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PREFACE

It has been 15 years since the late Norman P. Salzman edited the The Papo-
vaviridae, Volume 1, The Polyomaviruses. Then single chapters covered JC
virus (JCV) and BK virus (BKV), and the chapter on BKV was shared with
monkey lymphotropic papovavirus. The explosion of knowledge in the last 15
years warrants an update on these viruses focusing on those of immediate
consequence to humans. Two of them, BKV and JCV, were discovered in
humans in 1971. The third, simian virus 40 (SV40), was discovered in monkey
kidney cells 10 years earlier, but is now viewed as a potential human pathogen
for reasons described herein.

We begin with some historical background, recognizing the generation of
virologists and neuropathologists who first worked in this field and having them
tell of the excitement of discovery in their own words, where possible. Dr.
Hilleman, who discovered SV40, recently described that achievement (Hille-
man, 1998). Later chapters cover all aspects of the human polyomaviruses,
including the clinical issues involved in diagnosis and treatment of these dif-
ficult, persistent infections.

This book will be of interest to graduate students, medical students, and
advanced undergraduates and to anyone engaged in the study of DNA viruses,
their molecular biology, evolution, epidemiology, and pathologic potential. The
latter includes their oncogenic properties and their roles in nephritis in renal
allografts and in the fatal viral CNS demyelinating disease, progressive mul-
tifocal leukoencephalopathy (PML). PML was discovered in patients with leu-
kemia and lymphoma, but is now primarily a disease of patients with AIDS.
We have encouraged contributors set out areas of conflict, where these exist,
which future research must resolve.

The polyomaviruses were originally considered to be a genus within the
papovavirus family (the other genus including papillomaviruses), and some-
times the word papovavirus was applied to BKV, JCV, and SV40. The classi-
fication ‘“‘papovavirus” has now been dropped by the International Committee
on the Taxonomy of Viruses (ICTV). The polyomaviruses and the papilloma-

Xi



xii PREFACE

viruses are both small DNA viruses, but they do not share genomic organization
or show homology of DNA sequence and are no longer placed in the same
family. We have dropped the usage of papovavirus in this book in favor of
polyomavirus except in its appropriate historical context. The mouse polyoma
virus, which gave its name to this group of viruses, should be distinguished by
the use of ““polyoma virus” as two words.

We thank each of the contributors, without whom this book would not have
been possible. The polyomaviruses are of international concern, and an inter-
national effort is underway to understand and defeat them. We thank our editor
at Wiley, Luna Han and Danielle Lacourciere, for their expert assistance and
dedication.

KAMEL KHALILI, PH.D.
Philadelphia, Pennsylvania

GERALD L. STONER, PH.D.
Bethesda, Maryland

REFERENCE

Hilleman MR (1998): Discovery of simian virus 40 (SV,,) and its relationship to polio-
myelitis virus vaccines. Dev Biol Stand 94:183—190.
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COLOR PLATES

Figure 12.2. Early demyelinated lesions in cerebellar white matter. Luxol fast blue/H&E
stain. For full caption, see page 260.

Figure 12.3. Cerebellar folia: Granule cell loss with underlying demyelination. For full
caption, see page 261.



COLOR PLATES

A

Figure 12.6. JCV protein expression revealed with double-label immunocytochemical
staining for early (T antigen) and late (capsid) proteins. For full caption, see page 269.

s o a

Figure 12.7. JCV protein expression revealed with double-label immunocytochemical
staining for late (capsid) proteins and glial fibrillary acidic protein (GFAP). For full caption,
see page 271.
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Figure 12.8. Double immunocytochemical label for GFAP and JCV capsid proteins (no
counterstain). JCV-containing cells occur in the margins of the mature, gliotic demyelin-
ated lesion and in the incipient lesion below the gliotic lesion with minimal astrocyte reac-
tivity, but with numerous JCV-infected cells, including some with astrocyte morphology.
Astrocytes with capsid located cytoplasmically are seen in the lower right corner and are
enlarged in the inset.
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Figure 12.22. Astrocytes and PML pathogenesis. (A) Small cluster of enlarged, reactive
astrocytes in the subcortical white matter of an early PML case discovered at autopsy
(Astrom and Stoner, 1994). Cells display GFAP reactivity (red), but no JCV-infected oli-
godendrocytes with capsid proteins (black) were evident. Method same as in Figure
12.2C. An adjacent section stained with LFB/H&E showed no evidence of myelin destruc-
tion (not shown). These astrogliotic clusters were the earliest discernible PML lesions. No
counterstain. Medium magnification. Taken with permission from Astrém and Stoner, 1994.
(B) Established lesion in the basal ganglia with reactive astrocytes (red), including one
with apparent perinuclear JCV capsid proteins in the cytoplasm (lower right). This cell
extends a process to an infected oligodendrocyte with JCV capsid proteins in the nucleus
(black). No counterstain. High magnification.
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Permission to reproduce this
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Figure 15.3. Induction of neural origin tumors by JCV T antigen in experimental animals.
(A) JCV T antigen transgenic mice develop peripheral neuroblastoma, which can present
as a solid, well-circumscribed mass, in the abdominal cavity (arrow). (B) Neuroblastomas
are histologically characterized by densely cellular neoplasms with a high nuclear to cy-
toplasmic ratio. (C) The majority of the nuclei show immunoreactivity to the viral protein
T antigen. (D) Transgenic mice generated with sequences for T antigen under the control
of the JCV archetype promoter develop cerebellar medulloblastomas within the foliee (ar-
row). (E) Histologically, the tumors appear similar to neuroblastoma. (F) JCV T antigen
can be detected by immunohistochemistry in tumor cell nuclei. (G) T antigen transgenic
mice may also develop pituitary tumors, which appear as large masses at the base of the
skull (arrow). (H) Histology demonstrates a highly pleomorphic tumor (left) adjacent to
normal pituitary (right). (I) Tumor cells show nuclear staining for JCV T antigen. (J) JCV-
transformed HJC cells transplanted into the brain of syngeneic Syrian hamsters form an
intracranial mass that can protrude through the superior aspect of the skull (arrows). (K)
A clear line of demarcation is present between the highly cellular pleomorphic cells (left)
and the surrounding normal brain parenchyma (right). (L) The majority of the tumor cells
express nuclear T antigen. A, G, J, original magnification, X4; D, original magnification,
X10; B, E, H, K, hematoxylin and eosin, original magnification, X100; C, hematoxylin
counterstain, original magnification X100; F, L, hematoxylin counterstain, original magni-
fication X200; I, hematoxylin counterstain, original magnification x400; D. Taken with
permission from Krynska et al., 1999.



COLOR PLATES

Figure 15.4. Morphologic features of cells derived from JCV-induced tumors in various
experimental animals. (A) Phase microscopy of the glioblastoma cell line Owl 586 gen-
erated upon intracerebral inoculation of an owl monkey with JC virus. (B) Immunostaining
with the cellular marker GFAP demonstrates that the tumor is of glial origin. (C) Immu-
nostaining for JCV T antigen shows that the majority of the cells express T antigen in the
nucleus. (D) HJC cells cultured from a tumor induced upon intracerebral injection of JCV
into newborn Syrian hamsters shown by phase microscopy. (E) HJC glial cells are positive
for GFAP. (F) Nearly all of the cells express JCV T antigen. (G) Phase contrast of BS-1
B8 cells derived from JCV T antigen—induced mouse medulloblastoma. (H) Synaptophysin
staining of BS-1 B8 cells demonstrate the neuronal origin of the tumor cells. (I) The ma-
jority of the tumor cells show nuclear immunoreactivity for JCV T antigen.
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Figure 15.5. Detection of JCV T antigen and the cellular protein p53 in human glial origin
tumors. Histologic evaluation and immunohistochemistry for JCV T antigen and the cellular
tumor suppressor protein p53 in a number of human glial tumors is shown: oligodendro-
glioma (A, hematoxylin and eosin staining; B, immunohistochemical staining for T antigen;
C, immunostaining for p53); gemistocytic astrocytoma (D—F); fibrillary astrocytoma (G-I);
anaplastic oligodendroglioma (J—-L); anaplastic astrocytoma (M-0). A, D, G, J, and M,
hematoxylin and eosin, original magnification, X400; B, C, E, F, H, |, K, L, N, O, hema-
toxylin counterstain, original magnification, xX1000.
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Figure 15.6. Immunohistochemical staining of various human tumors for T antigen ex-
pression. JCV T antigen has been detected in a variety of human tumors. Histology and
immunohistochemistry for T antigen and cellular proteins are shown for the following tu-
mors: glioblastoma multiforme (A, hematoxylin and eosin staining; B, immunohistochem-
ical staining for T antigen; C, immunostaining for p53); gliosarcoma (D-F), ependymoma
(G-I), medulloblastoma (J-L), B-cell lymphoma (M, hematoxylin and eosin staining; N,
immunohistochemical staining for T antigen; O, immunostaining for the EBV protein latent
membrane protein [LMP]). A, D, G, J, and M, hematoxylin and eosin staining, original
magnification, X400; B, C, E, F, K, L, N, and O, hematoxylin counterstain, original mag-
nification, X400; H and |, hematoxylin counterstain, original magnification X 1000.
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PAPOVA VIRIONS IN
PROGRESSIVE MULTIFOCAL
LEUKOENCEPHALOPATHY:
A DISCOVERY AT THE
INTERFACE OF
NEUROPATHOLOGY,
VIROLOGY, AND
ONCOLOGY

GABRIELE M. ZU RHEIN, M.D.

1. INTRODUCTION

Personal memory has a dubious reputation, and great caution is indicated when
bringing recollections to paper. This report, however, has been chiefly synthe-
sized from work records, from publications, from professional documents, from
my correspondence, and from my personal diaries. Friends, such as Dr. Sam
Chou and Dr. Richard Johnson, were kind enough to contribute details.

11
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2. FROM PATHOLOGIST TO NEUROPATHOLOGIST—
A PROFESSIONAL JOURNEY

Before starting my academic career in the United States in 1954, I lived in
Munich, Germany, and graduated there from the Medical School of the
Ludwig-Maximilian University in 1945. Already as a student my chief attention
was devoted to pathology. As an old Sherlock Holmes addict, I enjoyed the
required detective work, and, as a visually oriented person, I enjoyed the pleas-
ures of microscopy, offering such a richness of colors and patterns. With little
effort I was able to convince my father to buy me a microscope so that I could
extend my slide studies into the weekends.

My favorite pathology professor, Dr. Ludwig Singer, hired me right after
graduation. A few weeks later, however, units of the 6th U.S. Army marched
into Munich and occupied the undamaged Municipal Hospital, where our lab-
oratory was located. The new Chief of Laboratory of the 98th General Hospital,
Dr. Maurice Lev, invited me to join his group, and this affiliation, as a pa-
thologist, persisted for 8 years. My position was one of many given to German
physicians, by the German government, to assist U.S. Medical Units. I was
assigned to do autopsies and surgicals and to give clinicopathologic confer-
ences. My training proceeded ‘“‘on the go.” I was extremely fortunate that many
of the drafted pathologists, back home, had been university professors or di-
rectors of laboratories, and I received from them personal instruction and guid-
ance. The medical library contained the latest editions of textbooks and a fine
selection of journals.

Just outside the walls of the 98th General Hospital was located the Max
Planck Institute of Psychiatry, where Professor Willibald Scholz was the Di-
rector of the Neuropathology Division. A person of international renown, he
conducted biannually an introductory course in neuropathology for army offi-
cers, to which I was also invited. Untold times in later years did I think back
in gratitude to this exceptional experience, which gave me my first understand-
ing of the complexities of nervous system diseases. An additional contact with
neuropathology was offered to me by Dr. E. Manuelidis, from Yale University,
who worked on porcine encephalomyelitis (Teschen’s disease). He was a mem-
ber of an epidemiology team, led by Drs. John Paul and Dorothy Horstmann,
that was hosted—including their well hidden pigs!—by our laboratory.

Dr. Alfred Evans, of the Yale University team, a strong advocate for my
emigration to the United States, became Professor of Epidemiology at the Uni-
versity of Wisconsin, in Madison, after his return to civilian life. He scouted
out for me a position in the Department of Pathology, and I gladly accepted
the challenge. In late December 1953, I sailed in the company of my newly
acquired Leitz Ortholux microscope, the best on the German market, purchased
with the shares of my mother’s inheritance.

Dr. D. Murray Angevine ran a department well known for its experimental
pathology. Diagnostic human pathology was of secondary interest because not
much scientific progress was expected from it. Whoever did not work with rats,
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guinea pigs, or dogs was a member of a lower caste. I was assigned to the
autopsy service and to teaching medical students. A few months after my ar-
rival, a professor, who had cut the brains, departed. With this came my greatest
challenge. Very casually, Dr. Angevine said to me ‘“The Germans have a good
reputation for neuropathology; why don’t you do it? The others know much
less than you.” He threw me into the water, and I had to swim. My anguish
about this situation was communicated in a May letter to Professor Scholz (in
translation): “My feelings are very mixed. On one hand I am glad that I can
now put to use what I learned from you, but on the other hand it is difficult
to find the courage to start as an embryo in this field while having to give
lectures to medical students already in the fall.”

Neuropathology as a subspecialty of pathology was still a novelty in 1954.
Where would I find appropriate texts to read? In English, there was one small
volume by Dr. Ben Lichtenstein, published in 1949. A German book on in-
flammatory diseases of the nervous system, of 1942, had been in my immigra-
tion luggage. Eventually, my ‘life jacket” proved to be the seven volumes on
diseases of the nervous system edited by Professor Scholz, and published by
Springer Verlag from 1955 to 1958, with 95% of the contributions written in
German. Our medical school librarian permitted me to keep these on my desk
until another reader would request them. This never happened. It was only in
1958, and 1959, respectively, that the first comprehensive textbooks of neu-
ropathology written in English became available: Greenfield’s Neuropathology
and Russell and Rubinstein’s Pathology of Tumours of the Nervous System.

A benefactor, without whose support and friendship I could have hardly
succeeded, was Dr. Hans Reese, Chairman of Neurology and Psychiatry at the
University of Wisconsin. A German by birth, he was sympathetic to my plight.
He supplied me with helpful books and journals, made his tissue technician
available to me, and arranged for personal contacts with neurologists and path-
ologists at national and international meetings and congresses. Later, I became
a member of the Neurology Department, in a double appointment, conducting
clinicopathologic conferences and teaching residents on a neuropathology
rotation.

3. ANINTEREST IN VIRAL DISEASES SHARED WITH DR. CHOU;
ARRIVAL OF PML CASES AND AN ELECTRON MICROSCOPE

Another interdisciplinary contact, which became of considerable importance
later on, developed with Veterinary Science. In this Department, Dr. Carl Olson
had created a research unit for the study of papilloma viruses, especially of
bovine and canine types. A viral oncologist who appreciated the contributions
of morphology, he early had acquired an electron microscope. My affiliation
with Veterinary Science began in 1957. All such students had to do course
work in pathology, and I became their instructor in neuropathology. Over the
years I served on at least nine examination committees for M.S. or Ph.D.
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candidates, most of them from Dr. Olson’s group and others from Dr. Robert
Hanson’s group which focused on scrapie and transmissible mink encephalop-
athy.

Meanwhile, in clinical autopsy work, one disease that attracted my particular
interest was an acute necrotizing encephalitis with intranuclear inclusion bod-
ies. We observed three such cases from 1957 to 1960 and published the data
in 1962. The first case had occurred after head trauma, and I had difficulties
with the diagnosis. However, Dr. Stanley Inhorn, a resident engaged in virus
research, exhorted me to persist in looking for inclusion bodies. The slow and
tedious work was eventually successful, and a herpetic infection could be sug-
gested. With trained eyes the search became much easier in the two following
cases. This was a time when immunocytochemistry was not yet part of the
diagnostic arsenal.

In 1959, Dr. Sam (Shi-Ming) Chou joined the Department of Pathology as
a postdoctoral student with the aim of completing a Ph.D. program in Zoology
and Pathology. Supported by the National Multiple Sclerosis Society, he en-
gaged in research in neurolathyrism. By 1962, he had decided that he would
choose neuropathology as his career. He opted to take the course that I gave
for the neurology residents.

In the fall of 1962, a particularly stimulating consultation case was presented
to me by the pathologist of a downtown Madison hospital. The patient, a 33-
year-old woman with lupus erythematosus, had died after several weeks of
progressive cerebellar disease. The slides showed a multifocal demyelinating
disease with a most striking combination of giant tumor-like astrocytes and
large numbers of oligodendrocytes with greatly enlarged nuclei deeply stained
with hematoxylin. There were no distinct inclusion bodies as one sees with
herpes viruses. I was fascinated and knew I had never seen this disease before.
I showed the slides to a visiting neuropathologist and he, too, was at a loss.
At that time I was in the midst of a very time-consuming experiment with a
group of sophomore students. It involved the induction of brain tumors in
chicken with Rous sarcoma virus. There was no time for a library search.
However, I did show the slides to Dr. Chou, and to my utter surprise, and
delight, he brought from his desk a folder with reprints on demyelinating dis-
eases from which he extracted the paper entitled ‘‘Progressive Multifocal Leu-
koencephalopathy’ by Astrom, Mancall, and Richardson, Jr. (1958) and Rich-
ardson’s follow-up paper of 1961. We had no doubt that our consultation case
was one of the less than 30 cases of this disease known at that time. Only 2
months later, a 67-year-old woman came to autopsy in our department (A 62-
393). She had suffered from chronic sinusitis and bronchitis and had developed
a left hemiparesis and mental changes during a 7 month period. The clinical
diagnosis was multiple infarcts. In the formalin-fixed brain I noticed extensive
myelin destruction, and the cytopathology, without doubt, was that of progres-
sive multifocal leukoencephalopathy (PML). We used our sudden wealth of
two PML cases for local conferences and teaching exercises.
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In 1963, the Pathology Department faculty insisted on the acquisition of an
electron microscope to aid various research projects. Dr. Chou, who had learned
the technique from Dr. Hans Ris in Zoology, became one of the first users of
our RCA EMU 3G instrument (Fig. 2.1). I realized my chance to do some
acceptable research at a raised level of morphology. Dr. Angevine had agreed
to a sabbatical leave, and Dr. Reese had secured for me a position in the
Neuropathology Laboratory of Dr. Harry Zimmerman, at Montefiore Hospital,
Bronx, New York. Before thinking of leaving, however, I had to find a col-
league who would pitch in for me at home. Dr. Chou graciously consented to
help. Thus, in a reciprocal arrangement, I taught him more diagnostic neuro-
pathology and he taught me how to run the electron microscope.

In May 1964, another of Dr. Olson’s students took his Ph.D. examination,
and I was a thesis reader. Among the illustrations for “The Cytology of Canine
Oral Papilloma” were electron micrographs of cell nuclei with dispersed or
aggregated virions. Listed among the references was Dr. Melnick’s paper in
Science (1962) entitled ‘“Papova Virus Group.” In it, he combined the papil-
loma and polyoma viruses into one group of oncogenic DNA viruses, capable
of producing latent infections. The morphology of virions of this group, in thin
sections, had been characterized just within the last few years.

Figure 2.1. The electron microscope, an RCA EMU 3G, in which we first saw the intra-
nuclear virions in brain tissue with progressive multifocal leukoencephalopathy (PML).
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In August, one of our autopsy cases showed an extensive esophagitis with
distinct intranuclear inclusion bodies. I planned to make up for my lost chance
with the encephalitis cases and to search for herpes group virions.

4. A LUCKY DAY FOR TWO NEUROPATHOLOGISTS AND MORE
LUCK ON A SABBATICAL

In discussions with Dr. Chou, we decided to give another project priority,
namely, the clarification of the mystery of the abnormal oligodendrocytes in
PML. We felt unencumbered by the strict rules for optimal ultrastructural im-
ages as worked out by cell biologists. The structural proteins of viruses were
perhaps still preserved despite postmortem delays in fixation and immersion in
10% formalin for 2 years. What was there to lose in trying? On August 7,
1964, Dr. Chou and myself attended a celebration for a student friend who had
passed her preliminary examination. My diary shows the following entry, in
mixed English and German: ‘“Pink Bacardi mit cherry!! Dann erste EM session
mit Sam, 62-393. CRYSTAL INTRANUCLEAR VIRUS!!!! POLYOMA?? Bis
5 h.” We found the crystalloid aggregate (Fig. 2.2) in the first ultrathin section,

Figure 2.2. Electron micrograph obtained on the day of the discovery of the papova
virions, here arranged in a crystalloid pattern. X65,000 orig. mag.
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and we could not believe our luck and kidded about the influence of the Ba-
cardi. After Dr. Chou developed the first photographic plates that also revealed
scattered virions and filamentous forms, we hugged in the dark room; what an
exciting day in our lives it was. Whereas the tissue in general showed moderate
autolysis, the virions were so well preserved that their images compared fa-
vorably with those in the literature. The virions belonged to an identifiable
group, with oncogenic potential, perhaps explaining the bizarre shapes of as-
trocytes, and this virus had penetrated deep into the brain, unlike papilloma
viruses. Yet no human polyoma virus was known at that time. When we showed
the plates to Dr. Angevine, his dry comment was: ‘“This is the way discoveries
are being made.”

In early September, I arrived at Montefiore Hospital equipped with Epon
blocks of the esophagitis case and PML case 62-393, with the first prints of
the latter and with Ludwik Gross’s book titled Oncogenic Viruses (Gross,
1961), which became my ‘“‘bible.” When Dr. Zimmerman saw the prints, he
found them exciting enough to add a presentation, belatedly, to the program of
the forthcoming ARNMD (Association for Research in Nervous and Mental
Diseases) symposium entitled “Infections of the Nervous System.” Dr. Zim-
merman, at that time, was President of the ARNMD and the program
coordinator.

In addition to continuing electron microscopy now also on our second case
of PML, I was forced to rapidly pursue library studies. Which journals and
books was I to read in a field at the crossroads of virus and cancer research
and cell biology? It required a fast reorientation for a diagnostic neuropathol-
ogist. In September, I was able to resolve the nature of the nuclear inclusion
bodies of the esophagitis case: They consisted of herpes-type virions, well
preserved in this autopsy tissue. In mid-November, I got a phone call from Dr.
Lucien Rubinstein, of Stanford University. He had just received the ARNMD
program with the listing of ‘““Papova Virus in Progressive Multifocal Leukoen-
cephalopathy’ by Zu Rhein and Chou and wanted to inform me that he and
Dr. Silverman had found similar virus particles in a recent case of PML (Sil-
verman and Rubinstein, 1965). He offered to back us up in the meeting, with
Dr. Zimmerman’s consent.

5. THE “COMING-OUT PARTY”

On December 5, 1964, with several illustrious virologists presiding on a dais
and Dr. Chou watching intently from the balcony, I presented our two cases,
followed by Dr. Rubinstein. His case had never been in formalin. At once Dr.
Sabin took over and tore into us with vigor. “This is deplorable, everybody
thinks everything is a virus” (quote from my diary), and ““One cannot say one
has morphologic evidence of a virus,” and, with regard to the electron micro-
graphs, “That is a good way not to get a virologist interested”” (Sabin, 1968).
Dr. Rubinstein countered that all electron microscopes should be thrown into
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a garbage can if Dr. Sabin’s attitude were correct. None of the panel members
commented in our favor. I remember wishing that a helicopter would come and
lift me out of there, as I had read in the papers they did with beleaguered white
people in the jungles of the war-torn Congo. After the session, Dr. Richard
Johnson (Cleveland) gave me a big hug and consoled me with the idea that
this attack might bring some prestige later on. Dr. Sabin had said to him in
disdain: ““She thinks there are warts in the brain!” At lunch, I ended up next
to Dr. Sabin at the table in the Rough Rider room of the Roosevelt Hotel. He
leaned over and gave this parable: “You know, Doctor, if you take a piece of
wood, and you carve it, and you paint it, and you polish it, it will eventually
look like an apple.”

6. THE “SELLING OF THE APPLES”: ACCEPTANCE,
COLLABORATIONS, AND INVITATIONS

Well, our ““apples’ sold fast and widely. Science published our first paper (Zu
Rhein and Chou, 1965). Dr. Zimmerman had agreed that we should not wait
for the publication of the ARNMD volume, which indeed became delayed for
4 years. A neighbor in the Bronx was Dr. Ludwik Gross, Director of the Cancer
Research Unit of the VA Medical Center. A pioneer in virus research, he had
stood at the cradle of the polyoma virus. Some of his work had also been met
with disbelief early on. He was a virologist well versed in viral morphology.
When he reviewed our PML electron micrographs, he shared our interpretation
with enthusiasm. He invited me subsequently to join him in a research seminar
on ‘“Viruses in Disease.” We stayed in close contact for the later editions of
the Oncogenic Viruses. Dr. Richard Shope (Rockefeller University), discoverer
of the rabbit papilloma virus, also became an immediate supporter during a
laboratory visit. ““You are in business” he told me with confidence and true
joy.

The first international support, early in 1965, came from Dr. Allan F
Howatson, of the Ontario Cancer Institute, who had extensive experience with
the ultrastructure of wart and polyoma viruses. He requested PML tissue in
order to apply the negative staining method developed in 1959 by Brenner and
Horne for the visualization of viral capsid details in spray preparations. Despite
the original formalin fixation of the tissues, it was possible to classify the PML
virions as polyoma rather than papilloma virions (Howatson, et al., 1965).
Previously, it had been the smaller particle size alone that made us favor poly-
oma virions. In 1966, Dr. Howatson collaborated with Dr. Chou and myself in
a poster exhibit entitled ‘“Polyoma-like Virions in a Human Demyelinating
Disease,” which was shown during the annual meetings of the American Acad-
emy of Neurology (Fig. 2.3) and the Electron Microscopy Society of America.
In it, the PML virions were compared with polyoma virions in infected mouse
kidney.
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Figure 2.3. Dr. Sam Chou and myself with our poster exhibit “Polyoma-like Virions in a
Human Demyelinating Disease” at the annual meeting of the American Academy of Neu-
rology, in Philadelphia, in 1966.

The first European recognition came from Dr. W. Bernhard, Director of the
Cancer Research Institute in Villejuif, France. He was a pioneer of viral re-
search and electron microscopy with a special interest in murine polyoma virus
and SV40. Following earlier correspondence, he invited me in the summer of
1965 to visit his laboratory—and also to enjoy French cuisine! He was con-
vinced that the glial nuclei in PML were infected by a polyoma group virus.

The acceptance of our work by Dr. Joseph L. Melnick (Baylor College,
Houston, Texas) was especially gratifying. As the Series Editor of Progress in
Medical Virology, he solicited from me a review article (Zu Rhein, 1969) for
which I could collect 27 cases of PML with ultrastructurally proven papova
virions. Of these, 19 were confirmatory studies by other investigators. No neg-
ative findings came to my attention. Data on biologic studies were scarce
chiefly due to the rarity of PML cases before the advent of AIDS. The results
obtained by four laboratories, some related as personal communications, were
negative in their in vivo and in vitro aspects. A variety of routinely used cell
lines had been employed in these attempts.

Invitations to symposia, workshops, and meetings were gladly accepted to
spread the knowledge of PML to a wider range of physicians in the hope for
eventual tissue retrieval. In 1966, the National Multiple Sclerosis Society as-
sembled a workshop at the USPHS Rocky Mountain Laboratory, in Hamilton,
Montana (Fig. 2.4). Representatives of virology, pathology, epidemiology, and
neurology discussed ‘“‘slow virus’ diseases such as subacute sclerosing panen-
cephalitis, PML, scrapie, and Kuru at a time when the concept of ‘“‘neurovi-
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Figure 2.4. Workshop at the USPHS Rocky Mountain Laboratory, in 1966, dealing with
“slow virus” diseases. Clockwise from left: Carl M. Eklund, Hamilton, Montana; John Seal,
NIAID; Gabriele Zu Rhein, Madison, Wisconsin; Ellsworth C. Alvord, Jr., Seattle, Wash-
ington; Richard T. Johnson, Cleveland, Ohio; Jacob A. Brody, NINDB, Bethesda, Mary-
land; Hilary Koprowski, Philadelphia, Pennsylvania; William J. Hadlow, Hamilton, Montana;
John Hotchin, Albany, New York; Clarence J. Gibbs, Jr., and D. Carleton Gajdusek,
NINDB, Bethesda, Maryland.

rology”’ had not yet been developed. In 1967, an international symposium on
the ““Pathogenesis and Etiology of Demyelinating Diseases” was convened in
Locarno, Switzerland, with the support of a German multiple sclerosis foun-
dation. It brought to light several Japanese cases of PML that were collected
and studied, with the demonstration of virions, by Dr. F. Tkuta at Niigata
University.

7. ANEW CULTURE SYSTEM FOR VIRUSES PRESENTED AT A
NEUROPATHOLOGY MEETING

A remarkable, lucky coincidence in viral research happened in June 1965,
when, during the annual meeting of the American Association of Neuropa-
thologists, in Atlantic City, Dr. Harvey Shein (Boston) presented a paper en-
titled ““Interaction of a Tumor Virus (Simian Virus 40) with Human Fetal Spon-
gioblasts and Astrocytes in Dispersed Cell Cultures.” In this study, Shein, for
the first time, had put to use a culture system that he had recently developed.
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I was fascinated by the dual cytopathic effects of necrosis of spongioblasts and
transformation of astrocytes so similar to the lysis of oligodendrocytes and
“transformation” of astrocytes in PML. In a discussion of Shein’s paper (Zu
Rhein, 1966), I proposed the use of this culture system for the isolation of the
postulated PML polyoma virus. Dr. Shein expressed to me personally, and in
later letters, a strong desire for collaboration if fresh PML tissue became
available.

8. HARVESTS OF FRESH PML TISSUES AND THE BIRTH OF
JC VIRUS

A first ray of hope came from a resident in hematology at the VA Hospital in
East Orange, New Jersey, in March 1967. In her letter, Dr. Aurea R. del Rosario
referred to our paper in Science and asked for diagnostic help for a patient
with Hodgkin’s disease who had developed subacute neurologic symptoms con-
sistent with PML. I offered to read a biopsy specimen. However, the patient
declined the procedure. It became a long wait. Dr. del Rosario was able to
obtain from the patient’s mother an autopsy permit limited to the brain, with
my name given as the recipient. The patient died on January 21, 1968, a Sun-
day, which I had spent with friends. As I learned the following day, Dr. Sidney
Trubowitz, Chief of Hematology, who was anxious for a diagnosis but was
unable to reach me, had already contacted another pathologist for help. After
settling the issue amiably with this colleague in New York, I flew to East
Orange, cut the brain, found the lesions compatible with PML, sampled for
virology and pathology, and happily arrived with my harvest back in Madison
around midnight, to find Dr. Duard Walker waiting with open arms in the
autopsy room.

Dr. Walker, a Professor of Virology in the Department of Medical Micro-
biology, had been known to me since 1956, when he had invited me to partic-
ipate in a paper—my very first one—on Coxsackie virus infection. He later
followed the PML story with great interest and always received news from me,
including that of Shein’s culture system. With the tissue in hand, soon proved
to contain the familiar virions, he wanted to have a first try at isolation before
sharing material with Dr. Shein.

In June 1970, I received the histologic slide of a brain biopsy of John F.
Cunningham, a patient with Hodgkin’s disease and rather rapidly progressing
neurologic deficits. The patient was under the care of Dr. Bertram Dessel, Chief
of Hematology at the VA Hospital in Wood, Wisconsin. Dr. Dessel had known
since 1967 of my interest in PML, when I had done ultrastructural studies on
autopsy tissue of a previous PML case at his hospital. When Dr. Dessel con-
veyed my diagnosis of PML to Mr. Cunningham, he expressed the wish that
his brain should aid research into this fatal disease. Dr. Dessel’s call came on
July 12, again on a Sunday. He was able to reach me in the laboratory. The
alarm went promptly to Dr. Walker, and we joined forces for tissue retrieval
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in the Wood VA Hospital autopsy room. It was Mr. Cunningham’s brain out of
which the new human polyoma virus, named JC virus after him, was born,
thanks to Dr. Walker and his research associate Dr. Billie Padgett, and to Dr.
Harvey Shein. The “‘birthday party” took place on March 24, 1971. We rejoiced
and thought of Dr. Sabin.

9. APOST-ISOLATION LIFE WITH HAMSTERS AND—AGAIN—
THE ELECTRON MICROSCOPE

In the following months and years many strategies were designed to determine
the characteristics, and the biologic effects, of the new virus. My share of these
investigations consisted of ultrastructural studies of the virus in spray prepa-
rations, in fetal glial cell cultures, and in immune reactions with sera of other
papova viruses and, predominantly, of experiments with Syrian hamsters. My
collaborators during a more than 10 year period were Robert J. Eckroade,
D.V.M.; Albertina E. Albert, Ph.D.; John N. Varakis, M.D.; and Takeo Ohashi,
M.D. Our support came initially from an NIH grant instigated by Dr. Walker
and later from a grant in my name.

The first sick hamster was autopsied 4 months after subcutaneous and intra-
cerebral inoculation. A large cerebellar medulloblastoma (Fig. 2.5) demon-
strated not only the oncogenic potential of JC virus but also a difference in
tumor phenotype from neoplasms induced in the same host by mouse polyoma
virus and SV40. Overall, in numerous experiments, medulloblastomas remained
the most frequent tumor type. However, JC virus behaved uniquely polyon-
cogenic for the nervous system (Zu Rhein, 1983), a joy and challenge for a
neuropathologist. Tumors of the pineal gland had never before been experi-

Figure 2.5. The first grossly noted JCV-induced hamster tumor, 4 months after inocula-
tion: a medulloblastoma that has subtotally destroyed the cerebellum.
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mentally induced. JC virus also became the first human virus to induce solid
tumors, namely, glioblastomas, in primates. Neither in Syrian hamsters nor in
owl monkeys did we observe a PML-like demyelinating disease. My sincerest
wish is that JC virus would be found to be a causative factor in certain human
brain tumors and that specific methods could be designed to prevent or treat
them.
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1. INTRODUCTION

Following the 1965 demonstration by Gabriele Zu Rhein and Shi-Ming Chou
(Zu Rhein and Chou, 1965) and independently by Lloyd Silverman and Lucien
Rubenstein that oligodendrocytes in the brain lesions of patients with progres-
sive multifocal leukoencephalopathy (PML) contained numerous particles that
looked like papovavirus virions, it was inevitable that many virologists would
try to isolate and cultivate the virus in cell cultures or experimental animals.
In electron micrographs the particles looked very much like the virions of the
polyomavirus genus of the papovavirus family of viruses. But in 1965 no poly-
omavirus was known to infect people. The particles were smaller than virions
of papillomaviruses, which make up the other genus of the papovavirus family.
However, some of the papillomaviruses were known to infect people, producing
skin and mucous membrane tumors, so they had to be considered. The two
major polyomaviruses were simian virus 40 (SV40), a virus found in wild
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rhesus monkeys, and mouse polyoma virus found in mice. Those two viruses
had been studied extensively and were not considered difficult to cultivate.
Mouse polyoma virus is easily cultivated in many mouse cell types, but par-
ticularly in mouse kidney cells, and SV40 grows very well in primary monkey
kidney cell cultures or kidney cell lines of several monkey species. Thus it was
quite reasonable to expect that if the virus in PML was a polyomavirus, the
cultural techniques that work with mouse polyoma virus and SV40 would work
well with this human polyoma-like virus. If the virus should happen to be an
unusual papillomavirus, then the chances of successful cultivation were poor
because no one had succeeded in cultivating human papillomaviruses in cell
cultures despite many attempts.

The simple way to start would be to put the virus into human fetal kidney
cell cultures. I am quite certain that many virologists had that plan in mind—
provided that they could get virus-containing tissue from a case of PML. That
matter of obtaining diseased tissue for an inoculum was going to be a limiting
factor. I do not know how many virologists were successful in obtaining ap-
propriate tissue, but there were a few. There may have been others who did
not report their trials, but a few did so. By mid-1966 we learned through a
publication that Lucien Rubinstein, who had reported his electron microscopic
observations of PML, had provided unfixed tissue to his Stanford virologist
colleagues, P.R. Schwerdt and C.E. Schwerdt. The Schwerdts did some con-
centration, purification, and physical characterizations of the virus and con-
cluded that it was a papovavirus and one that had the characteristics of the
polyomavirus genus. They inoculated cultures of human diploid cell lines of
embryonic lung, embryonic skin and muscle, and an established line of human
glial cells but found no evidence of viral multiplication even after multiple
subcultures. They inoculated newborn hamsters subcutaneously with brain tis-
sue extract but found no evidence of infection or tumors during 10 months of
observation.

In 1967, C.L. Dolman, in Vancouver, British Columbia, reported extensive
work that obviously had been in progress for quite a long time. Dolman worked
with tissue from two cases of PML and inoculated cultures of multiple human,
monkey, and hamster cell types and made blind passages but saw no evidence
of cytopathic effect or cell transformation. Two monkeys, newborn mice, and
adult mice were inoculated intracerebrally and intraperitoneally, but no disease
or tumor developed in 6 to 11 months of observation. In addition, Dolman sent
tissue from one case to John Enders in Boston. There is no information avail-
able as to what Enders did with the tissue. However, Enders’ main interest for
years had been the propagation of viruses in cell culture, so it seems safe to
assume that he inoculated cell cultures of some kind. His results were reported
to Dolman simply as ‘“‘negative.”

Thus, by the end of 1966 it was beginning to appear that this virus that
looked so abundant and enticing in Gabriele Zu Rhein’s photographs was not
going to be an easy one to cultivate. Little did we suspect at that time just how
hard the task was going to be.
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2. THE START OF A COLLABORATION

Gabriele Zu Rhein clearly wanted to see this virus cultivated and characterized.
She had demonstrated its presence in oligodendrocytes in PML brain tissue.
The logical next step was to cultivate and identify it in order to study its role
in nervous system disease. She wanted to have a part in that process, but she
did not have the virology laboratory or virology background to do this, so she
began prodding me to take it on in a collaborative project. I had a virology
laboratory in the Department of Medical Microbiology in the same building
but one floor below the Department of Pathology and Gabriele’s electron mi-
croscope suite. Gabriele and I had co-authored a paper in 1956 concerned with
a virus infection, but had not worked together in the interim. I had been study-
ing persistent, chronic viral infections in cell cultures and animals and also was
in the middle of a study of myxoma and fibroma virus infections. I had no
experience with polyomaviruses, but I had some experience with papilloma-
viruses, the other genus of the papovavirus family. In that project, like many
other virologists, I had tried and failed to cultivate human papillomavirus in
cell cultures, so I had experienced the frustrations of trying to cultivate a very
fastidious and difficult virus.

In my consideration of an effort to try to cultivate the virus of PML, an
important person was Billie Padgett (Fig. 3.1). Billie was an experienced vi-
rologist who had done her Ph.D. thesis research in my laboratory working with
influenza virus. She continued in my laboratory as a postdoctoral fellow study-
ing myxoma and fibroma viruses in both cell cultures and rabbits before going

Figure 3.1. Billie Padgett, Duard Walker and Gabriele Zu Rhein at Dr. Walker’s retirement
party in 1988 (Left to right). Courtesy of Gabriele Zu Rhein.
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to Canberra, Australia, to work with Frank Fenner for 2 years. She returned to
Madison, Wisconsin, in January 1967 to continue work with myxoma and fi-
broma viruses. Fortunately, she was willing to make a switch to work on PML,
and, as the project developed, it was her patience and tenacity in learning how
to get good cultures of fetal spongioblasts that led to the successful cultivation
of JC virus. Since neither Billie nor I had experience with polyomaviruses, we
were starting out as novices in that area. It would have been easy to obtain
mouse polyoma virus and SV40 to study their cultivation, but we did not want
to contaminate our laboratory with them. These are hardy viruses, and SV40,
in particular, is notorious for contaminating a laboratory and persisting and
appearing in subsequent experiments. Although our lack of experience with
polyomaviruses might seem to have been a disadvantage, we did not view it
as a serious problem, and we knew we would have one major advantage in
our work. That was because this was to be a collaborative project with Gabriele,
who would provide essential expertise in neuropathology and electron micros-
copy, and her prominence in the PML field would make it reasonably likely
that we could obtain needed virus-containing tissue. Certainly, a serious prob-
lem facing anyone setting out to isolate the virus of PML was the paucity of
virus-containing tissue available for study. PML was an uncommon disease,
and locating terminal patients under circumstances where an autopsy could be
performed and fresh or frozen tissue obtained was not likely to be achieved
easily or quickly. As it turned out, Gabriele’s recognition among pathologists
and neuropathologists was essential to our obtaining good tissue.

Gabriele alerted pathologists and neurologists about our need for virus-
containing tissue from cases of PML in sufficient quantity to allow significant
work. We expected to have to wait a while for tissue, but we certainly hoped
that the wait would not be as long as it turned out to be. It was nearly a year
before a case appeared.

On March 9, 1967, Gabriele received a letter from Dr. Aurea del Rosario,
a hematology resident at the Veterans Administration Hospital in East Orange,
NJ. There was a patient in the VA Hospital who had Hodgkin’s disease and
the clinical features of PML. She had read Gabriele’s paper on polyoma-like
particles in PML. She was seeking help in confirming the diagnosis, but also
offered any specimens that could be useful to Gabriele’s research. Gabriele
kept in very close touch with Dr. del Rosario by mail and telephone during the
surprisingly long course of this patient’s terminal illness. It was not until Jan-
uary 21, 1968, that Gabriele received word that the patient had died and that
an autopsy would be performed the next day. Gabriele gathered appropriate
containers, dry ice, and tissue culture medium and flew to New Jersey on the
morning of January 22. She and the pathology resident removed the brain and
sliced it immediately. Characteristic lesions were found in both hemispheres.
Tissue was selected to go into culture medium, some was frozen, and some
went into appropriate fixatives. Gabriele was soon on her way back to the
airport and she was back in Madison very late that evening.
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There is a later interesting addendum to this tissue procurement expedition.
Three or four years later I was asked to discuss JC virus at a conference in
New Jersey. During the discussion I mentioned, rather casually, that our first
supply of fresh PML tissue had come from New Jersey. The Director of Public
Health for the State of New Jersey happened to be in attendance and became
quite agitated and incensed that he had not been informed about the case and
that the tissue had been allowed to leave New Jersey rather than going to his
laboratory. He had wanted to try cultivating the virus.

After obtaining the New Jersey tissue, we had enough virus-containing tissue
to begin serious work. We began what turned into a long and frustrating series
of efforts to cultivate the virus from the diseased tissue. We tried explants of
the fresh brain tissue, but after many weeks of coaxing and coddling only a
few fibroblasts and astrocytes grew. We made 10% extracts of diseased brain
tissue and clarified it by centrifugation and then used the supernatant fluid to
inoculate cell cultures. A similar extract of normal human brain tissue was used
on control cultures. Monolayer cultures of primary and secondary human em-
bryonic kidney cells, Hep-2 cells, and human fibroblasts were inoculated. None
of these cell cultures showed any evidence of being infected even after weeks
of cultivation and medium changes and subculturing. Mice, newborn mice, and
hamsters were inoculated by the intracerebral and peritoneal routes and were
observed for many months without showing signs of disease or tumor. Guinea
pigs and rabbits were inoculated, guinea pigs intraperitoneally and rabbits in-
travenously to raise antibody against the virus. In this last effort we had a small
measure of success. Using frozen sections of New Jersey brain tissue and the
indirect method of immunofluorescent staining we found some guinea pig and
rabbit sera that reacted at a low level with cell nuclei in the PML tissue.
However, antibodies against human tissue were also present, and these inter-
fered greatly. We had to absorb the antihuman antibodies out of the serum with
dried human brain powder. This helped, but the antisera were very weak.

Billie began trying to cultivate primary human fetal glial (PHFG) cells. At
the 1965 meeting of the American Association of Neuropathologists Gabriele
had heard H.M. Shein describe a method for cultivating human fetal astrocytes
and spongioblasts in dispersed cell cultures. He also described his use of these
cultures to study the effects of SV40 infection on astrocytes and spongioblasts.
Such cultures sounded very promising, but there were serious problems in
producing them. Human fetal brain tissue was not easily obtained, and good
cell cultures derived from the tissue were not easily produced. There was no
commercial source, so they had to be produced in our laboratory from tissue
obtained from local hospitals. We had gotten our fetal tissue supply problems
worked out and Billie was making progress, but the cultures were still mainly
what Shein considered to be astrocytes. Although we inoculated PHFG cell
cultures with New Jersey brain tissue extract, they gave no indication of in-
fection that we could recognize at that time.

Ten percent extracts of degenerating PML brain tissue tended to have a toxic
effect on most cell cultures, and diluting away from that toxic effect obviously
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reduced the inoculum size. Therefore we began trying to purify and concentrate
the virus to escape the toxicity and to obtain antigen of sufficient potency to
develop antisera in rabbits and guinea pigs. The lipids in white matter presented
a real challenge. How could we free the virus from that mass of myelin lipid
and cell membranes? It became a matter of trial and error and using any clues
available from the work of other investigators. Many techniques were tried,
including genetron extraction and centrifuging to a pellet through 5-20% su-
crose, but we eventually settled on one that started with homogenizing the
tissue in a mortar or a blender. It was then sonicated and treated with sodium
deoxycholate and trypsin and subjected to differential centrifugation. Super-
natant fluid from a final low-speed centrifugation was diluted to the equivalent
of a 10% tissue extract in buffered saline. Extracts of diseased tissue and normal
human brain tissue prepared in this way were used in subsequent animal in-
oculations and for inoculating cell cultures. We referred to these extracts as
semipurified because the virus certainly was far from really purified.

During the early phases of our PML project our financial support was from
two National Institutes of Health (NIH) grants that were for research on per-
sistent viral infections but were not directly aimed at PML. We needed addi-
tional funds and ones designated for research on the viral agent of PML. For-
tunately, at about this time the concept of ‘‘slow virus infections” and
particularly “‘slow virus infections of the central nervous system’ was attracting
attention. The Icelandic virologist Bjorn Sigurdsson had introduced the terms
in his research on rida, scrapie, visna, and maedi of sheep because of the long
incubation periods and slow progression of these diseases. Carleton Gajdusek
used the terms in his work on kuru and Creutzfeldt-Jakob disease, and Gajdusek
and others began including PML among the slow virus infections of the central
nervous system. This gave PML some prominence and *‘pizzazz’ and made it
more likely that we could gain support.

However, in 1968 we were already beyond those halcyon days of NIH when
research funds were easily obtained. Funding had already tightened up, so it
seemed rather unlikely that a proposal to study just the viral etiology of PML
would be well received, particularly because we did not yet have even a sug-
gestion of success in cultivating the PML virus. NIH study sections had de-
veloped a preference for supporting ““a sure thing,” that is, a project already
nearly accomplished, rather than risking money on an uncertainty. And we were
a real uncertainty.

3. WIDENING OUR COLLABORATION

We thought that broadening our proposal might improve our chances, so we
turned to colleagues in the Department of Veterinary Science. The Departments
of Medical Microbiology and Pathology in the Medical School and the De-
partment of Veterinary Science in the College of Agriculture (this was before
the University had a School of Veterinary Medicine) had for many years main-
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tained a cordial working relationship in both research and graduate teaching.
Within the Department of Veterinary Science there were some very good vi-
rologists who were already working in the area of slow virus infections. One
of these, Robert Hanson, was a prominent virologist whose eminence was based
mainly on his extensive studies of Newcastle disease in poultry, but Bob had
also maintained a smaller program studying transmissible mink encephalopathy
(TME) and scrapie. Although the TME program had remained small with usu-
ally one or two graduate students working on it, enough work had been done
on the epidemiology and pathology to provide a strong suggestion that the
disease in mink was due to the same agent that caused scrapie in sheep. The
pathology of TME in mink was very similar to that of scrapie in sheep. It
appeared quite likely that in their pursuit of inexpensive high protein food mink
ranchers were sometimes feeding meat of scrapie-infected sheep to their mink,
thereby causing outbreaks of TME.

Gabriele had been working with Hanson’s group on the neuropathology of
TME and was currently mentoring Robert Eckroade, a graduate student who
was working toward a Ph.D. with a double major in Veterinary Science and
Pathology. Bob Hanson’s program on TME had been supported by a mink
grower’s organization but was making enough progress to justify expansion,
so Bob was interested in joining a proposal to NIH. In addition, June Osborn,
who was a virologist in the Department of Medical Microbiology, had been
developing a project to study subacute sclerosing panencephalitis. With her
participation we had a three-pronged attack on slow virus infections of the
central nervous system, and with this group approach we applied to NIH for
support of the three laboratories. Today’s NIH study sections would probably
disapprove of our forming such a group and would tell us we were “not fo-
cused,” but in 1968 NIH looked favorably on such programs as a way to
support more research on less money.

Meanwhile, we began meeting as a slow virus disease group in 1968 to plan,
analyze, and discuss experiments and to discuss reports from other laboratories.
Originally the group consisted of Bob Hanson and Robert Eckroade from Vet-
erinary Science, Gabriele Zu Rhein from Pathology, and Billie Padgett, June
Osborn, and Duard Walker from Medical Microbiology, but as time went on
many others participated. Roland Rueckert from Biochemistry joined in efforts
to purify the agent of TME. Cornelius Hopper from Neurology participated.
An important addition was Richard Marsh, who returned to Madison from NIH
where he had been fulfilling his military obligation working in Carleton Gaj-
dusek’s laboratory as a Public Health Service officer. The doctor’s draft was
still in force and Dick who had a D.V.M. was therefore draftable. Before going
to NIH Dick had obtained his Ph.D. in Veterinary Science working on TME.
Both Dick and Bob Eckroade were veterinarians before obtaining a Ph.D., and
both became major contributors to the TME and the PML projects.

Our slow virus disease group met every second Friday morning for about 2
hours. I usually prepared an agenda, but the discussions ranged far and wide.
Because we were working with pathogenic agents of uncertain risk and poten-
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tial, it was important that graduate students, technicians, and all associated
persons be fully aware of what we were doing, so they attended and participated
as well. The discussions were often intense. In my view, these meetings were
very valuable. Each subgroup would plan experiments and then present them
to the group where they were likely to be taken apart and reassembled, often
in altered form. We were all “slow virologists” planning experiments to be
measured in months and years rather than minutes, hours, or days. We had to
think everything through very carefully, particularly with animal experiments,
because once we started an experiment we were committed for a long time,
often for several years. These meetings were of such value that we kept them
going for about 10 years.

