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Abstract JC virus (JCV) and BK virus (BKV) are human

polyomaviruses that infect approximately 85% of the popu-

lation worldwide [1,2]. JCV is the underlying cause of the

fatal demyelinating disease, progressive multifocal leukoen-

cephalopathy (PML), a condition resulting from JCV induced

lytic destruction of myelin producing oligodendrocytes in the

brain [3]. BKV infection of kidneys in renal transplant recip-

ients results in a gradual loss of graft function known as

polyomavirus associated nephropathy (PVN) [4]. Following

the identification of these viruses as the etiological agents

of disease, there has been greater interest in understanding

the basic biology of these human pathogens [5,6]. Recent

advances in the field have shown that viral entry of both JCV

and BKV is dependent on the ability to interact with sialic

acid. This review focuses on what is known about the hu-

man polyomaviruses and the role that sialic acid plays in

determining viral tropism.
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Introduction

The human pathogens, JCV and BKV, are members of the

family, Polyomaviridae and are closely related to simian virus

40 (SV40) and murine polyomavirus (mPyV). These viruses

are small and non-enveloped, measuring about 40–45 nm in

diameter [7]. Polyomaviruses contain double stranded DNA

minichromosomes of about 5000 base pairs that code for six

or seven proteins. The closed-circular DNA is packaged with

the cellular histones H2A, H2B, H3 and H4 [8,9].

The viral capsids are made up of 360 copies of the major

coat protein, VP1. The VP1 molecules are arranged in 72 pen-

tamers that form an icosahedral viral capsid [10]. The VP1

pentamers are associated with a single minor coat protein,

either VP2 or VP3 [7,11,12]. Although the capsids of poly-

omaviruses all have similar structures, they each use unique

receptors [13,7] (Table 1). SV40 uses MHC class I molecules

as cell surface receptors [14]. MPyV uses α4β1 integrin as

a cellular receptor although initial attachment is mediated

by sialic acid [15–19]. JCV uses the serotonergic receptor

5HT2A to infect cells, but infection is also dependent on α2-

6-linked sialic acid [20,21]. Gangliosides seem to play a role

in BK infection of Vero cells and recently, these molecules

have been implicated as receptors for SV40 and mPyV [22–

25]. Recent evidence suggests that BKV requires an N-linked

glycoprotein with α2-linked sialic acid [26].

Sialic acid is the generic name for the 9-carbon sugars

based on neuraminic acid. These sugars typically occupy the

distal end of a glycan, often making these molecules the

first part of a cell to come into contact with a ligand. These

molecules vary by substitutions of the hydroxyl groups at

carbon positions 4, 5, 7, 8 and 9, which add specificity to

the molecule. This specificity is evolutionarily determined,

often with different modifications occurring specifically in

eukaryotes, archaea or bacteria. Another level of diversity is
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Table 1 Cellular components
associated with viral entry Virus Protein component Sialic acid Associated gangliosides

JCV 5-HT2AR Terminal α2-6-linked sialic acid GT1b

BKV Unknown Terminal α2-3-linked sialic acid Type II gangliosides

SV40 MHC class I molecules No requirement GM1

mPyV α4β1 integrin α2-3-linked sialic acid GD1a, GT1b

α2-6-linked sialic acid

added based on the sugar to which they are linked and whether

that linkage that occurs between the 2-carbon of the sialic acid

and either the 3, 6 or 8-carbon of the penultimate sugar [27].

These linkages of sialic acid are often tissue specific based

on the expression of the sialyltransferases, the molecules that

attach sialic acid to glycans [28].

The role of sialic acid in the entry of other viruses has

been well documented. The ability of the low neurovirulent

form of Theiler’s murine encephalomyelitis viruses (TMEV)

to cause a persistent CNS infection has been mapped to the

amino acids on the capsid that interact with sialic acid [29].

Likewise, the ability of mPyV to spread and cause tumors in

mice has been linked to a single amino acid substitution in the

VP1 molecule [30]. More recent examination of the crystal

structure of the mPyV VP1 pentamer in complex with sialic

acid provided a molecular basis behind the ability of single

amino acid substitutions to alter receptor usage [31–33]. It

has been shown that amino acid substitutions in the receptor

binding hemagglutinin (HA) glycoproteins of influenza virus

can alter receptor binding based on their contact with sialic

acid. Mutations of amino acids that were directly involved in

sialic acid binding prevented the virus from binding human

erythrocytes and mutations that increased hydrogen bond-

ing to sialic acid increased binding to the cells. Interestingly,

other substitutions of amino acids that had indirect interac-

tions had an intermediate effect on cellular binding [34].

