u c 52 

^ CD 

,..c 
1=c 
CD 

t 
0) 
u 
t o 
OS 

0 

z 

— > 03 U 03 

< 

o 5 o '•^ 00 ^ i ^ x " 
t c O ^ C 3 ^ g c 7 ^ ± 

U Q- -^ u-

i - IX —« 
CDcN _ ) 

to ' 
CD n3 
to c 
03 C 

o 
E 

CD a 
03 C 

^ CD ^ ^ 
^ t o CI 5̂ 5 
Q̂  03 flJ OJ 

• ^ O ~ D CO • 

' u 00 'cj 3 
•E g^ .E ĉ  
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polio vaccine in the U.S., there were no statistically significant increases in all cancers com
bined, all brain tumors combined, ependymomas, medulloblastomas, osteosarcomas, or me
sotheliomas. ̂ "̂ '̂ '̂̂  '̂ ^ Additionally, there was no evidence of an increased risk of non-Hodgkins 
lymphoma among HIV-positive individuals born in the period of SV40-contaminated polio 
vaccination.'^^ 

Methodologic Challenges 
Previous epidemiologic studies of polyomaviruses and cancer were diverse in their design 

and approach, and consequently had different methodologic strengths and limitations. Under
standing the challenges specific to studies of polyomaviruses and cancer will improve the de
sign of future epidemiologic studies. 

Study Design 
Both case-control and cohort designs have inherent strengths and limitations that are par

ticularly relevant to the question of polyomaviruses and cancer. The cohort design is an obvi
ous approach to investigate the effects of a population-wide polio vaccination campaign that 
occurred within a specific time period (i.e., the years during which polio vaccine was contami
nated with SV40). However, most of the cancers that are hypothesized to be related to 
polyomaviruses are extremely rare (brain tumors, mesothelioma, childhood cancers), thus the 
case-control study is more efficient for obtaining adequate sample sizes. In contrast, JCV and 
BKV infections are highly prevalent in the general population, which limits the ability to de
tect differences in cancer risk, a limitation that applies to both case-control and cohort studies. 

The cohort design establishes that exposure preceded the disease, thus ensuring that the 
measure of exposure is not influenced by the state of disease. This temporal sequence may be 
especially important for the investigation of immunologic markers of polyomavirus infection 
in cancer studies. For example, a case-control study of polyomavirus antibody levels and cancer 
could include cases whose disease and/or treatment may have altered their current polyomavirus 
infection status and immune response. The cohort study would include measurements of 
antibodies conducted prior to cancer diagnosis, uninfluenced by the disease. Additionally, the 
temporal sequence established in cohort studies allows for the investigation of a "hit-and-run" 
mechanism, which has been proposed for JCV carcinogenesis.^^ Although the timing of expo
sure assessment relative to diagnosis may be a strength of the cohort design, it is often not 
feasbile to obtain detailed measures of exposure from large cohorts at baseline. 

A final consideration in study design pertains to the selection of appropriate controls in 
case-control studies. Although hospital-based case-control studies facilitate the collection of 
large numbers of rare cancers, hospital-based controls may introduce selection bias. Nonmalig-
nant conditions for which controls may be hospitalized could be related to polyomavirus infec
tion. The magnitude of potential bias is difficult to assess, given that little is known about risk 
factors for JCV and BKV infection and reactivation. This paucity of information on risk fac
tors for polyomavirus infection also limits the ability to adjust for known confounders (factors 
associated with both polyomavirus infection and cancer), which is important in all epidemio
logic studies. 

Exposure Measurement 
Exposure measurement is perhaps the greatest methodologic challenge in epidemiologic 

studies of polyomaviruses and cancer. Different surrogate markers of polyomavirus infection 
have been used in previous studies, with a considerable range in validity. In the particular case 
of SV40, exposure to polio vaccine in 1955-63 has been the most frequently used surrogate 
marker for SV40 exposure, whether measured by medical records, self-report, or simply year of 
birth. Measurement error may be introduced at several levels, first with the actual assessment of 
vaccination that may result from use of incomplete medical records or individuals' difficulty in 
recalling vaccinations that occurred more than 35 years ago. Birth year is not entirely specific, 
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since not everyone who was born in 1955-63 was vaccinated for polio. Even if vaccination with 
polio is well-documented, levels of SV40 contamination varied from vaccine lot to lot, and not 
everyone who was exposed to the virus necessarily developed an active infection. Finally, com
paring cancer incidence rates among different birth cohorts assumes that there was no human 
exposure to SV40 after 1963. 