Our NIH grant application for the “Study of Chronic Viral Infections of the
Nervous System’ was approved and funded for 5 years to begin January 1,
1969. Although, of course, the grant was not funded for all the money we had
applied for and thought we really needed, it did provide money for one very
expensive piece of equipment, a new Philips electron microscope. All of Ga-
briele’s electron microscopy work had been done using an RCA EMV 3D
microscope, which by 1968 was considered obsolete by most microscopists.
Unfortunately, due to one delay after another, the new microscope was not
installed until October 1971.

The year 1968—1969 was disappointing for those of us working on PML.
Although we had obtained the New Jersey tissue, we had not yet had success
in cultivating virus. However, we had many inoculated animals to observe, and
we remained optimistic. In November 1968 we received a very small piece of
frozen diseased tissue from a PML case in West Virginia. The tissue was sent
by Sam Chou. This was the Shi-Ming Chou (usually known as Sam) who had
worked with Gabriele and was co-author of the 1965 paper describing the
virions in PML lesions. Sam had moved to West Virginia University and au-
topsied a PML patient in Morgantown. He gave us only 1 g of tissue, though,
and this was so small that we did not use it in our trials at that time. Later,
after we had succeeded in isolating and cultivating JC virus, we got it out of
our freezer and had no difficulty isolating JC virus from it.

In 1968—-1969 our colleagues working on TME were making great progress
infecting multiple species, including monkeys, with TME and scrapie agents and
comparing the neuropathology in these species. The possibility that Creutzfeldt-
Jakob disease in people is caused by the agent of scrapie or a related agent
that is transmitted from food animals was viewed as a distinct possibility as
early as 1968—1969, and Hanson, Marsh, and Eckroade were pursuing this
possibility.

However, progress was slow with PML. One problem was that we were not
receiving new PML tissue. In November 1969, George Ellison at Yale offered
us some tissue from a patient who had died in 1965. The tissue had been stored
in 50% glycerine-saline at 4°C since 1965. We certainly accepted it, but the
specimen consisted only of two very small pieces, and, considering its storage
history, we did not view it as first-rate material. We moved it to —70°C storage
and continued working with our New Jersey tissue. Much later, after we had
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worked out our production of PHFG cultures and improved isolation tech-
niques, we tried cultivating virus from this glycerin-stored tissue and succeeded
in isolating JC virus from it. Storage of tissue containing hardy viruses in 50%
glycerine-saline at 4°C was a technique used by virologists before freezers were
available. Richard Shope stored his rabbit papillomas and fibroma tumors this
way. Because JC virus is a relatively hardy virus, it remained viable during
multiple years of storage by this method. After receiving this tissue from Ellison
we learned that Ellison had also sent some of the tissue to Gajdusek, but we
never learned its fate.

On May 20, 1970, our quest for tissue suddenly improved. Gabriele received
word from Dr. Bert Dessel, Chief of Hematology at the VA Hospital in Wood,
Wisconsin, a suburb of Milwaukee, that he had a patient with an 8 year history
of Hodgkin’s disease and neurologic signs strongly suggestive of PML. A brain
biopsy had been done on May 20. Dessel sent the biopsy slides to Gabriele,
who confirmed the diagnosis of PML. The patient, whose initials were J.C.,
died at 4:00 AM on July 12, and a brain autopsy was permitted.

Gabriele and I drove the 70 miles from Madison to Milwaukee armed with
tubes of tissue culture medium, dry ice, and containers suitable for transporting
tissue. When the brain was removed Gabriele sliced it immediately. Demyelin-
ation was found in all lobes. Extensive disease with cavitation was present in
the right temporal and parietal lobes and the left occipital lobe. Many small
samples were taken and placed in tissue culture medium in the hope that some
brain cells would grow. Many areas of early lesions and the borders of large
lesions were collected and frozen for later extraction of virus. The VA Hospital
pathologists and hematologists made this very easy for us, and Gabriele and I
were back in Madison in a few hours with a much improved reservoir of virus-
containing tissue.

We did not, however, get all of the tissue destined for laboratory study. Dr.
Dessel told us that Carleton Gajdusek had also been advertising his interest in
PML tissue, so Dessel collected several grams to be sent frozen to Gajdusek.
We never learned to what use this tissue was put or the outcome of its use, but
it is very likely that it was used to inoculate one or more primates.

The tissue that we got from patient J.C. was much larger in quantity and
proved to be much richer in virus than that from the New Jersey case. We
renewed our efforts to concentrate and purify virus for use in inoculating cell
cultures and animals and in producing antiserum. The only way to follow the
virus through various purification procedures was to use negatively stained
preparations examined by electron microscopy. Bob Eckroade did most of this
microscopy.

In our previous efforts to concentrate and purify virus from brain tissue of
the New Jersey case all our extractions and differential centrifugations had not
seemed to accomplish much. However, when brain tissue from patient J.C. was
treated in the same way, the semipurified extract contained virions in sufficient
numbers that they could be found by electron microscopy in negatively stained
preparations. This was probably because we started from a much richer source
of virus. The New Jersey patient had a very slowly progressive clinical course
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of PML. From the first signs of PML to death was about 1 year, whereas patient
J.C. had rapidly progressive disease that led to death in 2 months and had very
extensive brain involvement.

Groups of animals were inoculated by the cerebral and peritoneal routes.
These included mice, newborn mice, guinea pigs, rabbits, hamsters, ferrets, and
mink. The mink were used because they were available from the associated
TME project and because they were a species not likely to have been tested
or to be tested by other investigators. Most of the inoculation of animals and
much of the long-term observation of the animals was done by Dick Marsh
and Bob Eckroade. The animals were housed in animal quarters belonging to
and managed by the Department of Veterinary Science. They had the only
animal quarters with what could be considered isolation rooms. These animal
quarters were located on a university-owned experimental farm (Charmany
Farm) on the outskirts of Madison. Although they were primitive by today’s
standards, the Charmany Farm quarters were considered adequate for that time,
and we were very fortunate to have them available.

In an effort to develop antisera against the virus, rabbits and guinea pigs
were injected by various routes, including intravenous, intramuscular, and in-
tramuscular injection of extract mixed with adjuvant. These animals were bled
for their serum over a period of 10 days to 6 weeks.

Inoculated animals were observed for many months, often for the lifetime
of the smaller animals. We were able to hold animals for long periods only
because the Department of Veterinary Science bore most of the cost. We con-
tributed only the salary of one animal caretaker each year. Our work was done
before the requirements for animal quarters and the costs for animal care es-
calated to levels that would have been prohibitive for us.

Even though the animals were observed for long periods and Gabriele au-
topsied every animal, we found no indication of disease attributable to inocu-
lation with brain tissue extracts.

At the time all these animals were being inoculated and observed, work with
cell cultures was also progressing—slowly. Many cell types were planted in
Leighton tubes on top of cover glasses. The cell types included primary human
embryonic kidney cells, human embryonic fibroblasts, Vero cells (a line of
African green monkey kidney cells), primary African green monkey kidney
cells, Hep-2, WI-38, mouse embryo cells, and PHFG cells. Each tube was
inoculated with 0.1 ml of J.C. brain extract or a normal control extract. These
cultures were incubated and observed for cytopathic effects for several weeks.
Periodically the cover glasses were removed, and the cells were fixed and
stained with hematoxylin and eosin (H&E) and searched microscopically for
cells containing inclusion bodies. Cells were also removed from cover glasses,
centrifuged into a pellet, and frozen and thawed to disrupt them. The cell debris
was negatively stained and searched for virions in the electron microscope.

In general, no cytopathic effect or other evidence of infection was found in
these cultures, even after several subcultures. However, we began to think
something interesting was happening in some of the inoculated cultures of
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PHFG cells. Subtle changes were slowly developing that were not found in
control cultures.

4. FINALLY, SOME GLIMMERING OF SUCCESS

Billie had been working hard for months trying to improve cultures of PHFG
cells. It was slow going. Initially the cultures consisted of astrocytes that would
form a monolayer, but spongioblasts were either sparse or absent. We thought
it important to have good cultures of spongioblasts because neurobiologists
considered spongioblasts to be precursors of oligodendrocytes, the cells in
which the virus was found in human brain.

Through trial and error over many months, Billie developed techniques that
produced cultures with increasing numbers of spongioblasts. The spongioblasts
were usually in clumps sitting on top of a layer of astrocytes. The procedure
was complicated and required multiple medium changes and manipulations. It
required periodic adjustments in fetal calf serum and high levels of glucose. In
particular, it required much patience and tenacity. Fortunately, Billie had those
attributes, and it was beginning to look like this effort was paying off.

Three or four weeks after inoculation with J.C. brain extract, PHFG cell
cultures stained with H&E were found to contain a scattering of enlarged cells
with dark-staining, bizarre nuclei. We judged these cells to be enlarged astro-
cytes. This effect could be transmitted to new cultures with frozen, thawed,
and sonicated cell debris from affected cultures. The smaller number of spon-
gioblasts that had been in the cultures were usually gone by the time we rec-
ognized enlarged astrocytes. Later, when we had cultures richer in spongio-
blasts, we came to realize that the spongioblasts had already been released
from the astrocyte layer and were floating in the medium by the time the
astrocytes showed abnormalities.

In addition to staining cells with H&E, we were periodically removing cells
from tubes and freezing, thawing, sonicating, and negatively staining them for
examination in the electron microscope. Bob Eckroade did the negative staining
and electron microscopy in an electron microscopy suite that was one floor
above my office. On the afternoon of March 24, 1971, Bob had been examining
material from inoculated PHFG cell cultures when he came to my door with a
big grin on his face and said, “Come see what we have.” I ran back up the
stairs with him and looked at the microscope screen. There was no question
about what was there. Polyoma-like virions were evident in abundance, many
times what could be carried over from the inoculum. This had to be a successful
culture. Bob and I looked for Billie and Gabriele. Gabriele was away that
afternoon, but Billie and the technicians got to see what they had been working
toward for more than 3 years. Bob took pictures of the virions, and the next
morning we showed them to Gabriele. That day the laboratory crew had a little
champagne to mark the occasion. Gabriele chose to call this occasion the birth-
day party for JC virus.
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We then began doing all the things necessary to identify and characterize
the virus and to confirm our ability to cultivate it. We also began tightening
our safety precautions. Up to this time we had been using techniques that were
standard in microbiology laboratories working with pathogens. Our cell culture
work and inoculations were done in cubicles under negative pressure, but with-
out additional protection for the worker other than good aseptic technique.
However, we now believed that we had the etiologic agent of PML in hand
and in quantity. This caused some nervousness because at that time we knew
nothing about its epidemiology or anything else about it except that when it
caused disease it was lethal.

The concept of and term biohazard had fairly recently been introduced,
popularized, and discussed. This had led to increasing pressure on laboratories
and NIH to improve safety. Commercial companies responded with production
of biosafety cabinets. We received the first one in the department and added
others as they became available. All future handling of the virus was done in
biosafety cabinets.

To demonstrate our ability to cultivate the virus, it was isolated twice from
each of two extracts of J.C. brain tissue. By electron microscopy the isolated
virions had the same size and shape as those in brain tissue. As PHFG cell
cultures richer in spongioblasts became available we could demonstrate a 1000-
fold increase in infectious virus in PHFG cell cultures during a 3 week period.
Wallace Rowe, Werner Henle, Hilary Koprowski, and Kenneth Takemoto gen-
erously provided antisera and fluorescent conjugates that helped us establish
that the virus was not SV40, mouse polyoma virus, or mouse K virus. At this
point we had to bring SV40 and mouse polyoma viruses into our laboratory
in order to compare what we now called JC virus (JCV) with those viruses.
PHFG cell cultures that showed good evidence that JCV infection did not react
with virus-specific antiserum against SV40, mouse polyoma virus, or K virus
when tested by the indirect immunofluorescence method or with fluorescein-
conjugated antiserum, nor did these antisera react with the virus in frozen
sections of J.C. brain tissue. Antiserum that we had recently produced in rabbits
by intravenous injection of J.C. brain extracts did react with oligodendrocytes
in frozen sections of J.C. brain tissue and with enlarged spongioblasts in in-
fected PHFG cell cultures. We produced antiserum in rabbits by injecting them
intravenously with semipurified, concentrated virus from PHFG cell cultures.

This antiserum did react with both enlarged spongioblasts in infected PHFG
cell cultures and enlarged oligodendrocytes in frozen sections of J.C. brain
tissue, thus identifying the virus in cultures as the virus in J.C. brain tissue.
The antiserum did not react with SV40 or mouse polyoma virus in cell cultures.
JCV from PHFG cell cultures did not produce cytopathic effects in cultures of
primary mouse embryo, BSC-1, Vero, or primary African green monkey kidney
cells, and no cells in these cultures developed antigen reactive with antiserum
against SV40 or mouse polyoma virus. JCV did not produce cytopathic effects
in cell cultures of primary human embryonic kidney, primary human amnion,
or an established human embryonic cell line. All evidence to this point indi-
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cated that JCV was a newly recognized virus and not one of the previously
known polyomaviruses. It was also becoming clear that JCV had a remarkably
restricted host cell range.

5. SURPRISES

About a month after our first successful isolation of virus from J.C. brain tissue,
Gabriele received a telephone call from Richard Johnson at Johns Hopkins
Medical School. He invited her to attend a workshop on the epidemiology of
multiple sclerosis at Easton, Maryland, and to visit his laboratory where she
“would be able to see the virus of PML.” After Gabriele conveyed this news
to me I talked by phone with Johnson and learned that Leslie Weiner and he
had a papova-like agent growing in primary African green monkey kidney cells.
They had made isolations from two cases of PML using cell fusion and co-
cultivation techniques. Just the fact that their isolates grew well in green mon-
key kidney cells made it unlikely that their virus was the same as ours. I told
him we had an isolate also, and he and I agreed that Gabriele and Billie both
should attend the workshop so their isolates and ours could be compared.

At the workshop Weiner presented the data on the Baltimore isolates (Weiner
et al., 1972), and Billie and Gabriele presented information on JC virus. One
of the Baltimore isolates came from tissue sent to Johnson by Lucien Rubin-
stein from Stanford, while the other isolation was made from a brain biopsy
of a case of PML in Baltimore. All data were preliminary at this time, but the
Baltimore isolates were acting very much like SV40 while, at that time, we
had found no antigenic relationship to SV40 for our isolate and in cultural
characteristics it looked to be very different from SV40.

We were not through hearing about new papovavirus isolates. A month after
learning about the Baltimore isolates we heard a rumor that investigators in
London, England, had isolated a papovavirus from the urine of a patient with
a kidney transplant and that the investigators thought it could be the virus of
PML.

We learned no more about the London isolate at that time, but in the mean-
time we had assembled a manuscript describing our isolation and cultivation
of what we now called JCV. We submitted the manuscript to Lancet for pub-
lication (Padgett et al., 1971). To our surprise, the editor told us that Lancet
had received another manuscript describing the isolation of a papovavirus from
a human patient and that the two papers were accepted and would be published
together.

The two manuscripts going to the same publisher at approximately the same
time was entirely a coincidence. The other paper was by Sylvia Gardner and
Anne Field at the Virus Reference Laboratory in London and Dulcie Coleman
and B. Hulme at St. Mary’s Hospital, London (Gardner et al., 1971). We had
not communicated and knew nothing of each other’s work except what we in
Madison had heard as a rumor.
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The London isolate was initiated in the continuous line of African green
monkey kidney cells called Vero cells and could be serially passaged in Vero
cells. It had a minor antigenic relationship to SV40. Like mouse polyoma virus,
it agglutinated human and guinea pig erythrocytes at 4°C, but was antigenically
unrelated to mouse polyoma virus. Gardner and her associates had done as we
did and used the patient’s initials as a label in work with the virus, so they
called it BK virus (BKV).

6. PROGRESS AT A SOMEWHAT FASTER PACE

We had not previously tested JCV for its hemagglutinating capacity, but if BKV
caused hemagglutination, it seemed likely that JCV would. It was a great relief
to find that, like BKV and mouse polyoma virus, JCV agglutinated human,
guinea pig, and chicken erythrocytes at 4°C. This was very fortunate because
finally we had a technique that offered some speed. Everything else about JCV
was slow, and slower, but with hemagglutination and hemagglutination inhi-
bition we could measure virus and antibody in hours rather than weeks or
months.

After determining that antibody measured by hemagglutination inhibition
correlated well with neutralizing antibody in human serum, we were able to
perform a serum antibody survey to determine the prevalence of antibodies in
human and animal populations. We were surprised to find that even though
PML disease is uncommon, antibodies against the virus are very common in
the human population. The presence of antibodies as evidence of past or present
infection indicated that infection begins in early childhood and that by middle
age 75% of persons have been infected. On the other hand, no antibodies were
found in the sera of 12 animal species, including five primates. This suggested
that JCV had a very narrow host range and that animals were not the source
of infection for people.

Almost all of the persons working in our laboratories had good levels of
serum antibody against JCV. To a considerable extent this relieved anxiety
about working with the virus. Curiously, Billie and I were among the few
without serum antibody, and we never did develop it during years of working
with the virus. Billie and I have chosen to attribute our antibody-negative state
to clean living and good laboratory technique. My reward for being JCV
antibody-negative and having type O erythrocytes was to become the desig-
nated blood donor every Monday morning when the week’s supply of red blood
cells was collected for hemagglutination tests.

7. TUMOR PRODUCTION

Because mouse polyoma virus and SV40 were known to be highly oncogenic
viruses, it was important to test the oncogenicity of JCV. Our previous injec-
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tions of multiple animal species with New Jersey and J. C. brain extracts had
not resulted in recognized tumors, but it seemed likely that the amount of virus
in those inocula was quite small. Therefore experiments were planned as a
direct test of oncogenicity.

Virus from the third passage in PHFG cells was concentrated and partially
purified by differential centrifugation and tested to be certain that there was no
contaminating SV40 or mouse polyoma virus in it. Newborn hamsters were
inoculated both intracerebrally and subcutaneously with 10° infectious doses in
each site. The control inoculum was a concentrated and partially purified extract
of uninfected PHFG cells.

There was no acute disease caused by the inocula, but approximately 4
months after inoculation the virus-inoculated hamsters began showing overt
signs of central nervous system disease. The first hamster to show clear signs
and increasing illness did so while I was on vacation in San Francisco. An
autopsy by Gabriele revealed a sizable brain tumor, so I received a telephone
call from an excited group of people in Madison telling me about the tumor
and the increasing number of neurologically sick hamsters. At first, one or two
hamsters per week showed signs but soon the rate increased to five or six per
week. Gabriele autopsied every hamster and examined each very closely for
both gross and microscopic tumors. At 6 months after inoculation, the surviving
animals were killed and autopsied.

The only significant pathogenic findings were tumors in the JCV-inoculated
group. Eighty-three percent of 63 JCV-inoculated animals had developed brain
tumors within the 6-month period, a remarkably high level of oncogenicity.
None of 39 controls had tumors. The tumors ranged from 2 to 7 mm in di-
ameter. On microscopy, Gabriele found them to be malignant and glial in
origin. Most were glioblastomas, medulloblastomas, or unclassified primitive
tumors (Walker et al., 1973).

JCV was isolated from some of these tumors by serially subculturing the
tumor cells. Tumor cells did not contain JCV coat protein when tested by
indirect immunofluorescence, nor did they contain coat protein of SV40 or
mouse polyoma virus. They did, however, contain an intranuclear antigen that
reacted with serum from certain of the tumor-bearing hamsters. This intra-
nuclear antigen had the characteristics of the tumor antigens (T antigens)
described for other polyomaviruses. When tumor cells were reacted with anti-
serum against SV40 and mouse polyoma virus it became clear that there was
a strong cross reaction between the T antigens of JCV and SV40. Later it was
found that the T antigen of BKV also cross reacted with JCV and SV40.

The demonstration of the high degree of oncogenicity of JCV in hamsters
opened up a whole new area for additional research. Inoculation of newborn
hamsters by various routes resulted in many varieties of tumors. Gabriele made
an extensive and detailed study of the tumors over the next several years.
Interest in JCV-induced tumors was further enhanced when, in a collaborative
project with William London, John Sever, and associates at NIH it was found
that intracerebral inoculation of JCV in adult owl monkeys resulted in malig-
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nant brain tumors in about 25% of the animals after an incubation period of
16 to 25 months. Another experiment showed that JCV also induced brain
tumors in adult squirrel monkeys.

Soon after our paper appeared in Lancet we began receiving requests for
JCV from federally supported juggernaut laboratories. These requests increased
after our reports on the oncogenicity of JCV. This was at a time when the
National Cancer Institute was pouring many millions of dollars into a frontal
assault on viruses as a major cause of cancer and had established multiple
strongly funded satellite laboratories to study the role of viruses in cancer. It
was clear from most of these requests that those asking for the virus were
confident that they could get this obstinate virus to multiply in cells other than
PHFG cells. Some mentioned human glial cell lines that they had developed.
As we produced new virus we shipped starter samples to these laboratories.
Almost invariably we never heard from them again. I inquired about the results
of their efforts from a few of them and was usually told that they did not have
time to spend on a virus like JCV so they had given up trying to cultivate it.
They had greater interest in fast viruses than in slow viruses.

8. COMPARISON OF THE NEW VIRUSES

After our papers appeared together in Lancet we exchanged viruses and infor-
mation with the London group so that the viruses could be compared in each
laboratory. As these comparisons progressed it was clear that JCV and BKV
were distinct virus species, but they had many similarities. Both viruses cir-
culated widely in the human population. Infection begins to occur in early
childhood and persists, probably for life, as a seemingly harmless latent infec-
tion of the kidneys unless host immunity is impaired. During periods of im-
paired immunity virus is frequently released in urine, and overt disease can
develop. The overt disease produced by the two viruses is, however, very dif-
ferent. JCV causes the lethal brain infection PML, while disease caused by
BKYV is usually limited to the urinary tract. JCV is highly oncogenic in ham-
sters, owl monkeys, and squirrel monkeys, while BKV is much less oncogenic.

It was important to clarify the antigenic relationships of JCV, BKYV, and
SV40, and this was worked out in several laboratories including those of Sylvia
Gardner and associates, Keerti Shah, Opendra Narayan and associates in Bal-
timore, Kenneth Takemoto and M.F. Mullarkey at NIH, as well as ours. It was
gradually determined that there is at least one antigen on the surface of JCV,
BKYV, and SV40 virions that is specific for each virus and allows them to be
distinguished from each other by serologic methods. Antiserum against the
species-specific antigen can be produced in rabbits by one or two intravenous
injections of purified, intact virions. Multiple injections of virus or use of ad-
juvants leads to the appearance of cross-reacting antibodies. JCV, BKYV, and
SV40 share a minor surface antigen that sets them apart as a subgroup from
other polyomaviruses. This was the minor relatedness first recognized by Gard-
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ner as a weak cross reaction between BKV and SV40. Use of intact virions in
immunizing rabbits will produce antibodies against this antigen, but hyperim-
munization is required. Keerti Shah and associates demonstrated that all mem-
bers of the polyomavirus genus share a genus-specific cross-reacting antigen
that is best demonstrated by the immunofluorescent technique in the nuclei of
infected cells. Antibody can be produced in rabbits by immunizing with virions
disrupted by detergent or alkali. This antigen is particularly useful because,
unlike the other antigens, it is resistant to formalin and can be detected in the
nuclei of infected cells in formalin-fixed, paraffin-embedded tissue using the
peroxidase—antiperoxidase immunostaining technique.

Like SV40, JCV and BKV were shown to induce nonstructural T antigen
in the nuclei of lytically infected cells, transformed cells, and tumor cells. The
T antigens of JCV, BKYV, and SV40 are antigenically very similar. Antiserum
developed in tumor-bearing hamsters against the T antigen of one virus reacts
strongly with the T antigens of all three viruses.

It gradually became clear that correct identification of one of the polyoma-
viruses by serologic methods requires recognition of these specific and cross-
reacting antigens and requires reliable information about how an antiserum was
produced plus appropriate tests and controls to certify the specificity or breadth
of reactivity of an antiserum. Use of antisera of uncertain specificity has some-
times led to erroneous conclusions about the identity of viruses of this group.

After we had improved our isolation and cultivation techniques with JCV
and had developed good virus-specific antisera for JCV, BKV, and SV40, we
set about identifying the virus in more cases of PML. We went back to the
New Jersey tissue and, using virus-specific antiserum and fluorescence micros-
copy, we identified the virus in the tissues as a JCV type of virus and were
able to isolate and cultivate it. We also succeeded in cultivating virus from the
small pieces of tissue we had received from Sam Chou and found it to be
antigenically identical to JCV. Using frozen sections of the diseased tissue and
virus-specific antisera, we found the virus in the brain tissue to be a JCV type
of virus, and we were even able to do the same with the tissue that George
Ellison had given us. This was the PML tissue that had been stored in 50%
glycerin-saline at 4°C since 1965. This gave a good indication that JCV was a
very hardy virus.

With virus-specific antisera, frozen sections, and immunofluorescence tech-
niques it became possible for us to confirm a diagnosis of PML in biopsy and
autopsy tissue in a few hours to a few days. When pathologists, neurologists,
and other physicians learned this, we began receiving specimens of PML tissue
at an increasing pace. We chose to cultivate viruses from about 15 cases so
that we could compare isolates. We sometimes went through the work of iso-
lating and cultivating the virus because the case was of special interest, such
as the cases of two children who developed PML. All isolates were antigeni-
cally similar.

In the 30 years since JCV was isolated and cultivated, the identity of the
virus in PML lesions has been determined many times. Most of these cases
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have gone unreported because JCV in PML is no longer news, but the number
must be approaching 200 because it was over 100 in 1988 when I retired and
stopped receiving reports. Identification has been accomplished by a variety of
methods in laboratories in many countries on several continents. In no case,
thus far, has BKV been found in the brain of a patient with PML, and all
available evidence indicates that BKV has no part in PML. With the exception
of a handful of cases, JCV has always been the virus in the brain lesions of
PML patients.

However, in six cases the virus has been reported to be SV40. The SV40
identifications have been from laboratories working with SV40 or with monkey
cells that frequently harbor latent SV40 and where cross contamination is a
risk. Furthermore, antiserum used in these identifications usually has not been
shown with certainty to be virus specific. The cross-reacting antibodies com-
mon in antiserum developed against any one of SV40, BKYV, or JCV can lead
to mistaken identification. When Gerald Stoner and Caroline Ryschkewitsch
(Stoner and Ryschkewitsch, 1998) re-examined diseased brain tissue from three
of the six supposed SV40 cases, they found that these three cases were indeed
mistakenly identified as due to SV40. Stoner and Ryschkewitsch used virus-
specific monoclonal antibodies, virus-specific DNA probes for in situ hybridi-
zation, and virus-specific primers in the polymerase chain reaction. These are
techniques that were not available when the cases were originally studied. In
each of these cases, one of which was Rubinstein’s case from Stanford reported
in 1972, the virus in the brain lesions was unequivocally shown to be JCV
rather than SV40. Tissues from the other three cases were not available for
examination by Stoner and Ryschkewitsch, but it is quite likely that had they
been re-examined they, too, would have been found to be mistaken identifi-
cations and that JCV is the sole etiologic agent of PML.
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1. INTRODUCTION

It is a remarkable fact that the first isolations of the two human polyomaviruses,
BK virus (BKV) and JC virus (JCV), were reported simultaneously in The
Lancet (Gardner et al., 1971; Padgett et al., 1971), the work of each group
unbeknown to the other, and even more interesting to contrast the route by
which each virus was discovered. Whereas the history of JCV can be followed
from disease to virus over a protracted course (see Chapters 1 to 3), the dis-
covery of BKV arose from observations made during work on an unrelated
virus and was followed by a search for a disease. This is an account of the
discovery of a virus taken from notes, specimen forms, and laboratory note-
books of the time, with the personal recollections of Dr. Sylvia Gardner. I was
then working on cytomegalovirus for my Master of Philosophy degree with
Sylvia as my supervisor, and was not directly involved in the initial polyoma-
virus studies, but switched to BK virus later when I began work on my
doctorate.
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2. THE INSTITUTE AND PEOPLE INVOLVED

The Public Health Laboratory Service (PHLS) began as a network of bacteri-
ology laboratories in England and Wales, the Emergency Public Health Labo-
ratory Service (EPHLS), brought together in 1939 to combat the threat of epi-
demics during the Second World War (Williams, 1985). In 1946 a permanent
service was established and subsequently enlarged to include 63 laboratories
by 1969 to monitor and control the spread of infectious disease in peacetime.
In 1946 a collection of reference laboratories was assembled on the site of the
Government Lymph Establishment at Colindale in North West London, where
previously smallpox vaccine was produced. This formed the Central Public
Health Laboratory (CPHL) and included the Virus Reference Laboratory
(VRL), the initial function of which was to set up diagnostic facilities for
smallpox. The work of CPHL expanded, and in 1951 the building of the ““‘tower
block” (Fig. 4.1), was begun. VRL was housed on the third floor of this build-
ing, and much of the early work on BKV was done in laboratory 316 (Fig.
4.2). The building was later demolished when CPHL relocated in 1985.

By the early 1970s the work of VRL was dominated by cell culture for virus
isolation and virus neutralization tests, electron microscopy, and complement
fixation tests. Hot rooms and incubators contained rack upon rack or rollers of
cell culture tubes that had to be examined and medium laboriously changed
once or twice a week, maybe for several months. There was a large tissue

Figure 4.1. The 1951 “tower block” at CPHL. BKV was first isolated in a laboratory on
the third floor of this building. Courtesy of Mr. J. Gibson.
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Figure 4.2. The laboratory (room 316) in the “tower block” where much of the early work
on BKV was carried out. Courtesy of Dr. W.A. Knowles.

culture preparation laboratory and sections devoted to enteroviruses, respiratory
viruses, smallpox, and rabies diagnosis.

Consultant Virologist Dr. Sylvia Gardner (Fig. 4.3) joined VRL in 1962,
having studied medicine at Birmingham University. Her early interests were in
respiratory viruses, and she ran a small virology unit in the hospital of a large
childrens’ home organized as a village. There was always a strong clinical
aspect to her work, and she later became involved with investigations in VRL
on transplant patients and pregnant women. This brought her into contact with
Professor K.A. Porter, a pathologist at St. Mary’s Hospital, Paddington, who,
with colleagues in the United States was researching cystic duct obstruction in
the first liver transplant recipients, and who was anxious for the role of viruses
to be studied. Dr. Gardner retired from VRL in 1989.

Dr. Anne Field (Fig. 4.4) studied Microbiology at Bristol University and
came to CPHL in 1959. She originally worked in the enterovirus laboratory,
but in 1968 was appointed the first electron microscopist at CPHL and was
responsible for setting up and running the electron microscope unit (EMU)
until retirement in 1994. The first electron microscope in use at CPHL was an
AEI 6B.

3. IDENTIFICATION OF A NEW VIRUS

In the late 1960s and early 1970s much work was being done to determine the
epidemiology of cytomegalovirus (CMV), first isolated a decade earlier, and
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Figure 4.3. Dr. Sylvia Gardner. Courtesy of Mr. J. Gibson.

its transmission in donated blood and organs. A collaboration was set up be-
tween Dr. Dulcie Coleman in the Department of Histopathology and Cytology
at St. Mary’s Hospital and Sylvia Gardner at Colindale to investigate, both
cytologically and virologically, the presence of CMV infection in renal trans-
plant patients.

On October 7, 1970, a midstream urine sample, collected a day earlier,
arrived in the laboratory from a Sudanese patient who had received a renal
transplant from his brother on June 24, 1970. A phone call the same day from
St. Mary’s Hospital informed us that this urine contained many inclusion-
bearing cells, and so electron microscopy examination would be well worth-
while. Two days later, Anne Field saw very large numbers of papovavirus
particles in the high-speed urine pellet and suggested that they were particles
of common wart virus (the only human papovavirus known at the time). It was
queried whether the patient had genital warts; a report earlier that year (Spencer
and Andersen, 1970) had described a high incidence of warts after renal trans-
plantation. Ultrathin sectioning of the cells in a subsequent urine sample col-
lected on October 12 from the same patient showed many virus particles within
enlarged cell nuclei.

On the day of receipt, the first urine was inoculated into tubes of both
secondary rhesus monkey kidney (MK) cells and human embryo lung fibro-
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Figure 4.4. Dr. Anne Field at a Philips 420 transmission electron microscope. Courtesy
of Mr. J. Gibson.

blasts (HEL) and observed every 3 or 4 days for a cytopathic effect (CPE). On
day 19 a CPE appeared in the inoculated MK cell cultures, and the culture
fluid was found to contain papovavirus particles. The fluid from uninoculated
cells of the same batch was also examined as it was known that SV40, a
monkey polyomavirus, was sometimes a contaminant in these cells; however,
the controls were negative. In contrast, no CPE was seen in the HEL cells up
to 27 days after inoculation. Vero cells were also inoculated on October 12,
and on day 37 a CPE consisting of rounded cells was clearly visible.

The isolate was subsequently passaged in MK and Vero cells but appeared
to die out in the MK cultures, and by the third passage CPE was no longer
detectable even after 47 days in culture. Papovavirus was subsequently isolated
from many more urine samples from this patient and others, but was always
slow growing in culture, requiring immense patience. Virus harvested from the
second passage in Vero cells was used as an antigen in complement fixation
tests, and a seroconversion to the agent was demonstrated in the patient at the
time the virus was isolated. The agent was named BK, the patient’s initials,
and the original isolate is known as the Gardner strain.

Measurement of the virus particles (45 nm diameter) showed the isolate to
be a polyomavirus, as distinct from a papillomavirus, and work was undertaken
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to distinguish it from the only known polyomaviruses at the time: mouse poly-
oma, K virus of mice, monkey SV40, and rabbit kidney vacuolating agent. In
early 1971 a range of biologic properties was investigated to characterize the
new agent. It was found to agglutinate erythrocytes from different animal spe-
cies, including humans, which immediately distinguished it from SV40, and
enabled a hemagglutination inhibition (HI) test to be developed to add to the
standard complement fixation test. Seroprevalence studies were later under-
taken in various populations. The tumorigenic property of BKV in hamsters
was also established early on.

After the virus was isolated and shown not to be human papillomavirus or
SV40, it was thought that it might be the virus that had been described in
association with the rare neurologic disease progressive multifocal leucoen-
cephalopathy (PML) but that had thus far not been grown. Sylvia Gardner,
therefore, wrote to laboratories in the United States that had published cases
of PML and requested some PML brain tissue from them (hence the rumors
heard by Duard Walker in Wisconsin!). No brain tissue was forthcoming, but
we were later able to study patients in the United Kingdom with PML.

After our manuscript was submitted to The Lancet, the editors informed us
that they had received another paper from the United States on the isolation of
a human polyomavirus. Both papers had been accepted and would be published
together.

Following the publication of the two original papers, it was obviously im-
portant to find out as soon as possible whether BK and JC viruses were related
or even identical, and immediate collaboration was set up across ‘‘the pond”
between Sylvia Gardner, Duard Walker, Billie Padgett, and Gabriele Zu Rhein.
Viruses were exchanged, and it was established that, indeed, the isolates were
two new human polyomaviruses, related to each other and also to SV40.

The original BKV paper was identified in 1989 as a ““Citation Classic” by
the Institute for Scientific Information.

4. SUBSEQUENT WORK ON THE HUMAN POLYOMAVIRUSES
AT COLINDALE

Diagnostic and epidemiologic work on both BKV and JCV continued in VRL
over the next 30 years, alongside developmental work that reflected the ad-
vances in new virologic techniques. BKV was always easier to grow than JCV,
the latter requiring fetal brain cells. We became expert at growing these cells,
which are no longer available. Large studies involving the original methods of
cytology, electron microscopy, virus isolation, and serology were undertaken
on renal transplant and PML patients, pregnant women, and children. BK'V-
and JCV-specific IgM detection methods were developed, and the molecular
detection of BKV and JCV DNA was done first by hybridot and later by
polymerase chain reaction. Antigenic subtypes of BKV were described, and
subsequent work demonstrated the molecular basis for the observed variations.
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Very recently collaborative studies have been undertaken on BKV and JCV
VP1 expression in a yeast cell system.
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1. INTRODUCTION

The subfamily of viruses named Polyomavirinae are small, naked viruses with
icosahedral capsids and circular, double-stranded DNA genomes. These viruses
have been isolated from a number of species, including human, monkey, rabbit,
rodents, and birds. Their host range is rather restricted, and they generally do
not infect other species productively. The first of these viruses to be identified
was mouse polyoma virus (PyV), which, along with simian virus 40 (SV40),
have been two of the most intensely studied viruses since their discovery 40
years ago (Sweet and Hilleman, 1960; Stewart et al., 1958). The study of these
two viruses has led to major advances in our understanding of a variety of
eukaryotic cell processes, including transcription, DNA replication, translation,
signal transduction, cell growth, and oncogenic transformation. Indeed, the
name polyomavirus is derived from the fact that the mouse virus causes a
spectrum of tumor types when inoculated into newborn mice. Two polyoma-
viruses that solely infect humans have been identified, BKV and JCV. Both of
these viruses were first isolated in 1971 (Padgett et al., 1971; Gardner et al.,
1971), BKV from the urine of a renal transplant patient and JCV from brain
tissue derived from a patient with progressive multifocal leukoencephalopathy
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(PML), of which JCV is clearly identified as the causative agent. In this chapter,
the biology of the polyomaviruses is reviewed, with an emphasis on these two
human viruses and on SV40, which historically has not been thought to be a
human pathogen but, according to accumulating recent evidence, may well be.
For a detailed treatment of the other polyomaviruses, the reader is referred to
the chapter by Cole (1996) in Fields Virology.

2. POLYOMAVIRUS STRUCTURE

The icosahedral capsids of polyomaviruses are composed of three structural
proteins, VP1, VP2, and VP3. VPI is the major component, with 360 molecules
per capsid, and VP2 and VP3 contribute 30—60 molecules each to the capsid.
The VP1 protein is the most highly homologous among the three viruses (Table
5.1). The significant degree of homology among these viruses has complicated
somewhat the development of highly specific serologic assays, an issue that is
relevant to ongoing epidemiologic studies relating to the involvement of these
viruses in human cancer and the possible spread of SV40 in the human pop-
ulation. These viruses have a somewhat unique structure in that the icosahedron
is composed of 72 pentamers, with no apparent hexamers (Rayment et al.,
1982; Liddington et al., 1991). Each pentamer consists of five VP1 molecules
and one molecule of VP2 or VP3. The capsid surrounds the viral DNA, which
is a supercoiled, circular, double-stranded molecule of approximately 5200 base
pairs in the case of the primate viruses. Histones H2A, H2B, H3, and H4 are
associated with the DNA in the virion. In the cell, histone H1 is also bound to
the viral DNA, and in fact the viral chromosome in the cell is structurally
indistinguishable from host cell chromatin (Louie, 1975; Keller et al., 1978;
Zentgraf et al., 1978; Muller et al., 1978). The DNA sequence identity among
the primate viruses is approximately 70% (Table 5.1).

The genomic organization of these viruses is also conserved (Figure 5.1).
The early and late promoters, along with the origin of DNA replication, are

Table 5.1. Sequence Homologies Among BKYV, JCV, and SV40

BKV-IJCV BKV-SV40 JCV-SV40

Proteins®

VP1 87 88 85

VP2 88 86 83

VP3 84 81 78

T antigen 90 84 82

t antigen 86 78 76
DNA” 72 69 68

“Percent amino acid homology.
"Percent sequence identity.
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Figure 5.1. Genomic organization of polyomaviruses. The double-stranded, circular DNA
genome is depicted with the origin of DNA replication (ori, which overlaps the transcrip-
tional control region) at the top. The direction of transcription for the early and late tran-
scription units is indicated by the arrows.

clustered together into a so-called viral regulatory or transcriptional control
region. The early genes are transcribed from one strand of the genome, and
the late genes are transcribed in the opposite direction from the complementary
strand. In effect, then, the genetic map of the viruses has two halves, early and
late, that are divided by the promoter/origin region on one side and the mRNA
polyadenylation sites on the other.

3. THE POLYOMAVIRUS LIFE CYCLE

While the polyomaviruses can bind to and enter cells of multiple species, the
outcome of the infection is species specific (Fig. 5.2). In permissive hosts, one
generally obtains a lytic infection, while in nonpermissive hosts (e.g., rodents
in the case of the primate viruses), there is a block to viral replication, leading
to abortive infection or oncogenesis. For example, SV40 replication is restricted
in mouse cells due to an inability to use the host DNA polymerase for viral
DNA synthesis (Murakami et al., 1986). Infection of human cells by the human
viruses is generally limited to epithelial cells, fibroblasts, lymphocytes, or cells
derived from the nervous system. The outcome of that infection is also cell
type specific. For example, while JCV persists in the urinary tract, infection of
glial cells can be cytolytic. Most recently, it has been reported that cell type
differences may dictate the outcome of SV40 infection. Specifically, it has been
shown that while SV40 infection of human fibroblasts leads to a productive
outcome, which has been known for some time, in mesothelial cells it estab-
lished a persistent, nonlytic infection (Bocchetta et al., 2000). This result has
important implications for the possible role of SV40 in human mesothelioma,
as is discussed below. It should be noted that the concept of differences in the
progression of the infection in different cell types within a given organism is
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Figure 5.2. Infection outcomes. The two major outcomes of infections are shown. In a
permissive cell (left side), the viral life cycle is completed and progeny virions are pro-

duced. In nonpermissive cells (right side), replication is blocked and abortive infection or
transformation may ensue.

not limited to tissue specificity, as it has been known for some time that poly-
omaviruses require differentiated cells within a given tissue to provide a fertile
environment for replication (Villarreal, 1991).

Infection of cells is initiated by binding of the virion to specific cell surface
receptors. It is believed that SV40 binds MHC molecules (Norkin, 1999), al-
though a differential ability to infect polarized epithelial cells via the apical or
basolateral surfaces has been reported, even though MHC expression on the
two membranes is the same (Basak et al., 1992). This may be a reflection of
expression, or lack thereof, of additional molecules that are required for entry
once the virus has bound. The receptors for BKV and JCV are not known,
although it has been demonstrated that JCV binds specifically to glial cells,
tonsilar stromal cells, and B lymphocytes, closely mirroring the observed cell
tropism with respect to persistent and lytic infection (Wei et al., 2000). The
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viral capsids are then internalized by endocytosis and are transported to the
nucleus, where the DNA is uncoated. The mechanism by which the virions
escape endocytic vesicles is not clear. Once the DNA reaches the nucleus,
however, transcription of the early genes begins, driven by promoter and en-
hancer sequences that overlap the origin of DNA replication. These promoter
elements bind a large variety of ubiquitous and cell type-specific transcription
factors (see Chapter 6). Early gene transcription has been demonstrated to play
a regulatory role in infection in the replication of JCV in glial cells, as discussed
below.

The early genes of the human polyomaviruses encode two major proteins,
the large T and small t antigens, which are expressed from two mRNAs that
are derived by alternative splicing of a single primary transcript (Fig. 5.3A).
These proteins are so named because of the early finding that they were the
dominant tumor antigens recognized by the immune systems of animals har-
boring virally induced tumors (Black et al., 1963). Overall, the degree of amino
acid homology among the T antigens is similar to that observed for the capsid
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Figure 5.3. Major viral genes. (A) Early transcripts and proteins. The two major T antigens
are expressed from two differentially spliced mRNAs. The angled lines indicate introns.
The angled lines indicate introns that are removed by splicing. Hatched boxes, sequences
shared in common by large T antigen and small t antigen; bricked box, small t-unique
sequences; lined box, large T-unique sequences. (B) Late transcripts and proteins. The
three late proteins VP1, VP2, and VP3 are expressed from two mRNAs, the shorter of
which encodes VP1 and the longer of which encodes the other two proteins. The angled
lines indicate introns. Black box, VP1; hatched box, VP2-unique sequence; lined box,
sequences shared by VP2 and VP3.
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proteins (Table 5.1), but if one examines the protein domains that have been
shown to be functionally important for viral DNA replication and oncogenic
transformation, the homology is much higher, closer to 100%. Mouse polyoma
virus encodes a third T antigen molecule, middle T antigen, distinguishing it
from the primate viruses. Most recently, an additional early mRNA has been
identified in SV40 that would encode a T antigen with a predicted molecular
weight of 17 kDa, sharing the first 131 amino acids of TAg and then terminating
after four unique amino acids (Zerrahn et al., 1993). The role of this T antigen,
sometimes referred to as ‘““‘tiny t,”” has not yet been investigated in detail. For
additional details on early mRNAs of JCV see Chapter 6.

Large T antigen (TAg), a nuclear phosphoprotein of approximately 700
amino acids in the primate viruses, is a critical player in the life cycle of the
virus. One of its major roles during the early phase of the infection is to induce
the cell to enter S phase. The virus must accomplish this because it does not
encode any of the DNA synthetic machinery required for replication of its
genome and therefore relies on the cell’s machinery, which is expressed at high
levels in S phase. Because the virus generally infects cells that are not actively
cycling, it must provide them with a means to do so. The major mechanism
by which the virus accomplishes this is by binding to and inactivating the
retinoblastoma susceptibility protein, pRb, and its two related family members,
p107 and p130 (DeCaprio et al., 1988; Ewen et al., 1989; Hannon et al., 1993;
Dyson et al., 1989, 1990; Harris et al., 1996; Bollag et al., 1989; Trowbridge
and Frisque, 1993). Inactivation results in the release of E2F transcription fac-
tors, which stimulate transcription of genes involved in entry into S phase and
DNA synthesis (for review, see Cress and Nevins, 1996). The release of E2F
is mediated by binding of TAg to pRb family members resulting in direct
physical displacement of E2F, as well as TAg-mediated induction of the deg-
radation of pRb family member proteins (Campbell et al., 1997; Stubdal et al.,
1997; Zalvide et al., 1998; Sock et al., 1999; Harris et al., 1998). Both of these
functions require a conserved LXCXE motif that is involved in pRb family
protein binding, and degradation also requires the J domain, so named due to
its homology to the DnalJ family of molecular chaperones (Rutila et al., 1986;
Kalderon and Smith, 1984; Ewen et al., 1989; Christensen and Imperiale, 1995;
Zalvide and DeCaprio, 1995; Brodsky and Pipas, 1998; Campbell et al., 1997;
Stubdal et al., 1997; Sheng et al., 1997; Zalvide et al., 1998; Harris et al.,
1998). The exact mechanism by which the J domain targets these tumor sup-
pressors for degradation is currently unclear. TAg also plays a second, more
direct, role in DNA replication, acting as an important initiation factor for DNA
synthesis. First, TAg binds to specific sequences in the viral DNA at the origin
of replication and recruits the DNA synthetic machinery to the origin of rep-
lication by directly binding to the DNA polymerase a/primase complex and
replication protein A (RPA), a single-stranded DNA-binding protein that is re-
quired for efficient replication (Dornreiter et al., 1990; Melendy and Stillman,
1993). Second, TAg has helicase activity, unwinding the DNA at the origin and
setting the stage for the initiation of DNA synthesis (Dean et al., 1987; Stahl
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et al., 1986). Indeed, much of what we know about eukaryotic DNA replication
comes from in vitro studies of SV40 replication, and the entire system has been
reconstituted from purified factors in recent years (Waga et al., 1994).

Small t antigen is a cysteine-rich protein of 172 amino acids in BKV and
JCV (174 in the case of SV40), the first 80 of which (82 in SV40) are shared
with TAg. It appears to be dispensable for lytic infection in cultured cells.
However, whether it plays a role in vivo is not known (Shenk et al., 1976;
Staneloni et al., 1977). It has the ability to bind the cellular phosphatase PP2A,
inhibiting its function. This results in a signal transduction cascade that stim-
ulates cell growth, implying that, like TAg, small t antigen may be important
in setting up the cellular environment for efficient replication under certain
conditions (Sontag et al., 1993; Pallas et al., 1990). Middle T antigen of mouse
PyV, as its name implies, is intermediate in size to the large and small T
antigens. This cytoplasmic protein is localized to the plasma membrane and is
identical to small t antigen in its amino terminus but has a unique carboxy
terminus, and it is also required for viral replication in mice (Freund et al.,
1992b).

Once DNA replication begins, the infection enters the late phase. At the
same time, TAg acts to stimulate transcription of the late genes and to repress
transcription of the early genes. While the mechanism of repression is poorly
understood, activation of late gene expression is accomplished through the in-
teraction of TAg and components of the cellular basal transcription machinery
(TAFs; Gruda et al., 1993; Berger et al., 1996). The late genes encode the three
structural proteins described above, VP1, VP2, and VP3, which are also ex-
pressed from alternatively spliced mRNAs whose transcription initiation and
polyadenylation sites are identical (Fig. 5.3B). Based on studies in vitro and
using baculovirus-expressed capsid proteins, it is believed that these proteins
assemble into capsid structures and the DNA is then inserted into the capsids
(Sandalon et al., 1997; Forstova et al., 1993; Salunke et al., 1986). It has been
speculated that the infected cell is killed through an apoptotic mechanism. It
has been argued, for example, that the reason the virus inhibits p53 function
(see below) is to keep the cell alive longer to maximize the yield of progeny
virions. There is direct evidence from analyses of adenovirus, whose E1A and
E1B proteins share many functions with TAg, to support this idea (Rao et al.,
1992). Studies have shown SV40 virions being released directly from the
plasma membranes of intact epithelial cells, however (Clayson et al., 1989).
Therefore, it is not clear that cell lysis is required for release of progeny virions.