Research has also shown that sialic acid binding may also

play other roles in addition to initial binding. One group

has shown that binding of sialic acid to the viral capsid

may trigger a conformational change, possibly exposing a

second receptor-binding site [35]. It is clear that sialic acid

can play a crucial role in the tropism of many viruses and

recent advances have implicated a role for sialic acid in the

tropism of the human polyomaviruses. This review focuses

on the biology of these viruses and the role of sialic acid in

the viral lifecycle.

JC virus

Initial infection with JCV is thought to occur during child-

hood but is not linked to symptomatic illness [36,37]. The

mode of transmission is not entirely clear as the virus can be

detected in urban sewage, suggesting a fecal-oral route, as

well as in the tonsil, suggesting a respiratory route of trans-

mission [38–41]. The current hypothesis holds that JCV es-

tablishes a lifelong persistent infection in the kidneys, but

under immunosuppressive conditions, it can gain access to

the brain in B-lymphocytes to result in disease [42].

The underlying risk factor for Progressive Multifocal

Leukoencephalopathy (PML) is immunosuppression [43,44]

and prior to the acquired immunodeficiency syndrome

(AIDS) epidemic, PML was considered a rare illness and was

typically observed only in patients with lymphoproliferative

diseases. The first diagnosis of PML in an AIDS patient was

made in 1982 [45]. Since the early 1980’s, there has been a

dramatic increase in the incidence of the disease and current

estimates find that 1–10% of AIDS patients develop PML

[46].

Today, the highest risk factor for developing PML is AIDS,

and the number of deaths due to PML has been increasing

with the AIDS epidemic [47]. There are multiple reasons

for the high incidence of PML in HIV positive individu-

als. One reason may be that the changes in the blood-brain

barrier induced by HIV allow trafficking of JCV infected

B-lymphocytes to the brain, where the virus can infect oligo-

dendrocytes [48,49]. It has also been shown that the HIV

tat protein can stimulate protein expression from the late

JCV promoter [50] and that HIV infected microglia secrete

extracellular factors such as interleukin-1 beta (IL-1β) and

other inflammatory cytokines that can upregulate transcrip-

tion factors that stimulate the JCV promoter [51]. Loss of

JCV specific CD4+ cytotoxic lymphocytes in AIDS patients

has also been correlated to the development of PML [52,53].

Recent evidence has confirmed three cases of PML in HIV

negative patients treated with the anti-inflammatory drug na-

talizumab, a monoclonal antibody against α4integrins, indi-

cating that immune surveillance of the CNS plays a strong

role in preventing this disease [54–56].

The cellular host range that can support productive infec-

tion of JCV is much more restricted than that of the more

promiscuous SV40 and mPyV. There are multiple steps in

the viral lifecycle that may be cell specific and cells may

produce positive and negative regulators of these processes

[57–59]. Chen and Atwood used a hybrid JCV/SV40 virus to

show that the restricted tropism of JCV is partially controlled

by the virus-receptor interactions. The hybrid virus, JC/SV,

contained the structural proteins of JCV and the regulatory

regions and early genes of SV40. Infection studies showed
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that the new virus maintained the more restricted host cell

range of JCV, indicating the viral capsid limits the tropism

of the virus [60]. An understanding of the interaction of the

virus with the receptor may hold the key to how the virus

causes disease.

In vivo, JCV infects glial cells and infection of oligoden-

drocytes leads to PML. JCV has been shown to infect lym-

phoid cells from the bone marrow and spleen of PML pa-

tients as well as peripheral blood lymphocytes of both PML

patients and healthy individuals [61–63]. The virus can also

be isolated from the urine of healthy, pregnant and immuno-

suppressed individuals indicating the kidney as a site of viral

persistence [64–68].

In vitro, JCV can also infect hematopoietic progenitor

cells, B-lymphocytes and tonsillar stromal cells [40]. Human

cell lines that are susceptible to JCV include primary hu-

man fetal glial cells (PHFG), a human neuroblastoma cell

line (IMR-32), SV40 T Ag transformed PHFG cells (SVG)

and certain B cell lines [2,6,69,70,71,72]. The expression

of SV40 T Ag in non-permissive cell lines also allows JCV

DNA replication in non-human cells [73].