An alternative marker of past and/or present polyomavirus infection is the expression of 
antibodies. Two case-control studies reviewed in this chapter used an ELISA assay to measure 
antibodies to JCV and BKV^ or SV40.^^ The feasibility of this approach is appealing for use in 
large serum banks that can be linked to population-based cancer registries. However, there are 
several points to consider when measuring antibodies. First, polyomavirus antibodies are 
cross-reactive, specifically with respect to SV40, thus any samples that test positive for SV40 
should be investigated ftirther to rule out cross-reactivity widi JCV and/or BKV.̂ ^ For SV40, 
expression of capsid antibodies may indicate exposure to inactivated virus in the absence of 
active infection, resulting in misclassification of the exposure. As mentioned earlier, JCV and 
BKV antibodies are highly prevalent in the general population, with greater than 70% of adults 
expressing antibodies to both JCV and BKV.̂ ^ An exposure with such high prevalence limits 
the statistical power to detect differences in cancer risk. Use of more refined exposure measures 
could increase specificity, in turn increasing statistical power. Examples of more refined mea
sures include antibodies to T-antigen, as opposed to capsid proteins, and different subclasses of 
antibodies, including IgA as a potential marker of reactivation of infection. 

More direct measures of active polyomavirus infection include detection of virus in the 
blood and viral shedding in the urine. Only one study reviewed here investigated polyomavirus 
sequences in the blood using PCR, and no sequences were found in any case or control samples.^ 
Although all of these samples may have been truly negative, the effect of long-term storage on 
the ability to detect polyomavirus sequences from blood is unknown. Viral shedding is not 
possible to measure in most cohort studies, since urine is not routinely banked. Multiple types 
of blood and urine specimens may be taken from participants in a case-control study, although 
the effects of cancer and its treatment on reactivation of polyomavirus infection are poorly 
understood. 

Future Directions 
Future epidemiologic studies of polyomavirus infection and cancer can be greatly enhanced 

by parallel developments in other fields, including the identification of risk factors for 
polyomavirus infection and reactivation that may be used to assess potential selection bias and 
control for confounding, the development of more sensitive and specific biomarkers of infec
tion, and studies of the effects of cancer treatment on reactivation of infection and immune 
response. Future case series may identify subpopulations of patients with higher prevalence of 
tumors that contain SV40 sequences, suggesting that these subgroups have a greater suscepti
bility to polyomavirus-associated cancers. These individuals could be the focus of epidemio
logic studies with increased statistical power. For example, SV40 sequences have been identi
fied from tumors arising in patients with Li-Fraumeni syndrome. Since cancers such as brain 
tumors are much more common in Li-Fraumeni patients than in the general population,^"^ an 
epidemiologic cohort study of polyomavirus-associated brain tumors would have more statisti
cal power if conducted among Li-Fraumeni patients than among the general population. 

As the natural history of polyomavirus infections are elucidated, including the reactivation 
of latent infection or "hit-and-run" mechanisms, these concepts can be incorporated into large 
cohort studies of serum banks with long follow-up time. Future hospital-based case-control 
studies should be designed with multiple control groups to address the possibility that some 
nonmalignant conditions may be associated with polyomavirus infection. The resources of all 
case-control studies should be pooled to obtain large numbers of extremely rare cancers, such 
as mesothelioma. Finally, more studies need to address infections with JCV and BKV in rela
tion to cancer. 
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Conclusion 
Results from previous epidemiologic studies of SV40 and cancer have been mostly null. 

Methodologic challenges in study design and exposure assessment limit the interpretation of 
these results, especially in light of laboratory evidence that these viruses are oncogenic in ex
perimental animals and have been reported to be present in human tumors. However limited, 
the consistency of null findings across several studies argues against a large effect of SV40 
exposure on cancer risk. Future studies should incorporate more sophisticated measures of 
SV40 infection as they are developed in the laboratory. Epidemiologic data on JCV and BKV 
infection in relation to cancer are sparse and warrant further study. The accidental contamina
tion of polio vaccines with SV40 in the late 1950s may not have resulted in a cancer epidemic, 
but infection with polyomaviruses, including JCV and BKV, cannot be excluded as risk factors 
for cancer. 
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