4. CLASSIC INFECTIOUS DISEASE

The major clear-cut associations between the human polyomaviruses and clas-
sically defined infectious diseases are those of JCV with PML and BKV with
hemorrhagic cystitis (Weber and Major, 1997; Arthur et al., 1988; Barbanti-
Brodano et al., 1998). BKV and JCV are ubiquitous in most human populations,
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infecting most individuals in early and late childhood, respectively (Gardner,
1973; Padgett and Walker, 1973; Taguchi et al., 1982). BKV is thought to cause
mild respiratory illness, which would correlate with its appearance in the pop-
ulation at early ages (Goudsmit et al., 1981, 1982; Hashida et al., 1976; Min-
inberg et al., 1982; Padgett et al., 1983). Indeed, both viruses can be detected
in tonsillar tissue, and JCV has been shown to infect tonsillar lymphocytes and
stromal cells (Goudsmit et al., 1982; Monaco et al., 1998a,b). The viruses then
disseminate and establish a subclinical, persistent infection in the urinary tract
and lymphocytes (and, for JCV, the brain). To obtain overt disease, the indi-
vidual usually must be immunocompromised. Most commonly affected are pa-
tients with AIDS or transplant recipients taking immunosuppressive drugs. The
pathology of the disease is thought to be due to destruction of the infected
tissue due to viral replication. The molecular mechanisms of disease have been
described in a fair amount of detail for JCV (Chapter 12). For a detailed dis-
cussion of BKV and clinical disease see Chapter 14.

The pathology of PML is due to viral replication in oligodendrocytes, which
are the cells in the brain that produce myelin. Numerous studies have dem-
onstrated that the JCV promoter and enhancer contain binding sites for a variety
of transcription factors that are expressed in glial cells, although only one of
these appears to be truly glial cell specific (Frisque and White, 1992; Raj and
Khalili, 1995). Disease is also often accompanied by rearrangements in the
transcriptional control region that appear to enhance TAg expression and, sub-
sequently, replication (Dorries, 1997, 1998; Weber and Major, 1997). The BKV
promoter and enhancer have not been dissected in nearly as much detail, mak-
ing the molecular pathogenesis of hemorrhagic cystitis less well understood.

5. ONCOGENIC TRANSFORMATION

Large T antigen is the major transforming protein of the primate viruses. Its
expression is both necessary and sufficient for the oncogenic transformation of
most cell types (Martin and Chou, 1975; Brockman, 1978; Tegtmeyer, 1975;
Brugge and Butel, 1975). The TAg of PyV differs from its primate cousins in
that it is not required for maintenance of the transformed state: that function
falls upon middle T antigen (Di Mayorca et al., 1969; Eckhart, 1969; Fried,
1965; Basilico et al., 1980; Lania et al., 1980). Small t antigen is required for
transformation under certain conditions, working through its interaction with
PP2A. The ability of small t to bind PP2A correlates with its ability to induce
cell growth (Mungre et al., 1994).

The capacity of TAg to transform cells maps to at least three domains of
the molecule: the pRb binding and J domains discussed above and a more
carboxy-terminal domain that allows TAg to bind to the tumor suppressor pro-
tein p53 (for review, see Pipas, 1992). It is worth noting here that p53 was
originally identified through its ability to coprecipitate with TAg (Lane and
Crawford, 1979; McCormick and Harlow, 1980; Linzer and Levine, 1979). Our
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current understanding of the mechanism of transformation is as follows. TAg
expression leads to the induction of S phase through the pRb-binding and J
domain functions described above. The cell responds to this abnormal signal
to divide by turning on a p53 response, which would normally lead to cell
cycle arrest or apoptosis. TAg overcomes this roadblock, however, by binding
to p53 and inhibiting its function. Thus, the cell is induced to proliferate, and
p53-mediated check point control is abrogated. The purpose of the interaction
with pRb and p53 pathways during lytic infection is therefore to push the cell
into a maximal environment for the support of viral DNA replication and to
keep it alive as long as possible to optimize viral yields before the cell is killed.
Oncogenic transformation occurs when there is a block to productive infection,
but continued expression of TAg. This leads to cell proliferation without killing
of the cell, ultimately resulting in tumor formation in the nonpermissive host
due to the restrictive nature of the virus—cell interaction relating to DNA rep-
lication. One can also obtain oncogenic transformation in a permissive host if
viral replication is blocked by other means, such as mutations in the origin of
replication (Gluzman, 1981). Finally, one must keep in mind that TAg itself
can induce DNA damage, making its inactivation of p53 doubly dangerous to
the cell (Theile and Grabowski, 1990; Lazutka et al., 1996; Tognon et al., 1996;
Trabanelli et al., 1998; Ray et al., 1990).

In addition to the large and small T antigens, the third PyV T antigen, middle
T antigen, is required for transformation by the mouse virus. While PyV large
T antigen does bind to and deregulate pRb family members, working through
the same functional domains as the primate TAg (Larose et al., 1991; Freund
et al., 1992a; Sheng et al., 1997), it does not bind to p53. PyV small t antigen
does affect PP2A function and appears to serve an identical function to SV40
small t antigen (Pallas et al., 1988). Middle T antigen acts through a distinctly
different mechanism than the other two oncoproteins. Its membrane-bound lo-
cation puts it in a position to bind to and activate Src family kinases, thereby
signaling the cell to grow and divide via a kinase cascade pathway (Kaplan et
al., 1989).

6. HUMAN CANCER

Until recently, evidence for the involvement of JCV, BKYV, and SV40 in human
cancer was virtually nonexistent. The advent of polymerase chain reaction
(PCR) technology, however, has sparked renewed interest in the issue and pro-
vided provocative evidence that these viruses may indeed play a role in certain
neoplasms. The fact that these viruses can indeed cause tumors is not disputed,
based on the in vitro studies described above as well as experiments in animals.
For example, SV40 induces osteosarcomas and mesotheliomas in infected ham-
sters and causes brain tumors in transgenic mice; JCV also causes brain tumors
in transgenic mice and infected hamsters; and BKV transgenic mice get kidney
tumors and hepatocellular carcinomas (Cicala et al., 1993; Diamandopoulos,
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1972; Brinster et al., 1984; Walker et al., 1973; Zu Rhein, 1983; Franks et al.,
1996; Krynska et al., 1999; Small et al., 1986; Dalrymple and Beemon, 1990).
The crucial questions with respect to their potential role in human cancer are
(1) Is the detection of viral sequences in tumor samples reliable? (2) Is the
association of viral sequences with human tumor samples a reflection of a
causal role, or is the virus an innocent bystander?

The use of PCR to detect sequences in biopsy samples is somewhat tricky
in that often only small amounts of tissue are available, requiring large numbers
of cycles in the reaction. Such large numbers increase the possibility of de-
tecting contaminants that might be inadvertently introduced into the reactions.
While this may have called into question some early reports, most laboratories
now take great care in segregating the various sample manipulations so as to
prevent contamination problems. In addition, there have now been a number
of cases in which viral sequences isolated from tissues have been sequenced
and shown to be distinct from laboratory strains of the viruses, thereby ruling
out simple contamination with cloned DNAs.

BKYV sequences have been detected in a variety of human tumors, including
pancreas, neuroblastoma, and urinary tract, as well as samples isolated from
tissues that the virus has not been previously thought to infect (for review, see
Imperiale, 2000). Two of these studies are notable as the conclusions were not
solely based on PCR analysis. First is an analysis of urinary tract tumors by
Monini et al. (1995) at the University of Ferrara, in which they were able to
detect BK viral sequences in some tumors using Southern blotting. Analysis of
these sequences indicated that the viral DNA had integrated into the host chro-
mosome and also that rearrangements in the origin of replication were present
that would be predicted to interfere with productive infection. As discussed
above, a block to viral replication concomitant with TAg expression could lead
the infection down the path to oncogenic transformation. Flaegstad et al.
(1999), in Norway, detected BKV DNA sequences in 17 of 18 neuroblastomas
by in situ PCR, BKV TAg by immunohistochemistry, and TAg—p53 complexes
by immunoprecipitation.

JCV sequences have been reported in colorectal tumors (Laghi et al., 1999;
Ricciardiello, et al., 2001), although this location, like that of some of the sites
in which BKV has been detected, does not represent a known site of infection
by the virus. JCV has also been detected in various neuronal tumors, and T
antigen expression can be demonstrated by immunohistochemistry in some of
these samples (see Khalili et al., 1999, and references therein). With both vi-
ruses, the analysis of whether they are truly involved in cancer is complicated
by the fact that they are also detected in a large percentage of normal tissue:
For example, in the urinary tract study of BKV discussed above, approximately
60% of the normal tissues were positive for the viral early region by PCR.
Thus, although viral sequences can be detected in tumors derived from tissues
in which the virus is known to persist, expression can be detected in some
cases, and the state of the viral chromosome appears to be conducive to trans-
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formation in some cases, proving a role for these viruses in human cancer will
require further study.

A possible role of SV40 in human cancer has also been postulated recently
(Levine et al., 1998; Barbanti-Brodano et al., 1998; Lednicky and Butel, 2001).
Viral sequences have been reported in three types of human cancer, brain tu-
mors, osteosarcomas, and mesotheliomas, but have not been found at various
other sites (Bergsagel et al., 1992; Lednicky et al., 1995; Carbone et al., 1994,
1996; Pass et al., 1996; Testa et al., 1998). Interestingly, brain tumors and
mesotheliomas are the two most common tumors induced by SV40 in trans-
genic mice and infected hamsters, respectively (Cicala et al., 1993; Brinster et
al., 1984). T antigen has been shown to be expressed in these human samples
(Carbone et al., 1997, 1999; Butel and Lednicky, 1999). The argument for a
role of SV40 in mesothelioma has received a strong boost recently from the
finding that the virus can establish what appears to be a persistent infection in
primary human mesothelial cell cultures and that these infected cells score
positive in transformation assays in culture (Bocchetta et al., 2000). Again, this
raises the possibility that nonproductive infection may predispose the cell to
travel down an oncogenic path. In addition, viral DNA has been cloned from
a number of these human tumors, and two findings have been described. First,
the viruses isolated from humans do not have a characteristic duplication of
the enhancer sequences that is found in laboratory strains after passage in tissue
culture (Lednicky et al., 1995; Lednicky and Butel, 2001). Second, there is
quite a bit of variability in the extreme carboxy-terminus of the T antigen gene
(Stewart et al., 1996). These findings indicate that the samples have not been
contaminated with laboratory stocks of the virus or plasmids containing viral
sequences. It is clear that a large number of people may have been exposed to
SV40 through administration of contaminated poliovirus vaccines in the late
1950s and early 1960s, but perhaps of more concern is the fact that the virus
is being isolated from individuals who are too young to have received these
contaminated lots of vaccine. Serologic studies also indicate the presence of
SV40 infection in nonvaccinated populations (Butel et al., 1999). Thus, it is
quite possible that SV40 is being transmitted horizontally throughout the pop-
ulation, and even vertical transmission cannot be ruled out. With the evidence
for SV40 as a human pathogen growing, attempts to develop an SV40 vaccine
may take on added importance (Xie et al., 1999; Imperiale et al., 2001).

7. CONCLUSIONS

The polyomaviruses have a long history of providing unique insights into how
viruses interact with their host cells and organisms. Early investigations lent
tremendous insight into basic molecular events that are critical to both viral
replication and host cell biology. More recently, the mechanisms behind the
role of JCV in PML have been teased apart. Finally, the evidence implicating
BKY, JCV, and SV40 in human cancer has reached a point where the possibility
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of their contributing to neoplastic disease cannot be ignored. Continued studies
into the molecular pathogenesis of these cancers will no doubt allow a more
definitive conclusion in the near future. In addition, an increased understanding
of the biology of these viruses will assist in the development of antiviral drugs
and vaccines, holding promise that the human diseases associated with these
viruses can be treated or prevented.
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1. INTRODUCTION

JC virus (JCV) is a 5 kb circular double-stranded DNA virus that causes the
fatal human disease progressive multifocal leukoencephalopathy (PML) by se-
lective destruction of oligodendrocytes, leading to multiple areas of demyelin-
ation and attendant loss of brain function (Astrém et al., 1958; Zu Rhein and
Chou, 1965). The viral genome is divided into early and late gene coding
regions, between which lies a regulatory region containing a bidirectional pro-
moter and the viral origin of replication (Fig. 6.1). The JCV early promoter
directs glial-specific expression of large T antigen (TAg). TAg is the major
viral protein, containing several activities, through which the virus comman-
deers the cellular metabolic machinery for production of virions (Henson,
1996). Thus, glial-specific transcriptional regulation of TAg expression is be-
lieved to constitute a major mechanism of neural tropism in PML.

The promoters of numerous brain-specific genes have been partially char-
acterized with respect to the ability of the 5’ untranslated region (UTR) to drive
expression of a reporter gene in transgenic mice or in transient transfection
assays. Studies of a number of viral and cellular genes have indicated that the

73



'sawouab 8aly) 8y} Ul Seousanbas pPaAIasUO0D 1ses| ay) aJe uonduosuel)
1o} sjeubBis Jeoueyus/ieiowoid ay] -uonduosuely pue (LQ) uoneoldal YNQ [BJIA [04U0D ey} sjuswsld Buioe-s/o a8y} sulejuod (4y) uoibas Aloyeinbai
9yl "1d1 pue €-LdA ‘Alquesse pisded 1oj pasinbai suidloid unoy sayoads uoibal aye| 8yl uonoduny umoudun jo (413S 410 ‘d13g ‘d13ar) epndad
Jepes| Aes ue apoous Aew swousb yoe3 duosuely Byl oyl yum paseys aq jou Aew Jo Aew jeyl suoxe 9aiy Jo pasodwod syNHW Ag pepoous
suiejoid jussaidas ‘Aloanoadsal ‘sdew OpAS PUB ‘AMEG ‘ADI 8yl Uo 1X/1 pue ‘.1 ¢, 1 'SYNHw Aues paojds Ajaaneulsye jo uone|suel} Aq psonpoid
sulejoid Aioye|inBal (OFAS ‘AMG) 984Ul Jo (ADr) aAl saioads uoibal Ales ay| "suoibal 81y} ojul PapIAIp ale sawouab ay] ‘suigjold [esin papoous ay)
ajousp sose Jono ay) pue ‘([9L210vAS €S {[SVIAME ‘da 8605 [L-PeNIADr ‘da 0ELS) sewouab YNNG pepuelis-a|gnop ay} jussaidal s9|ol10 Jauul
oy ‘reonuapl Aluesu ase sawousb sniianewoAjod syewiid asay) Jo suoneziuebio ay) ‘sswousb OFAS PuB ‘AMg ‘ADr 8ul Jo suosuedwo) "L 9 ainbi4

w wxm VS& wxmw T/yﬁw QNWV
= X D2 Nl QN P N
\+ - \\ ’E._ \H\ : \\ ’ o

%\u\_ €dn %\«\_5

o)s |
10 €dA €dA

'

¢dA CdA ZdA

LdA LdA LdA

74



GLIAL-SPECIFIC NATURE OF JCV EARLY PROMOTER 75

temporal and cell-specific activation of eukaryotic genes by enhancer/promoter
elements requires association of cis-acting DNA elements with trans-acting
cellular proteins that recognize such DNA sequences. Specificity may arise
from the expression of a specific transcriptional regulator in a restricted fashion
or by virtue of a cell-specific combination of transcription factors and tran-
scription factor binding sites within the promoter. For instance, a combination
of NF-1 and AP1 transcription factor binding sites appears in numerous brain-
specific promoters (Amemiya et al., 1992).

In the first half of this chapter, the transcriptional regulation of JCV is re-
viewed. First, the glial-specific nature of the JCV early promoter is described.
Second, regulation by transcription factors, including TAg, are described. Third,
cross-regulation by cytokines and HIV protein is reviewed. Finally, the pos-
sibility of regulation by epigenetic factors such as DNA methylation or chro-
matin structure is discussed.

In the second half of this chapter the regulation of primate polyomavirus
DNA replication is reviewed. Our present understanding of JCV and BK virus
(BKV) DNA replication relies in large part on studies involving the closely
related monkey polyomavirus, simian virus 40 (SV40). SV40 has served as an
important model with which to unravel the process by which small DNA tumor
viruses duplicate their genomes; it has also served as a model to identify the
mechanisms by which the DNA of eukaryotic cells is copied. A variety of
molecular genetic and biochemical approaches have been employed to dissect
the DNA replication process of this small, circular, double-stranded DNA ge-
nome. These approaches are now being redirected toward an investigation of
human polyomavirus replication, and, while it is expected that the major events
affecting replication of the human viruses will closely parallel those events
already shown to influence SV40 replication, specific details unique to JCV
and BKYV have already been uncovered.

2. GLIAL-SPECIFIC NATURE OF JCV EARLY PROMOTER

A large number of observations have demonstrated the glial-specific nature of
the JCV early promoter. Although oligodendrocytes are the only cells in the
body known to be lytically infected by JCV, astrocytes also express viral early
genes (i.e., large and small TAgs) in PML, whereas neurons do not (Itoyama
et al., 1981). Successful JCV isolation followed the discovery that primary
human fetal glial (PHFG) cells were permissive for infection in vivo, further
demonstrating the restricted nature of the virus infection (Padgett et al., 1971).
The expression of the TAg early gene was abolished following fusion of JCV-
transformed hamster glial cells with mouse fibroblasts, and the degree of re-
duction of TAg expression correlated with the number of fibroblast nuclei in
the heterokaryon fusion (Beggs et al., 1988). As discussed in more detail below,
this was early experimental evidence in favor of JCV early promoter repression
by a nonglial cell protein. In 1984 transcriptional analysis of the early promoter,
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using a transient transfection assay, demonstrated that the JCV early promoter
directed higher levels of expression of a reporter gene in glial cells than in
nonglial cells (Kenny et al., 1984). This latter observation has been confirmed
in a wide range of glial and nonglial cells types and has led to detailed analyses
of the promoter in vitro. Mice carrying a JCV early promoter—TAg transgene
selectively expressed TAg in oligodendrocytes, giving rise to a phenotype of
demyelination (Trapp et al., 1988). Additional transgenic experiments, in which
the early promoters and TAg genes of JCV and SV40 were exchanged, dem-
onstrated that the JCV early promoter was responsible for glial-specific ex-
pression of TAg (Feigenbaum et al., 1992).

Thus, it is now established that the JCV early promoter directs glial-selective
gene expression. A large number of transcription factors are known to regulate
the early promoter, some of which activate expression in a cell-specific way.

3. STRUCTURE OF THE JCV PROMOTER

A promoter region of 293 bp was isolated from Mad-1 JCV obtained from
PML brain tissue (Kenny et al., 1984; Tada et al., 1991). The Mad-1 promoter
contains two characteristic tandem 98 bp repeats and functions in opposite
orientations to regulate the early and late gene expression (Figs. 6.2 and 6.3).
Distinct transcription initiation start sites have been detected from the viral
promoter in the early and late phases of infection. Additional promoters cloned
directly from brain (MH1, GS/B, Mad-11.3) contain an identical 222 bp 5’
UTR region from the first codon of TAg (Loeber and Dorries, 1988; Yogo et
al., 1990). Thus, each isolate is identical to the end of the tandem repeat that
is adjacent to the TATA box (Fig. 6.2), but several isolates diverge somewhat
from the original Mad-1 promoter (Henson et al., 1992). Most isolates contain
an Spl binding site upstream of the TATA box in a location identical to the
first of six Sp1 binding sites in the SV40 promoter. By comparison, the original
Mad-1 JCV promoter had sequence identity only through 13 bp upstream of
the TATA box, and it then diverged from the direct isolates due to a 23 bp
deletion (lower case letters in the Mad-1 sequence in Fig. 6.2). It is important
to note that while the structure of the Mad-1 promoter does not alter its glial
specificity, it does serve to complicate functional analysis of the Mad-1 pro-
moter since the TATA region is duplicated in the upstream repeat. On the other
hand, the other promoters can be easily divided into proximal and upstream
regions in a manner similar to that employed in earlier studies of the SV40
promoter (Ondek et al., 1988).

4. CELL-SPECIFIC TRANSCRIPTION ANALYSIS

Introduction of Mad-1 and MH1 (Mad-11) JCV early promoter reporter gene
plasmids into glial (U87MG glioma cells) and nonglial (HeLa) cells demon-
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strated that the promoters directed 30- to 40-fold stronger expression in glial
cells than in nonglial cells (Henson, 1994). More importantly, this analysis
demonstrated that the MH-1 tandem repeats activated expression in both glial
and nonglial cells, thus suggesting that the repeats are not the major determi-
nant of cell specificity. Consistent with this, the proximal promoter region alone
directed 19-fold more activity in glial cells than in nonglial cells (Henson et
al., 1995; Krebs et al., 1995). Thus, the JCV basal promoter region is able to
direct glial-specific gene expression, whereas the major role of the tandem
repeats may be to increase promoter strength.

JCV early promoter function has been tested by in vitro transcription assays
using whole cell extracts. A strong run-off transcript was identified across in-
creasing concentrations of HIC (hamster glial cell) extract, whereas increasing
HeLa whole cell extract concentration produced loss of the run-off transcript
(Ahmed et al., 1990a,b). This not only suggested that the in vitro assay was
glial specific but also provided additional evidence for a repressor in HelLa
cells.

The expression of JCV is regulated by transcription factors, including acti-
vators and silencers. Many studies have been done to identify glial-specific
transcription factors, as is discussed in the following section.

5. REGULATION OF JCV PROMOTER BY KNOWN
TRANSCRIPTION FACTORS

Sp1, NF1, AP1, GF1, Subp-2

Sp1. Three Spl sites have been identified on the MH1 JCV early promoter
region by gel-retardation and DNase I footprinting analysis, using recombinant
protein and nuclear extracts (Spl-I, Sp1-1I, Sp1-1II) (Henson et al., 1992; Hen-
son, 1994; Kim et al., 2000). Spl-I is located immediately upstream of the
TATA box and appears to activate the JCV early promoter in both glial and
nonglial cells (Henson, 1994) (Fig. 6.3). Sp1-II and Spl-III sites are located
downstream of the TATA box. Spl-II was shown to be important for TAg-
mediated transactivation of the JCV early promoter, but it is not involved in
the regulation of basal expression (Kim et al., 2000).

Recently, Spl was shown to associate with Pura and regulate myelin basic
protein (MBP) expression during brain development (Tretiakova et al.,
1999a,b). TAg also appears to downregulate MBP transcription by interacting
with Pure, leading to hypomyelination (Tretiakova et al., 1999a,b).

Based on its frequent occurrence in CpG islands, one possible mechanism
underlying transcriptional control by Spl may be its role in maintaining meth-
ylation-free CpG islands in active genes (Graff et al., 1997; Macleod et al.,
1994). In vitro methylation of the MH1 JCV early promoter leads to very strong
repression of transcription after transfection into glial cells. Thus, cell-specific
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methylation is another potential mechanism regulating JCV early gene expres-
sion (see below).

NF1, AP1. The Mad-1 promoter has been subjected to extensive molecular
analysis. Several investigators have demonstrated the lack of a glial-specific
DNase I footprint on the enhancer region of the Mad-1 JCV early promoter
(Amemiya et al., 1989, 1992; Tada et al., 1989). A possible explanation for the
lack of a glial-specific DNA binding activity would be that there is a glial-
specific form of a well-known factor, such as NF1. The presence of closely
apposed NF1 and AP1 binding sites in many brain-specific promoters has led
to the search for such gene families (Amemiya et al., 1992; Sumner et al.,
1996). Specifically, NF1/AT1(NF1-A1) was shown to be expressed at a higher
level in human fetal brain cells compared with the ubiquitous NF1/CTF1(NF1-
C1) in HeLa cells (Sumner et al., 1996). In addition, the cerebellum-enriched
form of NF1-A1 transactivated two gliotropic JCV early promoters to a greater
extent than NF1-C1 in U87MG and HelLa cells (Krebs et al., 1996).

Recently, BAG-1, a novel Bcl-2—interacting protein, was cloned from reti-
noic acid—differentiated P19 embryonic carcinoma (EC) cells using the JCV
NF1 binding site as a probe sequence (Devireddy et al., 2000). This protein
was shown to bind to the NF1 site and activate JCV early and late promoters.
However, BAG-1 is ubiquitously expressed in neuronal and non-neuronal cells,
arguing that it is not a cell-specific transactivator.

Next to the NF-1 binding site are cAMP response elements (overlapping
with the AP1 site) that appear to regulate the JCV early promoter and enhancer
in a tissue-specific manner (Kumar et al., 1996a,b). Addition of cAMP or for-
skolin enhanced the expression of the JCV early promoter by two- to threefold
only in glial cells (Kumar et al., 1996a,b). However, the sequence of the cAMP
response elements (TGAGCTCA) of the JCV promoter deviates by two bases
from the consensus CRE sequence (TGACGTCA), which usually requires a
very stringent match (Faisst and Meyer, 1992; Tinti et al., 1997).

GF1 and Spubp-2. In gel-shift experiments, the central portion of the tandem
repeats was found to bind a 45 kDa protein, glial-specific protein (GF1), that
activated the late promoter and to a lesser extent the early promoter in glial
cells (Ahmed et al., 1990a,b; Kerr and Khalili, 1991; Khalili et al., 1988).
Following its cloning and expression, GF1 was found to activate the early
promoter weakly in glioma cells. This latter result was interesting because if
glial specificity relied solely on the presence or absence of an activating factor
such as GF1, ectopic expression of that factor in nonglial cells would be ex-
pected to activate the promoter.

Because GF1 appeared to be a partial cDNA for human Subp-2, a transfec-
tion assay was employed to compare the effects of GF1 and its full-length form
Subp-2 on JCV regulation (N.N. Chen et al., 1997). Subp-2 activated only the
JCV late promoter in glial cells and was weaker compared with GF1. In ad-
dition, Northern blot analysis (N.N. Chen et al., 1997) showed that GF1 and
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Subp-2 are expressed in both glial and nonglial cells, suggesting that, if they
contributed to cell specificity, they might interact with cell-specific coactivators
to induce glial cell-specific expression.

Tst-1/SCIP/Oct-6. Tst-1/SCIP/Oct-6 is a POU domain protein that activates
the JCV early promoter in conjunction with MHG-I/Y through sequences ad-
jacent to the TATA box (Leger et al., 1995; Renner et al., 1994; Wegner et al.,
1993). Tst-1 also physically interacts with TAg, resulting in a synergistic ac-
tivation of both early and late viral promoters (Renner et al., 1994). Interest-
ingly, Tst-1 activates the basal promoter region more strongly in glial cells than
in nonglial cells. Tst-1 is specifically expressed in myelinating glia, but it is
not expressed in many glioma cell lines in which the JCV promoter is strongly
and selectively active, nor is it expressed in adult glia. Thus, the role of Tst-1
in glial specificity remains unclear.

TAg. Analysis of the action of TAg on the JCV early promoter has provided
some potentially important insights into cell-specific basal promoter regulation.
Closely related SV40 TAg represses its own expression by cooperative binding
to three sites in the basal region of the SV40 early promoter (Fig. 6.2, LTa I,
II, and IIT) (Rio and Tjian, 1983). TAg repression of the SV40 early promoter
is thought to result from blocking the transcription initiation complex through
direct DNA binding to the basal promoter (steric hindrance model); however,
there is little direct evidence for this mechanism. On the other hand, TAg
produces DNA binding-independent activation of other promoters such as the
cellular hsp70 promoter, the Rous sarcoma virus (RSV) promoter, and SV40
and JCV late promoters (Rice and Cole, 1993; Taylor et al., 1989). TAg can
activate a basal hsp70 promoter consisting of a TATA sequence plus a single
upstream element (e.g., Spl binding site) in a TATA sequence-dependent man-
ner, and because TAg physically binds to TATA binding protein (TBP), it is
likely that it acts during initiation complex formation (Gruda et al., 1993; Tay-
lor et al., 1989).

TAg shares with adenovirus E1A protein the ability to stimulate transcription
in the absence of sequence-specific DNA binding. E1A activation also requires
a specific TATA sequence (Simon et al., 1988), and there is evidence that E1A
activates through derepression (Horikoshi et al., 1995; Kraus et al., 1994). Each
of these observations suggests that TAg promoter regulation depends on TATA-
specific initiation complexes.

Co-transfection of a JCV TAg expression construct and the MH1luc reporter
into US7MG glioma cells revealed that increasing levels of TAg produced
fivefold repression of the JCV and SV40 early promoters (Henson et al., 1995;
Kim et al., 2000) in a manner similar to that previously shown for the SV40
virus (Hansen et al., 1981). In HeLa cells, by comparison, 100—200-fold tran-
scriptional activation was observed. The effect was specific to the JCV early
promoter, as the SV40 promoter was still repressed fivefold in HeLa cells, and
TAgs of both JCV and SV40 activated the JCV early promoter to a similar
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degree. Deletion mutants in a co-transfection assay showed that TAg activation
in nonglial cells required only the basal promoter region. Thus, TAg produced
glial-specific, divergent regulation of the JCV basal promoter (Henson et al.,
1995; Kim et al., 2000).

DNase I footprinting on the MH1 JCV basal promoter region using SV40
or JCV TAg revealed two protected domains (LTa I and LTa II) (Fig. 6.3) (Kim
et al., 2000). Site-directed mutagenesis in the area of LTa II indicates that
alteration of two specific bases in the second pentanucleotide repeat abolished
TAg-induced transactivation while the mutation of the first repeat did not affect
either basal or TAg-induced transactivation in HeLa cells (Kim et al., 2000).
The change of the TATA to an irrelevant sequence also abolished TAg-induced
transactivation. In U87MG cells, the mutations did not alter TAg repression.
These results suggest an important role for the second pentanucleotide element
and TATA sequence for TAg-induced transactivation in nonglial cells. Func-
tional analysis of three new binding domains on the MH1 JCV promoter, which
were identified by footprinting analysis with nuclear extracts, revealed that the
Spl-II and novel sequences are also involved in TAg-induced transactivation
(Kim et al., 2000).

The binding of TAg to LTa I and LTa II was not significantly changed by
the mutations. These results suggest that TAg regulates the JCV promoter
largely by protein—protein interactions surrounding the TATA site rather than
by direct DNA binding.

The activation of the JCV early promoter by TAg in nonglial cells could
represent either transactivation or derepression. TAg activates a large number
of cellular and viral promoters in vitro and in vivo (Rice and Cole, 1993; Taylor
et al., 1989). Simple basal promoter regions are sufficient for transactivation,
and a wide variety of transcription factor binding sites can cooperate with TAg
in activation (Damania and Alwine, 1996; Gruda and Alwine, 1991). TAg lacks
a strong activation domain, and DNA binding is not required. TAg can interact
with TBP, can discriminate between TATA sequences for transactivation, and
can substitute for TAF;250 (Gruda and Alwine, 1991), strongly suggesting a
role in transcription initiation. Thus, the divergent regulation of the JCV early
promoter could reflect cell-specific or TATA-specific TFIID complexes. Indeed,
the ability of TATA and pentanucleotide mutations to abolish TAg induction
suggests that regions surrounding the TATA box are crucial for this effect. Also,
the differences in the footprint analysis over the TATA region between the glial
and HeLa nuclear extracts support this hypothesis (Kim et al., 2000).

Recently it was reported that TAg appears to transactivate the Mad-1 JCV
late promoter by increasing expression from a basal transcriptional initiation
site and through a novel TAg-dependent initiation site (TADI), which is ho-
mologous to initiator (Inr) sequences (Raj et al., 1998). The ability of TAg to
activate the JCV late promoter might be attributed to the formation of specific
protein complexes and increased transcriptional initiation from the TADI site
on the late promoter.
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Purea, YB-1, and TAg

Pura is a 322 amino acid sequence-specific single-stranded DNA binding pro-
tein that has been implicated in the control of both DNA replication and tran-
scription. Pura has been implicated in control of gene transcription involving
both viral and cellular promoters, including the JCV early promoter (Chen and
Khalili, 1995), the human immunodeficiency virus type 1 promoter (Chepenik
et al., 1998), the MBP promoter (Hass et al., 1995), and the neuron-specific
FE65 gene promoter (Zambrano et al., 1997).

Pura stimulates transcription of the JCV early promoter up to sixfold. More-
over, TAg attenuates the Pura-induced level of early gene transcription. Al-
though Pura alone has little effect on the late promoter, it is able to decrease
TAg-mediated transactivation of the JCV late promoter (Chen and Khalili,
1995). Pura and TAg physically interact and antagonistically modulate each
other’s function on the JCV promoter (Gallia et al., 1998). According to recent
reports, the association of TAg and Pura in vivo appears to downregulate the
MBP gene and thus induce hypomyelination in brains of mice transgenically
expressing TAg (Tretiakova et al., 1999a,b).

YB-1, a Y-box binding protein, is among the most evolutionarily conserved
nucleic acid binding proteins in prokaryotes and eukaryotes (Wolffe, 1994;
Wolffe et al., 1992). Y-box binding proteins appear to be involved in a wide
variety of biologic functions, including regulation of gene expression at the
transcriptional level (Kashanchi et al., 1994; Kerr et al., 1994; Li et al., 1997;
Mertens et al., 1998), the translational level (Tafuri and Wolffe, 1993), DNA
repair and DNA and RNA condensation (Grant and Deeley, 1993; Wolffe, 1994;
Wolffe et al., 1992). The members of the Y-box family proteins are responsive
to a wide spectrum of stress-related stimuli, including ultraviolet light radiation
(Koike et al., 1997), drug treatment (Bargou et al., 1997), DNA damage-
inducing antineoplastic agents (Ise et al., 1999), and interleukin-2 treatment in
T cells (Sabath et al., 1990). Because viral infection induces cellular stress,
YB-1 may be a candidate for an inducible protein in this setting. Recent data
demonstrate that YB-1 is involved in transcriptional regulation of the JCV
promoter (Chen and Khalili, 1995; Kerr et al., 1994; Safak et al., 1999a,c).
YB-1 activates the JCV late promoter. In Mad-1 JCV, binding of YB-1 to its
DNA target within the lytic control element (LCE) is increased by Pura. In
contrast, interaction of Pura with the LCE motif is diminished once YB-1 is
included in the reaction mixture.

Pura and YB-1 bind to the late (A/G-rich) and early (T/C-rich) strands of
the LCE of Mad-1 JCV, respectively, and modulate JCV transcription in glial
cells. The LCE is positioned within the enhancer repeat of the JCV promoter
in close proximity to the origin of DNA replication and exhibits a remarkable
effect on viral gene transcription and DNA replication. This region contains a
pentanucleotide repeat sequence, AGGGAAGGGA, in juxtaposition to a
poly(dT-dA) tract, which displays a single-stranded configuration. The interplay
between Pura, YB-1, and TAg appears to dictate the level of association of
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these proteins with their target DNA sequences and hence their regulatory ac-
tion on viral early and late gene transcription (Chen and Khalili, 1995; Gallia
et al., 1998; Safak et al., 1999a,c). Based on in vitro binding assays and trans-
fection studies, a model has been proposed for the involvement of Purea,
YB-1, and TAg in the transition of early to late gene transcription (Fig. 6.4).
According to this model, efficient binding of Pura to the LCE late strand
stimulates early gene transcription and facilitates the interaction of YB-1 with
its target positioned on the LCE early strand. The association of YB-1 with the
DNA, which is concurrent with TAg production and its binding to the origin
of DNA replication, may result in dissociation of Pura from the LCE. This

Early phase:
T-antigen expression

Late phase:
late gene expression )

Figure 6.4. Proposed model of the involvement of Pura (P), YB-1 (Y), and TAg (T) in the
transition of early to late gene transcription. Efficient binding of Pur« to the LCE late strand
(L) stimulates early gene transcription and facilitates binding of YB-1 to its target position
of the LCE early strand (E). Binding of YB-1 to the DNA, which is concurrent with T antigen
production, and its binding to the origin of DNA replication and the B region results in
dissociation of Pura from the LCE late strand. This alteration in the pattern of DNA—protein
complexes results in a decrease in the level of early gene transcription and an increase
in late promoter activity in the late phase of infection.
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alteration in the pattern of DNA—protein interaction can lead to a decrease in
the level of early gene transcription and an increase in late promoter activity.
Interestingly, none of these proteins affects the expression of interacting coun-
terpart proteins (Chen and Khalili, 1995). This result suggests that Pure,
YB-1, and TAg modulate JCV transcription through protein—protein interac-
tion. With the concept that YB-1 is ubiquitously expressed in every cell and
tissue, one might anticipate the involvement of a negative regulatory mecha-
nism in nonglial cells that interferes with the positive activity of YB-1 on the
basal and TAg-induced levels of virus late gene expression.

6. CELL-SPECIFIC REGULATION OF JCV PROMOTER
BY SILENCERS

Cell-specific transcriptional regulation can result from selective activation or
derepression. A region immediately upstream of the TATA sequence weakly
repressed a heterologous promoter (Tada et al., 1991). Within the sequence
adjacent to the TATA homology, there is a five base pair repeat (5’
TCCCTTCCCT), and because this region held sequence differences compared
with the SV40 basal promoter (see Fig. 6.2), it was considered to be a potential
binding site for a transcriptional repressor. Although several proteins have been
identified that bind to this sequence, their identity and relevance to glial spec-
ificity remains unknown (Sharma and Kumar, 1991; Tada et al., 1991). It was
demonstrated that point mutations within the pentanucleotide sequence reduced
transcription in glial cells (Kumar et al., 1994). However, the mutations did
not increase transcriptional strength in nonglial cells (HeLa cells), as would be
expected from a mutation that abolished glial specificity. Recently, one cellular
nucleic acid binding protein (Cnbps) was cloned from glial P19 mouse embry-
onal cells using a pentanucleotide oligonucleotide as a probe (Liu et al., 1998).
It negatively regulated only the JCV early promoter and only in glial cells.
Transcriptional activation of the MH1 JCV early promoter by TAg in non-
glial cells implies the presence of silencers (Henson et al., 1995; Kim et al.,
2000). TAg has been shown to form complexes with pRb or p53 protein (Fan-
ning and Knippers, 1992; Henson et al., 1995; Kim et al., 2000; Tavis et al.,
1994). Transient transfection of a p53 expression plasmid with MH1 JCV pro-
moter repressed promoter activity, and the activity was derepressed by TAg in
nonglial cells (unpublished data). This result suggests that pS3 might be a
candidate silencer protein that represses JCV expression in nonglial cells.

7. REGULATION OF JCV TRANSCRIPTION BY CYTOKINES
AND HIV
Regulation by Cytokine-Induced Transcription Factors

Immunosuppressive states with accompanying alterations in cytokine profiles
have been postulated to play a vital role in the reactivation of viruses from
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latency. Cytokines regulate gene expression by activating transcription factors
via well-characterized signal transduction pathways. One of the factors in-
volved in JCV transcription is GBP-i, a novel GGA/C binding protein (Raj and
Khalili, 1994). The expression of GBP-i is induced by phorbol myristate acetate
(PMA) and a variety of cytokines and immunomodulators, including interleu-
kin-183, tumor necrosis factor-«, interferon-vy, and transforming growth factor-
. GBP-i, unlike NFkB, acts as a transcriptional repressor of the JCV late
promoter and is ubiquitously expressed in glial and nonglial cells. Interestingly,
the GBP-i binding site, GRS, overlaps with the binding site of the JCV TAg
and HIV-1 Tat-responsive region. It has been suggested that Tat upregulates
the expression of several cytokines and might exert its effect indirectly on the
JCV promoter, specifically through the GRS.

In other studies, the importance of the kB motif and the 23—bp sequence
that interrupts the LCE motif was suggested in terms of cytokine-mediated
regulation of JCV transcription (Safak et al., 1999b). The NF«B motif is located
near the early gene translation start site, and the mutation of this motif com-
pletely abrogated the basal and PMA-induced levels of JCV late promoter
transcription. The 23—bp sequence was critical for the observed inhibitory ac-
tion. In the early phase of JCV reactivation inducible transcription factors such
as NFkB may increase viral early gene transcription indirectly via the 23-bp
sequence and to a much lesser degree through the NFxkB motif. A 40 kDa
protein has been identified that communicates between the kB and LCE regions
in controlling viral gene transcription (Mayreddy et al., 1996; Safak et al.,
1999b). Results from site-directed mutagenesis indicated that formation of a
40 kDa DNA-protein complex with the 23—bp sequence is critical for the
transcriptional activation of the JCV promoter by PMA (Safak et al., 1999b).

Regulation by HIV-Encoded Regulatory Protein Tat and
HTLV-1-Encoded Tax

The higher incidence of PML among individuals with AIDS compared with
other immunocompromised patients implies that the presence of HIV type 1
(HIV-1) in the brains of infected individuals may directly contribute to the
pathogenesis of this disease. In support of this model, earlier in vitro studies
have indicated direct intercommunication between HIV-1 and JCV through the
HIV-encoded regulatory protein Tat (Chowdhury et al., 1990, 1993). An up-
stream Tat-responsive DNA element (upTAR) of JCV has been shown to be
important for HIV-1 Tat stimulation of the JCV late promoter. Specifically, Tat
enhances the ability of Pura to bind the upTAR element and synergistically
activates transcription (Krachmarov et al., 1996). Recent data indicate that Tat—
Pura are exclusively nuclear and are co-localized in the extranucleolar chro-
matin structural elements (Wortman et al., 2000). These results also demon-
strated that Tat—Pura interaction is direct rather than through an intermediary
RNA or DNA molecule, and RNA binding configures Pura for optimal inter-
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action with Tat. It has been postulated that RNA associates with Pure, stabi-
lizing its structure and allowing it to interact with its protein partners (Gallia
et al., 1999a,b). Specifically, the two acidic leucine-rich repeats of Pura are
involved in the interaction (Krachmarov et al., 1996), and a polypeptide based
on one such sequence inhibits binding (Wortman et al., 2000). Because Pur«
is ubiquitously expressed in human cells and because PUR elements are located
near many promoters and origins of replication, the Tat—Pura interaction may
be implicated in effects of HIV-1 throughout the full range of HIV-1—infected
cells.

Recently it was demonstrated that human T-lymphotropic virus type 1
(HTLV-1)—encoded regulatory protein Tax activates JCV transcription in hu-
man neuronal cells but not in non-neuronal cells (Okada et al., 2000). Tax
activated the transcription of both early and late promoters of Mad-1 and arche-
type JCV, and this activation was through the NF«xB binding motif. A JCV
promoter that lacks the NF«B binding motif could not be activated by Tax,
and a Tax mutant lacking the potential for activation via the NF«kB pathway
did not activate the JCV promoter. From gel-shift assays, it was demonstrated
that a Tax-bound protein(s) was present specifically in non-neuronal cells, sug-
gesting the possibility of a repressor or silencer.

8. CHROMATIN AND DNA METHYLATION IN THE REGULATION
OF TRANSCRIPTION

In addition to the direct regulation of transcription by nuclear proteins, gene
expression is also controlled by molecular and structural modifications of pro-
moter DNA. Chromatin packing and DNA methylation are two such mecha-
nisms. Because these modifications are just beginning to be explored in depth,
their significance for neural-specific gene expression remains largely specu-
lative.

Chromatin

Chromatin occurs in two forms: as heterochromatin, which is densely packed
and can be stained and visualized by light microscopy in the interphase nucleus;
and euchromatin, which cannot be visualized (except in a highly condensed
stage during mitosis). A major function of chromatin condensation is the effi-
cient packing of long DNA molecules into the nucleus. However, cells also
utilize chromatin as a mechanism to regulate gene expression (Felsenfeld, 1992;
Lu et al., 1992; Surridge, 1996; Wolffe and Pruss, 1996). Genes residing within
regions of heterochromatin are transcriptionally inactive, whereas actively ex-
pressed regions of the genome reside within euchromatin. It is well documented
that histones repress gene expression when bound directly over promoters
(Croston et al., 1991). There is competition between histones and transcription
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factors for binding to promoter sequences because preincubation of promoter
DNA with either excludes the alternate protein from binding to the DNA. Pro-
moters residing within heterochromatin are presumably inactive because of the
stereochemical restraint on transcription factor binding. The state of DNA bind-
ing to histones is controlled in part by the degree of histone acetylation (Wolffe
and Pruss, 1996). Acetylases and deacetylases modify amino-terminal lysine
residues on the outer surface of histone molecules. Acetylation destabilizes
heterochromatin, thus providing increased access of transcription factors to pro-
moters and allowing increased gene expression, whereas deacetylation of his-
tones represses gene expression.

Polyomavirus DNA is assembled into a set of approximately 21 nucleo-
somes, in both the virion and the infected cell, with each nucleosome consisting
of an octamer containing two copies of H2A, H2B, H2, and H4. In the infected
nucleus, it appears that the histone H1 is associated with at least some of the
“minichromosomes’” (Bellard et al., 1976). Sequence-specific transcription fac-
tors can counteract histone-mediated transcriptional repression by displacing
H1 (Croston et al., 1991; Felsenfeld, 1992). Therefore, because JCV basal
promoter function is regulated in a cell-specific manner, it is possible that
chromatin has a role in promoter specificity.

Methylation

Methylation of cytosine bases at CpG dinucleotides within promoters partici-
pates in the regulation of gene expression. Genomic methylation occurs im-
mediately after DNA replication, producing a pattern of methylation that is
stably inherited from mother cell to daughter cell (Bestor and Tycko, 1996).
Semiconservative replication produces hemimethylated DNA, which is a strong
substrate for DNA methyltransferase, thus leading to a fully methylated site.

The majority of genomic DNA contains CpG dinucleotides at a frequency
of about 1 pair per 100 bp, which is a fivefold lower frequency than would be
expected from the random occurrence of the sequence CpG (Antequera and
Bird, 1993; Bird, 1992). These CpG pairs are methylated on both cytosines,
and 5-methylcytosine can undergo spontaneous hydrolytic deamination to thy-
midines, perhaps explaining a loss of genomic CpG dinucleotides over time
through mutation, as well as accounting for over one-third of all point muta-
tions in human cancers. Methyl groups can interfere directly with the binding
of transcription factors, presumably through steric hindrance or through com-
petition from cellular methyl-CpG binding proteins (e.g., MeCP1 and MeCP2)
(Boyes and Bird, 1992; Meehan et al., 1989). Finally, methylated CpG dinu-
cleotides can repress transcription regardless of their location within the pro-
moter, raising the possibility that MeCP1 could act directly as a transcriptional
repressor or act indirectly by inhibiting the formation of the stereospecific com-
plex of transcription factors required to activate a tissue-specific promoter.

A much smaller fraction of the genome, estimated at about 2%, contains
stretches of approximately 1 kb in which CpG dinucleotides occur at a fre-
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quency of 1 pair per 10 bases. These so-called CpG islands are located within
the promoter and the first exon at the 5’ end of genes. There are instances in
which de novo methylation of CpG islands occurs. Mutation of transcription
factor binding sites within one part of a CpG island leads to methylation of
the entire island (Macleod et al., 1994).

Three CpG dinucleotides in the JCV promoter occur in the region of the
transcription initiation site, suggesting the possibility that JCV promoter cell
specificity might be regulated through methylation. In vitro methylation of the
MHI1 JCV early promoter with SssI methylase leads to very strong repression
of transcription in glial cells (unpublished data). Thus, cell-specific methylation
is another potential mechanism for cell specificity.

9. JCV AND BKV DNA REPLICATION

It should be readily apparent that a discussion of JCV and BKV DNA repli-
cation must start with findings made previously with SV40. At the outset, it
should be emphasized that polyomavirus DNA replication requires three dis-
tinct components: (1) a single, trans-acting viral protein called large T antigen
(TAg); (2) a cis-acting viral DNA element termed the core origin of replication,
which is necessary and sufficient for initiation of replication in vivo and in
vitro; and (3) a collection of factors expressed in a eukaryotic cell known to
be permissive (capable of supporting the entire viral life cycle) for the virus in
question. Because of the limited coding capacity of the polyomavirus genomes,
it is important to note that these viruses must commandeer the replication
machinery of the host cell.

The importance of the two viral replication components first became appar-
ent to investigators who infected or transfected cells in culture with mutant
virus or viral DNA. Mutations in the TAg gene or the core origin often resulted
in complete elimination of viral replication. Later, the development and bio-
chemical characterization of cell-free replication systems allowed researchers
to identify proteins in permissive cell extracts that were required for viral DNA
replication in vitro. By employing techniques that permitted the detection of
protein—protein interactions, it became clear that TAg physically interacted
with some of these cellular factors to assemble a replication complex on the
viral DNA template.

10. SV40 DNA REPLICATION MODEL

The multifunctional SV40 TAg regulates the initiation and elongation steps of
viral DNA replication through a number of its intrinsic biochemical activities
(reviewed by Virshup et al., 1992; Stillman, 1994; L. Chen et al., 1997; Smel-
kova and Borowiec, 1997; Brodsky and Pipas, 1998; Herbig et al., 1999; Kim
et al., 1999; Weisshart et al., 1999; Simmons, 2000). To initiate replication, the
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708 amino acid (a.a.) protein interacts with three sequence elements contained
within the 64 bp viral core origin: (1) a 27—bp central dyad symmetry com-
prising TAg binding site II (BSII), which includes four copies of the pentameric
recognition sequence, GAGGC; (2) an early-side 15—bp imperfect palindrome
(IP); and (3) a late-side 17—bp adenine-thymine (AT)-rich sequence (Fig. 6.5)
(Deb et al., 1986). Flanking this minimal origin are auxiliary sequences, called
aux-1 and aux-2, that stimulate in vivo DNA replication activity. These ele-
ments contain binding sites for viral TAg (BSI) and the cellular transcription
factor Spl. Through its specific DNA binding domain (a.a. 147-246), TAg
recognizes BSII and, in the presence of ATP, assembles cooperatively as a
double hexamer structure (Fig. 6.6). Each hexamer unit is positioned over one
half of the core origin and together they effect the distortion of both the IP and
AT-rich regions by melting the former and untwisting the latter sequence. Mu-
tational analyses indicate that these two activities are effected by different parts
of TAg and that a.a. 121-135 influence AT untwisting but not IP melting (L.
Chen, et al., 1997).

Following local destabilization of the helix, the TAg double hexamer acts
as a helicase to promote unwinding of the origin DNA. Each hexamer appears
to assemble as a propeller-shaped particle around a channel through which the
DNA is reeled (San Martin et al., 1997; Valle et al., 2000). The unwinding
reaction requires additional TAg functions, including ATPase activity and the
ability to bind/recruit the cellular replication factors. One of these factors, to-
poisomerase I, may relieve torsional strain during unwinding of the circular
genome and increase unwinding specificity (Simmons et al., 1998). A second
cellular protein, RPA, binds single-stranded DNA and, together with TAg, re-
cruits the DNA polymerase a—primase complex to the exposed single-stranded
DNA of the replication bubble to generate short RNA—-DNA primers.