Receptors for JC virus

The abundance of gangliosides in the brain, coupled with

their roles in SV40, BKV and mPyV infection makes these

molecules attractive candidates for JCV receptors [22–25],

although the role of gangliosides in JCV entry is unclear.

Overlay studies done with virus like particles (VLP) made

up of only VP1 molecules have shown that VLPs can bind

glycolipids and glycoproteins containing sialic acid. This, in

addition to the fact that the pretreatment of virus with the

ganglioside GT1b inhibited infection of glial cells, was used

to draw the conclusion that the virus can use these glycol-

ipids as receptors [74]. Gangliosides have not been shown to

block entry of viral particles and may actually interfere with

other steps in the viral lifecycle. Although these molecules

contain sialic acid and may have a role in initial attachment,

they are not required for entry and may in fact act as second

messengers or by inhibiting the primary receptor [75]. Exper-

iments using agents that prevent glycolipid biosynthesis may

determine an exact role for gangliosides in the JCV lifecycle.

Recent evidence has shown that JCV requires the sero-

tonin receptor 5HT2A, in addition to terminal α2-6-linked

sialic acid, in order to infect cells [20,21]. Identification of

the 5HT2A receptor as the proteinaceous component of the

receptor should lead to a better understanding of viral en-

try into the cell and complement work done with the initial

binding steps mediated by the sialic acid component of the

receptor.

α2-6-linked sialic acid was first shown to act as a receptor

for JCV based on the fact that crude neuraminidase could

inhibit hemagglutination of red blood cells and viral bind-

ing to and infection of glial cells, whereas an α2-3 specific

neuraminidase could not. Binding of JCV to glial cells also

inhibits binding of Sambucus nigra lectin (SNA), the straight

chain α2-6-linked sialic acid specific lectin, demonstrating

the preferential binding of JCV to α2-6 linked sialic acid

rather than α2-3-linked sialic acids. The ability of an N-

linked glycosylation inhibitor, but not an O-linked glycosy-

lation inhibitor, to inhibit viral infection of glial cells led the

authors to conclude that JCV uses an N-linked glycoprotein

with terminal α2-6 linked sialic acid as a receptor [21].

As the exact linkage of sialic acid has been shown to de-

termine receptor usage and disease progression of mPyV

[30,31,76,77], the importance of the interaction of JCV with

the sialic acid component of the receptor becomes more ap-

parent. The distribution of sialic acid in various human tissues

supports a role for these molecules in determining the tropism

of JCV. Using SNA, Eash and colleagues were able to charac-

terize the distribution of α2-6-linked sialic acid on B lympho-

cytes in the tonsil and spleen, as well as on oligodendrocytes

and astrocytes, correlating with cell types that have been

shown to be susceptible to infection by JCV [6,40,41,78].

They were also able to identify the receptor type sialic acid

in the lungs and kidneys, which may play a role in the mode

of transmission and site of persistence in the viral lifecycle

[39,41,78].

Obstruction of the initial virus-receptor interaction is an

ideal target for drug design to prevent the onset of PML.

In order to develop drugs that can block the interaction of

JCV with sialic acid, a better understanding of the nature

of the interaction is necessary. X-ray crystallography stud-

ies have provided details on the molecular level of the in-

teraction between mPyV and sialic acid fragments [32,33].

Tropism can be altered by even the slightest changes in the

molecular interaction between a virus and its receptor. Be-

cause manipulation of single amino acids can alter receptor

usage, mutations that have an effect on cellular binding can

be used to identify a rough binding pocket for the receptor.

This binding pocket can then be further refined by molecular

modeling, in order to visualize the interaction between the

virus and the receptor, without the use of crystallography.

This approach was used to model the interaction between

JCV and α2-6-linked sialic acid using site-directed mutage-

nesis to identify key VP1 amino acids that were involved in

binding. Mutagenesis was combined with molecular mod-

eling to create an energetically stable model of the interac-

tion between the VP1 monomer and terminal α2-6-linked

sialic acid to create a tool that can be useful in future studies

[79].