TAg exhibits a 10-fold greater affinity for primate versus bovine DNA poly-
merase «, suggesting that this interaction contributes to primate-specific rep-
lication of SV40 DNA (Dornreiter et al., 1990). Elongation proceeds bidirec-
tionally, with TAg continuing to act as a helicase at the two replication forks.
Coupling of these replication forks through the TAg double hexamer structure
stimulates the unwinding activity (Smelkova and Borowiec, 1997; Weisshart et
al., 1999). Continuous synthesis of the leading strand is accomplished by cel-
lular replication factor C (RFC), proliferating cell nuclear antigen (PCNA), and
DNA polymerase d; discontinuous synthesis of the lagging strand, involving
the production of Okazaki fragments, requires the coordinated action of both
DNA polymerases « and & and their associated co-factors (Stillman, 1994).
FEN-1, a cellular RNase, removes the short RNA primers, and DNA ligase 1
links the Okazaki fragments together. Termination of replication is not well
understood, although it does require topoisomerase activity (Ishimi et al., 1992).
This step is rate limiting in the replication process, and it is possible that steric
constraints, leading to changes in TAg helicase structure, result in reduced
replication fork movement (Smelkova and Borowiec, 1997). Termination oc-
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curs approximately 180° around the circle from the core origin; specific DNA
sequences do not appear to signal this event.

The DNA replication functions of TAg depend on the phosphorylation status
of serine (Ser) and threonine (Thr) residues in the amino-terminal portion of
the protein. Phosphorylation of Thr 124 causes a modest increase in binding
of TAg to BSII and is required for origin unwinding and replication of the
SV40 genome. In contrast, phosphorylation of TAg residues Ser 120 and Ser
123 interferes with double hexamer formation at the core origin, which cor-
relates with inhibition of DNA replication. Dephosphorylation of these sites by
the cellular phosphatase PP2A restores efficient replication function (Scheidt-
mann et al., 1991c; Virshup et al., 1992).

Several cellular factors involved in transcriptional activation are known to
impact SV40 DNA replication. TBP binds the TATA box within the AT-rich
region of the core origin; it also binds TAg. Herbig and co-workers (1999)
have reported that the interaction of the viral and cellular proteins interferes
with viral DNA replication, perhaps because TBP complexes associate with a
TAg surface involved in unwinding origin sequences. Similarly, the transcrip-
tion factor Octl has also been shown to bind the SV40 AT-rich region and to
negatively regulate origin unwinding by TAg (Kilwinski et al., 1995). On the
other hand, a number of transcription factors, including NF1, AP1, and Spl,
bind the SV40 aux-2 and enhancer elements and stimulate DNA replication
(Cheng and Kelly, 1989; Guo and Depamphilis, 1992). The means by which
this stimulation is achieved is not completely understood, although several
mechanisms have been proposed (reviewed by Herbig et al., 1999). Recent
evidence favors the hypothesis that direct interaction of certain transcription
factors (e.g. NF1) with histone H3 activates SV40 DNA replication by altering
the chromatin structure at the origin (Muller and Mermod, 2000).

TAg interacts with two additional classes of cellular factors, tumor suppres-
sor proteins and molecular chaperones, which impact the DNA replication pro-
cess. The former includes the pRB family of proteins that regulates a cell’s
entry into S phase of the cell cycle (reviewed by Kaelin, 1999). TAg overrides
the normal function of these proteins through two domains at its amino ter-
minus. Via its LXCXE domain (Fig. 6.6), TAg binds to pRB and the related
proteins p107 and p130, and, in conjunction with its J domain, TAg effects S
phase progression by causing the release of a heterodimeric complex composed
of members of the E2F and DP families of transcription factors (Nevins, 1992;
Zalvide et al., 1998; Kaelin, 1999). The J domain interacts with, and activates
the ATPase activity of, the molecular chaperone hsc70. Mutation of a highly
conserved HPD sequence in this domain alters TAg’s ability to bind hsc70; the
mutation also negatively influences SV40 DNA replication (Campbell et al.,
1997). It is possible that efficient viral replication depends on the ability of
hsc70 to alter the conformation of a replication initiation or elongation com-
plex. In addition, the failure of the mutant TAg to effect release of E2F-DP
from the pRB family of proteins might compound the replication defect by
interfering with the transition of the cell into S phase (Ohtani, 1999).
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11. HUMAN POLYOMAVIRUS DNA REPLICATION

Unique Features of JCV and BKV DNA Replication

It is expected that the mechanisms by which the primate polyomaviruses rep-
licate their genomes will be highly conserved. However, specific differences
have been observed between JCV, BKYV, and SV40 DNA replication, and at-
tempts have been made to explain the basis for this variability. For example,
the host and tissue specificity of JCV replication is highly restricted relative to
that of BKV and SV40. In addition, the TAg produced by each virus varies in
its ability to support replication from the homologous and heterologous viral
origins. Furthermore, considerable variation occurs in the ability of auxiliary
sequences flanking the core origins of these three polyomaviruses to influence
DNA replication efficiency. These differences suggest that modifications to the
SV40 DNA replication model will be necessary to accurately describe the rep-
lication process for the human polyomaviruses.

Replication of the JCV genome has been examined more extensively than
that of the BKV genome, and the following discussion centers on the former
virus. Where appropriate, findings obtained with the BKV system are presented.
Furthermore, it should be noted that most JCV studies cited here were con-
ducted with the Mad-1 variant of JCV.

JCV Origin of Replication

The 67-bp core origin of JCV encompasses nucleotides 5094 to 30 (Lynch
and Frisque, 1990; Sock et al., 1991, 1993) and includes the IP, BSII, and AT-
rich elements described above for SV40 (Fig. 6.5). Although the sequences
comprising the core origin of replication are highly conserved among the pri-
mate polyomaviruses (Deb et al., 1986; Deyerle et al., 1989; Lynch and Frisque,
1990), JCV’s AT-rich element differs from that of SV40 with regard to its
degree of DNA bending (Amirhaeri et al., 1988) and its interaction with TAg
(Lynch and Frisque, 1990). The aux-1 and especially the aux-2 elements of the
JCV replication origin differ significantly in sequence and in function relative
to those of BKV and SV40. Dependence on these auxiliary elements for effi-
cient DNA replication is most apparent for JCV and least apparent for BKV.
A pentanucleotide repeat called the lytic control element (LCE; 5'-AGGGA-
AGGGA-3') is located immediately adjacent to the late side of the JCV core
origin in aux-2 and has been shown to influence viral transcriptional activity
(e.g., the transcription factors YB-1 and Pura bind this sequence) and to en-
hance replication behavior mediated by JCV, but not SV40 or BKV, TAg
(Lynch and Frisque, 1990; Tada et al., 1991; Sock et al., 1993; Chang et al.,
1994). A related sequence, rep, occurs at the same position in the BKV genome,
and it too influences BKV replication and transcription (Del Vecchio et al.,
1989).

Several approaches have been taken to examine how the JCV origin se-
quences contribute to replication differences observed between JCV and the
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other two primate polyomaviruses. These approaches have relied on the char-
acterization of mutant, chimeric, and naturally occurring variant replication
origins in in vivo and in vitro assay systems. Early development of an in vitro
DNA replication system indicated that a plasmid containing the JCV replication
origin could be propagated in a reaction utilizing primate cell extracts and SV40
TAg, thus demonstrating that a productive interaction between the SV40 reg-
ulatory protein and the JCV cis-acting regulatory sequences occurred (Li and
Kelly, 1985). A similar conclusion was reached in a number of studies con-
ducted in vivo. Some of these experiments involved the transfection of a JCV
origin-containing vector into monkey or human cells expressing SV40 TAg
either constitutively (e.g., in COS and cPOS cells) or transiently (from a co-
transfected vector) (Lynch and Frisque, 1990, 1991; Sock et al., 1991, 1993).
Other experiments relied on the transfection of primate cells (primary human
fetal glial [PHFG] and CV-1) with complete chimeric viruses composed of
SV40 coding regions and the JCV regulatory region (Chuke et al., 1986; Lynch
and Frisque, 1991; Lynch et al., 1994). These in vivo studies utilized a Dpnl
replication assay (Peden et al., 1980) that discriminates between input and
replicated viral DNA on the basis of susceptibility to the restriction enzyme
Dpnl. Because the JCV and SV40 TAgs and core origins exhibit a high degree
of sequence similarity (Frisque et al., 1984), it was not surprising to find that
SV40 TAg promoted replication of the JCV origin, although the ability of SV40
TAg to support this replication more efficiently than did the JCV TAg was
unexpected (Chuke et al., 1986; Lynch and Frisque, 1991; Lynch et al., 1994).
More surprising was the result obtained when attempts were made to mediate
SV40 origin replication with the JCV TAg. In the initial study, a chimera
composed of the JCV coding regions and the SV40 regulatory region failed to
replicate in PHFG or CV-1 cells (Chuke et al., 1986). Subsequent experiments
revealed that this chimera could replicate in cells that constitutively expressed
SV40 TAg (COS cells), but not in cells that expressed JCV TAg (POJ cells)
(Lynch and Frisque, 1991). Similarly, the BKV TAg was found to activate
replication of the JCV origin, but the JCV TAg again failed to drive replication
of the heterologous (BKV) origin (Lynch and Frisque, 1990; Sock et al., 1993).
These observations have served as the impetus for a number of experiments
designed to identify the basis for JCV TAg’s ability to discriminate between
the polyomavirus origins. This work suggests that sequence differences in the
TAgs and replication origins of these three polyomaviruses contribute to this
observation.

Replication of JCV Origins from Naturally Occurring Variants. Two
types of sequence variation have been detected in the genome of JCV isolates.
Single nucleotide polymorphisms in the coding sequences have been identified
in JCV isolates obtained from different human populations, and these variations
are used to classify JCV into specific genotypes (reviewed by Agostini et al.,
1999 and Chapter 18). A second type of variation involves the JCV transcrip-
tional control region (TCR) and reveals two forms of the virus in the human
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host. Archetype JCV is detected in the kidneys and urine of its host, and it is
thought to be the form of the virus that circulates in the population (see Chapter
7). Upon entry into a new susceptible host, it has been hypothesized that the
archetype TCR undergoes a rearrangement process involving the deletion and
duplication of promoter/enhancer sequences that yields a rearranged variant.
The precise location of the deletion and duplication boundaries varies so that
a large number of rearranged TCRs may be generated. These variants, com-
pared with archetype, are detected at a wider variety of locations in the body
(Newman and Frisque, 1997, 1999; Jensen and Major, 1999). JCV(Mad-1) is
an example of a rearranged variant in which a 23—bp and a 66—bp sequence
found in the archetype TCR have been deleted and a duplication of 98—bp has
occurred. Differences between the archetype and rearranged TCRs primarily
affect the aux-2 element; the core origin and aux-1 sequences remain largely
unaffected by the rearrangement process.

One element that influences SV40 DNA replication, the Spl recognition
sequence or GC box, is present in the aux-2 element of archetype, but in only
a subset of rearranged variants. Constructs containing replication origins from
archetype or rearranged forms of JCV exhibit equivalent replication efficiencies
upon transfection into TAg-expressing cells, indicating that differences in the
aux-2 elements have little influence on this activity (Lynch and Frisque, 1990;
Daniel et al., 1996; Sock et al., 1996; Ault, 1997). However, transfection of
intact archetype and rearranged JCV genomes into PHFG cells does reveal
significant differences in replication behavior (Daniel et al., 1996). These data
highlight the difficulty in separating transcription from replication effects when
comparing overall accumulation of viral genomes in infected cells. Variations
in the aux-2 element alter JCV transcriptional efficiency, thereby affecting the
levels of early and late protein production. If this efficiency is reduced, lower
levels of TAg and the capsid proteins are produced. This in turn leads to re-
duced replication because of the direct role that TAg plays in this process and
because of the indirect role the capsid proteins play in facilitating secondary
viral infections to yield biological amplification and spread of viral genomes
during an infection.

Replication of JCV—-SV40 Chimeric Origins. In an effort to delineate the
JCV and SV40 origin sequences recognized differentially by the JCV TAg,
JCV-SV40 chimeras were created. The first step in the construction scheme
was to alter the only nucleotide that differed in the TAg BSII of JCV and
SV40. SV40 nucleotide 5237 (a C) is included within the recognition site for
the restriction enzyme Bg/I. The corresponding nucleotide in the JCV sequence
(5124, a G) was converted to a C to create a Bgll site at the center of the JCV
origin (Lynch and Frisque, 1991). This mutation did not alter JCV replication
potential (Lynch and Frisque, 1990). Both origin DNAs were cleaved with Bgll,
and the resulting restriction fragments were swapped to create two chimeras in
which the early half of one origin was joined to the late half of the other origin
(Lynch and Frisque, 1990). Analysis of the replication potential of the two
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chimeras in POJ and COS cells indicated that SV40 sequences in the late half
of the origin (including the AT-rich and aux-2 elements) were responsible for
the inability of the JCV TAg to interact with the SV40 origin. In addition,
sequences representing the early half of each origin (including the IP and
aux-1 elements) only enhanced replication about twofold in the presence of the
homologous TAg.

Vacante et al. (1989) also employed a chimera approach to investigate JCV
host- and tissue-specific replication behavior. These investigators joined SV40
promoter/enhancer signals (nucleotides 37—270) to the JCV genome at nucle-
otide 268 within the regulatory region. Propagation of this chimera in PHFG
cells resulted in the deletion of JCV nucleotides 90—268 and SV40 nucleotides
37-145 to yield M1-SVE(A). Compared with JCV(Mad-1), this stable chimeric
virus exhibited accelerated growth kinetics and increased virus titers when
propagated in PHFG cells. The host range of M1-SVE(A) was also expanded
to include monkey cells. Presumably, acquisition of these new properties was
a result of enhanced transcriptional activity leading to increased levels of TAg
rather than direct alterations to the replication machinery.

Replication of Mutant JCV Origins. Mutational analyses of the JCV reg-
ulatory region have identified elements critical to understanding (1) TAg’s abil-
ity to discriminate between homologous versus heterologous origins, (2) the
relative contributions of core and auxiliary origin sequences to DNA replica-
tion, and (3) the influence of host/tissue specificity on JCV replication (Table
6.1). The first mutations introduced into the JCV core origin were small dele-
tions that abolished DNA replication (Mandl et al., 1987). These mutants, like
similar SV40 mutants used to create COS cells (Gluzman, 1981), were trans-
fected into PHFG cells to generate TAg-expressing POJ cells (Mandl et al.,
1987).

To examine the influence of the JCV aux-1, aux-2, and enhancer elements
on the efficiency of DNA replication, two groups created three series of mutants
by progressively deleting sequences from the outer boundaries of the JCV
replication origin toward the core origin using exonuclease III (Lynch and
Frisque, 1990) or Bal31 (Sock et al., 1991, 1993) digestion. Analysis of the
aux-1 element indicated that TAg BSI stimulated JCV TAg-mediated replication
severalfold relative to the minimal core origin, a finding paralleling that made
with the SV40 system (Sock et al., 1993). In their study of the aux-2 and
enhancer elements, Lynch and Frisque (1990) assessed the replication potentials
of deletion mutants in POJ, COS, and cPOS cells. The results were compared
with those obtained with the JCV(Mad-1) and M1(A98) origins. The latter
construct is missing one of the two copies of the JCV(Mad-1) enhancer.

The replication patterns of the mutants were similar in the monkey and
human cells (COS and cPOS) expressing SV40 TAg; replication activity de-
creased as the size of the deletion increased. Once the deletion reached the AT-
rich region of the core origin, replication was abolished in these cells. In con-
trast, transfection of the mutant origins into human cells (POJ) expressing the
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Table 6.1. JCV Regulatory Region Mutants

TRANSCRIPTION AND REPLICATION IN THE HUMAN POLYOMAVIRUSES

Sequence(s)
Name*® Altered” Type* Location’ Replication®
1. M1(ANco) RR, T//T’ Del nt 4980-275 —
2. 83 Core Del nt 5072-5130 NT
3. S-8 Core Del nt 5072-5 NT
4. S-15 Core Del nt 5093-5127 —
5. S-19 Core Del nt 5108-5118 —
6. S-27 Core Del nt 5107-5116 —
7. M1(Bgll) Core Sub nt 5124, G/C +
8. MI1(A98) aux-2 Del nt 57-154 d
9. 3A aux-2 Sub nt30, G/T d
nt 35, G/C

10. 4A aux-2 Sub nt 31, G/T T
nt 36, G/C

11. 5A aux-2 Sub nt 32, G/T d
nt 37, G/C

12. pM1(A98)o aux-2 Del nt 57-154 T
13. d56 aux-2 Del nt 57-275 T
14. d45 aux-2 Del nt 46-275 T
15. d38 aux-2 Del nt 39-275 T
16. d30 aux-2 Del nt 31-275 d
17. d17 Core, aux-2 Del nt 18-275 —
18. B38C Core, aux-2 Del nt 39-275 T

Sub nt 5124, G/C
19. B33C Core, aux-2 Del nt 34-275 T
Sub nt 5124, G/C
20. B31C Core, aux-2 Del nt 32-275 +
Sub nt 5124, G/C
21. B31C(TT) Core, aux-2 Del nt 32-275 +
Sub nt 5124, G/C
nt 30, G/T
nt 31, G/T
22. B31C(dl) Core, aux-2 Del nt 12, 32-275 d
Sub nt 5124, G/C
23. B31C(SV) Core, aux-2 Del nt 12, 32-275 d
Sub nt 5124, G/C
nt 15, T/C
nt 19, T/A
nt 30, G/T
nt 31, G/T

24. Ad6 EL Del nt 4981-5026 +

25. A48 EL Del nt 4981-5028 +

26. A80 EL Del nt 4981-5060 +

27. A9l EL Del nt 4981-5071 +

28. A112 aux-1 Del nt 4981-5092 d

29. A131 aux-1, core Del nt 4981-5111 —

30. A136 aux-1, core Del nt 4981-5116 —

31. Al146 aux-1, core Del nt 4981-5126 —
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Table 6.1. (Continued)

Sequence(s)
Name* Altered” Type* Location’ Replication®
32. A179 aux-1, core Del nt 4981-30 —
33. A48* EL, aux-2 Del nt 4981-5028 d
nt 31-279
34. A91* EL, aux-2 Del nt 4981-5071 4
nt 31-279
35. Al12* aux-1, 2 Del nt 4981-5092 d
nt 31-279
36. A131* Core, aux-1, -2 Del nt 4981-5111 —
nt 31-279
37. pJC264 aux-2 Del nt 111-279 d
38. pJC264Apl aux-2 Del nt 111-279 d
Sub nt 42, C/A
nt 43, T/A
nt 44, G/A
39. pJC264Anf aux-2 Del nt 111-279 d
Sub nt 49, C/A
nt 50, C/A
40. pJC264Anp aux-2 Del nt 111-279 d
Sub nt 39, T/G
nt 40, G/T
nt 41, G/T
41-76. 36 mutants”  Core, aux-1, -2 Del nt 5090-279 to — 1+
nt 241-279

“Replication mutants are described by Chuke et al. (1986; mutant 1), Mandl et al. (1987; mutants
2-6), Lynch and Frisque (1991; mutant 7), Daniel et al. (1996; mutant 8), Chang et al. (1994,
mutants 9—11), Lynch and Frisque (1990; mutants 12-23), Sock et al. (1993; mutants 24-36),
and Sock et al. (1991; mutants 37-76).

“Mutations altered one or more of the following JCV coding or regulatory sequences: TAg (T),
tAg (t), all three T’ proteins (T'), entire regulatory region (RR), early leader (EL), auxiliary
replication sequences 1 and 2 (aux-1, -2), and core origin (core).

“Types of mutations include deletions (Del) and substitutions (Sub). Substitution mutants 7, 21,
22, and 23 were created to alter the JCV sequence to an SV40 sequence at the specified mutated
position(s).

“The sites of the mutations are identified by nucleotide (nt) numbers (Frisque et al., 1984).
Substitutions are denoted with the wild-type nucleotide shown first, followed by a slash and then
the replacement nucleotide. Some mutants contain multiple alterations (e.g., mutant 21 has three
substitutions and one deletion).

“Replication activity was measured in vivo using the Dpnl assay. Mutants either failed to replicate
(—) or exhibited reduced (), elevated (T), or similar (+) activity relative to the wild-type JCV
genome or to isolated origin sequences. Mutations were introduced into the intact JCV genome
to create mutants 1—8; however, an intact or partial JCV origin that had been cloned into a plasmid
vector was altered to generate the majority of the mutants (9—76). Replication of the mutant
origin—containing plasmids was tested in cells expressing JCV TAg.

"Mutants 41-76, which are not listed individually, contain deletions that begin on the late side
of the JCV origin (nt 241-279; smallest deletion) and extend through the aux-2 sequences first,
then the core origin, and finally the aux-1 sequences (nt 5090—279; largest deletion). Replication
activity of this series of mutants varied from equal to wild type to undetectably low levels.
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JCV TAg led to about a twofold increase in replication behavior until the
deletion reached the pentanucleotide repeat (LCE; AGGGAAGGGA) imme-
diately adjacent to the core origin, and then replication fell five- to sixfold. As
seen in COS and cPOS cells, replication was abolished when the deletion ex-
tended into the AT-rich sequence of the core origin. These studies indicate that
the LCE sequence stimulates JCV, but not SV40, TAg-mediated replication.
Furthermore, effects on replication by other sequences within aux-2 and the
enhancer also depended on the source of the TAg that was tested. Point mu-
tations introduced into the LCE signal reduce replication potential in the pres-
ence of JCV, but not SV40, TAg (Chang et al., 1994). In addition, these mu-
tations altered the structure of the adjacent AT-rich region. It is possible that
the AGGGA repeat contributes to the unusual DNA structure detected previ-
ously in the JCV AT-rich region and that these alterations are important to JCV
TAg’s ability to function as a helicase (Amirhaeri et al., 1988; Chang et al.,
1994).

Sock et al. (1991) also employed a deletion mutagenesis approach to ex-
amine the contributions of the aux-2 and enhancer elements to JCV replication.
A recognition site for NF-1 partially overlaps the LCE sequence described
above, and deletion of this site reduces replication three- to fourfold in COS
cells (Lynch and Frisque, 1990; Sock et al., 1991). When these mutants were
tested in a human glioblastoma cell line co-transfected with a JCV TAg-
expressing plasmid, a reduction in replication was again observed. However,
using the complementing POJ cell system, Lynch and Frisque (1990) had not
observed this reduction in activity using similar mutants (see above). Because
the experimental protocols followed by these two laboratories differed in a
number of ways, it is not possible to explain the discrepancies at this time.
Sock et al. (1991) did go on to perform site-specific mutagenesis of the NF-1
site that prevented detectable NF-1 binding. These mutants again exhibited
reduced SV40 TAg-mediated DNA replication of the JCV sequences (Sock et
al., 1991). In contrast to these in vivo results, NF-1 did not have an effect on
in vitro DNA replication, leading to the suggestion that this transcription factor
exerts its influence via effects on chromatin accessibility (Sock et al., 1991).
Finally, several forms of NF-1 have been identified in human tissues. NF-1/
AT1, produced in human glial cells, binds JCV DNA and may influence tissue-
specific replication behavior (Sumner et al., 1996).

To pursue the observation that the failure of the JCV TAg to support SV40
replication involves sequences within the late half of the origin, cassette mu-
tagenesis was employed. The late half of the JCV and SV40 core origins differ
at three positions; nucleotides 12, 15, and 19 (JCV numbering; Fig. 6.5). The
JCV origin was converted to an SV40-like origin (Lynch and Frisque, 1990),
and this mutant sequence replicated nearly 10-fold less efficiently than the
corresponding JCV origin in the presence of JCV TAg; in the presence of SV40
TAg both origins displayed similar levels of amplification. These results iden-
tify three specific nucleotide differences in the late halves of the two viral core
origins that are in large part responsible for JCV TAg’s ability to discriminate
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between the JCV and SV40 cis-acting replication signals. It is interesting to
speculate that the basis for this discrimination involves an Oct-1 binding site
found in the late half of the SV40 core origin. The Oct-1 recognition sequence
is altered in the corresponding region of the JCV origin (nucleotides 10—-21),
perhaps precluding the transcription factor from recognizing the JCV se-
quences. A second octamer-binding transcription factor, Tst-1 (also called Oct-
6 or SCIP), does bind the JCV origin (nucleotides 10—25) and JCV TAg (Weg-
ner et al., 1993; Renner et al., 1994; Sock et al., 1999). Because Oct-1 interferes
with SV40 TAg’s ability to unwind the SV40 origin, the JCV TAg may be
unable to compete with Oct-1 bound to the SV40 sequences and thus fails to
unwind the origin and initiate replication. The JCV protein may not face a
similar barrier with its own origin if, in fact, it is true that the Oct-1 recognition
site is missing.

JCV Replication Protein(s)

The multifunctional TAg is necessary and sufficient to mediate JCV DNA rep-
lication (Tavis and Frisque, 1991; Nesper et al., 1997). However, three recently
discovered JCV early proteins, Tiss, Tis, and Tigs, produced by alternative
splicing of the early precursor mRNA (Fig. 6.1), modulate TAg-mediated rep-
lication (Trowbridge and Frisque, 1995; Prins and Frisque, 2001). The ability
of JCV tAg, a fifth early protein, to influence DNA replication has not been
investigated, although studies of the corresponding SV40 protein suggest that
it may affect this process indirectly via effects on cellular gene expression and
interaction with PP2A (Loeken et al., 1988; Scheidtmann et al., 1991b; Yang
et al., 1991). Most of the studies that have examined the role of the JCV early
proteins in DNA replication have relied on the extensive SV40 literature to
predict functional domains and to target specific sequences for mutagenesis and
chimeric approaches.

Replication Induced by TAgs from Naturally Occurring Variants. JCV
variants are classified into several genotypes and subtypes based on nucleotide
polymorphisms detected in the coding sequences. These point changes are as-
sociated with variants isolated from specific human populations and are thought
to have arisen as the virus co-evolved with its host. While considerable effort
has been invested in determining the influence of TCR variations on JCV rep-
lication and transcription behaviors, few studies have investigated whether var-
iation in the coding sequences influence these processes. It is known that arche-
type and rearranged JCV variants exhibit different replication potentials.
Chimeras in which the regulatory and coding regions have been exchanged
indicate that changes in the former region are chiefly responsible for these
differences, although the data do suggest that alterations in the latter region
may have some influence as well. For example, the Mad-1 variant replicates
efficiently, whereas the archetype CY strain and the rearranged Mad-8 strain
exhibit barely detectable activities. Chimeras containing a CY or Mad-8 reg-
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ulatory region linked to the Mad-1 coding region exhibit behavior similar to
the parental CY and Mad-8 genomes, highlighting the importance of the TCR
sequences. On the other hand, replication of chimeric genomes in which the
Mad-1 regulatory region is linked to the CY or Mad-8 coding region is readily
detectable, although it is not restored to Mad-1 levels. This result suggests that
the CY and Mad-8 proteins function less efficiently than those of Mad-1 (Daniel
et al., 1996) and that coding region variations are responsible, in part, for
altered replication potential of JCV variants. At this time the specific CY and
Mad-8 protein(s) and the specific sequence alterations that effect reduced rep-
lication activity have not been identified.

A zinc finger motif in the SV40 TAg (Fig. 5.6) contributes to viral replication
and transformation activity (Loeber et al., 1989). Agostini and colleagues
(1997, 1999) have suggested that sequence variations within the JCV TAg zinc
finger domain may influence the replication behavior of the Type 2B form of
the virus. Unlike the Asian Type 2A and 2C forms of JCV that have a hydro-
phobic leucine residue at a.a. position 301 in TAg’s zinc finger motif, Type 2B
has a hydrophilic glutamine residue. Although this genotypic variant has not
yet been shown to exhibit altered replication activity relative to the other Type
2 genotypes, it does appear to be associated with PML more often than would
be expected based on its overall prevalence in the population (Agostini et al.,
1999).

Major and coworkers (1984, 1987) isolated, cloned, and partially sequenced
episomal JCV DNA that was present in cultured cells derived from an owl
monkey tumor induced by JCV (Mad-1). The regulatory region of this cloned
genome, called JCV-586, contained a 19-bp deletion characteristic of the
JCV(Mad-4) variant. In addition, changes in the carboxy terminus of TAg ap-
parently had occurred because the TAg exhibited altered reactivity with several
monoclonal antibodies and with cellular p53. JCV-586 is the only JCV isolate
reported to replicate in monkey brain cells, and it is possible that changes in
the viral TAg contribute to this extended host range property.

Replication Induced by JCV-SV40 Chimeric TAgs. The regulatory
regions of primate polyomavirus genomes were exchanged to produce the first
JCV-SV40 and JCV-BKYV chimeras (Chuke et al., 1986; Bollag et al., 1989;
Haggerty et al., 1989). This work suggested that the JCV early coding region,
not just the regulatory region, contributed significantly to the unique behavior
of JCV; therefore a series of early region chimeras were constructed (Haggerty
et al., 1989). To create these JCV-SV40 chimeras, two restriction endonuclease
recognition sites (for BstXI and Nsil) found at the corresponding position in
each genome were utilized. Each chimeric early region was linked to either a
JCV or SV40 regulatory region. As a consequence of the construction scheme,
sequences in the VP1 coding region (at an EcoRI site) were also swapped, an
alteration that precluded virion production but not DNA replication capability.
The DNA replication potential of these eight chimeric genomes were compared
with the activities of the two parental genomes and the two regulatory region
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chimeras (Lynch et al., 1994). To ensure that the comparisons were equivalent,
sequences were inserted into the VP1 gene of the latter four genomes to prevent
virion production. Transfection of the 12 DNAs into PHFG and CV-1 cells
yielded the following observations relevant to TAg replication function: (1) the
JCV(Mad-1) TCR promoted expression of the SV40 TAg at levels sufficient
to support viral DNA replication in the monkey cells; (2) the failure of the JCV
TAg to interact with the SV40 origin mapped to its central region (a.a. 82—
411), which includes DNA binding, zinc finger, and helicase domains (Fig.
6.6); (3) the ability to replicate in monkey cells was limited to constructs ex-
pressing TAgs that contained the carboxy-terminal host range domain of SV40
(Fig. 6.6); and (4) SV40 DNA replication was 10-fold higher than that of JCV
in PHFG cells. This replication difference was much less than that observed
using intact, parental viral genomes, presumably because replication measure-
ments for the latter DNAs are influenced by the rapid secondary infection of
cells by viable SV40.

Replication Induced by Mutant JCV TAgs

Mutation of the Specific DNA Binding Domain of JCV TAg. Mutagenesis
of the JCV early coding region has been guided by using the SV40 TAg as a
template and by the earlier studies utilizing variant and chimeric viruses (Table
6.2). Initial experiments targeted the specific DNA binding domain of JCV TAg
because its function is critical to replication initiation and because its sequence
in the JCV and SV40 TAgs differs. Furthermore, JCV TAg had already been
shown to bind less efficiently than SV40 TAg to each viral origin (Lynch and
Frisque, 1991). Interestingly, JCV TAg interacts with both DNAs with similar
efficiencies, ruling out the possibility that differential binding activity is the
basis for JCV TAg’s inability to stimulate replication of the SV40 origin. Tavis
and Frisque (1991) created 10 JCV TAg mutants by introducing single or mul-
tiple mutations into the DNA binding domain (a.a. 145, 149, 157, 159, 162,
and 168) or the nuclear localization signal (NLS; a.a. 131). Nine of these
alterations converted the JCV sequence to an SV40 sequence. The tenth mu-
tation, a lysine (Lys) to arginine (Arg) change at a.a. 168, was created in an
initial step of the mutagenesis scheme and did not result in a JCV TAg that
was more SV40-like (the corresponding residue in the SV40 TAg is also a
Lys). The 10 mutant TAgs bound JCV and SV40 BSI with efficiencies ranging
from 44% to 301% of the wild-type JCV protein. Nine of the mutants replicated
in PHFG cells (22-220% of wild-type activity); the Arg 168 mutant, which
exhibited the most efficient DNA binding activity, was replicative negative. In
contrast to previous reports, wild-type JCV, as well as the nine viable TAg
mutants, was shown to replicate in CV-1 cells. Although highly inefficient, this
activity could be enhanced by propagating the cells in medium containing calf
serum rather than fetal bovine serum. Finally, the mutant TAgs were tested to
see if any had acquired the ability to drive replication of the SV40 origin.
Again a new observation was made—wild type JCV TAg did mediate repli-
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Table 6.2. JCV Early Region Mutants

Protein(s)

Name*® Altered”  Type* Location” SV40-like* Replication”
1. K2 TH/T Dup nt 4915-4918 N NT
2. S-1 TH/T’ Del  nt 4871-4937 N —
3. S-18 T/T Del  nt 4908-4922 N NT
4. S-36 TH/T Del  nt 4912-4924 N NT
5. K-1 t Dup  nt 4499-4502 N NT
6. S-6 t Del  nt 4467-4538 N NT
7. S-21 t Del  nt 4486-4511 N NT
8. S-44 t Del  nt 4498-4505 N NT
9. MI1(B-B) T/T’ Del  nt 4244-4309 N —
10. JCVAT’ T Sub  nt 4274, G/A N d
11. JCV-H42Q T/T Sub  a.a. 42, H/Q N NT
12. JCTAg-RbS /T Sub  a.a. 104, D/N Y \’

a.a. 108, H/S
a.a. 112, F/P
a.a. 113, A/S
a.a. 118, N/A
a.a. 120, G/D
Ins a.a. 119/120, A
13. JCTAg-RbN T/T' Sub  a.a. 104, D/V N d
a.a. 105, L/N
a.a. 107, C/A
a.a. 109, E/Q
Ins a.a. 119/120, A

14. M1(R131-T) T/T’ Sub  a.a. 131, K/R Y +
15. M1(S145-T) T Sub  a.a. 145, A/S Y +
16. M1(H149-T) T Sub  a.a. 149, Q/H Y N
17. MI1(L157-T) T Sub  a.a. 157, V/IL Y T
18. M1(C159-T) T Sub  a.a. 159, S/C Y d
19. M1(1162-T) T Sub  a.a. 162, V/I Y N

20. M1(R168-T) T Sub  a.a. 168, K/R Y —

21. M1(HL-T) T Sub  a.a. 149, Q/H Y d

a.a. 157, V/L
22. M1(HLC-T) T Sub  a.a. 149, Q/H Y T
a.a. 157, V/L
a.a. 159, S/C
23. MI(SHLCI-T) T Sub  a.a. 145, A/S Y +
a.a. 149, Q/H
a.a. 157, V/L
a.a. 159, S/C
a.a. 162, V/1

24, JCV-N316K T Sub  a.a. 316, N/K Y +

25. JCV-H317Y T Sub  a.a. 317, H'Y Y +

26. JCV-NHKY T Sub  aa. 316, N/K Y +

a.a. 317, H/'Y
27. JCV-T125A T/T' Sub  aa. 125, T/A N —
28. JCV-T664A T/Tes Sub  a.a. 664, T/A N +
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Table 6.2. (Continued)

Protein(s)
Name* Altered”  Type* Location” SV40-like® Replication”
29. JCV-T664S T/T1es Sub a.a. 664, T/S Y +
30. JCV-E666A T/T1es Sub a.a. 666, E/A N +
31. JCV-E666S T/T1¢s Sub a.a. 666, E/S Y +

“Mutants are described by Mandl et al. (1987; mutants 1-8), Lynch and Frisque (1991; mutant
9), Trowbridge and Frisque (1995; mutant 10), Kelley and Georgopoulus (1997; mutant 11), Tavis
et al. (1994; mutants 12 and 13), Tavis and Frisque (1991; mutants 14-23), and Swenson et al.
(1996; mutants 24-31).

“Mutations alter one or more of the following JCV early proteins: TAg (T), tAg (1), all three T’
proteins (T’), or a single T’ protein (T}es). Introducing insertions or deletions at convenient re-
striction enzyme cleavage sites yielded mutants 1-9. Specific functional domains or sequences
were targeted in mutants 10-31 and included the shared donor splice site for Tiss, Tz, and Tes
(mutant 10), J domain (mutant 11), pRB binding and amino-terminal phosphorylation domains
(mutants 12 and 13), NLS (mutant 14), specific DNA binding domain (mutants 15-23), zinc
finger domain (mutants 24-26), amino-terminal phosphorylation site (mutant 27), and potential
carboxy-terminal phosphorylation sites (mutants 28—31).

“Types of mutations include duplications (Dup), deletions (Del), substitutions (Sub), and insertions
(Ins).

“The sites of the mutations are identified either by nucleotide (nt) or amino acid (a.a.) numbers
(Frisque et al., 1984). Nucleotide and amino acid substitutions are denoted using single letter
codes, with the wild-type residue shown first, followed by a slash and then the replacement
residue. Some mutants contain multiple mutations (e.g., mutant 12 has six substitutions and one
insertion).

“Mutants created to alter the JCV sequence to an SV40 sequence at a specific position are iden-
tified as SV40-like (Y).

/Replication activity was measured in vivo using the Dpnl assay. Mutants either failed to replicate
(—) or exhibited reduced (), elevated (T), or similar (+) activity relative to wild-type JCV. NT
= not tested. The mutation in mutant 11 was not introduced into an intact JCV genome, but was
created in a clone encoding an E. coli Dnal chaperone protein, thus precluding an analysis of
replication potential.

cation of the SV40 origin, but at a very low level that was not altered signif-
icantly by changing its specific DNA binding domain to be more similar to
that of SV40 TAg. This finding does not alter the earlier conclusion that the
interaction between the JCV TAg and the SV40 origin is defective.

Mutation of the pRB Binding Domain of JCV TAg. In a second mutagenesis
study, Tavis et al. (1994) investigated the observations that JCV TAg binds the
pRB tumor suppressor protein and transforms cells in culture inefficiently.
Again the approach was to convert the JCV TAg to an SV40-like protein, this
time within the pRB binding domain. JCV and SV40 TAg differ at seven
positions between residues 103 and 120, although the critical LXCXE sequence
is conserved in both proteins. A JCV TAg mutant altered at each of these seven
positions was tested in several assays relevant to either transforming activity
or DNA replication behavior. Relative to wild type, the mutant TAg bound JCV
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and SV40 BSI more efficiently, but surprisingly bound pRB less efficiently.
Furthermore, while transforming activity of the mutant was unaffected, DNA
replication was decreased 25- to 50-fold and virus production was not detected.
In addition to altering the pRB binding domain, the mutations also affected the
predicted amino-terminal phosphorylation domain of JCV TAg. Serine residues
106 and 111 in this region of the SV40 TAg are phosphorylated, whereas the
corresponding amino acids in the JCV TAg, a histidine (His) and an alanine
(Ala), are not expected to be post-translationally modified. Because the pRB
mutant JCV TAg was constructed by converting the JCV sequences to SV40
sequences, the mutant TAg may be phosphorylated at these serines. It is known
that changes in the phosphorylation pattern of SV40 TAg alter its replication
activity and its interaction with BSII; therefore, changes in JCV TAg phos-
phorylation may have been responsible for enhanced binding of the mutant
TAg to BSI. Unfortunately, it was not possible to determine whether the mutant
TAg, obtained from cell extracts, was altered in its ability to bind BSII DNA,
an interaction that would be more relevant to understanding the basis for re-
duced DNA replication potential of the mutant. Another possible explanation
for the reduced replication potential of the mutant is that precise regulation of
pRB activity in the slowly growing PHFG cells may be critical to replication
in this system, and the mutant TAg might be defective in this regard.

Mutation of Residues Within the Two Clusters of Phosphorylation Sites
in the JCV TAg. Phosphorylation sites have been mapped to Ser and Thr
residues within the amino- and carboxy-terminal portions of the JCV TAg (Fig.
6.6; Swenson and Frisque, 1995). Relative to SV40 TAg, JCV TAg is modified
at fewer residues, suggesting that the absence of phosphorylation at critical
sites might contribute to the less robust activity of the JCV protein. To test this
possibility, three residues in the JCV TAg corresponding to three phosphory-
lation sites in the SV40 TAg were mutated (Swenson and Frisque, 1995; Swen-
son et al., 1996). Phosphorylation of Ser 677 in the SV40 TAg influences the
modification of several amino-terminal regulatory phosphorylation sites, which
in turn affects the DNA binding and replication activities of TAg (Schneider
and Fanning, 1988; Scheidtmann et al., 1991a). Mutation of its counterpart in
the JCV TAg, Thr 664, to a Ser or Ala indicated that this site is not phospho-
rylated and does not significantly influence DNA replication activity. A second
carboxy-terminal phosphorylation site in the SV40 TAg, serine 679, is a glu-
tamic acid (Glu) (a.a. 666) in JCV TAg. Converting the latter residue to a Ser
or Ala again did not alter replication behavior, and the Ser 666 mutant did not
become phosphorylated. These results suggest that important differences exist
in the way the two TAgs are regulated by this post-translational modification.
A critical phosphorylation site in the amino-terminal region of SV40 TAg, Thr
124, contributes to stable origin binding and is essential for unwinding and
DNA replication (Scheidtmann et al., 1984, 1991a; McVey et al., 1993; Moarefi
et al.,, 1993). Mutation of the conserved Thr 125 residue in the JCV TAg to
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Ala abolishes DNA replication and viability, suggesting that phosphorylation
of this site plays a similar key role in JCV TAg function.

Mutation of the Zinc Finger Domain of JCV TAg. The zinc finger motif is
highly conserved in polyomavirus TAgs (Pipas, 1992), and mutational analysis
of this domain in the SV40 TAg (a.a. 302-320) demonstrates its importance in
the formation of stable hexamers and modulation of specific DNA binding and
origin unwinding (Arthur et al., 1988; Hoss et al., 1990; Loeber et al., 1991).
Alterations to any of the predicted zinc coordinating residues or the nearby His
residue in the major loop (a.a. 302, 305, 313, 317, and 320) diminish trans-
forming activity and abolish viral infectivity (Loeber et al., 1989). Mutations
within the carboxy-terminal region of the major loop (a.a. 312-316) reduce
the replication and transforming activities of SV40 TAg. These zinc finger
mutants exhibit phenotypes similar to those displayed by wild-type JCV TAg.
JCV TAg differs from SV40 TAg at four of the five positions in the major loop
(JCV a.a. 313-317). Based on previous SV40 work, three JCV TAg mutants
were made by converting residues 316, 317, or 316 + 317 to the corresponding
SV40 sequence. Contrary to expectation, these mutations did not lead to en-
hanced JCV DNA replication activity or to the ability of JCV TAg to interact
with the SV40 origin (Swenson et al., 1996). The latter possibility had been
examined because the zinc finger domain lies within the central region of the
JCV TAg known to negatively regulate its interaction with the SV40 origin.

Biochemical Analyses Relevant to JCV TAg Replication Functions.
Biochemical approaches have been employed to examine JCV TAg’s stability,
phosphorylation status, and ability to bind cellular proteins and viral DNA.
This work has utilized TAg obtained from extracts of infected and transformed
cells or purified from bacterial, insect, and mammalian sources. Information
derived from these experiments is relevant to our understanding of JCV DNA
replication.

JCV TAg Stability. Early studies (Cikes et al., 1977; Bollag et al., 1989;
Haggerty et al., 1989) suggested that JCV TAg was more labile than its SV40
counterpart. Pulse-chase experiments indicated that the half-life of the SV40
protein was twice as long as that of the JCV protein isolated from transformed
human cells (Lynch and Frisque, 1991). Greater instability, coupled with re-
duced expression from JCV transcription signals, is responsible for the lower
levels of JCV TAg relative to SV40 TAg in infected and transformed cells and
likely contributes to the less robust activity of the JCV replication protein. In
addition, the appearance of a 17 kD T’ protein in JCV-transformed cells (Bollag
et al., 1989; Haggerty et al., 1989) was attributed initially to the proteolytic
degradation of the large T protein. However, additional pulse-chase experiments
comparing the degradation profiles of TAg and the T’ protein suggested that
the latter protein was not a breakdown product of the former protein (Trow-
bridge and Frisque, 1995).
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Oligomerization of JCV TAg. Interactions of the SV40 TAg with viral DNA
and cellular proteins involve higher order structures of the viral protein, and
sequences within the zinc finger and phosphorylation domains influence the
formation of these oligomers (Arthur et al., 1988; Schneider and Fanning, 1988;
Mastrangelo et al., 1989; Hoss et al., 1990; Loeber et al., 1991; Parsons et al.,
1991; Scheidtmann et al., 1991c). Tavis and co-workers (1994) employed su-
crose density gradient centrifugation to investigate the quaternary structure of
JCV and SV40 TAgs present in extracts of transformed cells. They demon-
strated that the unpurified JCV protein oligomerized less efficiently than the
SV40 protein under nonreplication conditions; JCV TAg sedimented predom-
inantly as monomers/dimers, whereas SV40 TAg yielded a mixture of mono-
mers/dimers and higher oligomers. Because the TAgs differed significantly in
this important property, additional experiments were conducted using purified
JCV and SV40 TAgs under replication conditions (Bollag et al., 1996). In the
presence of ATP and at 37°C, JCV TAg did form hexamers and double hex-
amers, albeit less efficiently than did SV40 TAg. In a second experiment, the
oligomerization and DNA binding functions of TAg were analyzed in a DNA
mobility shift assay using purified proteins and origin-containing DNA frag-
ments. The baculovirus-expressed JCV and SV40 TAgs both behaved in a
highly cooperative manner to form double hexamers on the origin DNA.

Binding of JCV TAg to BSI and BSII. The binding of the polyomavirus TAgs
to BSII in the core origin is necessary but not sufficient to initiate DNA rep-
lication. It should be noted that the arrangement of TAg binding sites differs
in the JCV and SV40 origins; JCV TAg BSI contains two, instead of three,
pentanucleotide recognition sequences (Fig. 6.5), and a third binding site
(BSIII), present in the SV40 origin, appears to be missing altogether. These
differences were predicted to affect interactions between JCV TAg and DNA,
and this possibility was first investigated using the McKay assay (McKay,
1981) with unpurified protein from transformed cell extracts (Lynch and
Frisque, 1991). The JCV TAg exhibited lower binding activity than did the
SV40 TAg, especially to BSII, suggesting one possibility for reduced DNA
replicating potential of JCV. Both viral proteins bound to BSI with higher
affinity than to BSII in this assay, and both bound the SV40 BSI with twofold
higher affinity than the JCV site. The latter observation likely reflects differ-
ences in the sequences of the two sites. An expectation in these studies was
that reduced binding activity was responsible for the nonproductive interaction
between JCV Ag and the SV40 origin. However, the JCV protein recognized
both origins with similar efficiencies, leading to the hypothesis that JCV TAg
fails to promote replication of an SV40 origin because of a step subsequent to
specific binding. Similar findings were made in a second study in which the
predicted DNA binding domain of JCV TAg was mutated (Tavis and Frisque,
1991). Because binding of purified SV40 TAg to BSII is stimulated by ATP
(Dean et al., 1987; Deb and Tegtmeyer, 1987; Borowiec and Hurwitz, 1988;
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Mastrangelo et al., 1989), a more thorough investigation of JCV TAg binding
to BSII awaited the availability of purified protein.

Windl and Dérries (1995) examined the binding activity of JCV TAg purified
from human 293 cells infected with a recombinant adenovirus Ad5-JCVTAg.
With a modified McKay assay and JCV TAg immunoprecipitated from the
infected cell extracts, the viral protein was shown to interact with DNA frag-
ments containing the JCV BSI and BSII or BSI alone. Reduced binding to the
latter fragment was taken as evidence that BSII contributed to the overall bind-
ing pattern, but binding to a fragment containing only BSII could not be dem-
onstrated. Thus the results were similar to those obtained previously with un-
purified viral protein. In a second approach using purified TAg, Bollag and
co-workers (1996) infected Sf9 insect cells with the recombinant baculovirus
B-JCT. JCV TAg was purified by immunoaffinity chromatography and tested
for specific DNA binding in the presence of ATP and at 37°C (McVey et al.,
1993). Under these conditions, JCV TAg was shown capable of interacting
with BSII and in fact exhibited a greater affinity for this site than for BSI of
either viral origin. In agreement with earlier studies, SV40 TAg preferentially
bound BSI (Tjian, 1978; Shalloway et al., 1980; Tegtmeyer et al., 1981), and
both TAgs exhibited a slight preference for the SV40 origin. JCV TAg also
bound nonorigin DNA (lacking the GAGGC sequence) more efficiently than
did the SV40 protein. One could speculate that JCV TAg’s altered behavior
relative to that of SV40 TAg reflects an adaptation to lower levels of TAg
produced during an infection (Bollag et al., 1996). To enhance initiation, JCV
TAg may need to display a higher affinity to the core origin sequences, and to
ensure efficient elongation the viral protein may require a tighter association
with sequences beyond the origin region.

More recently, Nesper et al. (1997) re-examined the interaction between
purified JCV TAg and JCV BSI and BSII. Under nonreplication conditions, the
TAg was found to bind predominantly to BSI, in agreement with the work of
Windl and Dorries (1995). Under replication conditions, however, TAg was
found to bind tightly to BSII, confirming the work of Bollag et al. (1996).

Interactions Between JCV TAg and Cellular Proteins. Although not as
extensive as the analyses conducted with SV40 TAg, the JCV protein has been
shown to bind several cellular factors, including members of the pRB family
of tumor suppressor proteins (pRB, p107, p130; Dyson et al., 1989, 1990;
Howard et al., 1998); a second tumor suppressor, pS3 (Bollag et al., 1989); the
molecular chaperone hsc70 (Bollag and Frisque, unpublished data); and Tst-1,
a member of the POU family of transcription factors (Renner et al., 1994; Sock
et al.,, 1999). The latter interaction does not appear to alter DNA replication
directly; rather, by stimulating early viral transcription, TAg levels increase,
thereby elevating replication activity (Wegner et al., 1993). Based on SV40
studies (Campbell et al., 1997), the interaction between the J domain of the
JCV TAg and the DnaK protein hsc70 might also be expected to enhance viral
DNA replication, possibly by altering the conformation of the replication com-
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plex at the core origin. A great deal of effort has been expended examining
SV40 TAg’s binding to the cell cycle regulatory proteins p53 and the pRB
family members. SV40 TAg, like the oncoproteins encoded by a number of
other DNA tumor viruses, promotes S phase progression and inhibits apoptosis
of cells by binding and inactivating these cellular proteins (reviewed by Brod-
sky and Pipas, 1998). Although these events have not been demonstrated to
enhance SV40 DNA replication directly, most of the experiments have been
conducted in exponentially growing cells. Replication of JCV occurs in cells
that may be quiescent or slowly growing, and one might speculate that the
interaction of JCV TAg with cellular tumor suppressor proteins is critical to
ensuring the proper environment to support viral DNA replication.