Although polyomaviruses all share significant sequence

homology, the most significant differences lie in the regions

forming the extracellular loops and these differences result

in the structural variations of the binding pockets [7,80]. A

comparison of the current models for the interaction of JCV
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Fig. 1 Close up views of VP1 molecules bound to sialic acid re-
ceptor fragments. The purple ribbon represents the HI loop and
the dark blue represents the BC loops. (A) Modeled view of JCV
VP1 exterior loops that interact with NeuNAcα2-6-Galβ1-3-GlcNAc.

Adapted from [96]. (B) View of mPyV VP1 exterior loops that inter-
act with NeuNAcα2-3-Gal-β1-3-[α2-6-NeuNAc-α2-6]-NAcβ1-3-Gal-
β1-4-Glc. Adapted from [32] PDB ID: 1VPS

VP1 with α2-6-linked sialic acid and mPyV with a disialy-

lated receptor fragment reveals the intrinsic differences be-

tween these two receptor binding events [32,79]. The shape

of the binding pocket determines the linkage of sialic acid that

can act as the receptor. Modeling experiments reveal a much

deeper binding site for sialic acid within the groove formed

by the BC and HI loops of JCV VP1 than the more superfi-

cial binding of mPyV VP1 to a disialylated receptor fragment

shown by X-ray crystallography [32,79] (Fig. 1) The appar-

ent inaccessibility of the JCV VP1 sialic acid binding site

may play a role in the limited tropism of the virus.

BK virus

BKV rarely causes clinical pathology in its human host; al-

though recently, the dramatic rise in renal transplant recip-

ients undergoing immunosuppressive therapy has led to the

increased incidence of polyomavirus associated nephropa-

thy (PVN). PVN affects as many as 8% of kidney recipients

[81]. The rise in PVN is postulated to be a complication of

the potent immunosuppressive drugs used to prevent organ

rejections, as well as a better awareness of the condition by

clinicians [82,83]. This disease is associated with high BKV

load with a mean of 6000 virions per infected cell [84]. The

cytopathic nature of the virus induces lytic cell death in the

transplanted kidney as well as necrosis and inflammation that

can ultimately lead to organ dysfunction. Some studies have

shown loss of kidney function in as high as 45–60% of organ

recipients who developed PVN [85,86].

Initial infection of BKV at an average of 4-5 years of age

is independent of JCV infection and almost always asymp-

tomatic [36,37,87,88]. The mode of transmission is currently

unknown although it is speculated to occur via a respiratory

or oral route [105,89]. The virus persists in the kidney and

urinary tract, and periodic reactivation characterized by viral

shedding into urine is usually subclinical [1].

Very little is known about the receptor or receptor complex

that BKV utilizes to bind to and enter a human cell. There are

four antigenic variants of BKV in human populations, sub-

types I-IV, with subtype I being most prevalent [90,91]. There

is no clear link between any of these strains and increased

pathogenicity although subtype III has been associated with

HIV infected individuals and pregnant women [92]. The de-

terminants of these subtypes are mapped to a region in the

VP1 sequence between amino acids 61 and 83. This area en-

compasses a hydrophilic region that aligns with the BC-loop

of SV40 [93,94]. Whether each subtype uses the same re-

ceptor has not been investigated; however as with mPyV, a

single amino acid substitution in the BC-loop of mPyV can

alter sialic acid recognition, plaque size, hemagglutination

activity (HA) and pathogenesis [19,30].

Receptors for BK virus

In vitro studies have helped to elucidate what little is known

about the BKV receptor. BKV is capable of hemagglutinat-

ing human type O erythrocytes. This binding is unaffected

by pH change, or high salt concentrations [95]. Proteolytic

enzymes such as trypsin, papain, and α-chymotyrpsin do not

greatly influence the ability of BKV to hemagglutinate ery-

throcytes. Inhibition of hemagglutination can be obtained at

high concentrations and is likely due to the loss of carbo-

hydrates resulting from protein cleavage. KIO4 a compound

that oxidizes vicinal alcohol groups on glycoconjugates and

interacts with specific amino acids, has been shown to in-

hibit hemagglutination as well. In contrast, treating erythro-

cytes with glutaraldehyde, which stabilizes components of

the cell surface, results in a four-fold increase in BKV in-

duced hemagglutination. Most interestingly, neuraminidase-

treated red blood cells (RBC) fail to hemagglutinate in the

presence of BKV [96]. This suggests terminal sialic acids

have an important role in initial BKV cellular binding.