Contribution of Other JCV Early Proteins to DNA Replication. Five
proteins are encoded by JCV mRNAs generated by alternative splicing of the
early precursor mRNA (Trowbridge and Frisque, 1995). In addition to large
and small T antigens (TAg, tAg), three T’ proteins are expressed in infected
human cells (Fig. 6.1). These latter proteins are translated from mRNAs in
which two introns have been removed. The intron proximal to the 5’ end of
the message is the same one removed from the TAg mRNA. The distal intron
excised from each T' mRNA utilizes a shared donor site but a unique acceptor
site. This arrangement results in the production of three T’ proteins that share
their amino-terminal 132 a.a. with TAg and have unique carboxy termini (either
3, 4, or 33 a.a. in T{;s, Tis, or Ties, respectively). The overlapping sequences
include a number of functional domains important to TAg’s transforming and
replication activities, including sequences predicted or shown to (1) bind
Tst-1, DNA polymerase «, pRB, p107, p130, and hsc70; (2) localize the protein
to the nucleus (NLS); and (3) transactivate viral and cellular genes (Fig. 6.6).
It would be reasonable to expect that the three T’ proteins would exhibit some
of these TAg characteristics.

To investigate the possibility that Tiss, T|s, and/or T{¢ influences DNA rep-
lication, the shared distal donor splice site of the T" mRNAs was mutated while
preserving the authentic TAg a.a. sequence. This mutant, JCV(AT’), failed to
express the three T’ proteins and was reduced 10-fold in DNA replicating
activity compared with JCV(Mad-1) (Trowbridge and Frisque, 1995). Seven
additional T" mutants were constructed in which the three unique acceptor sites
were targeted individually or in combination (Prins and Frisque, 2001). The
triple mutant JCV(AT;5/136165) had a replication phenotype similar to the donor
site mutant, whereas the three single mutants and one double acceptor site
mutant (AT{ss5,6s) replicated with nearly normal efficiency. The other two dou-
ble acceptor site mutants (AT{s5,3 and AT{s6s) exhibited partial replication
defects, suggesting that T|;, might influence replication behavior to a greater
extent than does Tis5 and Ti{s. These results support the hypothesis that JCV
T’ proteins encode TAg replication functions. Similar “‘truncated” TAgs are
also translated from alternatively spliced SV40, BKV, and mouse polyoma virus
(PyV) early transcripts (Fig. 6.1; Zerrahn et al., 1993; Riley et al., 1997; Prins
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and Frisque, unpublished data), but the role of these T'-like proteins in viral
DNA replication has not been established. It should be emphasized that there
are important differences between TAg and the T’ proteins, including altered
structures, phosphorylation status, and temporal and cell-specific expression
patterns that are likely to result in functional differences (Swenson and Frisque,
1995; Trowbridge and Frisque, 1995; Prins, Jones and Frisque, unpublished
data). This expectation was confirmed recently when these four early proteins
where found to differ in the affinity with which they bound members of the
pRB family (Bollag et al., 2000).

Cells Permissive for JCV DNA Replication

The initial success in recovering JCV from PML brain tissue was due to the
identification of PHFG cells as a culture system that would support the com-
plete lytic cycle of the virus. This heterogeneous population of glial cells re-
mains the most permissive system in which to propagate the virus, although
transformed derivatives of these cells (e.g., POJ, SVG, and POS cells) and
human tonsillar stromal cells support moderate to efficient production of in-
fectious virions. Additional human cell types have been found that support low
levels of virus replication. Jensen and Major (1999) provide an extensive list
of permissive and semipermissive cells in their recent review of JCV biology.

A large number of studies have been conducted to uncover the basis for the
restricted growth of JCV. Feigenbaum et al. (1987) proposed that the restricted
host range behavior of the virus is the result of regulation at the levels of
transcription and replication. Their model suggests that because signals within
the JCV TCR are glial cell specific (Kenney et al., 1984), early gene expression
is limited to these cells, and, because JCV TAg interactions with host cell
replication machinery is species (primate) specific, DNA replication is restricted
to primate cells. Based on this model, one would predict that JCV replication
would be confined to primate glial cells. Given the available data, some mod-
ifications to this model are necessary. For example, JCV replicates in cells
outside the human CNS in vivo (Jensen and Major, 1999), and in vitro a chi-
mera with a JCV regulatory region linked to the SV40 coding regions replicates
efficiently in monkey kidney (CV-1) cells (Chuke et al., 1986; Lynch and Fris-
que, 1991; Lynch et al., 1994). Both examples indicate that TAg is expressed
via the JCV TCR in amounts adequate to support multiplication of the virus
in a nonglial cell. Furthermore, in the in vitro experiment, replication of intact
JCV was highly inefficient in CV-1 cells, suggesting that JCV TAg, unlike
SV40 TAg, interacted only weakly with the replication machinery of the mon-
key cells. Therefore, while most investigators agree that JCV’s restricted host
range is a function of regulation at both the transcription and replication levels,
the former is not limited to (but is most efficient in) glial cells and the latter
is most effective with (although not limited to) the replication machinery of
human cells.
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In Vitro DNA Replication

The development of cell-free replication systems has permitted investigators to
identify cellular factors required for replication of polyomavirus genomes. Be-
cause naked viral DNA has been used routinely in this work, the influence of
chromatin structure can not be fully assessed in in vitro systems, and there-
fore some differences in replication requirements in vivo versus in vitro have
been recognized (Cheng and Kelly, 1989; Bullock et al., 1997; Halmer and
Gruss, 1997; Nesper et al., 1997; Herbig et al., 1999; Muller and Mermod,
2000).

Using a soluble cell-free system derived from primate cells, Li and Kelly
(1985) tested the replication of the SV40, JCV, and BKYV origins in the presence
of SV40 TAg. In extracts of human HeLa cells, constructs containing the core
origins and auxiliary sequences of the two human polyomavirus genomes rep-
licated with an efficiency 10—20% that of a plasmid containing the correspond-
ing SV40 sequences. When monkey cell extracts (COS cells) were used, rep-
lication of the JCV and BKYV origin plasmids was reduced another 5—10-fold
relative to that of the SV40 origin-containing vector. In contrast, the SV40
construct replicated with similar efficiency in both the human and monkey cell
extracts.

More recently Nesper and colleagues (1997) described two in vitro DNA
replication systems containing purified JCV TAg and either purified cellular
replication factors or crude extracts of human cells. Replication initiation was
examined using the system containing DNA polymerase a-primase, RPA, and
topoisomerase I, while replication elongation was measured in the system em-
ploying HeLa cell extracts. Sequence requirements for JCV DNA replication
were examined with these assays. Deletion of TAg BSI resulted in approxi-
mately a twofold reduction in replication, whereas constructs lacking the IP or
BSII elements of the core failed to exhibit any significant replication activity.
Similar findings were reported when the BSI and BSII mutants were tested in
an in vivo replication assay. In addition, a construct that lacked one copy of
the JCV(Mad-1) 98 bp enhancer element replicated in vitro slightly better than
the intact construct, in agreement with an earlier in vivo study (Lynch and
Frisque, 1990). Replacement of the JCV TAg with either the SV40 or PyV
TAgs in the in vitro system confirmed that the SV40 protein was a functional
substitute, but yielded the new information that the PyV protein did not interact
productively with the JCV sequences.

Other Factors Influencing JCV DNA Replication

A limited number of studies have identified factors that inhibit JCV DNA rep-
lication. Kerr and colleagues (1993) confirmed their prediction that the anti-
tumor drug camptothecin would block replication of JCV DNA in vivo. The
primary target of the drug appears to be topoisomerase I of the cell (Li and
Liu, 2001). Pulse treatment of glial cells with nontoxic doses of camptothecin
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specifically inhibited viral replication; repeated pulse treatment of the cells with
the drug was required to maintain the inhibitory effect. The use of camptothecin
in the treatment of PML was suggested. In a second study, Staib et al. (1996)
determined that exogenous addition of the human and murine tumor suppressor
protein p53 strongly inhibited JCV DNA replication in vivo. Their results sug-
gest that the basis for the inhibition was the binding of p53, via its highly
conserved central region, to JCV TAg. It was postulated that this interaction
might interfere with the ability of TAg to unwind the JCV origin during rep-
lication initiation. In work relevant to JCV reactivation in immunocompromised
individuals, Chang and co-workers (1996) detected soluble factor(s) secreted
by activated T cells that suppress replication of JCV DNA in glial cells. The
factor(s) were found to be heat labile and to range in size from 30 to 100 kDa.
Finally, N.N. Chen et al. (1997) identified a cellular factor, Subp-2, that stim-
ulated JCV late transcription but decreased JCV DNA replication activity in
glial cells. A truncated version of Subp-2, GF-1, induced JCV promoter func-
tion more efficiently than the intact human protein and also had a slight stim-
ulatory effect on JCV DNA replication in vivo.

Evidence has been presented that virus—virus interactions may influence
replication of JCV in its human host. The relatively high incidence of PML in
HIV-infected individuals was recognized early in the AIDS pandemic, and sev-
eral studies have indicated that the Tat protein of HIV-1 stimulates JCV tran-
scriptional activity in vitro (Chowdhury et al., 1990, 1993; Tada et al., 1990).
Recently, Mock and co-workers (1999) reported that JCV and human herpes-
virus 6 (HHV6) co-infect oligodendrocytes within and around PML lesions.
These investigators suggest that HHV6 might contribute to central nervous
system demyelination, and one could speculate that such an effect might be
the result of a direct action of HHV6 on the glial cells or an indirect action
via stimulation of JCV replication. A clear demonstration of activation of JCV
DNA replication by a second human virus is provided in the study of Heilbronn
et al. (1993). These investigators hypothesized that human cytomegalovirus
(HCMYV) might serve as a helper virus for JCV replication in human fibroblasts,
a cell type considered nonpermissive for JCV growth. Indeed, JCV replication
was activated in HCM V-infected fibroblasts in culture. Furthermore, ganciclovir-
induced inhibition of HCMV replication led to the concomitant inhibition of
JCV DNA replication. These results might be relevant to mechanisms of JCV
reactivation in immunocompromised, HCM V-infected individuals.

12. CONCLUSIONS

JCV transcription is regulated by complicated mechanisms. Many cell-specific
and general transcription factors appear to regulate the JCV promoter via
protein—protein interaction or by binding to promoter DNA elements. We have
summarized in Figure 6.3 the transcription factor binding sites on the JCV
promoter that have been reported. Multiple transcription factors interact with
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each other and regulate the transcription of JCV. In addition, chromatin struc-
ture and DNA methylation might be other factors controlling cell-specific ex-
pression. In the future, identification of novel aspects of JCV neurotropism
should shed light not only on our understanding of the biochemical mechanism
of virus infection, but also on the therapy of glial-specific diseases such as
PML, multiple sclerosis, and other demyelinating diseases.

SV40 serves as a model for studying DNA replication in the eukaryotic cell.
Its study has also provided a foundation on which to investigate this process
in the human polyomaviruses. JCV and BKYV are closely related to this monkey
virus, and the sequences of the cis (origin) and trans (TAg) acting replication
components of each virus are highly conserved. In addition, all three viruses
replicate in primate cells, so it is not surprising that key features of the repli-
cation process are shared. However, differences in replication functions and
potential do exist, thereby contributing to the unique biology of each virus.
Significant variation has been observed in the ability of each TAg to interact
with the homologous and heterologous core and auxiliary origin sequences.
These variations may reflect differences in the communication between TAg
and the viral DNA or TAg and permissive cell factors; they might also signal
differences in the ability of core and auxiliary origin sequences to bind one or
more cellular factors. Identifying the outcomes of these interactions will be
critical to our understanding of how these viruses establish an asymptomatic
infection or a pathogenic state. The recent discovery of multiple ‘“‘truncated”
versions of the polyomavirus TAgs that exhibit alterations in sequence and
expression levels adds yet another dimension to the regulation of viral DNA
replication that investigators have only recently begun to assess.

Acquiring a better understanding of viral DNA replication will be central to
our ability to control the pathogenic potential of JCV and BKV in their human
host. Preliminary studies based on such information have already been suc-
cessful in identifying inhibitors that limit DNA replication of these viruses in
cell culture systems. Furthermore, as we begin to understand the mechanisms
by which other viruses activate JCV and BKV replication, we should be better
able to devise the means to prevent the pathogenic consequences of these co-
infections.
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1. HYPERVARIABLE PML-TYPE REGULATORY SEQUENCES

JC virus (JCV) was first isolated in 1971 from the brain of a patient with a
fatal demyelinating disease in the brain, progressive multifocal leukoencepha-
lopathy (PML) (Padgett et al., 1971). Since then, JCV has repeatedly been
isolated from the brains of PML patients, and it is now established as the
etiologic agent of PML (Berger and Major, 1999). Here we designate JCV
isolates from the brains of PML patients as PML-type isolates. The complete
sequence of the genome of a PML-type isolate (Mad-1) was reported in 1984
by Frisque et al. To date, the complete sequences of six PML-type isolates have
been reported, and analyses of these sequences have revealed that the overall
genome organization of JCV is consistent among PML-type JCV isolates
(Agostini et al., 1998a,d; Frisque et al., 1984; Loeber and Dorries, 1988; Kato
et al., 2000).

However, the promoter/enhancer region (designated here as the regulatory
region) located between the DNA replication origin and the agnoprotein gene
(see Chapter 5) is hypervariable among PML-type isolates. Variation in the
regulatory region of PML-type JCVs was first demonstrated in 1981 by Rentier-
Delrue et al. To exclude the possibility that the changes were introduced into
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JCV DNAs during propagation of JCV in culture, they extracted viral DNA
from the brain tissues of two PML patients. Each of the viral genomes was
cloned intact in Escherichia coli, using a plasmid vector. The two JCV genomes
were approximately 50 bp larger or approximately 50 bp smaller than Mad-1
DNA. Analysis of the restriction endonuclease cleavage fragments of these two
DNAs and Mad-1 DNA revealed that the slight differences were mapped to
within the regulatory region. Two years later, Grinnell et al. (1983) directly
cloned JCV DNAs from the brains of 10 PML patients and compared the
restriction enzyme cleavage profiles among them. They concluded that a ge-
nome area corresponding to the regulatory region is hypervariable. Further-
more, Martin et al. (1985) determined the regulatory sequences of several PML-
type JCVs and confirmed the hypervariation in the regulatory sequence among
PML-type JCVs.

2. ARCHETYPE REGULATORY SEQUENCE

Sero-epidemiologic studies have shown that JCV circulates in humans without
any obvious symptoms (Padgett and Walker, 1973, 1976). Indeed, JCV is fre-
quently excreted in the urine of healthy individuals as well as patients without
PML (Kitamura et al., 1990, 1994a; Agostini et al., 1996). Yogo et al. (1990)
cloned JCV DNA directly from two healthy volunteers and eight nonimmu-
nocompromised patients. Restriction enzyme analysis confirmed that the overall
genome structure of the urine-derived isolates was identical with that of PML-
type isolates. The regulatory region sequences of the 10 urine-derived isolates
were then analyzed. The basic structure of the regulatory region was identical
among clones derived from all individuals, with a few nucleotide mismatches
(the regulatory sequence of a clone from a healthy individual, CY, is shown in
Fig. 7.1). Where multiple clones from the same individual were examined, the
structure of the regulatory region was identical among clones examined, with
a single exception. Thus, it was concluded that the regulatory regions of JCVs
derived from the urine of nonimmunocompromised individuals are highly ho-
mogeneous, in marked contrast with the hypervariable regulatory regions of
PML-type JCVs.

The regulatory region of the JCV DNA cloned by Yogo et al. (1990) lacked
any repetition of a sequence of significant length (Fig. 7.1). It contained 23
and 66 bp sequences, which were inserted into the 98 bp sequence present in
a tandem repeat in Mad-1. As a result, the 98 bp sequence was split into three
portions of 25, 55, and 18 bp (Fig. 7.1). The 23 bp sequence had been identified
in a majority of PML-derived variants, although it was absent in a few, in-
cluding Mad-1 (Frisque et al., 1984; Martin et al., 1985). As described below,
it was later found that a significant number of isolates from the brain and
cerebrospinal fluid (CSF) of PML patients retained a region encompassing the
66 bp sequence (Ault and Stoner, 1993; Agostini et al., 1997a; Sugimoto et
al., 1998). The regulatory sequence depicted in Figure 7.1 was designated as
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the archetype regulatory sequence because, as described below, this sequence
contained all sequences required to generate various PML-type sequences
(Yogo et al., 1990).

Many complete JCV DNA clones have been established from urine collected
in various areas of the Old World, and their regulatory region structures were
examined (Yogo et al., 1991a,b; Guo et al., 1986). Furthermore, JCV regulatory
regions were amplified by polymerase chain reaction (PCR) from urine col-
lected in the United States (Markowitz et al., 1991; Agostini et al., 1996),
Europe (Flaegstad et al., 1991), and Taiwan (Chang et al., 1996a,b, 1999; Tsai
et al., 1997), and their sequences were examined. These studies indicated that,
without exception, JCV DNAs derived from the urine collected throughout the
world carry the archetype regulatory sequence or archetype-like regulatory se-
quences that deviate only slightly from the archetype.

Tominaga et al. (1992) examined whether JCV persisting in normal human
kidney tissue contains the archetype regulatory region. Renal medulla, cortex,
and tumor tissue from 32 patients bearing renal tumors were screened for JCV
DNA by Southern blot hybridization. Viral DNA was detected in the medulla
in 13 cases (41%), in the cortex in 2 cases (6%), but in none of the tumor
tissue specimens. Representative JCV DNA-positive specimens were used for
PCR amplification and sequence analysis of the JCV regulatory regions. Struc-
tures of the regulatory regions from all specimens were, with a few nucleotide
variations, that of the archetype. These observations indicated that JCVs per-
sisting in the kidney have the archetype regulatory region and that in adults
these JCVs actively replicate and excrete progeny in the urine.

In summary, (1) the archetype regulatory sequence is highly conserved, in
marked contrast to PML-type regulatory sequences; (2) it contains all sequences
present in various PML-type regulatory sequences, with a single exception (see
below); (3) JCV DNAs derived from the urine collected throughout the world
carry the archetype regulatory sequence or archetype-like regulatory sequences
that deviate only slightly from the archetype; and (4) JCVs persisting in the
kidney have the archetype regulatory sequence. Thus, it is very likely that JCV
with the archetype regulatory sequence (or archetype-like sequences deviating
slightly from it) represents the JCV circulating in the human population.

3. ALIGNMENT OF VARIOUS PML-TYPE REGULATORY
SEQUENCES WITH THE ARCHETYPE

Several complete DNA clones of PML-type JCVs have been obtained in the
United States, Japan, and Germany, and the regulatory sequences of these
clones have been clarified (Kato et al., 1994; Loeber and Doérries, 1988; Martin
et al., 1985; Matsuda et al., 1987; Takahashi et al., 1992; Yogo et al., 1994).
Furthermore, owing to the advent of the PCR technology, many regulatory
region structures of PML-type JCVs have also been determined (Agostini et
al., 1997a, 1998a; Ault and Stoner, 1993; Chima et al., 1999; Newman and
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Frisque, 1997, 1999; Stoner et al. 1998; Wakutani et al., 1998). In addition,
some regulatory sequences have been detected from CSF of PML patients for
diagnostic purposes (Sugimoto et al., 1998). All of these regulatory sequences
(77 in total) were aligned with the archetype sequence by placing duplicated
segments on separate lines and leaving gaps where sequences were deleted
relative to the archetype (Fig. 7.2).

Each of these rearranged regulatory sequences was unique, that is, no iden-
tical regulatory sequences have occurred in the brain or CSF of different PML
patients. Nevertheless, they could be categorized into a few groups according
to their structural features (Fig. 7.2). To classify the 77 rearranged forms we
use here the system introduced by Ault and Stoner (1993). They divided the
archetypal regulatory region into five blocks of sequences, A to F (Fig. 7.1),
based on sequences in the archetype that are lacking from, or duplicated in,
the Mad-1 regulatory region.

The first pattern, designated as ‘““long duplicate,” shows duplication of region
C and deletion of region D (Fig. 7.2A). The regulatory sequences with this
pattern account for about half of the rearranged regulatory sequences shown in
Figure 7.2. The second pattern, the “short triplicate” pattern, is characterized
by having the first half of region C duplicated or triplicated, the second half
of C and all of D deleted, and region E present in three or four copies (Fig.
7.2B). The main feature of the third pattern, “D retaining,”” was retention of
region D with a duplication of sequences before or after it (Fig. 7.2C). We also
included regulatory sequences, retaining region D but not having any dupli-
cation, in the “D-retaining’’ group. Regulatory sequences with miscellaneous
sequences not included in any of the three groups are shown in Figure 7.2D.

Some regulatory regions (designated as pseudo-archetypes) belonging to the
“D-retaining” group had only deletions (see Fig. 7.2C). These deletions de-
stroyed some transcriptional factor binding elements (Table 7.1). In contrast,
these elements are conserved in archetype-like regulatory regions (see above)
found in the JCV isolates from the urine of non-PML individuals throughout
the world (Agostini et al., 1996; Chang et al., 1996a,b; Guo et al., 1996; Yogo
et al., 1990, 1991a,b). Thus, pseudo-archetype regulatory regions can be dis-
tinguished from the archetype-like regulatory region.

4. ARCHETYPE SEQUENCE CAN GENERATE VARIOUS
REARRANGED FORMS

The line drawings in Figure 7.2 indicate that each of the rearranged regulatory
sequences detected in the brain or CSF of PML patients can be produced from
the archetype by deletions and duplications (or, in one case, by recombination
with a coding region of the JCV genome). For example, ‘“long duplicate”
structures usually contain one or two identical deletions, with exactly the same
5" and 3’ end points. This can simply be explained by hypothesizing that, in
the archetype sequence, deletion occurred first and the segment carrying the
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Figure 7.2A
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deletion was subsequently duplicated (the example of Mad-1 is shown in Fig.
7.3A). Many ““long duplicate” structures appear to have been complicated by
further deletions or duplications. In general, ‘“‘short triplicate” structures may
have been produced by the duplication of segments containing previously gen-
erated deletions and duplications (the example of Matsue-1 is shown in Fig.
7.3B). Likewise, most of the rearranged regulatory sequences of ‘“D-retaining”
and miscellaneous groups (Fig. 7.3C,D), except for the NY-1A regulatory se-
quence, could have been generated from the archetype by deletions and dupli-
cations (or only by deletions). As shown in Figure 7.3C, it is very likely that
the NY-1A regulatory sequence was generated by recombination between the
archetype regulatory region and the T-antigen gene.

Martin et al. (1985) argued that the hypervariation of PML-type regulatory
regions arose by complex alterations of the 98 bp repeat of Mad-1 DNA (Fig.
7.2). More recently, Monaco et al. (1998), who reported the detection of JCV
DNA in human tonsil tissue, concluded that the Mad-1 regulatory sequence
can rearrange to generate multiple genotypes observed in other infected host
cells. Nevertheless, there is no simple way in which the various structures
shown in Figure 7.2 can be generated from any of the arrangements other than
the archetype.

5. SITE SELECTION FOR DNA BREAKAGE AND REJOINING

The presence of the major patterns of deletions and duplications (Fig. 7.2)
suggests that there are preferred areas for DNA breakage and rejoining (Ault

Figure 7.2. Alignment of various PML-type regulatory sequences with the archetype. The
structure of the archetypal regulatory region is schematically shown at the top. Regions
A—F and some transcriptional factor binding sites are indicated. The origin of replication
(Ori) and the start site of the late leader protein, agnoprotein (Agno), are indicated. The
structures of various rearranged regulatory regions derived from the brain and CSF are
shown below, with deletions relative to the archetype shown as gaps. On reading from
left to right, when a repeat is encountered, the linear representation is displaced to the
line below and to positions corresponding to the sequence of the archetype. Numbers
indicate end points of segments present in each regulatory region. Arrowheads represent
the insertion of sequences, the sizes of which are indicated below in base pairs. The
regulatory regions classified as “long duplicate,” “short triplicate,” and “D retaining” are
shown in A, B, and C, respectively, and those with miscellaneous sequences not included
in any of the three groups are shown in D. The last three structures in D were tentatively
designated as AC/Br-1, AC/Br-2, and AC/Br-3, and the last structure in A was tentatively
designated as AH/Br because they were not named in the original paper (Newman and
Frisque, 1999). References for regulatory regions are shown in parentheses by numbers
1, Frisque et al. (1984); 2, Martin et al. (1985); 3, Matsuda et al. (1987); 4, Loeber and
Doérries (1988); 5, Takahashi et al. (1992); 6, Ault and Stoner (1993); 7, Yogo et al. (1994);
8, Kato et al. (1994); 9, Agostini et al. (1997a); 10, Newman and Frisque (1997); 11,
Agostini et al. (1998a); 12, Wakutani et al. (1998); 13, Stoner et al. (1998); 14, Sugimoto
et al. (1998); 15, Chima et al. (1999); 16, Newman and Frisque (1999).
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Figure 7.2A. (Continued)
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Figure 7.2C

and Stoner, 1993). Thus, most frequently targeted are the junctions of regions
B/C, C/D, D/E, E/F, and the middle of region C. One reason for the selection
of these particular areas is the pressure to retain sequences necessary for pro-
moter function. The TATA box and the origin-proximal half of region C appear
to be indispensable (Fig. 7.2). The latter contains an NF-1 binding site and a
CRE-like element (Fig. 7.1). Other transcription factor recognition elements
exist in other parts of the archetype regulatory region as well, but are not
consistently retained (see Chapter 6).

The existence of preferred breakage and rejoining may be conferred by one
of the cellular recombination activities, as discussed by Ault and Stoner (1993).
Nevertheless, it is possible that junctions between B/C and C/D are not pref-
erentially targeted, as suggested by Kitamura et al. (1994b). Thus, variants in
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Figure 7.2D

which region C is duplicated and region D is deleted may be generated as a
rare event. Once generated, however, these variants may become a major pop-
ulation, if they have selective replication advantage over the others in the target
tissue (brain).

Ault and Stoner (1993) suggested that total length constraints may limit the
lengths of segments to be duplicated or deleted. This factor may not be very
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Table 7.1. Affected Elements in PML-Type Regulatory Regions Carrying
Only Deletions

Isolate Deletions” Affected Elements” Reference for Isolate

104b nt 203-214 Second NF-1 Ault and Stoner (1993)
109 nt 187-191 Unknown Agsotini et al. (1997a)
115 nt 246-255 AP-1 Agsotini et al. (1997a)
209 nt 69-71 First NF-1 Agsotini et al. (1997a)

nt 206-224 Second NF-1, p53

212 nt 191-255 Second NF-1, p53, AP-1 Agsotini et al. (1997a)
Chiba-1a nt 41-64 First Sp-1, first NF-1 Sugimoto et al. (1998)

nt 246-255 AP-1

“Deletion end points are shown. See Figure 7.1 for nucleotide numbers.
"The position of each element is shown in Figure 7.1.

rigid, however, because the length of a rearranged regulatory region (213) was
increased by 172 bp and that of another (212) was decreased by 65 bp (Fig.
7.3).

6. MOLECULAR MECHANISM OF REGULATORY
REGION REARRANGEMENT

It remains unclear what molecular mechanism operates to generate rearranged
regulatory regions. As described above, however, it is very likely that the NY-
1A regulatory region was produced by nonhomologous recombination between
two JCV DNA molecules. Whether JCV usually uses a host recombination
system to cause deletions and duplications is not clear.

Yoshiike and Takemoto (1986) proposed an interesting mechanism of BK
virus (BKV) regulatory region rearrangement. JCV and BKV are related poly-
omaviruses infecting only humans, and their overall genome structures are very
similar (see Chapters 6 and 14). The archetype regulatory region was found in
BKYV earlier than in JCV (Rubinstein and Harley 1989; Rubinstein et al., 1987;

Figure 7.3. (A) A possible pathway that might have generated Mad-1 regulatory region.
The two bracketed regions of the archetype were first deleted to generate the intermediate
structure. The bracketed region of the intermediate was then duplicated to generate the
Mad-1 regulatory region. (B) A possible pathway that might have generated the Matsue-
1 regulatory region. The bracketed region of the archetype was first deleted to generate
intermediate 1. The bracketed region of intermediate 1 was then duplicated to generate
intermediate 2. Finally, the bracketed region of intermediate 1 was duplicated to generate
Matsue-1 regulatory region. (C) A possible pathway that might have generated NY-1A
regulatory region. Nonhomologous recombination occurred between the archetype regu-
latory region and the large T antigen gene at the indicated sites.
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Sugimoto et al., 1989, 1990; Yoshiike and Takemoto, 1986). The BKV arche-
type undergoes deletions and duplications, particularly during passage of vi-
ruses in cell culture. The mechanism suggested by Yoshiike and Takmoto
(1986) is as follows. Recombination may occur between two newly synthesized
daughter segments of a replicating DNA molecule at nonhomologous points.
The resulting molecule will be a dimer composed of one molecule with deletion
and the other with duplication. Dimers may be converted to monomers by
homologous recombination that may subsequently occur at any two points
within a dimer. It is possible that this mechanism also functions in JCV regu-
latory region rearrangement.

Another possible mechanism is an error in viral DNA replication. If a rep-
licating point is shifted downstream along the template and replication is re-
started, a deletion will be generated. Alternatively, if a replicating point goes
back along the template and replication is restarted, a duplication will be gen-
erated. However, it is unlikely that this mechanism operates in JCV DNA rep-
lication that uses the strictly controlled host DNA replication system.

7. PML-TYPE JCV EVOLVE WITHIN PATIENTS

In the argument given above, we assumed that the genesis of JCV with re-
arranged regulatory sequences occurred within the patients. This assumption
was examined by lida et al. (1993). They constructed a phylogenetic tree for
seven archetype and seven PML-type strains using DNA sequence data on the
VP1 (major capsid protein) gene. However, it was recently shown that the
whole-genome approach to phylogeny reconstruction offers significant im-
provement over earlier studies that were limited to partial JCV sequences (Hat-
well and Sharp, 2000; Jobes et al., 1998). We therefore performed phylogenetic
analysis of 28 JCV isolates, including 6 PML types, complete DNA sequences
of which were reported previously (Agostini et al., 1998a,d; Frisque et al. 1994;
Kato et al., 2000; Loeber and Dorries, 1988). A phylogenetic tree (Fig. 7.4)
constructed by the neighbor-joining method (Saitou and Nei, 1987) revealed
that the 28 isolates diverged into eight previously described genotypes (EU,
Afl, Af2, SC, CY, MY, B1-b, and B1-c) (Guo et al., 1998; Jobes et al., 1998;
Sugimoto et al. 1997). Five (EU, Afl, CY, MY, and Bl-c) contained both
archetype and PML-type isolates. Thus, we concluded that PML-type isolates
are polyphyletic in origin and do not constitute a unique lineage. This conclu-
sion supports the view that PML-type JCVs are generated from archetype JCVs
during persistence in the host.

Of the three genotypes (Af2, SC, and B1-b) that contained only archetypes
in the phylogenetic tree (Fig. 7.4), a PML-type JCV was detected from the
genotype Af2 (Type 3) by analyzing its partial genome sequences (Stoner et
al., 1998). However, there have been no reports of the isolation of PML-type
JCVs belonging to genotypes Af3, SC, Bl-a, B1-b or B1-d. It remains to be
clarified whether archetype JCVs belonging to these genotypes are resistant to
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Figure 7.4. Evolutionary tree relating archetype and PML-type JCV isolates. From re-
ported complete JCV DNA sequences, an unrooted evolutionary tree was constructed
using the neighbor-joining method (Saitou and Nei, 1987). PML-type isolates are shown
in boldface and italics. A genotype is indicated for each cluster according to the classifi-
cation system of Sugimoto et al. (1997) and Guo et al. (1998) and that of Jobes et al.
(1998) (the latter is indicated in parentheses). Numbers at the nodes show bootstrap
confidence levels obtained by 100 replicates. The analyzed sequences are from Agostini
et al. (1997b, 1998a,b,d), Kato et al. (2000), Loeber and Dérries (1988), and Ou et al.
(1997).
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conversion to PML-type counterparts. In this connection, it is relevant to men-
tion the study by Agostini et al. (1998c), who reported that the proportion of
the JCV genotype B1-c (or Type 2B) in the PML brain (36%) was significantly
increased relative to its occurrence in control urine samples (5.9%). This finding
suggested that the change of the JCV regulatory region may be influenced by
the genotypes of JCV themselves or by the human populations carrying JCV.

8. LACK OF DISEASE-SPECIFIC AMINO ACID CHANGES IN THE
VIRAL PROTEINS OF PML-TYPE JCVS

Although the structural differences in the regulatory region between PML-type
and archetype isolates are striking, it is possible that PML-type JCVs undergo
some functionally significant mutations in their protein-coding regions. Loeber
and Dorries (1988) molecularly isolated two JCV variants in the same PML
patient, one from the kidney (variant GS/K) and the other from the brain (var-
iant GS/B). GS/K carried an archetype regulatory region, while GS/B carried
a unique rearrangement that may have been produced from the GS/K regulatory
region. There were two nucleotide differences in their coding regions, one in
the VP1 gene and the other in a portion shared by the small t and large T
antigen genes. Although the latter nucleotide difference caused no amino acid
difference, the former caused a change from Leu to GS/K to Phe in GS/B. This
amino acid change does not appear to be associated with PML because another
PML-type isolate (Mad-1) did not carry this change. Kato et al. (2000) further
examined whether PML-associated amino acid changes occurred in the viral
proteins of PML-type JCV. Amino acid sequences of individual viral proteins
were deduced from complete DNA sequences and were compared among 16
isolates (6 PML types and 10 archetypes). From the data obtained, it was
concluded that PML-associated amino acid changes did not occur in the viral
proteins of PML-type JCV.

9. BIOLOGICAL SIGNIFICANCE OF REGULATORY
REGION REARRANGEMENT

It has been postulated that the nonpathogenic archetype form is converted to
the pathogenic PML-type, which acquires a higher growth capacity in glial
cells (i.e., oligodendrocytes) in the brain (Iida et al., 1993; Loeber and Dorries,
1988; Shah, 1996; Yogo et al., 1990, 1991b). A few studies were carried out
to examine this hypothesis.

Sock et al. (1996) compared, in glial and nonglial cells, the expression of a
reporter gene driven by early- and late-gene promoters present in three typical
archetype regulatory regions and two PML-type regulatory regions (Mad-1 and
GS/B) with “long duplicate” structures (Fig. 7.2A). Surprisingly, early- and
late-gene promoters from not only PML-type but also archetype strains exhib-
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ited significantly higher activity in glial than in nonglial cells. Sock et al. (1996)
concluded that the archetype is more or less competent to infect the brain
without the need for modification of the viral regulatory region. This conclusion
argues against any hypothesis postulating that regulatory region rearrangements
would be required for infection in oligodendrocytes in the brain. This conclu-
sion, however, does not exclude the possibility that JCV is endowed with more
active promoters by regulatory region rearrangement that may occur during
viral replication in vivo in glial cells.

Ault (1997) compared the replicating and promoter activities in human glial
cells between one archetype and four PML-type regulatory regions (Mad-1,
Nos. 104a, 203, and 102). According to the classification system of Ault and
Stoner (1993), the regulatory regions of Mad-1/203, 102, and 104a belong to
“long duplicate,” ‘“‘short triplicate,”” and “D retaining” (see Fig. 7.2). All five
regulatory regions demonstrated similar levels of DNA replicating activity (this
was also reported by Sock et al. [1996] and Daniel et al. [1996]). Surprisingly,
the reporter gene expression differed within a fivefold range, and the archetype
was intermediate in strength to the PML-type regulatory regions. This finding
indicated that some PML types are more active, but some are less active, than
the archetype promoter.

10. DUAL REARRANGEMENT MODEL

Major et al. (1992) proposed a hypothesis that some peripheral blood lympho-
cytes (PBL) harbor JCV in a latent form and that upon activation they carry
JCV to the brain. Extending this hypothesis, we propose a dual rearrangement
model that can explain both the presence of a variety of PML-type regulatory
regions (Fig. 7.2) and the findings reported by Sock et al. (1996) and Ault
(1997).

After primary infection, JCV multiplies without severe restriction in infected
hosts. This viral growth generates JCV variants with rearranged regulatory
regions. Of these variants, those with decreased growth capacity persist in PBL
without being detected by the immune surveillance established by stimulation
of initial viral growth. Rearranged regulatory regions produced by the initial
event are probably those carrying only deletions.

Upon a decrease in host immune activity, the persisting JCV variants begin
to replicate actively, resulting in expansion of JCV infection in the peripheral
blood. Some of the infected lymphocytes enter the central nervous system
(CNS), and transmission of JCV from lymphocytes to more favorable cells
(i.e., oligodendrocytes) occurs. In the course of viral replication in the CNS,
secondary regulatory region rearrangement frequently, but not always, occurs
to generate variants with more complicated regulatory regions that now acquire
more active promoters for early and late transcription. This highly pathogenic
variant causes rapid expansion of brain lesions. Rearranged regulatory regions
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produced by the second event in the CNS include those belonging to ‘“‘long
duplicate” and ‘“‘short triplicate” groups (Fig. 7.3A,B).

11. CONCLUSIONS

The findings described in this chapter can be summarized as the archetype
concept as formulated below:

1. JCV with the archetype regulatory sequence is circulating in the human
population.

2. The archetype regulatory sequence is highly conserved, in marked con-
trast to the hypervariable regulatory sequences of PML-derived isolates.

3. Each of the PML-type regulatory sequences is produced from the arche-
type 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.

With respect to the biologic significance of regulatory region rearrangement,
we have presented a dual rearrangement model postulating two independent
rearrangements, one occurring in an immunocompetent state and the other in
an immunosuppressed state. This model remains to be tested in future studies.
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1. INTRODUCTION

The polyomaviruses are nonenveloped viruses whose capsid is composed of
three capsid proteins: a major capsid protein, VP1, and minor capsid proteins,
VP2 and VP3. The human polyomaviruses, JC (JCV) and BK (BKV) are
closely related to simian virus 40 (SV40) and distantly related to murine poly-
oma virus. By X-ray crystallography, it has been shown that SV40 and murine
polyoma virus have a T = 7d icosahedral structure, which is composed of 72
pentamers of VP1, with VP2 and VP3 inside in a specific stoichiometry (Lid-
dington et al., 1991; Stehle et al., 1994, 1996; Stehle and Harrison, 1997).
JCV infects oligodendrocytes of human brain tissues and causes progressive
multifocal leukoencephalopathy (PML), a fatal demyelinating disorder in the
central nervous system. By electron microscopy, JCV has been identified as
round particles and filamentous forms in the nuclei of infected oligodendrocytes
(Fig. 8.1) (Silverman and Rubinstein, 1965; Zu Rhein and Chou, 1965). Dis-
tribution and arrangement of the viral particles are variable in cells. The round
JCV particles, which are relatively uniform in size, are occasionally arranged
in crystalloid array, but in other cases they are distributed randomly. Filamen-
tous forms, which are about one-half to two-thirds the diameter of the round
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Figure 8.1. Ultrastructural features of JCV virions identified in PML patients’ brains. (A)
JCV round particles arranged in crystalloid array. JCV forms clusters in which the round
virions are regularly arranged in a crystalloid array. Within the nucleus, clusters of regularly
arranged round virions are isolated or fused with neighboring clusters. The round virions
are quite homogeneous in size. (Courtesy of Drs. S. Takeda and H. Takahashi.) (B) JCV
in flamentous forms. The filamentous forms are more variable in size than the round
particles and arranged in strands, in spirals, or scattered irregularly with round particles.
X62,000.

particles, are arranged in strands, in spirals, or scattered irregularly with round
particles. In some cells, both round and filamentous forms are distributed near
the nuclear membrane. However, structures of the JCV virions and the mech-
anisms for their assembly are mostly unknown. The precise structures of the
round and filamentous profiles have not been analyzed in a higher resolution.
During the late stage of the virus replication cycle, the capsid proteins can be
synthesized from alternatively spliced RNAs, transported from the cytoplasm
to the nucleus, and assembled into progeny virions. Although the round parti-
cles are likely composed of the three capsid proteins, VP1, VP2, and VP3, in
a specific stoichiometry, it is not known how expression of these component
capsid proteins is regulated for efficient assembly into virions.

Recently, we reported unique features of JCV during the late stage of the
virus replication cycle (Shishido-Hara et al., 2000). In cell culture systems,
JCV replicates more slowly and less efficiently than BKV, SV40, and murine
polyoma virus. This slow and inefficient replication of JCV has been a major
barrier in studying the late stage of the virus replication cycle. To overcome
this difficulty, we have developed a highly efficient eukaryotic expression sys-
tem for the JCV capsid proteins by using pcDL-SRa296 (Takebe et al., 1988)
and COS-7 cells (Gluzman, 1981). With this system, we have elucidated unique
features of JCV in production of progeny virions. In this chapter, we review
the regulated expression of the JCV capsid proteins, their nuclear transport,
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and assembly of virions. In comparison with SV40 and murine polyoma virus,
the unique features of JCV are described, and possible future studies in elu-
cidating the pathogenesis of PML are discussed.

2. THE JCV LATE PROTEINS: AGNOPROTEIN, VP1, VP2, AND VP3

JCV has a circular DNA genome, which includes two coding regions: the early
region and the late region. In the late region, JCV encodes the four late proteins:
agnoprotein, VP1, VP2, and VP3 (Fig. 8.2). Agnoprotein is a short peptide,
which is encoded upstream of the capsid proteins. Agnoprotein is encoded in
JCV, BKV (Rinaldo et al., 1998), and SV40 (Jay et al., 1981). However, ag-
noprotein has not been reported in murine polyoma virus. The major capsid
protein VP1 and the minor capsid proteins VP2 and VP3 are encoded in an
overlapping manner. Downstream of the coding sequence for the agnoprotein,
the coding sequence for VP2 is encoded, with that for VP3 completely over-
lapped in the 3’ terminus in the same reading frames. Therefore, the coding
sequence for VP3 is identical to two-thirds of the 3’ terminal sequence for
VP2. The 3’ termini of the coding sequences for VP2 and VP3 partly overlap
the 5’ terminus of that for VP1 in different reading frames.

JCV Tokyo-1 strain has been isolated from the brain tissue of a Japanese
patient with PML (Nagashima et al., 1981; Matsuda et al., 1987). JCV Tokyo-
1 has a genomic DNA that is 5128 bp in length (Shishido-Hara et al., 2000).
The amino acid sequences of the four late proteins have been deduced based
on the sequence homology to BKV and SV40: agnoprotein, 71 amino acids,
nt 275-490; VP1, 354 amino acids, nt 1467-2531; VP2, 344 amino acids, nt
524-1558; and VP3, 225 amino acids, nt 881—-1558. Antibodies against these
four late proteins were prepared by immunizing with synthetic peptides whose
sequences are identical to a part of the amino acid sequences deduced from
the nucleotide sequence data. With these antibodies, expression of the late
proteins was analyzed in PML brain tissues by immunohistochemistry. JCV
agnoprotein is detected predominantly in the cytoplasm of infected oligoden-
drocytes (Fig. 8.3A). Subcellular distribution of JCV agnoprotein is similar to

: VP3

agnoprotein I ] VP1
I ]

_: VP2 I ]

Figure 8.2. JCV genomic organization in the late region encoding the four late proteins:
agnoprotein, VP1, VP2, and VP3. The coding sequence for agnoprotein is present in the
5’ end of the late region, followed by those for the three capsid proteins VP1, VP2, and
VP3. The coding sequences for the capsid proteins are encoded in an overlapping man-
ner. The coding sequence for VP2 completely includes that for VP3 in the 3’ terminus in
the same reading frames. The 3’ termini of the coding sequences for VP2 and VP3 partly
overlap the 5’ terminus of VP1 in different reading frames. Agnoprotein is present in JCV,
BKV, and SV40, but not in murine polyoma virus.
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Figure 8.3. Immunostaining of PML brain tissues by using peptide antibodies against
agnoprotein and VP1. (A) Expression of agnoprotein. Agnoprotein is widely expressed in
the glial cytoplasmic processes in the demyelinating PML lesions. (B) Expression of VP1.
VP1 was detected mostly in the nuclei of the infected glial cells by using the peptide
antibodies against the residues in the potential loop structures (see text). Similarly, ex-
pression of VP2 or VP3 was also detected mostly in the nuclei of the infected cells.

that of BKV agnoprotein (Rinaldo et al., 1998) and SV40 agnoprotein (Nomura
et al., 1983). All three capsid proteins, VP1, VP2, and VP3, are detected pre-
dominantly in the nucleus (Fig. 8.3B). Expression of VP2 and that of VP3 are
not yet distinguished, because the antibody against VP3 also detects VP2, due
to the identical amino acid sequence for VP3 to the carboxy-terminal sequence
for VP2. However, these data consistently indicate that JCV encodes the four
proteins, agnoprotein, VP1, VP2, and VP3, in the late region and that their
amino acid sequences are consistent with those deduced from the nucleotide
sequence.

3. AMINO ACID SEQUENCE COMPARISON OF THE LATE PROTEINS
FOR JCV TO THOSE FOR THE OTHER POLYOMAVIRUSES:
POTENTIAL STRUCTURES AND BIOLOGIC FUNCTIONS OF THE
JCV LATE PROTEINS

Although the precise structure is not yet known for JCV virions, it is likely
that JCV has some common features to SV40 and murine polyoma virus. The
crystal structures of SV40 and murine polyoma virus have been reported (Ray-
ment et al., 1982; Liddington et al., 1991; Stehle et al., 1994, 1996; Yan et al.,
1996). In both viruses, the outer shell of the capsid is composed of 360 mol-
ecules of VPI1 arranged in 12 pentameric and 60 hexameric pentamers on an
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icosahedral lattice. Inside the capsid, each VP1 pentamer is associated with a
single molecule of either VP2 or VP3 (Chen et al., 1998). From the inner
surface of the capsid, VP2 or VP3 is extended inwardly and likely anchored
to the viral minichromosome (Liddington et al., 1991; Griffith et al., 1992;
Stehle et al., 1996). In JCV Tokyo-1 strain, potential functions of the late
proteins have been analyzed based on the amino acid sequence comparison
with SV40 and murine polyoma virus (Fig. 8.4).

VP1 comprises the capsid surface structures. In SV40, the crystal structure
has shown that each VP1 molecule displays elaborate loop structures that em-
anate outward from the (-sheet framework (Liddington et al., 1991). The ex-
ternal loops were suggested to provide principal antigenic structures, receptor
binding sites, or domains responsible for hemagglutination. Based on the amino
acid sequence comparison, the VP1 sequence for JCV is divergent from those
for other polyomaviruses primarily in the potential loops and is relatively con-
served in the potential framework. We selected the peptide sequences from the
potential BC, DE, and HI loops of JCV VP1 and prepared antibodies. These
antibodies efficiently recognized the enlarged nuclei of the JCV-infected oli-
godendrocytes of PML brain tissues (Fig. 8.3B). Similarly, Aoki et al. (1996)
prepared antibodies against the two peptide sequences from the potential BC
loop of JCV VP1, KSISISDTFE (10 residues) and KSISISDTFESDSPNRDM
(18 residues; the common residues in JCV and BKV are underlined). The
antibody against the 10 residue peptide detected JCV, but not BKV. In contrast,
the antibody against the 18 residue peptide cross reacted with both JCV and
BKYV due to the larger number of common residues. Therefore, in both JCV
and BKYV, the potential loop structures can provide antigenic domains, and
specific sequences in this region can define distinctive antigenic structures.

VP2 and VP3 are internal proteins. These proteins are not yet well analyzed
in JCV. In the carboxy-terminal regions for VP2 and VP3, JCV has the cor-
responding sequences to VP1 interactive domain, a DNA binding domain, and
a nuclear localization signal (NLS), which are determined in SV40 or murine
polyoma virus (Gharakhanian and Kasamatsu, 1990; Clever and Kasamatsu,
1991; Chang et al., 1992a; Clever et al., 1993; Barouch and Harrison, 1994;
Dean et al., 1995). These observations indicate that VP2 and VP3 for JCV has
some common functions with those for SV40 and murine polyoma virus in the
structure and assembly of virions.

Agnoprotein is not a component of the capsid. Because the SV40 mutant
lacking agnoprotein can replicate (Resnick and Shenk, 1986), this protein is
not essential for viral replication, but rather regulates efficient production of
progeny virions. In JCV, BKYV, and SV40, the sequences of agnoprotein are
homologous in the first two-thirds of the amino terminus, but are divergent in
the carboxy terminal one-third. In SV40, two types of antibodies against ag-
noprotein were prepared by immunizing the whole agnoprotein and by im-
munizing a synthetic peptide, VLRRLSRQASVKVR, identical to the 14 resi-
dues in the amino-terminal region. In a comparison of these two antibodies, it
was noted that SV40 agnoprotein has multiple subpopulations, the majority of




SYNTHESIS AND ASSEMBLY OF POLYOMAVIRUS VIRIONS

154

[ door-D | ue
*NOdAALN wammo\;m&_zomowmime
AOWMLL L0943ATANI | WaaandTans

*TMI0 TOOOMATAMI | NAdADdTHAL

dooy [H |
SAANYLAYMD)

H-¢ | dooj D
ZHQ>UmAMAU_mwaAmw>wZ

T LO AOwwmm>ymE_ZomemAmmy

P9

AQTTALLTLN

- I9SINLITY OIAAVSAXTS|avd0Tdon90 FAMTAIIVIN
I9SSNIATH OIAYYSAXTS | A¥NOTADAD0 AT TALIYLN

.mmeZBme U>Q>4m4wdz_owxuqmw>wh moﬁq>ﬁﬁ4$2

dooy 4g | a-¢ |
IIMILAADIE MAMIYYAIAT 90TATdENDD YAAHAOSOIA

dAMLIANYTA qumq&mww> YAJHANSOOT
dAMSYANNTA wOZMAQMﬂO> YAAHANSOOTI

dAMIMANIAA 9O0TATYIDOA SIAHASIOOA
|
doo| Dg
dTINNYd " " ° IMIASIVINI DYSMOXADDD HALTSAALAAD
dT03MAdSad IAOMAVYIS ™ M STIOMOHHQ “ " """ * dN
dTWMY¥EdSAS SAANAYST" * MISADYINAQ “ " """ * da
dTWAMNASAS HALASISIS® M"SADYTHAA **°°*°"°dd

rd
XAIATIAD
ANIATAND
1AAIATTAO

mm>m>mm¢0

19-¢

|
LAOTAIAYLL
LIHTAddANA
LAHTAdJANY

Hqu>&A>Zw

rue

INIDINA0D0
SSWOIWNA0DA
SANDANA0DA
YAWDANA0OA

d-g |
99LANDARY L
991410 xd L
9914194 X9y

wOBABwhwmw

door A

dLSNOMHMSA
dMOVYONHIHLM
dMOOOHHEHAM
dMOVONAHLY

qa-g
drsanavar
JNOaNTIOTA
OWIANTIDTA
SWIALTIOTA

YHIMNADHAA
OLD " " "SHIN
0S9 " * "YHIN
0"ON" "SHAN

qav
m&>mfm@&>*

araskao sl
SLIYIADINA
AIISAADINA

_ _

I
ADA'THNNATS
AMOLIUNITA
AMOLMUNITA
A¥ALIENITA

qumme»mz x>%mxmqux
STTASIAAAN MASUMYTLIN
STLASTARAN MASMMUTIIN
LTTASTAAAN MANMMNYTOAN

I-d |
AX¥JADNATS, AR

AXMATONMOO! 07 AS
JAXIVTOIMOO| A¥E

dooy 49

NANMYdAdHM THEAJANDANA

TAISIANTA OUMNANAMML

wwmmqmeOO_ ADL

Na

NANMSdAdAM

OIAdAYNANA TAYMHALINWO

OSAALYNMAL 0VAS

NINYSdAdAM OIAJAYNNAG TAVMHAINAA OSOVLANMAL AME
NINYLIAdAM OFAIAVMNNG TAVMHALNWA OSOALUNMAI ADL
I TN T BN A A
TISOSHANEL MASAVAMKOT) LADLTAANTO dASSHUASML AAd
INGLASTAZL YAIAVAMWTI| NODLTAANTIN dTdTHVASAD OVAS
INSLIYINAL CALAYAMATT| NOOLTAANTIN dTdTHVI§AD ANd
ﬂqee>&ﬁ>ma xqe><m32qH_zooaqom4qz mqum<>m>u ADL
vo  v-g we-N paIapIOSIp
a1nadoon T THanavanao wazodiaoNs Aosyuy-awn Ak
9TATTOONIA | THAADAG " TNAMMHYYOd OSONUNIAWA 0VAS
STAGADONTT | THIAOA " " * GNAMMIVYOd OUONMNIAVA ANE
mq>mJomeq_qu>a>&... oxmm.f.... *COMMLAYA  ADL
LdA iV



155

AMINO ACID SEQUENCE COMPARISON OF THE LATE PROTEINS

"pJIy} suo [eujws}-Axoqied sy} ul Juabianip
Alybly aue suiejoidoube ay) jo seouanbas pioe oujwe ayj ‘sniiA ewoAjod suunw ul papodal Jou INg ‘OPAS PUB ‘AMgG ‘ADr Ul papoousd S|
uisjoidouby "uidjoidoube 1o} seousnbas pioe oujwe sy} jo uosuedwo) (9) "€dA/SdA 10 suolbai [euiwial-Axoqied ay) ul Juabiaalp ale saouanbas
a9yl ‘€dN/2d/\ Se pajeubisap s| a10ja18y} pue gdA 1O shujwidl AXogqJed ay} Jo SpJiy} OM} O} [eollUBpPI S| €dA O @ouanbas ploe oujwe ayl ‘SdA
/2d/ 10} s@auanbas pioe oujwe sy} jo uosuedwo) (g) "uoneunn|bbeway Joy s|gqisuodsal surewop Jo ‘says Buipuiq Joldedal ‘sainjonss olusbiue
|jediound apiaoad ueo sainonils dooj [eiualod ay] ylomawely uidloid ayr woly 1sloid ey ‘sainjoniis dooj sey Ajjenualod LA ADr (1661 e 18
uoibuIppI) LdA OFPAS Ul paulwlalap 8injonils [eisAIo ay) uo paseq pazAjeue si LA ADM 4O 8Injonis [elualod “LdA 10} s@ouanbas pioe oujwe
ay} Jo uosuedwo) (V) (AAd) sniin ewoAjod suunw pue ‘OPAS ‘AMg ‘ADr J0 suisloid aie| ay) jo uosuedwod aousnbas pioe oulwy " g ainbi4

*SAd MALTIAIM "M ¥MOAALAIOET DAOTTTIATAI AITHOVIMMS AIMSYIAMAS YOUSTHYTANW QpAS
*SAMAS AMAYATYLLS “ """ M NMOAASAIDY DATTTITATIA IATHOWUMMI OIMIMOAMAS WOUSTOYTAN AMd
+I WIdIdTYSAL OOLTOSHMOM MMOAASAIADL OAATTATTTI ITIMOVUMMI OSMIMSAMAS WMISTONTAW ADL

uigjosdoube :9

+THEM MMOdOAIITA IYMLALIADX TOTITATWMA dIAYOHYDDd WOXIMIAIOS AAd
*S¥ SSUNAUMHIY MYSYSLOMIM OSSOYSTMUM MMNIOAHAYM TYSIAS® “DX TOTTIITNMO dYIMONYDDd VAIMATIIDS OFAS
*S¥ SSUSYWINLL MUSTILONYM OSSOUSA¥YM MONIOAIAYA TYAIAL® "HX TOTTTdTAMO dYIMONYDOd VIIMAIIADS AMd
+SY¥ SSUSYAMASL MSSWIO" " " " OMEEN MINIOAIAVE TYAIAL" "OA TOTTIdTAMO d¥SYONYODOd WYASMATIIAADS ADCL

.................. ©t 7 "HAOIHYY dLdOONOWSD FTUNATVHEO ddNT OTOMA XASTSSADSS ASSYDUNIVA IVSOJUNSAA MIINITTEVT AAd

** "OANdSOS OVIMYALAOO ISAVAAING® AIHOASIOTO H UNVAOUAW IdYIdSTISA AQOTSNAMNA “* """ °* © T dYNIAL MLLIATAEET OVAS
HASOON" " * * ¥TAWJOLAII ISAVAAIS " ALHOIHAYIO # YIYAOMAW SA¥IASTASA AOOIANAANI “" """ t T TdUNAIL MLLEATAEYT AMd
©*tOANd " *N MTATYOLAIO ISAYNAISOL ASHOASIALO I UOVADIAW SAYAdSTESA AASIANATINA """ TTTOTTTTdSNAIV MLLIATAMYT  ADL
OATALH " L0 ALTIYAYOIT YHOLIOAAND MAXYOASHTT OHOMAHAANT ¥ *HYAONAD dIXIATTIVAd YMAITVA *° “NYNALIA A ANHTAMOIOT AAd

SAQYTAYOLYY F°TH° "OSLT ¥dIANOIAY"® MIVOSIUNAT LdOMHYAATA OASHAALOAD ddTIAAAAAd YATAAYWOAO OATOALSAMH AMASAIMADA 0VAS

SA¥AAIILYd O Td" "OSLI SAIAAYIAH" MTVOSILVAT SdOMHYAATA OINNAIINAD dATIAXAIAd NATHTYWOSO OATOALSAMH AMAQIAMADA AME

LAAITIOLEY O°Id° "OSLT SATAQYATN® MIVOSILSAT SIDMHYAATA HINNAJYNAD dATIAXAQEd NATOTYWYAD OATOALSAMH AMAYVAIMADT ADL
€dA

*STLSVOOAL OWIMIVOYLY NAJAJALSAI DXATISIONL VIVIASSWAD HTL IYLIFD ATVYIVADST IVAY STOLT LSAAVIOAIT dAATILIVYOW AAd

OVAYSADLIAL OTTYYAOY" * " IVYAY¥OSIA YAYOdIIOIV YIVASI IT9 FALVASYIOA FAIVYYYAOVY I'IAYASAOIV VYYASAIVIT ADTTILIYYOW OVAS

OVTISSIOSAL OITYYIOY" * “IVOAVOVIA VALOAIIOIV VIVASISLIIO HIALVISYIOA ITVYVYAOVY I'AVASADILY YYVASASYAT AOTIYIVYOW AME

OVIVSOOLAL OATVYIOY" * "AVOAVOLIA VALIAIIOIV VIVASISLIO FIALVISYIIA ATIVVYAOIVY I'AVASADILY YYVASAIVAT ADTIYIYYOW AOL
cdA

€dA/edA -9



156 SYNTHESIS AND ASSEMBLY OF POLYOMAVIRUS VIRIONS

which is not readily detected by the peptide antibody against the amino-
terminal 14 residues (Nomura et al., 1983). BKV agnoprotein has been shown
to be phosphorylated (Rinaldo et al., 1998). Similarly, JCV agnoprotein may
also have multiple isoelectric forms that potentially play different roles in the
regulation of the viral replication.

4. STRUCTURES OF THE LATE RNAs ARE DIVERGENT IN JCV,
SV40, AND MURINE POLYOMA VIRUS

During the late stage of the virus replication cycle, the capsid proteins are
synthesized from the late RNAs generated by alternative splicing. In JCV,
SV40, and murine polyoma virus, the structures of the late RN As are divergent
to each other due to different patterns in transcription, extension of the pre-
RNAs, and splicing. In particular, the divergence in structures of the 5’ leader
sequence affects the presence or absence of the open reading frame (ORF) of
agnoprotein. Therefore, the JCV late RNAs and some species of the SV40 late
RNAs are in polycistronic structures; in contrast, the murine polyoma virus
late RNAs are in monocistronic structures. For convenience in this chapter the
5" untranslated region (5'-UTR) indicates the sequence upstream of the ORF
of agnoprotein, and the term leader sequence indicates the sequence upstream
of the ORFs of the capsid proteins.

JCV has at least four species of the late RNAs, M1-M4, that encode ag-
noprotein in the leader sequence (Fig. 8.5) (Shishido-Hara et al., 2000). Tran-
scription of the late RNAs is initiated from the heterogeneous RNA start sites,

agnoprotein VP3
|881 1558

M1 - 275 490 [52a

VP2 VP1

M2 -— "}
M3 '---wn
M4 .-‘-_:r\/m_

Figure 8.5. Structures of the JCV late RNAs. JCV has at least four species of the late
RNAs, M1-M4, in polycistronic structures. JCV has distinctive RNA structures from SV40
and murine polyoma virus. Because most of the late RNAs are not spliced in the leader
sequence, the ORF of agnoprotein is encoded. M1 is an unspliced RNA, and M2-M4 are
generated by alternative splicing. M1 can produce agnoprotein, VP2, and VP3. M2 can
produce agnoprotein and VP1. M3 and M4 can encode potentially the new ORFs in ad-
dition to the ORF of agnoprotein. The 5’ terminus of each of the late RNAs has not been
analyzed as indicated by dotted lines. The numbering system refers to the JCV Tokyo-1
strain. (Taken with permission from Shishido-Hara et al., 2000.)
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as determined in JCV Mad 1 strain by two groups of investigators. Daniel and
Frisque (1993) reported the RNA start sites at nt 124—129, 191-192, 200-
203, and 5118-5121. Kenney et al. (1986) reported the RNA start sites at nt
5114-5117, 90-98, 198-203, 224, and 236-242. (The sequence numbering
follows that of JCV Mad 1 [Frisque et al., 1984].) The JCV late RNAs are
generated by alternative splicing, and positions of the splice sites have been
mapped in JCV Tokyo-1 strain. M1 is an unspliced RNA. M2 is spliced at nt
490/1425 (934 nt intron); M3, at nt 490/1425 (934 nt intron) and nt 1583/1952
(368 nt introns); and M4 at nt 490/1952 (1461 nt intron). (The sequence num-
bering system follows JCV Tokyo-1, and paired numbers separated by a slash
indicate 5’ and 3’ splice sites.) Most of the JCV late RNAs are not spliced in
the leader sequence, and therefore the ORF of agnoprotein can be encoded.
M1 can produce agnoprotein, VP2, and VP3. M2 can produce agnoprotein and
VP1. M3 and M4 are generated by using splice sites at nt 1583 or nt 1952,
and cannot produce intact VP1. The splice sites corresponding to these posi-
tions have not been reported in SV40. Thus, M3 and M4 are unique RNA
species to JCV and may potentially encode new ORFs in addition to the ORF
of agnoprotein. It is not known if each of the M1-M4 RNAs has the same
sequence in the 5'-UTR or contains heterogeneous species of different 5'-
UTRs. The length of the 5'-UTR can affect translation efficiency of the capsid
proteins, as described in detail later.

SV40 has two classes of the late RNAs, 16S and 19S. The majority of the
late RNAs encode the ORF of agnoprotein, but some species lack its ORF due
to splicing in the leader sequence (Fig. 8.6). Transcription of the SV40 late
RNAs is initiated from multiple RNA start sites between nt 28 and 325 (Ghosh
et al., 1978; Haegeman and Fiers, 1978; Canaani et al., 1979). However, unlike
JCV, transcription of 70-90% of the SV40 late RNAs is initiated from the
major RNA start site at nt 325, which is located 25-30 nucleotides downstream
of the surrogate TATA signal, TACCTA (Brady et al., 1982; Nandi et al., 1985).
The two classes of late RNAs, 16S and 19S, are generated by alternative splic-
ing from common pre-RNAs (Lai et al., 1978; Good et al., 1988b). The 16S
RNAs are relatively homogeneous compared with the 19S RNAs. On the 16S
RNAs transcription is initiated mostly from the major RNA start site at nt 325.
In contrast, on the 19S RNAs it is initiated from multiple RNA start sites
between nt 28 and nt 325. The ORF of agnoprotein is encoded on 80% of the
16S RNAs (64% of the total late RNAs) and on 5% of the 19S RNAs (1% of
the total late RN As; Somasekhar and Mertz, 1985b; Good et al., 1988b). There-
fore, VP1 is produced from the 16S RNAs, and VP2 and VP3 are produced
from the 19S RNAs, in both the presence and absence of the upstream ORF
of agnoprotein.

Murine polyoma virus has distinctive RNAs for VP1, VP2, and VP3 (Siddell
and Smith, 1978; Hunter and Gibson, 1978). Unlike JCV and SV40, the late
RNAs of murine polyoma virus are monocistronic, and the presence of agno-
protein is not reported in the leader sequence. Transcription initiates from the
heterogeneous RNA start sites from nt 5075 to 5168 (Flavell et al., 1980; Cowie
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Figure 8.6. Structures and splice sites of the late RNAs of JCV and SV40. (A) JCV and
SV40 have distinctive structures in the late RNAs despite similar genomic organizations
in the late region. The divergence in the RNA structures is due to different patterns in
transcription initiation and alternative splicing. In the 5’ terminal region, the heterogeneous
sequences resulting from the multiple RNA start sites in SV40 and the sequences that
have not been determined for each of the RNA species in JCV are indicated with the
dotted lines. The 5’ and 3’ splice sites are indicated by closed and open triangles, respec-
tively. In JCV, M5 and M6 are potential RNAs that were detected in cells transfected with a
eukaryotic vector but not in PML brain tissues (Shishido-Hara et al., 2000). The levels of
the different species of the SV40 late RNAs are from Good et al. (1988b) and Somasekhar
and Mertz (1985b). (B) Alignment of nucleotide sequences of the splice sites and the
corresponding sequences between JCV and SV40. Nucleotides identical to the consensus
sequences defined for splice sites are indicated by bold upper case letters. Exon—intron
boundaries are indicated by a slash. The 5’ and 3’ splice sites are marked with closed
and open triangles, respectively. (Taken with permission from Shishido-Hara et al., 2000.)
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et al., 1981). Pre-RNAs of murine polyoma virus are extended around the
circular viral genome multiple times (Acheson, 1978), and are extremely large
in size. These giant pre-RNAs are spliced from the leader sequence to the leader
sequence. Therefore, the late RNAs processed by leader-to-leader splicing en-
code multiple copies of the leader sequence and a single ORF of either VPI,
VP2, or VP3 (Legon et al., 1979; Kamen et al., 1980). The distinct late RNAs,
16S, 198, and 188, respectively encode VP1, VP2, and VP3 (Siddell and Smith,
1978) and represent approximately 80%, 5%, and 15% of the total late RNAs
(Batt et al., 1994). The ratios of individual RNAs reflect the ratios of the capsid
proteins composed in the virions.

Therefore, in JCV, SV40, and murine polyoma virus, the structures of the
late RNAs are highly divergent from each other. The heterogeneity is generated
by different patterns in transcription, pre-RNA extension, and splicing. Most
importantly, different splicing patterns in the leader sequence determine the
presence or absence of the ORF of agnoprotein.

5. THE LEADER SEQUENCE INCLUDING THE ORF OF
AGNOPROTEIN /N CIS AND AGNOPROTEIN IN TRANS, CAN
REGULATE VIRUS REPRODUCTION IN MULTIPLE WAYS

JCV has the late RNAs in polycistronic structures, as in some species of the
SV40 late RNAs. Polycistronic RNAs are unusual in eukaryotes as most of the
eukaryotic RNAs are monocistronic. The polyomaviruses have distinct struc-
tures in the late RNAs, especially in the leader sequences. This indicates that
expression of the capsid proteins is regulated in a different manner. Although
few studies have focused on this aspect of JCV, in SV40 the way in which cis-
acting DNA or RNA leader sequence or frans-acting agnoprotein encoded in
this region regulates expression of the capsid proteins has been studied
extensively.

In SV40, transcription initiation of the late RNAs was affected by cis-acting
elements of the DNA sequence. Many investigators reported that the relative
frequency in utilization of the heterogeneous RNA start sites was altered by
mutating the leader sequence (Piatak et al., 1981, 1983; Ghosh et al., 1982;
Haegeman et al., 1979a,b; Somasekhar and Mertz, 1985b). It was also sug-
gested that transcription of the late SV40 RNAs can be attenuated within ag-
noprotein coding sequence at the U residues downstream of the potential stem-
and-loop structure (Hay et al., 1982). The late viral transcription may be also
affected by frans-acting diffusible factors (Alwine, 1982).

Processing and stability of the SV40 late RNAs was affected by the RNA
leader sequence. The relative frequency in utilizing the splice sites was dra-
matically altered by mutating the leader sequence (Ghosh et al., 1982; Soma-
sekhar and Mertz, 1985a; Good et al., 1988a). It was also suggested that the
leader sequence affects the stability of the SV40 late RNAs by splicing (Ryu
and Mertz, 1989) and polyadenylation (Chiou et al., 1991).
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The translation efficiency from the downstream AUG is generally inefficient
in the presence of the upstream AUG on polycistronic RNAs. The translation
efficiency of SV40 VP1 was reduced due to the presence of the AUG start
codon for agnoprotein on the major 16S RNA (Grass and Manley, 1987; Sed-
man et al., 1989). Similarly, translation of VP2 and VP3 was reduced in the
presence of the AUG for agnoprotein on the 19S RNA (Dabrowski and Alwine,
1988; Good et al., 1988a; Sedman et al., 1989). The minor 16S RNA (16% of
the total late RNAs), in which the AUG start codon for agnoprotein is removed
by splicing, was more frequently used for VP1 translation than the major 16S
RNA encoding the ORF of agnoprotein (64% of the total late RNAs; Barkan
and Mertz, 1984). Despite the lower level of RNA expression, the minor 16S
RNA produced almost half the amount of VP1 (Sedman et al., 1989).

To analyze functions of SV40 agnoprotein in trans, the AUG start codon
for agnoprotein was mutated to UUG (Resnick and Shenk, 1986). Detectable
differences could not be seen in transcription initiation sites, expression levels
of 16S and 19S late RNAs, and expression levels of VP1 protein. Agnoprotein
facilitated nuclear transport of VP1 and cell-to-cell spread of virions rather than
regulating expression levels of the capsid proteins.

The roles of the SV40 leader sequence in cis and agnoprotein encoded in
this region in trans were controversial in some points. It is likely because
expression of the capsid proteins and production of viral progeny are regulated
in multiple processes at different levels. Thus, the conclusions of some inves-
tigators contradicted each other by using different experimental systems for
analysis. However, it has been consistently indicated that the leader sequence
greatly affects expression levels of the capsid proteins and it is in this region
that agnoprotein, which can regulate virus reproduction in trans, is encoded.
JCV, SV40, and murine polyoma virus have divergent structures in the late
RNAs. The divergence in the leader sequence may be one of the important
factors that explain distinct regulatory mechanisms in the production of progeny
virions.

6. HOW ARE VP1, VP2, AND VP3 SYNTHESIZED FROM THE
POLYCISTRONIC RNAS?

Expression of the three capsid proteins roughly corresponds to the ratio of the
capsid proteins incorporated into the virions. Although the mechanism for pro-
portional expression of VP1, VP2, and VP3 is not completely understood, trans-
lation can be one of the important processes. Translation on polycistronic RNAs
has been well studied with respect to the leaky scanning model (Kozak, 1986,
1996, 1999). In this model, it is proposed that 40S ribosomal subunits bind
near the 5’ end of the RNA and scan downstream until they encounter the AUG
start codon for translation. The most favorable sequence for translation initia-
tion is GCC A™*CC AUG G ™. Counting A of AUG as +1, a purine, preferably
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A at the —3 position (A or G™*) and G at the +4 position (G**) are especially
important (as indicated with bold letters). In general, translation is preferentially
initiated from the upstream AUG and rarely initiated from the downstream
AUG. However, in some cases ribosomes bypass the upstream AUG and effi-
ciently initiate translation from the downstream AUG (bypassing). Ribosomes
also can reinitiate translation from the downstream AUG after completing trans-
lation of the upstream ORF (reinitiation). However, translation by reinitiation
is much less efficient than by bypassing (Fig. 8.7).

On the SV40 bicistronic 16S RNA, it has been shown that ribosomes fre-
quently bypass the AUG start codon for agnoprotein and efficiently synthesize
VP1 from the downstream AUG (Grass and Manley, 1987). At least one-third
of 408 ribosomal subunits bypass the AUG start codon for agnoprotein despite
its strong context for translation, G ’CC AUG G™* (Sedman et al., 1989). It
has been suggested that this is due to the extremely short 5'-UTR of only 10
nucleotides on this 16S RNA. Because the major RNA start site, nt 325, is

(a) Splicing
CAP == — Q AAAAA
AUG
(b) Bypassing
———————— >
CAP m: > AAAAA
AUG AUG
(C) Reinitiation
CAP O < Q AAAAA

AUG AUG

Figure 8.7. Leaky scanning models for translation. According to the model, ribosomes
bind to the 5’ terminal region of the RNAs and scan downstream until they encounter the
AUG start codon for translation. The presence of the upstream AUG, in general, reduces
translation efficiency from the downstream AUG. However, in SV40, the capsid proteins
are produced relatively efficiently from the downstream AUG due to the structure of its
late RNAs. (a) On some species of SV40 late RNAs, the AUG start codon for agnoprotein
is removed by splicing in the leader sequence. (b) Even if the AUG start codon for SV40
agnoprotein is present in the leader sequence, ribosomes can bypass its AUG, likely due
to an extremely short 5'-UTR of only 10 nucleotides. Ribosomes that bypassed the AUG
for agnoprotein initiate translation for the capsid proteins from the downstream AUG. (c)
Ribosomes also re-initiate translation after completing translation of the upstream ORF
for agnoprotein. However, it is not as efficient to re-initiate translation from the downstream
AUG for the capsid proteins.



162 SYNTHESIS AND ASSEMBLY OF POLYOMAVIRUS VIRIONS

predominantly used on the 16S RNA, there are only 10 nucleotides between
the 5’ cap site and the AUG start codon for the agnoprotein (Sedman et al.,
1990). This extremely short 5'-UTR is quite unique because eukaryotic RNAs
generally have 5'-UTR of 20—100 nucleotides in length (Kozak, 1987). When
the adenovirus type 2 late promoter was inserted into the SV40 late promoter
region, synthesis of SV40 VP1 was dramatically reduced in the presence of
the 5'-UTR, which is 33 nucleotides in length (Grass and Manley, 1986). A
similar observation has been reported for translation of VP2 and VP3 under
the RSV promoter, which generates a 5’-UTR of 40 nucleotides (Dabrowski
and Alwine, 1988). Therefore, although SV40 encodes agnoprotein on its ge-
nome, the structures of the SV40 late RNAs provide the mechanisms to produce
the capsid proteins efficiently. On some species of the late RNAs, the AUG for
agnoprotein is removed by splicing. On other species of the late RNAs, even
in the presence of the AUG for agnoprotein, ribosomes can easily bypass its
AUG under the extremely short 5'-UTR. These mechanisms are more efficient
in expression of the capsid proteins than reinitiation of translation after the
upstream ORF (Grass and Manley, 1987).

Both SV40 VP2 and VP3 are synthesized from the 19S RNAs by leaky
scanning (Sedman and Mertz, 1988). Unlike the 16S RNAs, the 5'-UTRs of
the 19S RNAs are heterogeneous in length, which influences utilization of the
AUG start codon for agnoprotein (Dabrowski and Alwine, 1988) and those for
VP2 and VP3 (Good et al., 1988a). The AUG start codon for VP2 is in a weak
context for translation, UCC AUG G"* compared with that for VP3, G GA
AUG G™. Approximately 70% of the scanning ribosomes bypass the AUG
start codon for VP2 and initiate translation from the downstream AUG for VP3.
The AUG codon for VP3 was 3.1 times more frequently used for translation
than that for VP2 (Dabrowski and Alwine, 1988), corresponding to their ratio
in the cytoplasm of infected cells, which ranges from 2.7 to 3.1 (Lin et al.,
1984). Therefore, translation is an important process to determine the propor-
tional expression levels of VP2 and VP3.

How is expression of the JCV capsid proteins regulated in the process of
translation? It has been suggested that the JCV leader sequence (nt 275-409)
or the presence of the ORF for agnoprotein may decrease the expression level
of VPI in the process of translation (Shishido-Hara et al., 2000). Unlike SV40,
most of the JCV late RNAs are not spliced in the leader sequence, and the
ORF of agnoprotein is encoded upstream of the ORFs of the capsid proteins.
In addition, unlike SV40, the 5'-UTRs of the JCV late RNAs are, at minimum,
74 or 35 nucleotides in length, depending on the RNA start sites reported by
two groups of investigators (Daniel and Frisque, 1993; Kenney et al., 1986).
Therefore, on the JCV polycistronic RNAs, ribosomes can be more frequently
intercepted at the AUG for agnoprotein than on the SV40 RNAs before arriving
at the downstream AUG for the capsid proteins. Thus, translation efficiency of
the capsid proteins may be lower in JCV than in SV40.
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7. THE NUCLEAR LOCALIZATION SIGNALS OF VP1, VP2, AND VP3

The polyomaviruses reproduce progeny virions in the nucleus. Thus, after the
process of translation, the capsid proteins synthesized in the cytoplasm are
transported to the nucleus for subsequent assembly. The proteins targeted to
the nucleus, in general, contain a nuclear localization signal (NLS), which is
usually a stretch of basic amino acids such as K (lysine) or R (arginine). These
basic amino acids are arranged in either one or two clusters and called a mono-
partite or a bipartite signal, respectively. By crystallography, it has been shown
that karyopherin «, which recognizes the NLS, has two binding sites for basic
amino acids (Conti et al., 1998), suggesting a difference in the binding patterns
to the NLS in a monopartite and a bipartite structure. JCV VP1 encodes the
basic amino acids in a monopartite structure in the amino-terminal sequence,
while SV40 VP1 encodes the basic amino acids in a bipartite structure. A
difference in alignment of the basic amino acids caused different efficiencies
in nuclear transport between JCV VP1 and SV40 VP1.

JCV VP1 has been shown to be inefficient in nuclear transport (Shishido-
Hara et al., 2000). This is due to the unique structure in the amino-terminal
sequence. The amino-terminal sequence of JCV VP1, MAPTKRKGERKD,
encodes the basic amino acids, K’R°K’ and R'K" interrupted by G*E’ (su-
perscripts indicate positions of residues in the amino acid sequence). In com-
parison to SV40 VP1 and BKV VPI, the eight residues CPGAAPKK are miss-
ing between the two clusters of the basic amino acids. JCV VP1 was distributed
both in the cytoplasm and in the nucleus when it was expressed in the absence
of VP2 and VP3 in COS-7 cells (Fig. 8.8A,D). To analyze the effects of the
amino-terminal sequence in nuclear transport, JCV VP1 was mutated by in-
serting the missing six amino acids CPGAAP between KRKGE and RK. The
VP1 mutant, designated as Mut-1, has the sequence MAPTKRKGECP
GAAPRKD in which KRK and RK are encoded in a bipartite structure span-
ning eight residues. When Mut-1 was expressed in COS-7 cells, Mut-1 was
transported to the nucleus more efficiently and detected more prominently in
the nucleus than wild-type VP1. However, Mut-1 was still distributed in both
the cytoplasm and the nucleus (Fig. 8.8A,E). Therefore, the basic amino acids
RK in Mut-1 were replaced with KKPK and designated as Mut-2. Mut-2 has
the sequence MAPTKRKGECPGAAPKKPKD in which KRK and KKPK are
encoded in a bipartite structure spanning eight residues, as in BKV VP1 and
SV40 VP1. When Mut-2 was expressed, Mut-2 was localized to the nucleus
(Fig. 8.8A,F). Thus, inefficiency in nuclear transport of JCV VP1 is due to the
unique amino-terminal sequence KRKGERK, a monopartite structure of basic
amino acids of KRK and RK, and low potency of the RK residues in nuclear
transport compared with KKPK (Shishido-Hara et al., 2000).

In contrast, SV40 VP1 is localized to the nucleus in the absence of VP2 and
VP3 when it is expressed alone in TC7 cells, a derivative of African green
monkey kidney cells like COS-7 cells (Ishii et al., 1996). SV40 VP1 has the
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sequence MAPTKRKGSCPGAAPKKPKE in which the clusters of the basic
amino acids K’R°K’ and K'K", K" are encoded in a bipartite structure span-
ning the eight residues GSCPGAAP. These two clusters of basic amino acids
have been identified as the NLS of SV40 VP1 (Ishii et al., 1996) (Fig. 8.8A).
In BKV VP1, a nearly identical sequence MAPTKRKGECPGAAPKKPKE is
present in the amino-terminal region, suggesting that BKV VP1 can be trans-
ported to the nucleus in the absence of VP2 and VP3 as in SV40 VPI.

For VP2 and VP3, JCV has the putative NLS that corresponds to the NLS
determined in SV40 and murine polyoma virus in TC7 cells and COS-7 cells,
respectively (Clever and Kasamatsu, 1991; Chang et al., 1992a). In SV40, the
NLS of VP2 and VP3 has been determined in the carboxy-terminal region
(Gharakhanian et al., 1987; Wychowski et al., 1987), and it has been shown
that the sequence of GPNKKKRKL is especially important for nuclear target-
ing (Clever and Kasamatsu, 1991). In JCV, a nearly identical sequence
GPNKKKRRK is present in the corresponding region, suggesting that JCV VP2
and VP3 can be transported to the nucleus autonomously.

Therefore, JCV VP1 is not efficient in nuclear transport, although VP2 and
VP3 are likely transported to the nucleus efficiently. However, in oligodendro-
cytes of PML brain tissues, the JCV capsid proteins, including VP1, are ex-
pressed predominantly in the nucleus. Because JCV VP1 was localized pre-
dominantly to the nucleus when all the three capsid proteins were expressed
together (Fig. 8.8B,C), the presence of VP2 and/or VP3 is likely important for
predominant nuclear localization of JCV VP1.

Figure 8.8. Nuclear transport of the JCV capsid proteins. (A) JCV VP1 has a distinctive
sequence from SV40 VP1 and BKV VP1 in the amino-terminal sequence. In JCV VP1,
the basic amino acids KRK and RK are encoded spanning the two residues GE. In con-
trast, in SV40 VP1, the two clusters of basic amino acids KRK and KK, K are encoded
in a bipartite structure spanning eight residues and identified as the NLS (Ishii et al., 1996).
A nearly identical sequence is present in BKV VP1. To investigate the effects of this amino-
terminal sequence on nuclear transport, two mutants were constructed for JCV VP1. Mut-
1 encodes the basic amino acids KRK and RK, and Mut-2 encodes KRK and KKPK in
bipartite structures. VP1 and VP1 mutants were expressed in COS-7 cells, and their
distribution was analyzed by immunocytochemistry with a confocal microscope. (B) When
cells were transfected with an expression vector, AVP231-SRe, which encodes agnopro-
tein, VP1, VP2, and VP3, VP1 was efficiently transported to the nucleus and identified as
speckles in the nucleus. (C) When cells were transfected with an expression vector,
VP231-SRa, which encodes VP1, VP2, and VP3, VP1 was also efficiently transported to
the nucleus and identified as speckles in the absence of agnoprotein. (D) When cells were
transfected with VP1-SRa, which encodes VP1 alone, VP1 was distributed in both the
cytoplasm and the nucleus (E) Mut-1 was transported to the nucleus more efficiently and
detected more prominently in the nucleus than wild-type VP1. However, Mut-1 was still
distributed in both the cytoplasm and the nucleus. (F) Mut-2 was efficiently transported to
the nucleus and distributed diffusely except for nucleoli. Mut-2 was distributed in the nu-
cleus diffusely. (Taken with permission from Shishido-Hara et al., 2000.)
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8. THE VP1 PENTAMERS CAN BE TRANSPORTED TO THE
NUCLEUS WITH VP2 OR VP3

How are the capsid proteins transported to the nucleus? It has been thought
that VP1 is associated with VP2 or VP3 in the cytoplasm and transported to
the nucleus cooperatively. JCV VP1 was distributed in both the cytoplasm and
the nucleus in the absence of VP2 and VP3, but predominantly localized to
the nucleus in their presence (Fig. 8.8B—D). The NLS-defective SV40 VP1
and murine polyoma virus VP1 were distributed in the cytoplasm, but localized
to the nucleus in the presence of wild-type VP2 or VP3 (Ishii et al., 1994; Cai
et al., 1994). Similarly, the NLS-defective SV40 VP2 and VP3 was distributed
in the cytoplasm, but localized to the nucleus in the presence of wild-type VP1
(Ishii et al., 1994). In insect cells, murine polyoma virus VP2 and VP3 were
distributed predominantly in the cytoplasm, but localized to the nucleus in the
presence of VP1 (Delos et al., 1993; Forstova et al., 1993). Therefore, the
capsid proteins are more efficiently localized to the nucleus when both major
and minor capsid proteins are expressed together. Even if the NLS of one of
the capsid proteins is defective or functionally weak, the capsid proteins are
transported to the nucleus complimentarily. Based on these data, it has been
inferred that the major and minor capsid proteins are associated in the cyto-
plasm and transported to the nucleus as a complex. However, it is not yet
demonstrated, in a dynamic state, that the capsid proteins are migrating to the
nucleus cooperatively in living cells.

Why are the capsid proteins transported to the nucleus together? In JCV,
interaction of VP1 with VP2 or VP3 in the cytoplasm can be a critical step for
efficient nuclear transport because VP1 is not efficiently localized to the nucleus
in the absence of VP2 and VP3. However, in SV40 and murine polyoma virus,
each capsid protein has its own NLS and has a potential to be transported to
the nucleus individually (Gharakhanian et al., 1987; Clever and Kasamatsu,
1991; Moreland and Garcea, 1991; Chang et al., 1992a,b; Ishii et al., 1996).
In SV40, the ratios of the three capsid proteins were analyzed through the
replication cycle. The ratios of the capsid proteins in the nuclear fraction were
constantly similar to their ratios incorporated into the virions, suggesting that
the amounts of the capsid proteins within the nucleus can be regulated in the
process of nuclear transport (Lin et al., 1984). In both SV40 and mouse poly-
oma virus, VP1 easily interacted with VP2 or VP3 and formed a complex, as
demonstrated by co-immunoprecipitation (Gharakhanian et al., 1988, 1990;
Barouch and Harrison, 1994; Cai et al., 1994; Forstova et al., 1993; Delos et
al., 1995). In murine polyoma virus, interaction of VP1 and VP2 or VP3 within
a complex was shown in a specific stoichiometry (Barouch and Harrison, 1994).
The crystal structure of this complex indicated that each VP1 pentamer is as-
sociated with a single molecule of the carboxy-terminal region of VP2 or VP3
(Chen et al., 1998). Therefore, in the cytoplasm, the capsid proteins are asso-
ciated and transported to the nucleus likely as a complex in a specific stoichi-
ometry, which might be the VP1 pentamer associated with VP2 or VP3. The
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complex may be a part of the capsid, which is further assembled into a com-
plete capsid structure, and nuclear transport is likely the initial interaction of
the capsid proteins prior to further assembly.

9. PRODUCTION OF PROGENY VIRIONS IN THE NUCLEUS

Where are the viral capsids or virions assembled? According to the crystal
structure of the SV40 virions, the NLSs of both VP1 and VP2/VP3 are com-
pletely hidden inside the capsid (Liddington et al., 1991). Therefore, it is likely
that the VP1 molecules associated with VP2 or VP3 are transported to the
nucleus as a complex such as the pentamer that exposes the NLS, but not as
the assembled capsid. Assembly may be retarded in the cytoplasm due to a
deficiency of calcium ions. When murine polyoma virus VP1 was expressed
in insect cells, VP1 was assembled into the virus-like particles in the nucleus,
but not in the cytoplasm. However, by adding calcium, the virus-like particles
were assembled in both the cytoplasm and the nucleus (Montross et al., 1991).
Therefore, the nucleus can provide a more suitable environment for assembly
with the proper concentration of calcium.

Agnoprotein is not essential for nuclear transport of the capsid protein, but
it likely facilitates their entry. In the absence of agnoprotein, SV40 VP1 was
delayed in nuclear transport and localized to the periphery of the nucleus (Res-
nick and Shenk, 1986; Carswell and Alwine, 1986). SV40 agnoprotein was
suggested to interact with VP1 to prevent aberrant cytoplasmic aggregation of
the VP1 pentamers and facilitate their nuclear transport (Margolskee and Na-
thans, 1983; Barkan et al., 1987). The distributions of JCV agnoprotein and
SV40 agnoprotein were mostly cytoplasmic, especially in the perinuclear region
(Fig. 8.3) (Nomura et al., 1983). Because some intermediate filaments in the
perinuclear region are contiguous with the nuclear matrix (Lazarides, 1980;
Capco et al., 1982), agnoprotein may facilitate transport of the VP1 pentamers
associated with VP2 or VP3 from the perinucleus to the nucleus.

In which regions in the nucleus are the progeny virions generated? In both
SV40 and murine polyoma virus, the capsid proteins or virions were associated
with the nuclear framework (Ben-Ze’ev et al., 1982; Stamatos et al., 1987). In
JCV also, when VP1 was expressed in the presence of VP2 and VP3 in COS-
7 cells, VP1 was localized to discrete regions in the nucleus and identified as
speckles by confocal microscopy. JCV VP1, identified as speckles, was spread
from the nuclear membrane into the center of the nucleus, potentially along
subnuclear structures. In contrast, when VP1 was expressed in the absence of
VP2 and VP3, VP1 was distributed more diffusely in the nucleus (Fig. 8.8B—
D). Therefore, the VP1 pentamers, likely with VP2 and VP3, may accumulate
in distinct subnuclear regions and spread along the skeletal frameworks in the
nucleus. For encapsidating the viral genome, it was indicated that the VP1
pentamers are added on the viral minichromosome that includes cellular his-
tones possibly guided by VP2 and VP3, and are further assembled into the



168 SYNTHESIS AND ASSEMBLY OF POLYOMAVIRUS VIRIONS

mature virions (Coca-Prados and Hsu, 1979; Fanning and Baumgartner, 1980;
Garber et al., 1980; Garcea and Benjamin, 1983; Blasquez et al., 1983; Ng and
Bina, 1984). Because the viral genomic DNA was also associated with the
nuclear framework (Buckler-White et al., 1980), the nucleus might be divided
into functional domains, some of which may actively support maturation of
virions.

Using electron microscopy of PML brain tissues, the JCV round virions were
frequently identified as discrete clusters in the nucleus, in which the virions
are regularly arranged in crystalloid array (Fig. 8.1A). This unique morphologic
feature was observed in the initial phase of virus infection, when the virus was
cultured in primary human fetal glial (PHFG) cells (Nagashima et al., 1981).
This electron microscopic observation and the speckles identified by confocal
microscopy consistently indicate that the three capsid proteins, VP1, VP2, and
VP3, accumulate in discrete regions in the nucleus. In these regions, the capsid
proteins may be actively assembled into the virions, or the virions assembled
elsewhere may gather together and organize clusters.

10. ASSEMBLY OF RECOMBINANT VIRUS-LIKE PARTICLES
IN VITRO AND IN VIVO

For the polyomaviruses there are many reports that virus-like particles are gen-
erated by molecular manipulation of the viral genome both in vitro and in vivo.
Assembly of virus-like particles in defined environmental conditions can give
us step-by-step understanding of the highly ordered assembly of virions in the
natural viral replication system.

Murine polyoma virus VP1 expressed in Escherichia coli was isolated as
the VP1 pentamers. In vitro, at high ionic strength, the VP1 pentamers were
assembled into virus-like structures, but also into heterogeneous aggregates
(Salunke et al., 1986). At low ionic strength and in the presence of calcium,
the pentamers were assembled into more homogeneous virus-like structures
similar to native virions. At various conditions, the VP1 pentamers were formed
into several structures of capsid-like aggregates, such as a 12-pentamer icosa-
hedron and a 24-pentamer octahedron (Salunke et al., 1989). Thus, VP1, even
when it is not post-translationally modified in E. coli, is assembled into virus-
like structures, in the absence of VP2 and VP3 and in appropriate environ-
mental conditions. Conditions of proper ionic strength and the presence of
calcium ions are especially important.

In cells VP1 alone expressed in the absence of VP2 and VP3 was also
assembled into the virus-like particles. JCV VP1 was isolated as the virus-like
particles from E. coli (Ou et al., 1999). In the nucleus of insect cells, VP1
expressed by baculovirus vectors was also assembled into virus-like particles
in JCV (Chang et al., 1997; Goldmann et al., 1999), in SV40 (Kosukegawa et
al., 1996), and in murine polyoma virus (Montross et al., 1991; Gillock et al.,
1997). The virus-like particles assembled in cells were much more homoge-
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neous than those assembled in vitro, suggesting additional factors in cells that
facilitate assembly (Montross et al., 1991). The virus-like particles isolated
from E. coli (Ou et al., 1999) and insect cells (Gillock et al., 1997; Goldmann
et al., 1999) contained nonviral DNA in the absence of VP2 and VP3. It is not
well understood how the viruses encapsidate their own genomic DNA specif-
ically during a natural virus replication.

The three capsid proteins VP1, VP2, and VP3 were expressed together in
insect cells by co-infection of the three recombinant baculoviruses. In insect
cells, the recombinant capsid proteins were assembled into virus-like particles
in SV40 (Colomar et al., 1993; Sandalon and Oppenheim, 1997; Sandalon et
al., 1997) and in murine polyoma virus (Delos et al., 1993; Forstova et al.,
1993). The proportion of the three capsid proteins in these virus-like particles
was comparable to those in natural virions (Forstova et al., 1993). Therefore,
even if expression of the capsid proteins is not regulated as in the natural
regulatory system, the three capsid proteins are assembled into virus-like par-
ticles in an appropriate ratio. In JCV, a viral genomic fragment encoding the
overlapping capsid proteins VP1, VP2, and VP3 was located downstream of
the SRa promoter, and the plasmid vector was transfected into COS-7 cells
(Shishido et al., 1997). The vector-derived RNA was alternatively spliced at
the authentic splice sites, and the virus-like structures of both round particles
and filamentous forms were assembled in the nucleus (Shishido-Hara et al.,
2000). Therefore, the capsid proteins are assembled into virus-like structures,
even if their proportional expression is not regulated by the native regulatory
system.

Because VP1 alone is spontaneously assembled into the virus-like particles
in vitro, the capsid assembly itself is able to occur in a simple environment.
However, in a cellular environment, production of progeny virions is regulated
in multiple ways, and levels of regulation can be distinctive in each regulatory
step. The efficiency of the production of progeny virions influences the viral
biologic activities and subsequent occurrence of the virus-induced disease.
Therefore, studies on the underlying regulatory mechanism in the production
of virions can give us a better understanding of the nature of virus assembly,
and clues to the molecular pathogenesis of virus-induced disease.

11. QUESTIONS FOR FUTURE STUDIES

How differently is production of progeny virions regulated in PML patients
and in healthy individuals? JCV persists in most healthy individuals in an
asymptomatic state and causes PML in some immunodeficient patients. It has
been shown that the virus isolated from healthy individuals and the virus from
PML patients’ brains have divergent sequences in the regulatory region. The
virus from healthy individuals has a typical regulatory sequence, which is called
the archetype (Yogo et al., 1990). In contrast, the viruses from PML patients’
brains have divergent regulatory sequences, possibly derived from the arche-
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type by rearrangement involving deletion and duplication. When the two types
of viruses were cultured in cells, the virus from a PML patient’s brain replicated
more efficiently than the urinary virus from a healthy individual (Daniel et al.,
1996). The viral transcription activities can be affected by rearrangement in the
regulatory region. However, different groups of investigators reported contra-
dictory results when using different experimental systems (Sock et al., 1996;
Daniel et al., 1996; Ault, 1997). As we have reviewed in this chapter, produc-
tion of the progeny virions is regulated in multiple steps during the late stage.
It has not yet been investigated how the rearrangement in the regulatory region
influences initiation of late RNA transcripts, utilization of splice sites, and
translation efficiencies of the capsid proteins in the altered 5'-UTR. The rear-
rangement might also affect proportional expression levels of the capsid pro-
teins. These subjects remain for future studies.
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Figure 8.9. Schematic illustration of the late stage in the JCV replication cycle. Transcrip-
tion occurs in the nucleus, and the pre-mRNAs are generated from heterogeneous RNA
start sites. The JCV late RNAs are generated by alternative splicing. M1 can produce
agnoprotein, VP2, and VP3. M2 can produce agnoprotein and VP1. Translation of the
capsid proteins may be reduced due to the presence of the AUG start codon for agno-
protein in the leader sequence. JCV VP1 is not efficient in nuclear transport by itself, but
can be efficiently transported to the nucleus in the presence of VP2 or VP3. In the nucleus,
the capsid proteins are likely accumulated to discrete subnuclear regions, which may
actively support production of progeny virions. JCV is identified as the round particles and
the filamentous forms in the nucleus, and their distribution patterns are variable depending
on cells.
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In the nucleus of infected oligodendrocytes, JCV is identified as round and
filamentous structures by electron microscopy. The proportions of round and
filamentous forms are variable depending on the host cells. It has been sug-
gested that filamentous forms result from aberrant assembly (Kiselev and Klug,
1969; Baker et al., 1983). The filamentous structures may be formed due to
aberrant interaction of the first two VP1 pentamers (Stehle et al., 1996) or to
different phosphorylation patterns of VP1 (Li et al., 1995). It is not known how
the viruses in round and filamentous structures are different in nature. However,
they likely have different biologic features, and the proportions of the round
and filamentous forms may reflect the viral biologic activities as human path-
ogen. Few studies have focused on JCV virions in different structures.

In conclusion, during the late stage, production of progeny virions is regu-
lated in multiple steps, including transcription, splicing, translation, nuclear
transport, and maturation of virions (Fig. 8.9). We have shown in this chapter
that JCV has distinctive regulatory mechanism from SV40 and murine polyoma
virus. Studies on the underlying molecular mechanisms in the production of
progeny virions and their structures can contribute to understanding the nature
of JCV and the pathogenesis of PML. Inhibition of critical regulatory steps in
the production of progeny virions may provide an efficient therapy for pro-
gressive demyelination in the JCV-infected human brain.
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1. INTRODUCTION

Polyomaviruses are widely distributed in nature and are associated with the
establishment of lifelong persistent infections in their respective natural hosts.
All of the polyomaviruses display a high degree of species specificity. This has
generally been linked to factors involved in species-specific DNA replication.
Within a given species, the host range, or cell type specificity of the polyoma-
viruses, can be either very broad or very specific. For example, the mouse
polyoma virus (PyV), BK virus (BKV), and simian virus 40 (SV40) all infect
a wide variety of cell types both in vivo and in vitro. In contrast, JC virus
(JCV) and the lymphotropic papovavirus (LPV) infect a very narrow range of
cell types. The presence or absence of cell type-specific transcription factors
are important determinants of polyomavirus host range and tissue tropism. It
is also becoming clear that the presence or absence of specific polyomavirus
receptors and pseudoreceptors contributes to the tropism, spread, and patho-
genicity of these viruses. This chapter focuses on past and current efforts to
define a role for cellular receptors in mediating infection of cells by polyoma-
viruses with both wide and narrow cellular tropism. The roles of specific cel-
lular receptors in determining virus tropism are thoroughly examined and dis-
cussed. The major focus is on viruses that infect humans; however, this cannot
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be done without including the excellent and seminal work involving polyoma-
viruses of other species, most notably the mouse.

2. VIRUS RECEPTORS AND TROPISM

The initial step in the establishment of virus infection is the interaction between
the virus and receptors present on the surfaces of cells and tissues. In general,
viruses that have a very narrow host range and tissue tropism are often shown
to interact with high affinity to a limited number of specific receptors present
on susceptible cells (Marsh and Helenius, 1989). In some instances virus tro-
pism is strictly determined by the presence of specific receptors that mediate
binding and entry (Dalgleish et al., 1984; Klatzman et al., 1984; Mendelsohn
et al., 1989; Racaniello, 1990; Tomassini et al., 1989; Weiss and Tailor, 1995).
In other instances, successful entry into a cell is necessary but not sufficient
for viral replication (Atwood and Norkin, 1989; Bass and Greenberg, 1992;
Mei and Wadell, 1995). In these cases additional permissive factors that interact
with viral regulatory elements are required.