Sialic acids are also necessary for BKV to infect Vero

cells. Neuraminidase-treated Vero cells show a significant

reduction in BKV infection [23]. VLPs generated in a bac-

ulovirus expression system by overexpression of BKV sub-

type I VP1 molecules, show a reduction in gene delivery

to neuraminidase-treated host cells as compared to untreated
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cells [97]. Moreover, when VP1 from strains II and III are ex-

pressed in a yeast system, the pseudovirions that are formed

are able to hemagglutinate red blood cells [98]. These data

confirm the requirement of sialic acids for attachment of

BKV and implicate VP1 as the viral protein that binds to

the sialic acid [97,98].

The human kidney and epithelial derived Vero cells ex-

press terminal sialic acids linked to C3 and C6 of galactose

(α2-3 and α2-6 linkages) [26,78]. The length of the N -acyl

side chain conjugated to carbon 5 of sialic acid has been

shown to influence the efficiency of BKV infection. Using

N -substituted D-mannosamine, one group was able to syn-

thetically alter the length of approximately half of the cell

surface sialic acid side chains on of Vero cells. By forming

N -propanoyl and N -butanoyl sialic acids that contain one or

two additional carbons in the N -acyl group of sialic acid, the

authors were able to significantly enhance infection. Kinetic

studies suggested that this was due to an increase in recep-

tor affinity. Interestingly, the addition of one more carbon, to

form N -pentanoyl-D-mannosamine completely, renders Vero

cell resistant to BKV [99].

Recent evidence has confirmed the requirement of an N-

linked glycoprotein and α2-3 linked sialic acid in BKV in-

fection. This was shown by inhibition of infection upon re-

moval of sialic acid with neuraminidase which could be re-

stored by replacing α2-3-linked sialic acid with an α2-3-

(N)-sialyltransferase, but not with an α2-6-specific sialyl-

transferase or a α2-3 sialyl transferase that is specific for

O-linked proteins. This data is further supported with the use

of metabolic inhibitors of glycosylation [26].

As with SV40 and mPyV, early literature suggests a role

for gangliosides, in the BKV life cycle. Experiments demon-

strated certain types of exogenous gangliosides could block

the virus from binding to the surface of red blood cells. The

glycolipids that most significantly inhibited hemagglutina-

tion were the Type II variety, which are polysialyled gan-

gliosides. Commercial preparations of GD1a combined with

GT as well as erythrocyte purified fractions that contained

GM3, GD1a, and GD3 significantly reduced hemagglutina-

tion. Conversely, monosialylated gangliosides in the GM cat-

egory showed no influence over HA. Neuraminidase treated

RBC showed a dramatic reduction in hemagglutination that

could be completely restored by pre-treating these asialo cells

with either Type II gangliosides or a crude ganglioside prepa-

ration derived from red blood cells. Together this implicates

di- and polysialo-gangliosides as the primary target for BKV

hemagglutination [100].

Gangliosides seem to have a role in infection as well as

binding. When Type II gangliosides and crude gangliosides

purified from Vero cells are present during initial infection,

there is a dose-dependent reduction in the percentage of cells

infected. The presence of gangliosides GM1 and GD1a in-

hibited infection although less significantly [23]. Other stud-

ies show that human kidney tubular cells (HPTE), which lack

GM1, are permissive to BKV infection, indicating that unlike

SV40, GM1 is not required for BKV infection [101]. Further-

more, re-coating cells, stripped of sialic acid and galactose,

with a mixture of all gangliosides derived from Vero cells re-

stored the capacity of BKV to infect Vero cells. [23]. Ganglio-

sides appear to have a role in BKV attachment and infection;

however, the exact mechanism has not been clearly defined.

In addition to glycolipids, two early studies suggest

that the cellular phospholipid bilayer has a role in BKV

induced hemagglutination and infection. Pre-incubating

BKV with phospholipids decreases the infection of Vero

cells, presumably, because the virus binds the exogenous

lipid instead of the host lipid. Treating cells with either

phospholipase A2 or D, thereby cleaving fatty acids, reduces

the susceptibility of the cell to infection with BKV. Adding

back various preparations of phospholipids such as, L-α

phosphatidylcholine and phospholipids derived from Vero

cells, to these phospholipase-treated cells can restore suscep-

tibility to infection and induced hemagglutination of RBC

back to untreated titers [96,102]. Strangely, phospholipase C

treated RBCs have an elevated HA titer compared to control

[96]. The reason for this difference is unknown, although

the authors have suggested this is due to lost polarity of the

membrane and binding of phospholipids could be enhanced

by removing those phospholipids not involved in BKV HA.