The complexity of virus host—cell receptor interactions is apparent when
one examines the role of CD4 in mediating HIV-1 infection of susceptible cells.
Early observations of the selective loss of CD4-positive T cells and subsequent
propagation of HIV-1 in T cells led to the suggestion that CD4 was a specific
HIV-1 receptor. It was then shown that human cells lacking CD4 were resistant
to infection by HIV-1 and that these cells could be rendered susceptible to
infection by the introduction of CD4 (Dalgleish et al., 1984; Klatzman et al.,
1984). In contrast, mouse cells expressing human CD4 could not be rendered
susceptible to infection with HIV-1. In addition, several primary isolates of
HIV-1 failed to infect human CD4-positive T-cell lines. These latter studies
concluded that CD4 was necessary, but not sufficient, for infection (Clapham,
1991; James et al., 1996). This discrepancy was resolved when several in-
dependent groups discovered that multiple co-factors, in addition to CD4,
are required for efficient entry of HIV-1. A seven transmembrane G protein—
coupled receptor named CXCR-4 has been identified as a co-factor for entry
of several T-cell tropic strains of HIV-1 into diverse cell types (Feng et al.,
1996). The B-chemokine receptor CCR-5 functions as the co-factor for entry
of many macrophage tropic isolates of HIV-1 (Deng et al., 1996; Dragic et al.,
1996). Thus, successful infection of a cell with HIV-1 requires the coordinated
participation of several cell surface receptors.

3. THE POLYOMAVIRUS VIRION

Polyomaviruses are small, nonenveloped, double-stranded DNA-containing vi-
ruses. The virions range in size from 40 to 50 nm, have sedimentation coeffi-
cients of 240S in sucrose gradients, and have a density of 1.34 g/ml in cesium
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Table 9.1. Capsid Proteins of the Human Polyomaviruses

Virus-Encoded Proteins
(Amino Acids)

Genome
Virus Host Size VP1 VP2 VP3
ICV Human 5130 354 344 225
BKV Human 5133 362 (78)° 351 (79) 232 (75)
SV40 Rhesus monkey/ 5243 362 (75) 352 (72) 234 (66)

human?

“Percent identity with JCV.

chloride. The virions are relatively resistant to heat, surviving for up to 1 hour
in water at 55°C. The polyomavirus capsids are assembled from three virus-
encoded structural proteins termed VP1, VP2, and VP3. VP1, VP2, and VP3
are relatively conserved among the polyomaviruses JCV, BKV and SV40, shar-
ing approximately 75% amino acid identity (Table 9.1). VP1 is the major capsid
protein and represents 80% of the total virion protein in the capsid. VP2 and
VP3 are minor components and together represent 20% of the total virion
protein in the capsid. The virus particles are icosahedrally symmetric (T = 7d)
and consist of 360 copies of VP1 arranged in 72 pentamers with both five- and
sixfold axes of rotation (Salunke et al., 1986) (Fig. 9.1). The pentameric struc-
tures are held together by the carboxy-terminal segments of each VP1 mono-
mer, which interact with adjoining pentamers in the icosahedral shell. The
major receptor binding determinants of the polyomaviruses reside on each of
the VP1 monomers, which are exposed at the surface of the virion (Stehle et
al., 1994). It has been suggested that VP2 may also play a role in virus entry

VP1 VP1

VP2

Figure 9.1. (A) Computer-generated image of a polyomavirus virion. (B) Schematic of
the location of VP2 within each VP1 pentamer (only two of the five VP1 molecules are
shown).
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as the protein extends a loop into the cavity formed within the VP1 pentameric
structure (Fig. 9.1) (Chen et al., 1998). VP2 and VP3 may also play a role in
anchoring histone-associated viral DNA to VP1 in the capsid; however, virus-
like particles (VLPs) consisting of only VPI can self-assemble and package
DNA (Gillock et al., 1997; Salunke et al., 1986). Currently, these VLPs are
being developed as gene delivery vehicles. It is unclear whether VLPs share
the same cell type specificity as native virions.

4. CELLULAR RECEPTORS FOR THE MOUSE POLYOMA VIRUS

Introduction

The PyV was originally isolated from adenocarcinomas that developed in C3H
mice that had been inoculated with extracts prepared from murine leukemia
virus—infected AK mice (Gross, 1953). The subsequent demonstration that this
virus was capable of inducing a wide range of tumors in experimentally in-
fected newborn mice led to the name poly-oma (Stewart et al., 1958). Poly-
omaviruses have a very broad cellular tropism, infecting more than 30 different
cell types (Dawe et al., 1987). This indicates that polyomavirus receptors are
either ubiquitously expressed on cells or that polyomaviruses can use more
than one receptor. Recent evidence based on the inability to generate mono-
clonal antibodies that block polyomavirus infection suggest that the latter may
be the case (Bauer et al., 1999).

Virus—Receptor Interactions

The interaction between PyV and host cells involves a direct association be-
tween the major viral capsid protein VP1 and N-linked glycoproteins bearing
specific linkages of sialic acid (Table 9.2). This interaction is critical for viral
hemagglutination of red blood cells, for virus infection, and for in vivo tu-
morigenicity (Cahan et al., 1983; Dubensky et al., 1991; Freund et al., 1991a,b;
Fried et al., 1981; Ricci et al., 1992; Sahli et al., 1993).

Early work identified two sialic acid binding variants of mouse polyoma-
virus, one giving rise to small plaques (RA) and the other to large plaques
(PTA) (Diamond and Crawford, 1964). These two strains also differed dra-
matically in their ability to induce tumors in mice (Dawe et al., 1987). The
small plaque strain was found to be very inefficient at inducing tumors in mice,
whereas the large plaque strain was highly tumorigenic (Dawe et al., 1987).
Early biochemical data demonstrated that a major difference between these two
virus strains involved their interaction with specific linkages of sialic acid
(Cahan et al., 1983). The small plaque strain was found to recognize both
a(2-3)-linked and a(2—6)-linked sialic acids, whereas the large plaque strain
only recognized the a(2-3)-linked sugar (Cahan et al., 1983). Subsequent work
mapped the ability of these strains to discriminate between a(2-3)-linked and
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a(2—6)-linked sialic acids to a single amino acid polymorphism in the major
capsid protein VP1 (Bauer et al., 1995, 1999; Mezes and Amati, 1994; Stehle
et al., 1994). The small plaque strain has glycine at position 91 in VP1, which
accommodates the presence of a branched a(2—6)-linked sialic acid. The large
plaque strain has glutamic acid at this position, which prevents binding to the
branched a(2—6)-linked sugar. It is clear that the «(2-3) linkage is critical for
mediating infection of cells by both of these virus strains. The ability of the
small plaque strain to recognize a(2—6)-linked sialic acids reduces its ability
to spread both in vitro and in vivo (Bauer et al., 1999). The a(2—6)-linked
sugar is therefore considered a pseudoreceptor for this virus.

Interestingly, a third nontumorigenic but highly lethal polyoma virus strain,
LID, has glutamic acid at position 91 but has an alanine rather than a valine
at position 296 (Bauer et al., 1999). This change leads to less efficient binding
to the a(2-3)-linked sialic acid, which results in increased viral spread and
lethality in the host (Bauer et al., 1999). It is therefore clear that polyoma virus
receptor interactions are critical determinants of viral spread and pathogenesis
in the host.

Early attempts to identify the proteinaceous component of the PyV receptor
used chemical cross-linking and co-immunoprecipitation to identify a 120 kDa
protein as a candidate polyoma virus receptor (Griffith and Consigli, 1986;
Marriott et al., 1987). Antiserum raised to this protein was subsequently found
to block infection of mouse kidney cells by PyV (Griffith and Consigli, 1986;
Marriott et al., 1987). The identity of this protein has not been determined. An
alternative approach to identifying specific polyomavirus receptors is to gen-
erate and screen monoclonal antibodies prepared against permissive cells. This
approach was recently attempted, and 2000 hamster monoclonal antibodies
directed against mouse 3T3 cells were screened for their ability to block poly-
oma virus infection (Bauer et al., 1999). Several of the monoclonals were found
to bind to the 3T3 cells, but none of them inhibited virus infection. This led
to the suggestion that there may be multiple receptor species on 3T3 cells that
can be used by polyoma virus to infect the cell (Bauer et al., 1999).

PyV Cell Entry

Early studies examining the entry of PyV into cells found that virions and
empty capsids had different receptor specificities (Bolen and Consigli, 1979;
Mackay and Consigli, 1976). Virions were found to be selectively targeted to
the nucleus, and empty capsids were found to be targeted to phagolysosomes.
The binding of virions and empty capsids to mouse cells also differed in their
sensitivity to inhibition by neuraminidase. Neuraminidase could, however, in-
hibit infection of mouse cells with crude virus stocks, and the inhibition could
be overcome by incubating the treated cells with 3-galactosidase a—2,3-sia-
lyltransferase and CMP-NeuAc (Fried et al., 1981).

Recent data indicate that infectious entry of SV40 and JCV proceeds by
different mechanisms (Fig. 9.2). SV40 was found to enter cells by caveolae-
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Mechanisms of Polyomavirus Internalization
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Figure 9.2. Each of the polyomaviruses shown exploits different endocytic pathways to
gain access to the cell. JCV uses clathrin-dependent endocytosis, SV40 uses caveolae-
dependent endocytosis, and PyV uses a unique pathway involving uncoated vessicles.
All three of these viruses must then target their respective genomes to the nucleus. Evi-
dence shows that SV40 virions are targeted at least initially to the endoplasmic reticulum
(ER). The virus must then escape this compartment, gain access to the cytoplasm, and
deliver the genome to the nucleus via nuclear pores. The mechanisms by which PyV and
JCV accomplish this are not known.

mediated endocytosis, and JCV was found to enter cells by classic clathrin-
mediated endocytosis (Anderson et al., 1996; Pho et al., 2000; Stang et al.,
1997). Similar work with the small plaque isolate of PyV found that this virus
uses neither of these pathways to infect baby mouse kidney cells (Gilbert and
Benjamin, 2000). It thus appears that each of these related polyomaviruses uses
an independent mechanism to enter cells and target their respective genomes
to the nucleus (Fig. 9.2).

5. CELLULAR RECEPTORS FOR SV40

Introduction

SV40 was initially isolated from cultures of rhesus monkey kidney cells being
used to propagate vaccine strains of poliovirus (Sweet and Hilleman, 1960).
At the time of its isolation, several million individuals had received poliovirus
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vaccines contaminated with significant amounts of this oncogenic virus (Shah
and Nathanson, 1976). Fortunately, epidemiologic studies do not show in-
creased rates of cancer among the inoculated individuals (Shah, 2000). How-
ever, recent studies suggest that SV40 may in fact circulate in the human
population. SV40 has been associated with the development of a number of
human cancers, including mesothelioma, osteosarcoma, and choroid plexus
papillomas (Barbanti-Brodano et al., 1998; Bergsagel et al., 1992; Carbone et
al., 1994, 1996; Lednicky et al., 1995).

SV40 has been the most widely studied polyomavirus, and it has been used
as a model system for understanding many aspects of eukaryotic molecular
biology, including DNA replication, transcription, and mRNA splicing. SV40
is also the only polyomavirus for which a specific cell surface protein (MHC
class I) has been identified as a virus receptor (Atwood and Norkin, 1989;
Breau et al., 1992).

Virus—Receptor Interactions

SV40 is unique among polyomaviruses as it does not interact with sialic acids
and therefore lacks the ability to hemagglutinate red blood cells. Sialydase
treatment of monkey kidney cells also has no effect on either SV40 binding or
SV40 infection (Clayson and Compans, 1989). Similarly, treatment of monkey
kidney cells with phospholipase C, phospholipase D, trypsin, chymotrypsin,
endoglycosidase F, and glycopeptidase F does not inhibit SV40 binding (Clay-
son and Compans, 1989). The binding of SV40 to monkey kidney cells is
saturable and of high avidity. The number of SV40 receptors on cells has been
calculated at 9 X 10* with a dissociation constant of 3.76 pM (Table 9.2)
(Clayson and Compans, 1989).

The subsequent identification of MHC class I proteins as a principal com-
ponent of the SV40 receptor came about from experiments designed to deter-
mine whether SV40 infection reduced cell surface MHC class I protein ex-
pression (Atwood, 1991). It was reasoned that such a mechanism may account
for the ability of SV40 to persist in its natural host, the rhesus macaque (At-
wood, 1991; Norkin, 1982). During the course of these studies SV40 binding
to cells was found to specifically inhibit the subsequent binding of antibodies
directed at MHC class I proteins. Conversely, anti-MHC class I antibodies
blocked the binding of radiolabeled SV40 to cells and inhibited infection in a
dose-dependent manner (Atwood and Norkin, 1989). Subsequent experiments
demonstrated that reconstitution of class I protein expression in two separate
class I null cell lines could rescue virus binding to these cells but could not
rescue infection (Breau et al., 1992). This indicated that MHC class I proteins
were necessary but not sufficient for SV40 infection of cells. This was con-
firmed by a series of studies demonstrating that the distribution and levels of
MHC class I protein expression on numerous human cell types did not correlate
with their susceptibility to infection (Basak et al., 1992). These data indicate
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that additional factors contribute to SV40 tropism. These additional factors may
include transcription factors and the presence of a co-receptor.

Biochemical data also support a role for MHC class I proteins as cell surface
receptors for SV40. For example, the ability of papain to cleave cell surface
class I molecules correlates with its ability to inhibit SV40 binding to cells
(Clayson and Compans, 1989; Wong et al., 1984). Conversely, MHC class I
proteins are resistant to digestion with trypsin and chymotrypsin, and neither
of these enzymes inhibits virus binding (Clayson and Compans, 1989; Wong
et al., 1984).

The discovery of the SV40 receptor led others to investigate whether related
polyomaviruses might also use MHC class I proteins as a receptor. Two poly-
omaviruses were examined, PyV and JCV, neither of which was found to use
MHC class I proteins as a receptor (Liu et al., 1998; Sanjuan et al., 1992).

SV40 Cell Entry

Early work characterizing SV40 entry into cells found that virions internalized
into both monopinocytotic vesicles and a larger endosomal compartment
(Barbanti-Brodano et al., 1970; Hummeler et al., 1970; Maul et al., 1978). By
analogy with similar work in the PyV system, it was assumed that virus in the
large endosomes was degraded in phagolysosomes and that virus in monopi-
nocytotic vesicles actually initiated a productive infection (Bolen and Consigli,
1979; Khare and Consigli, 1965; Mackay and Consigli, 1976). Subsequent
work studying SV40 entry demonstrated that virus entered via uncoated
membrane-bound invaginations that subsequently fused with the endoplasmic
reticulum (ER) (Kartenbeck et al., 1989).

These membrane-bound invaginations were subsequently identified as cav-
eolae (Anderson et al., 1996). Caveolae are cholesterol-rich membrane micro-
domains that have a high concentration of glycosylphosphatidylinositol (GPI)-
anchored proteins (Anderson, 1993a,b; Anderson, 1998). They participate in
the endocytosis of small-molecular-weight compounds (potocytosis) and in the
trafficking of molecules across the cell (transcytosis). Caveolae also participate
in the trafficking of plasma membrane components back to the ER (reverse
endocytosis). Interestingly, the major cellular receptor for SV40, MHC class I
proteins, are enriched in caveolae and participate in localizing SV40 to these
membrane domains (Anderson et al., 1998; Stang et al., 1997). The next step
in the infectious process is thought to be the release of SV40 from class I
heavy chains that is either preceded by or followed by class I heavy chain
cleavage by a metalloprotease (Anderson et al., 1998; Chen and Norkin, 1999).
The mechanism by which SV40 then targets its genome to the nucleus is not
known. The virus presumably escapes into the cytoplasm from the lumen of
the endoplasmic reticulum or directly from the endosome. Evidence strongly
favors entry of SV40 into the nucleus from the cytoplasm via nuclear pores
(Clever et al., 1991; Yamada and Kasamatsu, 1993). It is not clear whether any
components of the virion other than nucleic acid enter the nucleus.
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6. CELLULAR RECEPTORS FOR THE
LYMPHOTROPIC POLYOMAVIRUS

The lymphotropic papovavirus (LPV) was originally isolated from the lymph
node of an African green monkey and maintained by continual passage in a B
lymphocyte cell line, BJA-B (Brade et al., 1981; zur Hausen and Gissmann,
1979). The host range of LPV is limited to a very narrow subset of human B-
cell lines (Takemoto et al., 1982). The restriction to infection of these cells by
LPV has been shown to correlate with the presence of specific LPV receptors
on permissive cells (Haun et al., 1993; Herrmann et al., 1995, 1997; Keppler
et al., 1994, 1995). Binding to, and infection of, human B-cell lines was found
to be dependent on the presence of O-linked glycoproteins containing terminal
a(2—6)-linked sialic acid. The proteinaceous component of LPV receptors has
not been determined. The mechanism by which LPV targets its genome to the
nucleus has not been studied.

7. CELLULAR RECEPTORS FOR BKV

BKYV was originally isolated from the urine of a renal transplant patient and
subsequently propagated in Vero cells (Gardner et al., 1971). BKV infects a
wide variety of cells, including human and monkey kidney cells, embryonic
lung cells, fetal brain cells, fibroblasts, and human foreskin epithelial cells
(Yoshiike and Takemoto, 1986). There is little information regarding cellular
receptors for BKV or the mechanisms of BKV entry into cells. BKV, like many
of the other polyomaviruses, hemagglutinates red blood cells in a sialic acid—
dependent manner (Seganti et al., 1981). One report has suggested a role for
phospholipids in mediating hemagglutination and infection of Vero cells by
BKYV (Sinibaldi et al., 1992). The mechanism by which BKYV targets its genome
to the nucleus has not been studied.

8. CELLULAR RECEPTORS FOR JCV

Introduction

JCV was originally isolated from the brain of a patient with PML and subse-
quently propagated in cultures of human fetal glial cells (Padgett et al., 1971).
As these cells are difficult to obtain, virus isolation and propagation was at-
tempted in a wide variety of other cell types with little or no success (Major
et al., 1992). As a result of these early studies, JCV was characterized as having
a very narrow host range. In vivo, JCV infection is restricted to oligodendro-
cytes, astrocytes, and B lymphocytes (Houff et al., 1988; Monaco et al., 1996).
This highly restricted cell type specificity is also seen in vitro as virus infection
is restricted to primary cultures of human glial cells and to a few established
human glial cell lines.
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As JCV is the etiologic agent of a fatal central nervous system demeylinating
disease, understanding the molecular events governing virus host—cell inter-
actions, including virus—receptor interactions, is critical.

Virus—Receptor Interactions

JCV, like most other polyomaviruses, hemagglutinates red blood cells in a sialic
acid—dependent manner. Until recently very little was known about JCV re-
ceptors on cells other than erythrocytes. The first suggestion that receptors
played a role in tropism came from a comparison of the ability of JCV virions
or JCV DNA to initiate early viral gene expression in nonpermissive HelLa
cells. In these experiments, JCV virions did not infect HeLa cells, and no early
viral gene expression was detected (Schweighardt and Atwood, 2000). In con-
trast, transfection of JCV DNA into the HeLa cells led to early viral gene
expression (Schweighardt and Atwood, 2000). This suggests that one block to
infection of nonpermissive cells by JCV is at an early stage in the viral life
cycle, perhaps at the level of receptor binding. The nature of the glial cell
receptor for JCV was then characterized biochemically. These data demon-
strated that infection of glial cells by JCV can be inhibited by treating cells
with tunicamycin or by enzymatic removal of a(2—-3)-linked and a(2—6)-linked
sialic acids (Liu et al., 1998). A recombinant «(2—3)-specific neuraminidase
did not inhibit infection of these cells by JCV, suggesting that the a(2-6)-
linkage is critical. Infection of cells by JCV was also not inhibited by an O-
linked glycosylation inhibitor, benzylGalNac, or by trypsin, chymotrypsin,
phospholipase A2, or phospholipase C.

These data, when taken together, demonstrate that the JCV receptor is a
trypsin resistant N-linked glycoprotein containing «(2-6)-linked sialic acid
(Liu et al., 1998). These properties distinguish JCV from other polyomaviruses
that use sialic acid as cell surface receptors (Table 9.2). It is interesting to note
that treatment of glial cells with trypsin reduces virus binding to cells but,
paradoxically, leads to increased infectivity (our unpublished observations).
This may be due to the elimination of pseudoreceptors for JCV that act to limit
accessibility to specific and productive receptor binding sites.

The Relationship Between JCV Binding and Infectivity

Recently, JCV binding to a wide variety of permissive and nonpermissive cells
was studied by flow cytometry. JCV bound to all of the cell lines tested re-
gardless of their known susceptibility to infection (Wei et al., 2000). An «a(2—
6)-linked sialic acid—specific lectin, SNA, also bound to all of these cells. It
is therefore likely that many cell surface glycolipids and glycoproteins are
modified by a(2—6) sialyation but that only a minority of these molecules can
serve as a specific receptors for JCV. Interestingly, when JCV binding to pri-
mary cells was examined a different story emerged. In these experiments JCV
only bound to primary cells that were known to be susceptible to infection.
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For example, virus bound to primary human glial cells, to primary tonsillar
stromal cells, and to primary human B cells but did not bind to primary human
T cells (Wei et al., 2000). This indicates that there may be specificity of JCV
binding in vivo that is not apparent when one examines virus binding to tumor
cell lines. The identification of a specific glial cell receptor for JCV has re-
mained elusive.

JCV Cell Entry

Recently, the kinetics and mechanisms of JCV entry into human glial cells was
compared with that of SV40. These data demonstrated that infectious entry of
JCV into human glial cells proceeds more rapidly than infectious entry of SV40
(Pho et al., 2000). The majority of JCV entered into an antibody neutralization
resistant compartment within 30 minutes postadsorption, whereas SV40 re-
quired 2 hours to enter cells. Specific inhibitors of either caveolae-dependent
endocytosis or clathrin-dependent endocytosis were then used to study the
mechanism of infectious entry. These experiments confirmed that infectious
entry of SV40 is mediated by caveolae- and not by clathrin-dependent endo-
cytosis (Pho et al., 2000). In contrast, infectious entry of JCV was not blocked
by inhibitors of caveolae-dependent endocytosis but was blocked by inhibitors
of the clathrin-dependent pathway (Pho et al., 2000). These data were con-
firmed by co-localization of labeled JCV and labeled transferrin in endosomes
(Pho et al., 2000). This indicates that infectious entry of JCV proceeds via
classic clathrin-dependent endocytosis. These data are also consistent with ear-
lier work demonstrating that JCV and SV40 do not share receptor specificity
on human glial cells (Liu et al., 1998).

9. CONCLUSIONS

Sialic acids are major components of cell surface receptors for several human
viruses, including orthomyxoviruses, rotaviruses, and all of the polyomaviruses
except SV40 (Bass et al., 1991; Chen and Benjamin, 1997; Haun et al., 1993;
Ito et al., 1997; Keppler et al., 1995; Mantyjarvi et al., 1972; Willoughby et
al., 1990). In each case virus infectivity is mediated by recognition of specific
sialic acid linkages to the underlying glycan. In most instances the identities
of the proteinaceous components of these receptors is unknown. Interestingly,
each of the sialic acid—utilizing polyomaviruses recognizes different linkages
of this common carbohydrate moiety.

It is also becoming clear that members of this highly related family of vi-
ruses do not share receptor specificity. For example, PyV and SV40 do not
compete with each other for binding to cells and do not share MHC class I as
a specific cellular receptor. Similarly, JCV and SV40 do not share receptor
specificity. It is also becoming apparent that the choice of receptor dictates the
endocytic pathway that each virus uses to gain entry into the cells that it infects.
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For example, JCV, SV40, and PyV have different receptor specificities, and all
exploit different endocytic pathways to target their genomes to the nucleus.

Direct comparisons of JCV with BKYV, PyV, or LPV have not been done.
This is due to the fact that these viruses all have distinct cellular tropisms that
in large part are governed at the transcriptional level. Current efforts to develop
polyomavirus pseudovirions that package defined nucleic acids capable of ex-
pressing reporter genes in a wide range of cells should allow for these com-
parisons to be made in the future. Also, efforts are underway to construct
chimeric polyomaviruses that only differ with respect to the late-coding region.
The identification of receptors for each of these important polyomaviruses
should lead to a better understanding of the critical early events in the life cycle
of these viruses. This in turn will allow a better understanding of polyomaviral
tropism, spread, and pathogenicity in the host. Finally, this may make possible
the development of novel therapeutic strategies to prevent infection and spread
of these viruses in the immunocompromised host.

Recently, SV40 has been shown to traffic from the plasma membrane to a
new subcellular organelle referred to as the caveosome. Transport to the cav-
eosome was shown to be actin dependent, and transport out of the caveosome
to smooth ER was shown to be microtubule dependent. (Pelkmans L, Karten-
beck J, Helenius A (2001) Caveolar endocytosis of simian virus 40 reveals a
new two-step vesicular-transport pathway to the ER. Nat Cell Biol 3:473-483).
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1. AFFECTED ORGANS AND CELL TYPES IN
POLYOMAVIRUS-ASSOCIATED DISEASE AND
PERSISTENT VIRUS INFECTION

The two human polyomaviruses BKV and JCV are associated with persistent
infection and diseases of the urogenital tract and the central nervous system
(CNS). Induction of disease by the viruses is regularly linked to states of im-
munoincompetence. The most prominent underlying complications are AIDS
and lymphoproliferative disorders. Moreover, iatrogenic immunosuppression in
the course of transplantation or therapy of autoimmune disorders can contribute
to polyomavirus-induced disease. Clinically overt disease usually correlates
with enhanced activity of viral expression in the target organ of viral persist-
ence. Detailed analysis of BKV- and JCV-associated diseases disclosed a va-
riety of organs and cell types to be susceptible to virus infection. These ob-
servations fostered multiple studies on the molecular basis of polyomavirus
persistence in the infected host. However, despite the availability of very sen-
sitive techniques to discover virions and/or viral products in tissue, body fluids,
or cells from infected persons, essential questions with respect to involvement
of distinct organs and cell types in polyomavirus persistence are far from being
answered unequivocally.
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Polyomavirus Infection of the Urogenital Tract

Urogenital Diseases Associated with BKV and Asymptomatic Infec-

tion. BKYV is a urotheliotropic virus, which was originally detected in the urine
of a patient with ureteral stenosis after renal transplantation (RT) (Gardner et
al., 1971). Nevertheless, studies from recent years suggest that interstitial tu-
bular nephritis is the most frequent BKV-associated disease after RT (Mathur
et al., 1997; Pappo et al., 1996; Purighalla et al., 1995). Clinical features may
mimic graft rejection or drug toxicity (Binet et al., 1999; Randhawa et al.,
1999), but histopathologic examination almost always shows interstitial infil-
trates of plasma cells and lymphocytes, interstitial fibrosis, tubular atrophy, and
large intranuclear inclusions in tubular epithelial cells. Cells of the transitional
bladder epithelium were identified as target cells for BKV infection (Gerber et
al., 1980). Virus isolation, DNA detection by polymerase chain reaction (PCR),
electronmicroscopy, immunohistologic staining of BKV proteins, and in situ
hybridization (ISH) suggests an etiopathologic role of the virus in about 5%
of RT patients (Binet et al., 1999; Randhawa et al., 1999). With the introduction
of new immunosuppressive strategies, the incidence of BKV-associated com-
plications in RT increased further, thus confirming the close relationship be-
tween excessive virus growth and immunologic impairment.

Renal failure due to BKV infection is diagnosed in patients with underlying
lymphoma, hereditary immunodeficiencies (de Silva et al., 1995; Rosen et al.,
1983), in renal transplant patients (Mathur et al., 1997; Pappo et al., 1996;
Purighalla et al., 1995), and with AIDS (Bratt et al., 1999; Nebuloni et al.,
1999). Interstitial inflammation and focal necrosis of tubular epithelium with
enlargement of tubular epithelial cells and the pelvic urothelium accompany
this rare complication. Aggregates of viral particles within nuclei of renal tu-
bular cells (Rosen et al., 1983) confirm susceptibility of the urogenital tract
epithelium for BKV infection.

Hemorrhagic cystitis (HC) is a serious BKV-associated complication of bone
marrow transplantation (BMT) patients. Prevalence of HC varies from 10% to
68% and leads to severe hemorrhage in about 25% of bone marrow recipients
(Arthur et al., 1985; Azzi et al., 1994; Bedi et al., 1995; Chan et al., 1994,
Cotterill et al., 1992). Hemorrhage and viruria most likely are due to viral
activation in the uroepithelium, as virus particles can be detected in exfoliated
urinary cells by means of electron microscopy (Hiraoka et al., 1991). Prolonged
hematuria is associated with severe morbidity and increasing viral load in urine
(Azzi et al., 1999).

In patients with AIDS, systemic BKV-associated disease involves infection
of the CNS, the lung, the eye, and the kidney (Bratt et al., 1999; Hedquist et
al., 1999; Nebuloni et al., 1999; Smith et al., 1998; Vallbracht et al., 1993).
Concomitantly with multiple lesions in the entire nephron, an interstitial tu-
bulonephritis is seen. Desquamated tubular cells that display focally enlarged,
eosinophilic nuclei carry BKV particles and express viral products (Cubukcu-
Dimopulo et al., 2000; Nebuloni et al., 1999; Vallbracht et al., 1993). Investi-
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gation of tubular cells at the subcellular level revealed the presence of virions
in cytoplasmic reticular cisternae (Nebuloni et al., 1999), and virus-specific
antigen was located in nuclei and cytoplasm (Nebuloni et al., 1999; Smith et
al., 1998). Interstitial clustering of CD68-positive cells with cytoplasmic stain-
ing of virus-specific antigens indicated uptake of the virus by phagocytotic
cells (Nebuloni et al., 1999). Further analysis at the ultrastructural level de-
tected characteristic viral particles, which occasionally formed dense crystalloid
arrays, thus confirming viral presence in these cells (Smith et al., 1998).

In contrast to renal disease under severe immunoincompetence, BKV infec-
tion in other patients is most likely in an asymptomatic state. In the course of
lymphoproliferative diseases a clinically silent BKV-specific involvement of
the urothelial tract has been reported. Virus DNA is distributed in small foci
throughout the cortex and medulla of the kidney (Heritage et al., 1981), af-
fecting renal epithelial cells and lining cells of ureter and bladder as demon-
strated by BKV-specific immunostaining. In asymptomatic tissue BKV DNA
persists in episomal form, and exfoliated cells carry intranuclear inclusions
containing BKV antigen (Shinohara et al., 1993; Zu Rhein and Varakis, 1974).
The rate of infection varies from 13% (Chesters et al., 1983) to more than 50%
(Dorries and Elsner, 1991). This may depend on the study groups, which in-
cluded patients with underlying diseases ranging from carcinoma and leukemia
to inflammatory diseases, coronary heart disease, and multiple injuries from
traffic accidents.

Thus far, no data are available on BKYV in kidney tissue in the course of
pregnancy. However, there is a study addressing the question of transplacental
transmission of BKV in humans using tissue specimens from aborted fetuses
and placenta. BKV DNA was detected by PCR in 60% of fetal kidney and in
80% of placenta samples. In maternal tissue from a control group with normal
pregnancies, BKV was detected in 50% of the samples (Pietropaolo et al.,
1998). Besides the finding that BKV might be transmitted vertically, the en-
hanced detection rates after abortion point to an activated BKV infection and
a prevalence of persistent virus infection in about 80% of the population.

Analysis of prostate biopsy specimens for BKV revealed virus DNA in 58%
of asymptomatic tissue and in 87% of prostate hyperplasias sampled from pros-
tate carcinoma patients. This was comparable to the rate in bladder tissue. In
addition, 70% of cervix and vulvar tissue exhibited viral DNA, and analysis
of sperm gave an incidence of 95% for the presence of BKV DNA. In contrast,
DNA of the second polyomavirus JC was found in only 5% of cervical and
vulvar tissue specimens. Glandular tissue yielded no JCV DNA, whereas 21%
of sperm samples were positive for JCV DNA. The high rate of BKV DNA
present in asymptomatic tissue and semen suggests that these sites should be
considered as locations of polyomavirus persistence (Monini et al., 1995, 1996;
Shinohara et al., 1993).

Activation of BKV Infection in the Urogenital Tract. Virus infection of
the kidney following viruria probably occurs at the time of primary infection
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in children (Di Taranto et al., 1997). Beyond childhood, viruria is more likely
due to activation of persistent renal infection than to primary infection or re-
infection. Virus products in the urine at different stages of immunologic incom-
petence and a high level of viruria in asymptomatic infection (Arthur et al.,
1989; Coleman et al., 1980; Hogan et al., 1980; Kitamura et al., 1990; Reese
et al., 1975) are strong indications for a relationship between immunodeficiency
and polyomavirus activation.

The role of HIV-related immunodeficiency in BKV-associated viruria was
analyzed in patients without BKV-associated diseases. Virus DNA was detected
by PCR at a rate of 37-44% in the United Kingdom, Italy, and Tanzania
(Agostini et al., 1995; Degener et al., 1997; Jin et al., 1995; Knowles et al.,
1999). Lower rates of 20—24% were found in North America and Norway
(Markowitz et al., 1993; Shah et al., 1997; Sundsfjord et al., 1994a). How-
ever, in all study groups an increase of BKV viruria under AIDS was reported
on a basis of less than 8% in normal individuals. Staging of HIV patients
according to their immune status revealed an inverse relationship of decreasing
T-lymphocyte count and increasing viruria (Jin et al., 1995; Knowles et al.,
1999; Markowitz et al., 1993; Shah et al., 1997; Sundsfjord et al., 1994a).
From these studies it appears likely that BKV activation in the urinary tract
under AIDS is correlated with the state of immunoincompetence. Contrasting
reports with 6% BKYV viruria in AIDS and AIDS/PML patients as detected by
nested PCR technique could probably be explained by technical differences
between laboratories (Brouqui et al., 1992; Ferrante et al., 1997).

Viruria in BMT patients was reported as early as 1975 (Reese et al., 1975).
Although before transplantation only 1% of patients shed BKV (Arthur et al.,
1985), increases have been reported to 22%, 48% (Arthur et al., 1988, 1989;
Cotterill et al., 1992; Jin et al., 1993), 67% (Jin et al., 1995), and even 100%
of patients in the post-transplant period if classic methods were combined (Gib-
son et al., 1985). With the advent of the more sensitive PCR, the prevalence
of viruria was found to be continuously higher, ranging from 50% to 100%, if
multiple samples from one patient were analyzed (Azzi et al., 1994, 1996;
Bogdanovic et al., 1994; Flaegstad et al., 1991). BKV viruria often began 2—
9 weeks after transplantation. The duration was variable and resolved sponta-
neously after several weeks of shedding. Virus excretion was not related to
graft-versus-host disease, thus revealing that viruria after BMT is a normal
asymptomatic activation event of a persistent BKV infection that often is not
associated with disease. However, the involvement of BKV in hemorrhagic
cystitis in about 20% of allogeneic BMT patients (Azzi et al., 1994) prompted
a study of microscopic hematuria (Chan et al., 1994). Viruria in 51% of BMT
patients in a 4 month period after transplantation was closely associated with
hematuria in about half of the patients (Chan et al., 1994; Jin et al., 1995).
Similar to asymptomatic virus shedding, most episodes of hematuria were self-
limiting. From these findings it can be suggested that BKV infection after BMT
is usually activated to a detectable level of virus load in the urine and might
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even progress to histologic destruction before virus growth comes under
control.

The first carrier of a BKV infection to be described (Gardner et al., 1971)
had polyomavirus viruria after RT. Virus particles were characterized by elec-
tron microscopy and virus isolation. The virus sometimes affected epithelial
cells of both the recipient and donor tissues (Coleman et al., 1973). In contrast
to BMT or pregnancy, after renal transplantation primary polyomavirus infec-
tion, as defined by antibody titer rises, appears to play a role by introduction
of the virus into the recipient by an infected donor (Andrews et al., 1983, 1988;
Arthur et al., 1989). The prevalence of polyomavirus viruria ranged from 0%
to 47% in early reports, the majority of patients being asymptomatic. Even the
use of PCR did not enhance the rate of detection (Sundsfjord et al., 1994a).
The discrepancies among the studies might be associated with the lower sen-
sitivities of early methods, but highly variable therapeutic schemes may also
contribute to the findings (Lecatsas et al., 1973; Shah et al., 1974). In addition,
examination of multiple samples revealed an intermittent and sporadic course
of virus excretion as well as a highly variable duration of viruria, ranging from
periods of several weeks to years. Observations over more than 3 years revealed
a prevalence of 44% viruria in all patients studied. Molecular characterization
of the polyomavirus species suggested that BKV viruria was more prominent
in RT patients than JCV viruria (Arthur et al., 1989; Boubenider et al., 1999;
Gibson and Gardner, 1983). However, viruria often was unrelated to changes
in the clinical condition or treatment or even to ureteric obstruction, demon-
strating that viruria might not necessarily be associated with RT (Andrews et
al., 1988; Arthur et al., 1989).

Under other immunosuppressive conditions viruria often is intermittent, with
sparsely distributed infected cells in urine pointing to a rather low rate of
activation. Jin et al. (1993) studied a group of patients after cardiac transplan-
tation together with BMT patients. BKV was detected in 50% of the BMT
patients and in 25% of the cardiac transplantation group. In all cases excretion
was intermittent and sparse and was more often correlated with older age and
more aggressive underlying disease. Activating therapeutic influences in these
patients could not be stated. Besides the obvious correlation with age, the data
further corroborate severe immunoimpairment as a factor for activation and
urinary excretion (Hogan et al., 1983; Jin et al., 1993).

In patients with autoimmune diseases in Taiwan, about 40% were found by
PCR to be excreters of polyomaviruses. Interestingly, in 15%, double infections
were detected, but none was positive for BKV viruria alone (Chang et al.,
1996a). Further extension of the study confirmed the lack of BKYV viruria in
Taiwan (Tsai et al., 1997). In contrast, patients from Scandinavia with systemic
lupus erythematosus had higher levels of BK viruria than healthy control sub-
jects, whereas JCV shedding was in the range of the normal sex-matched con-
trol group. In a follow-up study, the authors found a high prevalence of inter-
mittent or even continuous shedding of BKV at 1 year. Immunosuppressive
drugs such as corticosteroids, azathioprine, cyclophosphamide, and/or metho-
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trexate did not influence the kinetics of virus shedding (Rekvig et al., 1997;
Sundsfjord et al., 1999). Clearly, an autoimmune disease is able to activate a
persistent BKV infection to an extent that is not observed in normal individuals.

Pregnancy is the most common condition of altered immunocompetence that
has been linked to polyomavirus activation (Coleman et al., 1980; Lecatsas et
al., 1981). The onset of virus excretion is related to time of gestation, most
often occurring late in the second and during the third trimester. Once estab-
lished, excretion continues intermittently to term and might even extend into
the postpartum period (Coleman et al., 1980; Gardner and Knowles, 1994).
Serologic studies revealed that excretion in pregnant women is usually the
result of virus activation of a persistent infection. Although activation of in-
fection had no clinical significance (Arthur et al., 1989), women excreting
polyomaviruses had more illness before and during pregnancy and may have
underlying diseases such as diabetes and sarcoidosis (Gardner and Knowles,
1994). When BKYV and JCV viruria were differentiated, BKV excretion rates
of 15-25% were observed (Jin et al., 1993; Markowitz et al., 1991). The in-
cidence of JCV viruria in the same geographic regions was about 7% (Gardner
and Knowles, 1994; Markowitz et al., 1991), clearly demonstrating a higher
incidence of BKV than JCV activation. With more advanced PCR techniques,
the incidence of BKV viruria was 47% in 40 pregnant women compared to 19
healthy adults with no viruria (Jin et al., 1995). Similar to the findings in
patients with systemic lupus erythematosus, in Taiwan an incidence of about
3% of BKV excretion was reported in pregnancy on the basis of 26% JCV
positive urine samples and 6.5% of samples with double infections (Chang et
al., 1996b; Tsai et al., 1997). This suggests that BK viruria is generally less
pronounced in Taiwan than elsewhere.

Asymptomatic immunocompetent patients and healthy individuals were of-
ten included as control groups in studies of polyomavirus excretion. In contrast
to the above-mentioned basic diseases and the pregnant state, the prevalence
of BKV excretion during immunocompetency ranged from 0% (Bogdanovic et
al., 1994; Degener et al., 1997; Jin et al., 1993, 1995; Sundsfjord et al., 1994a;
Tsai et al., 1997) to about 18% (Arthur et al., 1985, 1989; Azzi et al., 1996;
Kitamura et al., 1990; Markowitz et al., 1993; Shah et al., 1997). The exception
is a study by Azzi et al. (1999) on BMT and hemorrhagic cystitis patients, who
found a prevalence of 40% BKYV excretion in 62 immunocompetent patients.
The group was not further described with respect to age or possible risk factors,
and a study on JCV was not performed. However, in comparison with BMT
patients, the virus load in immunocompetent individuals was low (in the range
of <1.2 X 10* genome copies in 5—10 ml urine). Although the sensitivity of
the test system was not higher than that published before, the DNA amount in
the urine suggests that asymptomatic BKV activation in immunocompetent
adults is limited. This corresponds to a study reporting a low concentration of
BKYV DNA (<1 pg/ml) in general (Kitamura et al., 1990). Although a correlation
between age and BKV excretion in adults was not apparent, in Japan detection
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rates in those older than 60 years were higher than in younger age groups
(Kitamura et al., 1990).

Because of the prevalence of renal infection and urinary excretion it appears
likely that common diseases and their associated immune responses play a role
in virus activation. Whereas in immunocompetent individuals the rate of in-
fection did not exceed 18%, impairment of the immune response in pregnancy
and cardiac transplantation is linked to an activation in about 25% of individ-
uals. In RT and AIDS patients expression is further affected to a rate of 47%
at maximum. The most prominent activation processes can be observed in BMT
patients. BKV expression after BMT appears to be almost always activated to
a high virus load in the urine combined with an asymptomatic state of infection.
Due to as yet unknown factors, which may involve host genetics, differences
in therapy, or influences by the donor marrow, the infection may further be
activated to a stage of cytolytic infection and hematuria without clinical
symptoms.

It is conceivable that expression of the virus could be limited by the immune
response, or it may, depending on the state of immunoimpairment, proceed
unaffected to symptomatic disease. The amount of urinary virus in healthy
individuals was regularly lower than that in immunoincompetent patients. This
argues for a persistent BKV infection that is progressing stepwise from the
latent or attenuated basic state of persistent infection with a rather low virus
load that might even be out of the limits of detection. If the virus-specific
immune response is impaired, increasing virus load and dissemination could
indicate further stages of activation, ultimately leading to fatal disease.

Localization of JCV in the Urinary Tract. In contrast to BKV, JCV was
never described as an etiologic agent in a urogenital disorder. Evaluation of
the state of renal JCV infection in PML, the only JCV-associated disease, reg-
ularly disclosed no histopathologic changes in kidney tissue (Dorries and Els-
ner, 1991). Nevertheless, a prevalence rate of renal JCV infection in PML
patients between 50% and 100% was reported (Ault and Stoner, 1994; Dorries
and terMeulen, 1983; Grinnell et al., 1983a; Newman and Frisque, 1997; White
et al., 1992). JCV DNA is distributed in small foci throughout renal cortex and
medulla (Chesters et al., 1983; Dorries and terMeulen, 1983; Grinnell et al.,
1983b; McCance, 1983; Tominaga et al., 1992). The major site of infection is
localized to the epithelial cells lining the collective tubules (Dorries and
terMeulen, 1983). Isolated cells carry virions in nuclei and cytoplasm. Southern
blot analyses in combination with cloning experiments revealed episomal JCV
genomes in affected cells without evidence for integrated DNA (Chesters et
al., 1983; Dorries and Elsner, 1991).

Compared with PML patients, randomly selected individuals and cancer pa-
tients had renal infections less often, and their viral loads in the organ were
considerably lower (Chesters et al., 1983; Dorries and terMeulen, 1983; Grin-
nell et al., 1983a). The presence of JCV DNA in about 50% of kidney samples
is contrasted with only 2% of samples being positive for JCV protein. This
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most likely reflects differences in the sensitivities of the techniques applied
rather than a true difference in the activation rates of the virus. Recent PCR
analyses suggest that JCV DNA is regularly detected in the kidney of more
than 50% of individuals (Aoki et al., 1999). This finding and the fact that
primary renal infection with JCV occurs during childhood (Bordin et al., 1997;
Grinnell et al., 1983a; Newman and Frisque, 1997, 1999) support the thesis
that JCV persistence is most likely established during primary infection fol-
lowed by an accumulation of virus in the tissue by repeated activation through-
out life.

Activation of JCV Renal Infection. Like BKV, JCV DNA is more fre-
quently detected in the kidneys of immunoincompetent individuals than in im-
munologically healthy persons. Under HIV infection urinary excretion was
found to be a frequent event, ranging from 16% to 38% of patients in Europe,
North America, and Africa (Agostini et al., 1995, 1997; Degener et al., 1997;
Ferrante et al., 1997; Knowles et al., 1999; Markowitz et al., 1993; Shah et al.,
1997; Sundsfjord et al., 1994a). In contrast to BKV activation, the incidence
of JCV viruria parallels that in the normal population. In most reports, the
pattern of JCV shedding was not influenced by the AIDS status or aggressive
chemotherapy (Markowitz et al., 1993; Shah et al., 1997; Sundsfjord et al.,
1994a). In general, the excretion rate was found comparable to that of normal
individuals, being either stable or transient with identical genotypes shed in a
period of 1-6 month. The frequency of excretion with increasing age did not
differ significantly from that in HIV-negative individuals (Agostini et al., 1997).
Obviously, JCV activation in the urinary tract is not influenced by HIV-induced
immunoimpairment or therapeutic intervention for AIDS.

Similarly, JCV excretion is an uncommon event after BMT, occurring in
about 5% of patients (Arthur et al., 1988; Gardner and Knowles, 1994; Myers
et al., 1989; O’Reilly et al., 1981). Even sensitive PCR techniques did not
change the basic findings (Azzi et al., 1994, 1999; Bogdanovic et al., 1994).
Given the low frequency of viruria, JCV infection is even less active in BMT-
associated immunoimpairment than BKV infection under comparable clinical
conditions (Arthur et al., 1988; Gardner and Knowles, 1994). Compared with
BMT, the frequency of JCV viruria after RT is higher, ranging from 18% to
57% (Gardner and Knowles, 1994; Hogan et al., 1980; Sundsfjord et al., 1994a;
Yogo et al., 1991). Although highly variable, is seems likely that the rate of
JCV activation after RT is comparable with that of BKV. Whether this is due
to alteration of the JCV expression activity by factors related to the disease
process or to the number of patients with activated infection is not known.

To analyze the role of CNS diseases other than PML in the activation of
renal JCV infection, viruria was studied in a group of patients with multiple
sclerosis (MS). PCR analysis revealed an excretion rate of 30—41% in chronic
progressive MS (Agostini et al., 2000; Stoner et al., 1998). Because a control
group of family members exhibited the same excretion rate, a regular influence
of MS on JCV renal infection is rather unlikely. In conclusion, it can be as-
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sumed that pathologic changes in the CNS do not necessarily influence JCV
activation (Elsner and Dorries, 1992; Stoner et al., 1998).

Analysis of immunocompetent patients demonstrated a higher rate of renal
activation with JCV than BKV. Lower polyomavirus excretion rates were in
the range of 0—13% (Arthur et al., 1989; Degener et al., 1997; Jin et al., 1993,
1995; Tsai et al., 1997), whereas higher rates, between 20% and 52% (Agostini
et al., 1997; Azzi et al., 1996; Bogdanovic et al., 1994; Kato et al., 1997;
Kitamura et al., 1990; Markowitz et al., 1993; Shah et al., 1997; Stoner et al.,
1998; Sundsfjord et al., 1994a), have also been reported. Although the broad
range of excretion rates may reflect technical differences, in 1994 it became
clear that urinary excretion of JCV in the normal asymptomatic population also
depends on the age of the individuals analyzed (Kitamura et al., 1994). The
rate was clearly higher in groups with higher mean ages (Agostini et al., 1996,
1997). Whereas younger adults shed up to <10° fg JCV DNA/ml, this amount
increased with age to more than 5 X 10’ fg JCV DNA/ml (Kitamura et al.,
1994; Markowitz et al., 1993). The highest level of JCV DNA in urine speci-
mens of the oldest age group reached more than 10° fg JCV DNA/ml (Kitamura
et al., 1994). Extent and duration of excretion can be either highly variable or
stable (Agostini et al., 1997). Most remarkably, the same JCV strains were
identified in urine specimens from healthy persons and from patients with ma-
lignancies, cerebrovascular disease, or urologic complications over periods up
to 6 years (Agostini et al., 1997; Kitamura et al., 1997). From these data it can
be unequivocally concluded that JCV urinary excretion is caused by activation
of a persistent virus infection.

Renal activation of JCV by diseases that are not related to severe alterations
of the immune system clearly demonstrates that JCV viruria is influenced by
more than the state of immunocompetence. This is consistent with the “rule”
that in PML/non-AIDS patients concomitant JCV viruria is as frequent as in
the normal population (Arthur et al., 1989; Ferrante et al., 1997; Koralnik et
al., 1999a; Markowitz et al., 1993). However, the level of JCV urinary excretion
in immunocompetent individuals is noticeably higher than that of BKV, which
rarely exceeds a concentration of 3 fg/ml urine (500 genome copies). Although
excretion rates of both BKV and JCV seem tightly linked to increasing age
(Kitamura et al., 1990), shedding of BKV and JCV occurs independently (Mar-
kowitz et al., 1993). This assumption is strongly supported by the fact that
urinary coactivation of both viruses is a rare event (Azzi et al., 1999; Kitamura
et al., 1990). Nevertheless, although not concurrently, both viruses were re-
peatedly detectable in urine from the same individual, suggesting that, once
polyomavirus infection is established, activation processes may be induced in-
dependently and virus multiplication might then continue intermittently
throughout life or at a sustained basal level.

Polyomavirus Infection in the Central Nervous System

CNS Disease Associated with BKV. In carly studies, it was reported that
fetal brain cells in vitro can be permissive for BKV (Takemoto et al., 1979).
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However, even after the molecular detection of BKV DNA in the brain tissue
of asymptomatic patients, the neurotropism of the virus was controversial (Els-
ner and Dorries, 1992). Soon after, the description of BKV-associated CNS
diseases, subacute meningoencephalitis, and encephalitis in HIV patients con-
firmed the CNS as another site of BKV infection (Bratt et al., 1999; Vallbracht
et al., 1993; Voltz et al., 1996). BKV could be isolated from the CSF in tissue
culture, and the specificity of BKV in autopsy tissue was proven by molecular
characterization and DNA sequencing. Histopathologic examination by im-
munohistochemistry and ISH demonstrated BKV DNA and antigen in affected
cells (Vallbracht et al., 1993). BKV infection is associated with blood vessels
and fibrocytes in thickened leptomeninges. In cortex and adjoining white mat-
ter, reactive astrocytes were affected. The ventricular walls exhibited focal de-
generation of the ependymal layer and affected astrocytes in subjacent brain
tissue. Target cells for BKV were fibrocytes of the connective tissue, ependymal
cells, endothelial and smooth muscle cells of blood vessels, infiltrating mac-
rophages, and astrocytes, the only glial cell type involved in BKV CNS infec-
tion (Bratt et al., 1999; Vallbracht et al., 1993). It is of note that the variability
of cell types involved in BKYV infection is remarkably higher than that of JCV.
This suggests a broader cell specificity for BKV and suggests that a large
number of different cell types can be involved in BKV persistence.

Asymptomatic BKV Infection and Activation. The assumption that BKV
may reach its target organs before disease suggested the presence of BKV DNA
and persistent infection in the CNS of healthy and immunocompetent individ-
uals. However, in early analyses brain tissue appeared to be free of virus (Ak-
samit et al., 1986; Barbanti-Brodano et al., 1987; Chesters et al., 1983; Grinnell
et al., 1983a). Likewise, brain tissue from AIDS patients found positive for
JCV DNA did not reveal a trace of BKV DNA (Ferrante et al., 1995; Perrons
et al., 1996). In contrast, other laboratories repeatedly reported the presence of
BK viral DNA in samples from the CNS (De Mattei et al., 1995; Elsner and
Dorries, 1992; Vago et al., 1996). These findings were supported by sequencing
of new genomic TCR subtypes and cloning of complete virus genomes from
a normal brain gene library (Elsner and Dorries, 1992). Nevertheless, compared
with the frequency of JCV infection, the presence of BKV DNA in asymp-
tomatic brain infection appears to be considerably lower. Definitive evidence
on the localization of BKV in the brain and the cell type involved is not yet
available.

Facts about the putative activation of BKV infection in the CNS are limited.
BKYV is shed in the CSF of patients with BKV-associated CNS disease, and
the presence of BKV in the CSF is a diagnostic marker (Bratt et al., 1999;
Vallbracht et al., 1993; Voltz et al., 1996). Spinal taps from PML patients and
patients at risk for PML were screened for the diagnostic significance of JCV
and were found positive for BKV DNA. Co-infection of patients with BKV
and JCV is a frequent event and may be detected by PCR with a common
primer pair. Because these persons were free of a typical BKV CNS disease,
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it is conceivable that a persistent BKV infection in the CNS might be subclin-
ically activated under conditions comparable to those of JCV. Nevertheless, the
overall frequency of such an event seems to be very low (Gibson et al., 1993;
Hammarin et al., 1996; Perrons et al., 1996; Vago et al., 1996).

JCV in Progressive Multifocal Leukoencephalopathy. PML is a de-
myelinating disease occurring as a late complication of persistent or primary
infection with JCV in the course of a basic immunosuppressive disease (Berger
and Concha, 1995; Dorries, 1998; Major et al., 1992; Walker and Padgett, 1983;
Weber and Major, 1997). Before the AIDS era about half of the PML cases
involved lymphoproliferative diseases (Brooks and Walker, 1984). Nonlym-
phoproliferative malignancies made up the background in most of the residual
cases. The course of PML and the cell types affected are essentially the same
regardless of the immune impairment or basic disorder (Berger and Concha,
1995; Major et al., 1992; Walker and Padgett, 1983). Several years of treatment
regularly precede PML in rheumatoid arthritis, chronic asthma, sarcoidosis,
systemic lupus erythematosus (SLE), chronic polymyositis, and renal trans-
plantation. These diseases are also suspected to be involved in the activation
of persistent JCV infections.

The most important feature of PML is the striking alteration of cytolytically
infected oligodendrocytes at the rim of defined lesions. Activated pleomorphic
microglia were sometimes described in early lesions (Zu Rhein, 1969). The
central demyelinated area is essentially composed of reactive astrocytes. In-
volvement of neurons, ependymal cells, or endothelial cells has never been
confirmed. Numerous virus particles are localized in the nucleus of oligoden-
drocytes extending into the cytoplasm in the degenerating cell. Astrocytes may
also contain virus particles or virus DNA, but the number is considerably lower
than that in oligodendrocytes. From the data at present available, it cannot be
determined whether astrocytes are permissive for JCV (Samorei et al., 2000).
In one case a few mononuclear cells were found in Virchow-Robin spaces of
several brain sections that may have contained JCV DNA and protein (Houff
et al., 1988). Whether this represents infection or phagocytosis that might be
followed occasionally by infection is not yet clarified.

Asymptomatic JCV Infection of the CNS. Despite the fact that JCV par-
ticles and/or viral products are easily detected in PML autopsy material, it is
still a matter of controversy whether PML is the result of a cytolytic invasion
of the tissue in the course of long-lasting immunosuppression or the conse-
quence of a preceding persistent infection. Consequently, efforts were under-
taken to demonstrate JCV in the CNS of patients in the absence of PML. Many
attempts to detect JCV DNA in the brains of patients without signs of PML by
methods like Southern blot, in situ hybridization (ISH), immunohistochemistry
(Aksamit et al., 1986; Chesters et al., 1983; Heinonen et al., 1992; McCance,
1983; Stoner et al., 1988), and PCR (Buckle et al., 1992; Henson et al., 1991;
Moret et al., 1993; Perrons et al., 1996; Telenti et al., 1990) failed. From these
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data, it was assumed that JCV persists exclusively at peripheral sites of the
body.

The first instance of JCV DNA detected by ISH in elderly individuals with-
out neurologic diseases in Japan was judged as unspecific binding of the probe
to cell structures (Heinonen et al., 1992; Mori et al., 1992). However, detection
of JCV in the CNS tissue of patients without evidence of PML was confirmed
by PCR or ISH. The prevalence ranged from over 30% (Caldarelli-Stefano et
al., 1999; Elsner and Dorries, 1992; Ferrante et al., 1995; Mori et al., 1992;
Quinlivan et al., 1992; Vago et al., 1996) to almost 70% (White et al., 1992)
of randomly selected patients without PML. In contrast to PML brain samples,
JCV DNA sequences were often detected only once in up to eight CNS spec-
imens from one patient without disease (Elsner and Dorries, 1992; White et
al., 1992). The identity of the cell type that is affected in persistent infection
has not yet been determined. However, in brain sections of HIV patients, JCV-
positive isolated nuclei were characterized as oligodendrocytes on the grounds
of immunohistochemical staining. The presence of JCV DNA was not associ-
ated with myelin loss or cytopathic changes (Vago et al., 1996).

Similar to the disseminated distribution of PML lesions, JCV-specific PCR
products in the asymptomatic brain could not be localized to a specific topo-
graphic region (Elsner and Dorries, 1992; Vago et al., 1996). Therefore, it may
be supposed that JCV has no regional preference for particular CNS structures.
Examination of virus DNA in healthy tissue resulted exclusively in free circular
JCV genomes, suggesting that persistent virus infection is closely related to an
episomal state of the DNA (Elsner and Dérries, 1992). The major difference
between asymptomatic and diseased tissue is the amount of virus present in
the samples. In brain specimens from patients with PML, thousands of genome
equivalents per cell are regularly found (Dorries et al., 1979; Quinlivan et al.,
1992; Walker and Padgett, 1983). In contrast, the estimated range in asymp-
tomatic individuals is between 1 and 100 JCV genome equivalents per 20 cells
(Elsner and Dorries, 1992; Quinlivan et al., 1992; White et al., 1992). Thus,
the presence of JCV DNA in nondiseased brain most likely represents a per-
sistent infection and not early stages of disease.

To date, divergent detection rates of polyomavirus in the nonaffected brain
are intensively discussed. At least in part, the observed discrepancies can be
explained by technical and methodologic variables. Sensitivity as well as spec-
ificity of applied technologies differ between laboratories. In addition, laboratory-
specific strategies for sampling, processing, extraction, and storage of speci-
mens might have a serious impact on the success of viral DNA detection
(Ferrante et al., 1995; Mori et al., 1992; Quinlivan et al., 1992; Vago et al.,
1996). A potential problem that could be associated with the detection of lym-
photropic viruses in brain tissue is the contamination of tissue specimens with
blood. This is especially true for studies that use the most sensitive PCR tech-
nologies. However, PCR examination of highly vascularized liver tissue was
consistently negative for JCV DNA (Mori et al., 1992; Quinlivan et al., 1992),
making contamination of the JCV-positive brain specimens with blood cell—
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associated virus rather unlikely. Demonstration of JCV by less sensitive meth-
ods as Southern blot analysis or direct cloning without PCR adds further sup-
port to the idea that JCV DNA is present in brain tissue of non-PML persons
(Elsner and Dorries, 1992). However, besides detection in bulk DNA, for an
ultimate tissue-specific localization of JCV in the course of subclinical per-
sistence, histologic association of cell nuclei with virus DNA or expression
products in situ is necessary.

Investigations of the influence of basic disease or of an immunoimpaired
state on the frequency of JCV DNA detection in normal brain revealed en-
hanced rates in patients with HIV infection or with proliferative diseases (Els-
ner and Dorries, 1992; Quinlivan et al., 1992; Vago et al., 1996). Analysis of
multiple areas of the brain disclosed that JCV DNA is similarly distributed as
typically described in PML tissue (Walker and Padgett, 1983). However, the
amount of virus-specific DNA in the samples is consistently lower than in PML
tissue, suggesting that persistent polyomavirus infection is restricted to a few
isolated cells. In cases of severe immunosuppression, virus infection appears
to be activated (Kleihues et al., 1985), an event that probably contributes to
viral spread and an increase in infected cells. This is reflected in the higher
prevalence of polyomavirus DNA in multiple CNS specimens of patients with
malignant diseases (Hogan et al., 1983; Mori et al., 1992; Rieckmann et al.,
1994) and in the higher frequency of activated JCV infection in the elderly
(Kitamura et al., 1990).

Activation of Asymptomatic JCV Infection in the CNS. The presence of
JCV DNA in CNS tissues of patients whose deaths were attributable to diseases
other than PML supports the thesis that asymptomatic persistent JCV infection
of the CNS can occur. An increased prevalence of polyomavirus DNA in mul-
tiple CNS specimens of patients with impaired immunity and the absence of
JCV DNA in fetal brain further suggest that disturbances of immunocompe-
tence are a risk factor not only for the development of CNS disease but also
for a higher rate of activation (Elsner and Dorries, 1992; Mori et al., 1992;
Quinlivan et al., 1992).

One of the earliest reports on activation of JCV infection in the absence of
PML was published by Mori et al. (1992). They described virus-specific protein
in a limited number of oligodendrocytes and astrocytes in brain sections. This
points to an active expression of viral genes very likely associated with an
increase in infected cells, DNA load, and transcription products. Nevertheless,
persistent infection remains asymptomatic, probably indicating that the actual
number of infected cells and the virus load is low and difficult to detect. In
contrast, polyomavirus disease in the CNS correlates strongly with viral pres-
ence in CSF (Dorries, 1996; Doérries et al., 1998; Eggers et al., 1999; Vallbracht
et al., 1993; Weber and Major, 1997). Consequently, detection of JCV DNA in
CSF can serve as an indirect marker for activation of a persistent virus
infection.
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PCR on CSF of non-PML patients with and without neurologic symptoms
was often performed as a control for the establishment of the PML diagnosis
(Agostini et al., 2000; Bogdanovic et al., 1998; de Luca et al., 1996; Gibson
et al., 1993; Henson et al., 1991; Moret et al., 1993; Perrons et al., 1996;
Sugimoto et al., 1998; Vignoli et al., 1993; Weber et al., 1994). Based on the
results of all these studies, one could conclude that JCV DNA is not present
in the CSF of patients without PML. This is in agreement with the presence
of persistent JCV infection in 31% of samples from HIV CNS tissue but the
absence of JCV DNA in the corresponding CSF samples (Vago et al., 1996).
However, longitudinal determination of the virus load in CSF samples from
PML patients over a period of several months demonstrated that, even with
PML, virus might be shed to the CSF only intermittently (Drews et al., 2000).
Consequently, it appears likely that episodic activation of JCV infection in the
absence of PML could be missed if only a single CSF sample is analyzed.
Although the presence of detectable JCV DNA in CSF is probably a rare event,
it emphasizes the possible activation of virus infection in the CNS of non-PML
patients (Dorries, 1996, 1998).

Early evidence for the activation of JCV infection in the brain came from
PCR analyses. The prevalence ranged from 0.22% to 8% of patients with neu-
rologic symptoms and/or HIV infection (Cinque et al., 1996; Ferrante et al.,
1997; Fong et al., 1995; Koralnik et al., 1999a; McGuire et al., 1995). In other
studies, the rate of JCV DNA detection increased from 9% to 100% (Ciappi et
al., 1999; Dorries et al., 1998; Ferrante et al., 1998; Matsiota-Bernard et al.,
1997). Most of the reports concentrated on HIV infection and other diseases
at risk for PML. Association of a specific neurologic disorder or type of im-
mune impairment with an increasing prevalence could not be deduced. How-
ever, activation of JCV DNA in the CSF of patients with lymphoproliferative
diseases and HIV/AIDS appears to be more frequent than in immunocompetent
individuals with other neurologic symptoms. An influence of the immunosup-
pressive state as defined by the CD4-positive T-lymphocyte count in AIDS
patients was not discovered (Dorries et al., 1998).

Due to a possible role of early virus infection for the development of MS,
several studies focused on these patients (Agostini et al., 2000; Bogdanovic et
al., 1998; Dorries et al., 1998; Ferrante et al., 1998; Koralnik et al., 1999a).
Most did not detect virus DNA by PCR, even though a single study of patients
from Italy using nested PCR found rates of 7.2% in relapsing remitting courses,
16% in primary chronic progressive MS (CPMS), and 13% in secondary CPMS
(Ferrante et al., 1998). Patients with and without other neurologic diseases who
were analyzed for control purposes were found negative for JCV DNA in CSF.

Although the variable results on the presence of JCV DNA in CSF cannot
be simply explained, several aspects should be envisaged: (1) due to the lack
of standardized procedures, the performance of PCR varies considerably from
laboratory to laboratory; (2) the heterogeneity of patients is high, and epide-
miologic as well as anamnestic data are often not given; (3) time of sampling
in the course of basic disease may play a role; and (4) therapeutic regimens
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may influence the activation of a persistent virus infection. However, cloning
and sequencing of new JCV subtypes from the CSF of non-PML individuals
(Ciappi et al., 1999) strongly argues for asymptomatic JCV activation in per-
sistently infected brain tissue followed by the occasional presence of JCV DNA
in the CSF. The divergence of data confirms that activation of the infection
must be a rare event. It is very likely that expression is transient and virus is
only infrequently present in the CSF. Whether activation is followed by lifelong
accumulation of JCV in the CNS (McGuire et al., 1995) is a question that can
probably only be answered in the primate animal model of SV40 and simian
PML.

Polyomaviruses in the Lymphatic System

Persistent polyomavirus infection has been suspected to affect a variety of
different organs. Dissemination to a wide range of body compartments and the
distinct cell specificity of the human polyomaviruses led to the question of
routes of viral spread within the host. Multifocal distribution of JCV in PML
brain tissue opened the prospect that peripheral blood cells might be a vehicle
for hematogeneous spread of polyomaviruses. This assumption was supported
by an early report on polyomavirus particles in lymphocytes of immunocom-
petent children with measles virus infection (Lecatsas et al., 1976) and gave
rise to a large number of studies.

Association of BKV with Cells of the Inmune System. A study of chil-
dren with respiratory diseases revealed that the tonsils were affected by BKV
infection in more than 40%. Detection of BKV DNA in a throat washing (Jin
et al., 1993; Sundsfjord et al., 1994b) pointed to the oropharynx, specifically
the lymphoid tissues of Waldayer’s ring, as the initial site of BKV infection
(Goudsmit et al., 1982; Portolani et al., 1985). BKV DNA in PBLs and tonsils
was exclusively in the episomal state (Dorries et al., 1994; Goudsmit et al.,
1982). These findings strongly support the idea of lymphoid cell involvement
in polyomavirus infection.

In early studies, the stimulatory effects of BKV on human lymphocytes in
culture (Lecatsas et al., 1977) were described. BKV-specific receptors on the
surface of PBLs argued for their susceptibility to infection (Possati et al., 1983).
Indeed, multiplication of BKV was reported in B- and T-lymphocyte cultures
from peripheral blood. The rate of infected cells in the presence of virus growth
remained stable even for weeks of culture. The amount of virus yield was
reported to be 100 times less than in human embryonic fibroblasts, suggesting
a restricted growth of BKV in lymphocytes. In monocytes, virus attachment
and penetration were observed without subsequent expression, suggesting that
monocytes are involved in degradation rather than in multiplication of engulfed
virus particles in vivo (Portolani et al., 1985). However, treatment of mono-
cyte cultures with BKV-specific antiserum was followed by virus replication.
Therefore, it was assumed that circulating monocytes or tissue resident mac-
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rophages in the normal individual might be permissive for polyomavirus in-
fection (Traavik et al., 1988).

In peripheral blood mononuclear cells (PBMC) of individuals after BMT,
either no (Schneider and Dérries, 1993) or an increasing prevalence for BKV
was reported in more than 60% of patients at later times after transplantation
(Azzi et al., 1996; Bogdanovic et al., 1996). As an explanation, a two-step
process was assumed. In the course of pretransplantation treatment, loss of
lymphocytes and clearance of polyomavirus from the blood are followed by
the gradual invasion of the virus after transplantation from persistently infected
sites such as the kidney (Azzi et al., 1996). However, in HIV-infected patients
the findings were similarly variable. Two laboratories did not find BKV DNA
in the PBMC of any patient, including those with PML (Ferrante et al., 1997;
Perrons et al., 1996). Other studies reported rates of less than 10% (Degener
et al., 1997; Sundsfjord et al., 1994a, 1999). These findings are contrasted by
rates of 66% (Azzi et al., 1996) and 100% (Degener et al., 1999). No virus
was detected in autoimmune SLE patients (Sundsfjord et al., 1999) or in the
cord blood of newborn children (Dorries et al., 1994). In healthy individuals
the incidences ranged from none detected (Degener et al., 1997) to 53%, 71%,
and 94%, respectively (Azzi et al., 1996; De Mattei et al., 1995; Dérries et al.,
1994), whereas in immunocompetent individuals with neurologic diseases an
incidence of 82% was reported (Dorries et al., 1994). Two recent reports with
refined PCR techniques, including extensive precautions for contamination,
demonstrated BKV DNA at a rate of 26% and 55% in blood donors and healthy
individuals from Italy and the United States (Chatterjee et al., 2000; Dolei et
al., 2000). These conflicting data can mean either that BKV does not persist-
ently infect blood cells or that the amount of virus DNA and/or the number of
cells affected must be exceedingly low. Most of these studies were performed
by nested PCR techniques, often at the limits of detection, conditions carrying
the greatest risk for contamination. The amount of BKV DNA was indeed
estimated to be very low compared with that of JCV in peripheral blood cells
(Chatterjee et al., 2000; Dorries et al., 1994).

A subtype-specific analysis of peripheral blood cells that may enhance the
detection rate has not yet been reported. However, in a study of PBMC in adult
blood donors early BKV mRNA expression was detected by RTPCR in 100%
of the samples that were positive at a rate of 71% by PCR for BKV DNA (De
Mattei et al., 1995). The detection rate by RTPCR is in line with an activated
virus infection, thus providing further evidence for a persistent BKV infection
in lymphoid cells.

At present, an influence of immunoimpairment on BKV infection in blood
cells cannot be assumed on the grounds of published data. However, a study
of BKV in the plasma of renal allograft recipients recently revealed the pres-
ence of BKV DNA in serum samples from a patient with persistent viral ne-
phropathy (Nickeleit et al., 2000). Provided that lymphoid infection contributes
to BKYV viremia, it is likely that therapeutic immunoimpairment is a promoting
factor for BKV infection in the lymphoid compartment.
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The divergence of results from studies of the lymphotropism of polyoma-
viruses appears to be higher than for other compartments of the host. This
might be linked to a variable cell type susceptibility in each blood donor.
Alternatively, it may depend on the half-life of the affected cell type or the
state of infection at the time of sampling. Moreover, it may also be due to the
clinical specimen itself because serum may contain more inhibitors for PCR
than other body fluids. Taken together, the high variability of results makes a
decision on the role of BKV in blood cell infection rather difficult. However,
including the data on BKV-specific ISH in PBMC (Dorries et al., 1994), the
detection of mRNA in PBMC (De Mattei et al., 1995), and the indirect evidence
for BKV susceptibility of monocytes (Traavik et al., 1988), there is now a wide
body of evidence for a regular lymphotropism of BKV in the host.

JCV in Lymphoid Organs and Blood Cells. The pronounced cell specific-
ity of JCV for glial cells in tissue culture was not suggestive of an interaction
of the virus with lymphoid cell types. However, general searches for peripheral
organs involved in persistent JCV infection rendered spleen and lymph nodes
occasionally positive for JCV (Grinnell et al., 1983a). JCV DNA was detected
in lymphoid tissue from two children with PML in the course of primary in-
fection (Grinnell et al., 1983a; Newman and Frisque, 1997). Subsequent studies
of an adult PML patient demonstrated virus DNA in spleen and lymph node
in the persistently infected host (Newman and Frisque, 1999). JCV DNA was
also found in the spleens of PML/AIDS patients (Houff et al., 1988). Although
JCV DNA could not be detected in the spleens of HIV patients and controls
(Caldarelli-Stefano et al., 1999), a 40% incidence in PML patients suggests that
virus DNA may accumulate in lymphoid organs.

The thesis of lymphoid cells as a reservoir for JCV (Houff et al., 1988)
closed a gap in the understanding of viral pathogenesis. It supported the as-
sumption that JCV-infected lymphoid cells can act as a vector for JCV dissem-
ination. The role of lymphoid infection was further clarified by the detection
of tonsillar lymphocytes and tonsillar stromal cells as host cells for JCV (Mon-
aco et al., 1996, 1998). These findings not only suggest the involvement of the
tonsils in primary infection but also argue for a persistent polyomavirus infec-
tion in tonsillar cell types and peripheral blood cells.

Virus infection in bone marrow was demonstrated for the first time in PML
patients. JCV DNA and intranuclear virus capsid protein were located in scat-
tered mononuclear cells as detected by ISH and immunohistochemistry (Houff
et al., 1988). In the CNS the characteristic lesions were accompanied by an
increased density of infected glial cells in the parenchyma adjacent to blood
vessels. Occasionally, infected mononuclear cells were found in the Virchow-
Robin spaces, and other infected cells were located just beneath the ependymal
layer. Although a possible JCV infection of ependymal cells was never ex-
amined extensively, this is reminiscent of BKV infection in HIV-associated
CNS disease and suggests a possible invasion of the parenchyma by JCV via
the ependymal layer of the ventricles. The mononuclear cells carrying JCV
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DNA and products of viral expression were found to be B lymphocytes but
not T lymphocytes. The presence of JCV DNA at a concentration of more than
200—1000 virus copies per cell suggested ongoing replication (Houff et al.,
1988). A second study reported on oligodendrocytes in PML brain that may
occasionally react with B-lymphocyte markers by immunohistochemical stain-
ing (Aksamit and Leypold, 1993). Whether this discrepancy is due to technical
differences between laboratories, to individual differences of patients, or to
course of disease remains open.

To study more precisely the role of lymphoid cells in JCV persistence and
pathogenesis, it was asked whether JCV DNA is present in circulating periph-
eral blood cells during episodes of impaired immunocomptence in the healthy
individual. A study of virus infection of bone marrow aspirates from PML
patients by ISH revealed the presence of JCV in 31% of the mononuclear cells
(Katz et al., 1994; Tornatore et al., 1992). In contrast, amplification by PCR
detected JCV DNA in 89.5% of the peripheral lymphocytes. Interestingly, the
virus was consistently demonstrable in the course of illness, and even in cells
of a prolonged PML survivor JCV DNA was present 4 years after diagnosis of
PML. PCR has a considerably higher sensitivity than ISH. Therefore, it cannot
be determined whether the higher incidence in PBMC was due to the different
methods used or represented a true difference in the amount of infected cells
(Tornatore et al., 1992). In subsequent studies, most peripheral blood cell sam-
ples of PML patients were positive. Altogether, the prevalence of JCV DNA
detected by PCR ranges from 30% to 100%. This indicates that lymphoid cell
preparations harbor JCV DNA irrespective of the underlying disease, the af-
fected cell type, the JCV burden, or the number of infected cells (Andreoletti
et al.,, 1999; Dorries et al., 1994; Dubois et al., 1997, 1998; Ferrante et al.,
1997; Koralnik et al., 1999a). Quantification of virus load by competitive PCR
revealed an average of 35 copies per microgram of cellular DNA in the PBMC
of PML patients (Koralnik et al., 1999a). This is higher than in most normal
persons (Dorries et al., 1994), but a correlation between HIV immune state and
copy number was not detected. In summary, the data are divergent with respect
to the level of JCV DNA present. Nevertheless, there is a tendency for a regular
involvement of lymphoid cells in the disease process rather than for a nonspe-
cific association.

The question whether lymphoid cells play a role in the dissemination of
virus infection in the course of persistence and prior to the induction of disease
was addressed by studies of immunoincompetent patients. The detection of JCV
DNA in leukocytes from bone marrow and blood of leukemia patients added
further support to the idea that polyomaviruses are generally lymphotropic.
Detection of JCV DNA in almost all patients before conditioning for BMT
revealed that leukemia patients are at a high risk for mononuclear cell infection.
The incidence of JCV infection early after BMT was about 10% in an Italian
study (Azzi et al., 1996) and 12% in Japanese patients (Shimizu et al., 1999).
In contrast, at 60 days post-BMT an increase to 60% was reported (Azzi et al.,
1996). This corresponds to a rate of 88% when serial samples were analyzed
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after BMT (Schneider and Dorries, 1993). In the same study the amount of
virus DNA was found to be highly variable in serial PBMC specimens studied
up to 1 year after BMT. Although an association of JCV with PBMC in leu-
kemia and BMT patients is evident, highly variable amounts of virus in serial
samples point to an intermittent rather than to a continuous interaction (Schnei-
der and Dérries, 1993).

HIV-infected patients are the most prominent group at risk for PML. JCV
infection in the peripheral blood cells of such persons was highly divergent,
ranging from no trace of virus DNA (Perrons et al., 1996; Quinlivan et al.,
1992; Sundsfjord et al., 1994a) to rates between 10% and 25% (Andreoletti et
al., 1999; Dubois et al., 1998; Ferrante et al., 1997; Koralnik et al., 1999b;
Lafon et al., 1998), to a maximum of 60% (Azzi et al., 1996; Degener et al.,
1997; Dubois et al., 1996, 1997; Pietzuch et al., 1996; Tornatore et al., 1992).
Interestingly, the presence of JCV DNA in blood cells is not linked to the
clinical state or immunocompetence of HIV patients (Andreoletti et al., 1999;
Dubois et al., 1996; Lafon et al., 1998). In contrast to HIV patients, patients
with other neurologic diseases, including MS, Parkinson’s, and SLE, had a
prevalence well below 10% (Dérries et al., 1994; Ferrante et al., 1998; Shimizu
et al., 1999; Sundsfjord et al., 1999; Tornatore et al., 1992). An increased rate
of JCV in PBL can also be seen as an indicator for an enhanced virus load,
thus suggesting an influence of HIV-related disease on JCV association with
peripheral blood cells.

If the human polyomaviruses are lymphotropic agents and lymphocytes are
sites of persistent infection, then JCV DNA should regularly be present in the
blood cells of the normal immunocompetent individual. This was supported by
the detection of episomal JCV DNA in PBMC from healthy laboratory staff at
a rate of 30% by Southern blot analyses. PCR demonstrated JCV DNA at a
rate of more than 80% in the same group, although the concentration of JCV
DNA varied from case to case. Serologic evaluation of the patients revealed
high antibody titers, pointing to a pronounced humoral immune response and
a persistent rather than a latent virus infection (unpublished findings; Dorries
et al., 1994). Based on all study results, the prevalence of virus-specific DNA
ranged from 0% to 59%. This included blood donors with 39% (Azzi et al.,
1996) and 4% (Lafon et al., 1998); healthy persons with 8% (Dubois et al.,
1997), 10% (Ferrante et al., 1998), and 59% (Pietzuch et al. 1996); and un-
specified immunocompetent control persons without JCV-specific amplification
(Koralnik et al., 1999b; Schneider and Dorries, 1993).

ISH confirmed virus-specific DNA signals in close association with cell nu-
clei (Dorries et al., 1994). This made an entirely unspecific association of the
virus with PBMC rather unlikely. The concentration of virus-specific DNA was
estimated to be less than one genome equivalent in 20 cells. This probably
explains the low rates of detection or even failure to amplify JCV DNA by
PCR, as extraction of target DNA sequences appears to be a critical step in the
detection of persisting virus genomes.
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Hematopoietic Cell Subsets as Targets for JCV. The rates of polyoma-
viruses detected in peripheral blood cells have been highly variable over the
years. Therefore, it became essential to further analyze the nature of virus—cell
interactions in the lymphoid compartment (Jensen and Major, 1999). One of
the most important questions concerns the cellular target of JCV in lymphoid
tissue or peripheral blood. Initially, kappa light chain—carrying B lymphocytes
were supposed to be the only target cell in bone marrow and spleen (Houff et
al., 1988). An attempt to detect JCV by PCR in the peripheral blood of a PML
patient demonstrated virus DNA in CD19-positive B lymphocytes (Monaco et
al., 1996). However, in B lymphocyte—depleted PBMC from an HIV patient,
JCV-specific amplification was similarly reported (Dubois et al., 1997). These
findings and our own observation of JCV DNA in B- and T-lymphocyte cultures
from bone marrow before transplantation suggested that JCV can be associated
with different lymphocyte subsets. This was further confirmed by Koralnik et
al. (1999b), who analyzed four different cell types of hematopoietic origin
(CD3+, CD19+, CD14+, CD16+) from HIV patients and from a control
group. The study confirmed the assumption that the population of JCV DNA-
carrying persons among PML patients is higher than among HIV-infected pa-
tients alone or normal individuals. Unsorted cells from normal persons were
negative for JCV, whereas virus DNA could be detected in sorted populations
from the same patient. JCV DNA was detectable in B and T lymphocytes, in
granulocytes, and in monocytes. Amplification of DNA was achieved either in
one cell type alone or in different combinations from each patient. The finding
that JCV DNA could be amplified only in sorted normal blood cells corresponds
to reports of a low virus load in blood cells from healthy individuals (Dorries
et al., 1994; Shimizu et al., 1999). However, JCV DNA was not quantified;
therefore, it remains open whether a specific cell type is dominantly affected.

Studies of JCV infection in tissue culture revealed that cells of the CD19-
positive B-lymphocyte subsets, CD34-positive hematopoietic progenitor cells
including B-lymphoblastoid cell lines, and B lymphocytes from peripheral
blood could serve as viral target cells. Infectious virus was produced, although
no more than approximately 2% of B lymphocytes were infected (Monaco et
al., 1996). Restricted virus growth in lymphoid cells strengthens the idea that
viral replication is generally attenuated in lymphoid subpopulations (Atwood
et al., 1992; Monaco et al., 1996). Virus specificity for hematopoietic cells
at different stages of ontogeny was supported by the loss of JCV suscepti-
bility after differentiation of the CD34-positive progenitor cell line KG-1 to a
macrophage-like cell by the phorbol ester PMA. From these results, it appears
likely that JCV DNA molecules are permanently present in the cells of different
cell lineages in bone marrow and peripheral blood. However, more experiments
are necessary to unequivocally determine the cell types susceptible to infection
and those that might be able to mediate virus multiplication in vivo.

Activation of JCV Infection in Lymphoid Cells. Attempts to understand
the nature of JCV infection in hematopoietic cells in vivo concentrated on
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virus-specific transcription in blood cells. Due to the low amount of DNA in
these cells, studies were performed by RTPCR on nucleic acids from PBMC.
JCV expression as detected by cDNA was reported in lymphocytes of 52% of
PML patients and at about the same rate in HIV-infected and healthy individ-
uals. In the same study JCV-specific cDNA was demonstrated not only in B
lymphocytes but also in the non-B-lymphocyte fraction after magnetic sepa-
ration (Pietzuch et al., 1996). This supports our own findings of JCV-affected
cells showing that virus-specific DNA load and the targeted cell type both are
highly variable in blood donors (personal observations). Additionally, it was
confirmed that not only B lymphocytes but also other circulating cell types can
be involved in JCV infection. Studies of virus expression by analysis of mRNA
in peripheral blood cells or in separated B lymphocytes were performed re-
cently. mRNA was found by RTPCR in five of seven PML patients, whereas
no mRNA could be detected in the PBLs or B lymphocytes of a large group
of HIV patients and blood donors (Andreoletti et al., 1999; Dubois et al., 1997;
Lafon et al., 1998). Irrespective of transient activation events, these data imply
a latent state of virus infection in peripheral blood cells rather than a persistent
infection with consistent attenuated expression. However, confirming studies
from other laboratories are needed to unequivocally determine the state of the
virus infection in peripheral blood cells.

Comparable to shedding of virus into the CSF, an activated state of the virus
infection in PBLs could be reflected by the virus load in serum. PCR studies
on this question were performed after lymphotropism of the polyomaviruses
had been detected. As anticipated from earlier PCR studies, the rate of detection
varied from no virus present to 4% in SLE patients and HIV-negative control
groups, including healthy individuals and blood donors (Koralnik et al.,
1999a,b; Sundsfjord et al., 1999). In HIV patients with and without other neu-
rologic symptoms, rates from 4% to 23% were reported (Dubois et al., 1998;
Koralnik et al., 1999a,b; Lafon et al., 1998). In contrast, in 32% of all HIV/
PML patients studied to date, viremia was detected (Dubois et al., 1997; Kor-
alnik et al., 1999a,b; Tornatore et al., 1992), clearly indicating a higher prev-
alence under PML. Based on the accumulated data, it can be proposed that the
amount of JCV DNA in peripheral blood cells is limited and the virus can be
detected only after enrichment of lymphoid subtypes by cell separation tech-
niques. Similarly, expression in lymphoid cells may occur at such a low level
that it is not detectable by PCR on bulk DNA.

It seems clear now that JCV recirculates cell-associated as well as cell-free
in peripheral blood. The crucial question whether association of the virus with
peripheral blood cells is due to productive infection, to phagocytosis, or to
unspecific binding to cellular membranes is not yet answered. Although detec-
tion of mRNA is a strong argument for an activated virus infection, localization
of virus DNA to the nucleus of JCV-infected lymphoid subtypes remains to be
demonstrated. Moreover, it cannot be excluded that different types of virus—
cell interaction may coexist in the host—each of them regulated by different
control mechanisms such as cell specificity, hormonal changes, or immune
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modulation. Besides the problems associated with PCR detection in blood, such
a scenario would explain the extraordinary variance in virus presence detected.

Association of the Human Polyomaviruses With Other Organs

The first detection of a human polyomavirus in the eye was BKV with multi-
focal slowly progressing retinitis in AIDS patients (Bratt et al., 1999; Hedquist
et al., 1999). BKV infection precipitates focal changes in the retinal pigment
epithelium. Immunohistochemical examination revealed a diffuse virus protein
pattern in necrotic lesions with distinct staining in single cells among photo-
receptor remnants. Similar to the focal destruction of subependymal astrocytes
and ventricular ependyma in BKV encephalitis (Vallbracht et al., 1993), in
retinitis BKV was localized in nuclei adjacent to areas of retinal necrosis.
However, the authors assumed that the infected cell type in the retina was more
likely a photoreceptor cell than a retinal astrocyte.

In primary BKV infection mild respiratory tract disease suggests the pres-
ence of BKV-susceptible cells (Goudsmit et al., 1982; Noordaa and Wertheim-
van Dillen, 1977). This corresponds to the description of virus-infected cells
in an AIDS patient with interstitial pneumonitis (Vallbracht et al., 1993). Two
more reports of pneumonia after umbilical cord transplantation and in the
course of AIDS established BKV as a cause of respiratory disease (Cubukcu-
Dimopulo et al., 2000; Sandler et al., 1997). Alterations in the lung were char-
acterized by aggregates of desquamated pneumocytes and focal interstitial fi-
brosis. Pneumocytes and bronchiolar epithelium contained inclusion bodies.
Virus products were detected in pneumocytes, in epithelial and smooth muscle
cells of the bronchioli, and in fibrocytes. In contrast to the kidney, isolated
endothelial cells in the lung occasionally carried virus protein (Vallbracht et
al., 1993).

In a study of Kaposi’s sarcoma (KS) and a possible interaction of BKV as
a co-factor for tumor progression, skin samples from AIDS patients and im-
munocompetent individuals were analyzed by PCR (Monini et al., 1996). The
study revealed an astonishingly high prevalence of BKV in KS skin biopsy
specimens (100%) that was also reflected in 75% BKV-positive normal skin
biopsies. In cases of JCV, the rate of detection decreased to 20% in classic KS
and 16% in normal skin. In the same study JCV DNA was also detected in
genital tissues and sperm (Monini et al., 1996). The surprisingly high level of
polyomavirus in skin, in genital tissues, and in semen demands further studies
to evaluate these body compartments as sites of polyomavirus infection either
alone or as a co-factor with other viruses.

Other suspected sites of BKV infection include lung, pancreas, and heart
tissue. All such tissues proved to be negative by molecular biologic and im-
munohistologic methods (Dérries and Elsner, 1991; Vallbracht et al., 1993).
Occasionally BKV DNA was cloned from liver tissue (Knepper and diMayorca,
1987); however, in other studies of isolated cases the liver did not show BKV
DNA (Dorries and Elsner, 1991; Vallbracht et al., 1993).
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In contrast to BKV, JCV is only associated with PML, and the detection of
JCV DNA in other organs remains a rare event. Specimens from liver (Bordin
et al., 1997; Dorries and Elsner, 1991; Grinnell et al., 1983a; Newman and
Frisque, 1997, 1999), lung (Caldarelli-Stefano et al., 1999; Doérries and Elsner,
1991; Grinnell et al., 1983a; Newman and Frisque, 1997, 1999), and cardiac
muscle were occasionally found positive for JCV DNA by PCR (Newman and
Frisque, 1997, 1999; Quinlivan et al.,, 1992). Recently, a study of colorectal
mucosa revealed JCV DNA in normal epithelium and cancer tissue, differing
only in the virus load (Laghi et al., 1999) and in the organization of the Mad-
1 like regulatory region (Ricciardiello, et al. 2001). Most of these studies were
performed on single clinical specimens, in small groups, or even in single
patients who were in highly variable states of health. In addition, amplification
of a small DNA fragment alone is not sufficient to determine the localization
of a virus infection. Therefore, at present, it is almost impossible to differentiate
between infection by JCV virus or accidental presence of virus DNA unrelated
to an infectious state in all these organs.

2. POSSIBLE MECHANISMS OF ACTIVATION

Persistent polyomavirus infection is characterized by three major states of in-
fection: the latent or attenuated state, a state of limited activation, and activated
virus growth accompanied by tissue destruction. Determination of which factors
are responsible for virus activation includes not only the role of the immune
system but also the possible influence of other viruses that often co-infect
immunoimpaired patients.

Cytomegalovirus infection is common in BMT and RT patients, and HIV
infection is one of the major risks for PML. Recently, HHV-6 was found to
co-localize with JCV in PML lesions. In addition, co-infection with a second
polyomavirus may also have an impact on virus expression. The most important
candidates for heterologous transactivation are BKYV, herpesviruses, and retro-
viruses, which are known to have viral transactivating capacities. Heterologous
transactivation of viruses can happen at different stages of virus—host inter-
action and virus growth. In the case of polyomaviruses, the most prominent
transactivators are regulatory early proteins acting as either replicating enzymes
or as transcription activators. Alternatively, the interaction of cellular proteins
on the heterologous promoter can be influenced indirectly by changing the
pattern of transcription factors within the cell.

Concomitant infections of BKV and JCV in the urogenital tract affect the
same target cells as verified by the detection of viruses in kidney tissue and
by viruria. It is a common event, frequently established in individuals after
renal and bone marrow transplantation, in HIV-infected patients (Markowitz et
al., 1993), in pregnant women (Arthur et al., 1989; Markowitz et al., 1991),
and in immunocompetent individuals (Arthur et al., 1989; Chesters et al., 1983;
Dérries and Elsner, 1991; Flaegstad et al., 1991; Grinnell et al., 1983b;
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McCance, 1983; Sundsfjord et al., 1994b). Nonetheless, the influence of double
infections on renal symptomatology or extent of viruria has not been reported
(Arthur et al., 1989; Sundsfjord et al., 1994a). Even in BMT patients, JCV in
close association with BKV viruria (Azzi et al., 1999; Chan et al., 1994) ex-
hibited no particular differences among single excreters and co-excreting pa-
tients. Hence co-expression had no noticeable influence on either JCV or BKV
viruria and associated disease (Chan et al., 1994).

The presence of virus DNA in the peripheral blood cells of both healthy and
immunocompromised persons was established by PCR analyses and ISH with
a radioactive virus-specific probe of genomic length. Reduced sensitivity of the
in situ technique detected merely single virus-infected cells; however, the cells
carried almost identical amounts of BKV and JCV DNA (Dérries et al., 1994).
Because both viruses are able to replicate under restrictions in lymphocytes in
vitro (Atwood et al., 1992; Portolani et al., 1985), it is conceivable that they
are both periodically activated to virus growth in peripheral blood cells.
Whether this has consequences or may influence each other’s activity is not
yet known.

BKYV was not expected to invade the CNS at a high rate, and there have
been only rare reports of the presence of both virus genomes in brain tissue in
either the asymptomatic brain (Elsner and Dorries, 1992; Vago et al., 1996) or
the PML patient (Ferrante et al., 1995; Vago et al., 1996). Cell types promoting
polyomavirus persistence in the CNS are not yet defined. Nevertheless, the
detection rate of genomic virus DNA in study groups from different laboratories
revealed that the amount of BKV DNA in tissue specimens was considerably
lower than that of JCV DNA (Elsner and Dorries, 1992; Ferrante et al., 1995;
Vago et al., 1996; White et al., 1992). This corresponds to PCR analyses of
the CSF demonstrating that BKV is rarely detectable in a large number of
samples (Gibson et al., 1993; Hammarin et al., 1996; Perrons et al., 1996; Vago
et al., 1996). Although concomitant infection with BKV and JCV can frequently
be detected in tissue specimens and in all groups of polyomavirus-infected
patients, a transactivating mechanism and the resulting effects remain rather
unlikely.

Transactivation may also involve herpesviruses, which can act on polyoma-
virus DNA replication. Cytomegalovirus (CMV) is highly prevalent in the hu-
man population and can infect virtually any organ of its host (Sinzger and Jahn,
1996; Tevethia and Spector, 1989). Co-infection can occur in the kidney, lung,
CNS, and lymphoid organs. Specifically, epithelial cells, fibroblasts, and en-
dothelial cells are potential common host cells for BKV and CMV. Stromal
cells and CD34-positive bone marrow progenitor cells might be cell types that
can be co-targeted by JCV and CMV (Mendelson et al., 1996; Sinclair and
Sissons, 1996). CMV infection is often activated in AIDS patients after RT,
and there is a high incidence of CMYV infection in patients with hemorrhagic
cystitis (HC) after BMT (Childs et al., 1998). In AIDS patients no co-detection
and no correlation between polyomavirus and CMV viruria was observed
(Sundsfjord et al., 1994a). Similarly, the high incidence of CMV after kidney
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transplantation (Tolkoff-Rubin and Rubin, 1997) is not matched by an enhanced
activity of polyomavirus infection.

Molecular interaction of CMV with JCV is believed to affect the level of
DNA replication (Heilbronn et al., 1993) or possibly transcriptional activity. In
contrast, co-infection of CMV and BKYV in tissue culture does not result in
activation of BKV infection (Goldstein et al., 1984). Lack of interaction among
CMYV and the human polyomaviruses was confirmed by treatment with acyclo-
vir being able to reduce CMV activation in HC patients, but having no influence
on BKV-associated HC. Although BKV T antigen is able to induce the ex-
pression of CMV immediate early and early gene expression (Kristoffersen et
al., 1997), co-infection of both viruses in the same cell in vivo has not yet been
reported and analyses of polyomavirus load in lymphoid subpopulations do not
point to an interaction in vivo (personal observations).

At present, the most interesting virus detected in close association with JCV
is human herpesvirus type six (HHV®6) in oligodendrocytes within PML lesions
(Blumberg et al., 2000). Co-localization was detected by in situ PCR, and
correlation of polyomavirus infection with that of HHV6 was astonishingly
high. HHV6 is ubiquitous, with a high prevalence in the adult population. It
establishes life-long infection in the brain, the urogenital tract, the lung, the
liver, and peripheral blood cells. It is conceivable that polyomaviruses and
HHV6 have a common host cell not only in the CNS but also in peripheral
organs. HHV6 activation occurs frequently after transplantation and is often
associated with CMYV infection. In the adult, it is usually asymptomatic and
not associated with severe illness unless accompanied by CMV (Stoeckle,
2000). Due to the transactivation mechanisms that come into effect by infec-
tions with other herpesviruses, a comparable interaction of HHV6 with the
human polyomaviruses is conceivable. However, it is a single study exclusively
using in situ PCR, which demonstrated co-localization of JCV and HHV6 in
PML lesions. Moreover, in situ PCR is one of the most sensitive and most
difficult methods at present available and as such is inclined to non-specific
signals. Although fascinating, the findings need to be confirmed by other meth-
ods and have to be proven by further studies on possible molecular mechanisms
involved.

The question of whether the retrovirus HIV-1 may transactivate JCV is im-
portant because it became clear that PML is one of the life threatening oppor-
tunistic infections in AIDS patients. Molecular studies revealed that transacti-
vation occurs in vitro at the level of transcription by HIV—Tat induction of the
JCV promoter, and BKV T antigen is able to transactivate the HIV long ter-
minal repeat (LTR). One site that has recently been described for BKV infection
is the skin in AIDS-related Kaposi’s sarcoma. The detection rate of BKV in
the skin appeared to be higher than at other sites (Monini et al., 1996). How-
ever, transactivation events of a persistent virus in combination with progres-
sion to tumor development could explain the exceedingly high level of BKV
(Cavallaro et al., 1996; Corallini et al., 1996). CNS infection of HIV-1 in
oligodendrocytes is regularly low (Bagasra et al., 1996); however, Tat protein
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appears to be secreted by HIV-infected cells and might then be taken up by
the JCV-infected oligodendrocyte and induce transcription on Tat-responsive
genes. This thesis was examined by Valle et al. (2000), who demonstrated a
localization of accumulated Tat protein to the nuclei of JCV-infected
oligodendrocytes.

Recently, PML cases were reported without immunosuppression in the set-
ting of co-infection of another retrovirus, HTLV-1 (Okada et al., 2000; Shimizu
et al., 1999). This raised the question of whether HTLV-1 could activate JCV
expression by interaction of the transactivating protein, Tax. Tax has been
shown to interact with other viruses, such as HIV, CMV, and SV40. In vitro
studies revealed a glial cell—specific interaction of Tax with the JCV promoter.
Therefore, a comparable interaction to that of HIV-1 Tat protein is conceivable
(Okada et al., 2000).

In summary, the detection of amplification products belonging to both poly-
omavirus species is strong evidence for concomitant infection in all tissues
found positive for polyomavirus DNA. The number of individuals with simul-
taneous JCV and BKYV infection is high, probably reflecting the true incidence
of polyomavirus infection in the population. However, changes in virus-
associated expression or the histologic picture due to co-infection have never
been reported; therefore, an influence on expression activity by transactivation
events appears to be rather unlikely. Similarly, co-infection with other viruses
has been reported in a large number of patients and healthy individuals. Al-
though heterologous transactivation may come into effect in individual cases,
a common interaction among heterologous viral transactivators with human
polyomaviruses cannot be stated. Consequently, transactivating mechanisms
probably do not play a general role in the control of the polyomavirus life cycle
and pathogenesis.

CONCLUDING REMARKS

Life-long human polyomavirus infection is established early in life. At present,
it cannot be determined whether in the healthy individual the infection is in a
latent state or is persistent with a continuous or intermittent expression involv-
ing restricted reactivation. Based on in vitro studies on virus expression, it can
be assumed that promoter elements are able to mediate basic transcription. This
function appears to be unrelated to cell specificity or activation processes and
could therefore be responsible for a basal activity in any target cell. Limited
activation obviously occurs almost always as a result of functional changes in
the immune system. The exact pathways leading to expression of virus in vivo
are barely defined. However, it can be assumed that impairment of immuno-
competency, and hormonal changes as occur during pregnancy, older age, tran-
sient inflammatory states, malignant tumor growth, and AIDS, favor viral ac-
tivation at sites of latent or persistent infection.
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Some individuals may undergo an apparently sporadic activation; however,
this could be related to their genotype or to accidental transactivation by het-
erologous viruses. Additionally, differences in the quality of activation signals
apparently result in specific infection patterns that may vary according to the
target organ as well as to the activity of virus growth. Host genetics, heterol-
ogous viruses present in the target organ, and the host-specific immune pattern
all play a decisive role in the induction of different states of infection that
precede tissue destruction and disease.
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