Sialic acids and gangliosides are critical for BKV both

to bind to RBCs and to infect cells. Altering expression of

these molecules could be a determinant of tropism and impact

viral spread in humans. Additionally, the variations of BKV

subtypes on the BC-loop may change receptor specificity,

host range, and infectivity.

Summary

Much work has been done to identify the cellular receptor

components required for entry by SV40 and mPyV (Table 1).

SV40 uses MHC class I molecules to enter cells but, un-

like other polyomaviruses, it has not been shown to require

sialic acid [13,103]. MPyV uses α4β1 integrin to enter cells

but also requires sialic acid [17,18]. It is well documented

that mPyV requires α2-3-linked sialic acid to bind function-

ally to cells, although it is also clear that the virus can bind

α2-6-linked sialic acid which acts as a pseudoreceptor [31].

These classical findings have been somewhat confounded by

emerging evidence that both viruses can use gangliosides as

cellular receptors [22,25,104].

JCV has been the focus of much of this research and its

requirement for terminal α2-6-linked sialic acid has been

intensely studied [21,78,79]. The recent discovery that this

virus also requires the serotonergic receptor 5-HT2A to infect

cells promises to enhance our understanding of the pathway

the virus must follow in order to establish a productively
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infected cell [20]. Future work will focus on understanding

a number of unanswered questions about JCV, including,

if 5-HT2A must be sialylated or if the virus interacts with

another sialylated protein, how the virus physically interacts

with both 5-HT2A and α2-6-linked sialic acid, as well as what

role gangliosides play in viral entry.

Recently, the early events in the lifecycle of the other hu-

man polyomavirus, BKV, have been explored. Although it

has long been known that the virus requires terminal sialic

acid to bind to cells, the exact nature of the receptor and spe-

cific linkage that determines entry has only recently been elu-

cidated as an N-linked glycoprotein with α2-3-linked sialic

acid [26,97,98]. Polysialylated gangliosides also seem to be

important for viral infection but it has not yet been determined

if these molecules can function in the absence of the N-linked

glycoprotein component of the cellular receptor [23,100]. As

more information is learned about the early steps in human

polyomavirus infection, future work will focus on developing

therapy strategies that target the steps necessary to establish-

ing productive viral infection.

References

1. Hirsch, H.H., Steiger, J., Polyomavirus, B.K.: Lancet. Infect. Dis.
2003 3, 611–623 (2003)

2. Major, E.O., Amemiya, K., Tornatore, C.S., Houff, S.A.,
Berger, J.R.: Pathogenesis and molecular biology of pro-
gressive multifocal leukoencephalopathy, the JC virus-induced
demyelinating disease of the human brain. Clin. Microbiol. Rev.
5, 49–73 (1992)

3. Berger, J.R., Major, E.O.: Progressive multifocal leukoen-
cephalopathy. Semin. Neurol. 19, 193–200 (1999)

4. Fishman, J.A.: BK virus nephropathy—polyomavirus adding in-
sult to injury. N. Engl. J. Med. 347, 527–530 (2002).

5. Gardner, S.D., Field, A.M., Coleman, D.V., Hulme, B.: New hu-
man papovavirus (B.K.) isolated from urine after renal transplan-
tation. Lancet. 1, 1253–1257 (1971)

6. Padgett, B., ZuRhein, G., Walker, D., Echroade, R., Dessel, B.:
Cultivation of papova-like virus from human brain with progres-
sive multifocal leukoencephalopathy. Lancet. I, 1257–1260 (1971)

7. Yan, Y., Stehle, T., Liddington, R.C., Zhao, H., Harrison, S.C.:
Structure determination of simian virus 40 and murine poly-
omavirus by a combination of 30-fold and 5-fold electron-density
averaging. Structure 4, 157–164 (1996)

8. Fareed, G.C., Davoli, D.: Molecular biology of papovaviruses.
Annu. Rev. Biochem. 46, 471–522 (1977)

9. Wright, P.J., Di Mayorca, G.: Virion polypeptide composition of
the human papovavirus BK: Comparison with simian virus 40 and
polyoma virus. J. Virol. 15, 828–835 (1975)

10. Liddington, R., Yan, Y., Moulai, J., Sahli, R., Benjamin, T., Har-
rison, S.: Structure of simian virus 40 at 3.8 A resolution. Nature
354, 278–284 (1991)

11. Chen, X.S., Stehle, T., Harrison, S.C.: Interaction of polyomavirus
internal protein VP2 with the major capsid protein VP1 and im-
plications for participation of VP2 in viral entry. EMBO J. 17,
3233–3240 (1998)

12. Stehle, T., Gamblin, S.J., Yan, Y., Harrison, S.C.: The structure of
simian virus 40 refined at 3.1 A resolution. Structure 4, 165–182
(1996)

13. Liu, C.K., Hope, A.P., Atwood, W.J.: The human polyomavirus,
JCV, does not share receptor specificity with SV40 on human glial
cells. J. Neurovirol. 4, 49–58 (1998)

14. Atwood, W.J., Norkin, L.C.: Class I major histocompatibility pro-
teins as cell surface receptors for simian virus 40. J. Virol. 63,
4474–4477 (1989)

15. Cahan, L.D.: Paulson JC, Polyoma virus adsorbs to specific sialy-
loligosacccharide receptors on erythrocytes. Virology 103, 505–
509 (1980)

16. Cahan, L.D., Singh, R., Paulson, J.C.: Sialyloligosaccharide recep-
tors of binding variants of polyomavirus. Virology 130, 281–289
(1983)

17. Caruso, M., Belloni, L., Sthandier, O., Amati, P., Garcia, M.I.: Al-
pha4beta1 integrin acts as a cell receptor for murine polyomavirus
at the postattachment level. J. Virol. 77, 3913–3921 (2003)

18. Caruso, M., Cavaldesi, M., Gentile, M., Sthandier, O., Amati, P.,
Garcia, M.: Role of sialic acid-containing molecules and the al-
pha4beta1 integrin receptor in the early steps of polyomavirus
infection. J. Gen. Virol. 84, 2927–2936 (2003)

19. Fried, H., Cahan, L., Paulson, J.: Polyoma virus recognizes specific
sialyloligosaccharide receptors on host cells. Virology 109, 188–
192 (1981)

20. Elphick, G.F., Querbes, W., Jordan, J.A., Gee, G.V., Eash, S., Man-
ley, K., Dugan, A., Stanifer, M., Bhatnagar, A., Kroeze, W., Roth,
B., Atwood, W.J.: The human polyomavirus, JCV, uses serotonin
receptors to infect cells. Science 306, 1380–1383 (2004)

21. Liu, C.K., Wei, G., Atwood, W.J.: Infection of glial cells by the
human polyomavirus JC is mediated by an N-linked glycoprotein
containing terminal alpha(2-6)-linked sialic acids. J. Virol. 72,
4643–4649 (1998)

22. Gilbert, J., Benjamin, T.: Uptake pathway of polyomavirus via
ganglioside GD1a. J. Virol. 78, 12259–12267 (2004)

23. Sinibaldi, L., Goldoni, P., Pietropaolo, V., Longhi, C., Orsi, N.:
Involvement of gangliosides in the interaction between BK virus
and Vero cells. Arch. Virol. 113, 291–296 (1990)

24. Smith, A.E., Lilie, H., Helenius, A.: Ganglioside-dependent cell
attachment and endocytosis of murine polyomavirus-like parti-
cles. FEBS Lett. 555, 199–203 (2003)

25. Tsai, B., Gilbert, J.M., Stehle, T., Lencer, W., Benjamin, T.L.,
Rapoport, T.A.: Gangliosides are receptors for murine polyoma
virus and SV40. EMBO J. 22, 4346–4355 (2003)

26. Dugan, A., Eash, S., WJ, A.: An N-linked glycoprotein with
alpha(2,3)-linked sialic acid is a receptor for BK virus, J. Virol.
79, 14442–5 (2005)

27. Angata, T., Varki, A.: Chemical diversity in the sialic acids and
related alpha-keto acids: An evolutionary perspective. Chem. Rev.
102, 439–469 (2002)

28. Kitagawa, H., Paulson, J.C.: Differential expression of five sialyl-
transferase genes in human tissues. J. Biol. Chem. 269, 17872–
17878 (1994)

29. Kumar, A.S., Kallio, P., Luo, M., Lipton, H.L.: Amino acid
substitutions in VP2 residues contacting sialic acid in low-
neurovirulence BeAn virus dramatically reduce viral binding and
spread of infection. J. Virol. 77, 2709–2716 (2003)

30. Freund, R., Garcea, R.L., Sahli, R., Benjamin, T.L.: A single
amino acid substitution in polyomavirus VP1 correlates with
plaque size and hemagglutination behavior. J. Virol. 65, 350–355
(1991)

31. Bauer, P.H., Cui, C., Stehle, T., Harrison, S.C., DeCaprio, J.A.,
Benjamin, T.L.: Discrimination between sialic acid containing re-
ceptors and pseudoreceptors regulates polyomavirus spread in the
mouse. J. Virol. 73, 5826–5832 (1999)

32. Stehle, T., Harrison, S.C.: High-resolution structure of a poly-
omavirus VP1-oligosaccharide complex: Implications for assem-
bly and receptor binding. EMBO J. 16, 5139–5148 (1997)

Springer



Glycoconj J (2006) 23: 19–26 25

33. Stehle, T., Yan, Y., Benjamin, T.L., Harrison, S.C.: Structure of
murine polyomavirus complexed with an oligosaccharide receptor
fragment. Nature 369, 160–163 (1994)

34. Martin, J., Wharton, S.A., Lin, Y.P., Takemoto, D.K., Skehel, J.J.,
Wiley, D.C., Steinhauer, D.A.: Studies of the binding properties
of influenza hemagglutinin receptor-site mutants. Virology 241,
101–111 (1998)

35. Cavaldesi, M., Caruso, M., Sthandier, O., Amati, P., Garcia, M.I.:
Conformational changes of murine polyomavirus capsid proteins
induced by sialic Acid binding. J. Biol. Chem. 279, 41573–41579
(2004)

36. Knowles, W.A., Pipkin, P., Andrews, N., Vyse, A., Minor, P.,
Brown, D.W., Miller, E.: Population-based study of antibody to
the human polyomaviruses BKV and JCV and the simian poly-
omavirus SV40. J. Med. Virol. 71, 115–123 (2003)

37. Stolt, A., Sasnauskas, K., Koskela, P., Lehtinen, M., Dillner, J.:
Seroepidemiology of the human polyomaviruses. J. Gen. Virol.
84, 1499–1504 (2003)

38. Bofill-Mas, S., Girones, R.: Excretion and transmission of JCV in
human populations. J. Neurovirol. 7, 345–349 (2001)

39. Bofill-Mas, S., Girones, R.: Role of the environment in the trans-
mission of JC virus. J. Neurovirol. 9, 54–58 (2003)

40. Monaco, M.C., Atwood, W.J., Gravell, M., Tornatore, C.S., Major,
E.O.: JCV infection of hematopoetic progenitor cells, primary
B lymphocytes, and tonsillar stromal cells: Implication for viral
latency. J. Virol. 70, 7004–7012 (1996)

41. Monaco, M.C., Jensen, P.N., Hou, J., Durham, L.C., Major, E.O.:
Detection of JC virus DNA in human tonsil tissue: Evidence for
site of initial viral infection. J. Virol. 72, 9918–9923 (1998)

42. Sabath, B.F., Major, E.O.: Traffic of JC virus from sites of initial
infection to the brain: The path to progressive multifocal leukoen-
cephalopathy. J. Infect. Dis. 186, S180–S186 (2002)

43. Berger, J.R., Concha, M.: Progressive multifocal leukoen-
cephalopathy: the evolution of a disease once considered rare.
J. Neurovirol. 1, 5–18 (1995)

44. Brooks, B., Walker, D.: Progressive multifocal leukoencephalopa-
thy. Neurol. Clin. 2, 299–313 (1984)

45. Miller, J.R., Barrett, R.E., Britton, C.B.: Tapper ML, Bahr GS,
Bruno PJ, Marquardt MD, Hays AP, McMurtry JGr, Weissman
JB, Bruno MS, Progressive multifocal leukoencephalopathy in a
male homosexual with T-cell immune deficiency. N. Engl. J. Med.
307, 1436–1438 (1982)

46. Mamidi, A., DeSimone, J.A., Pomerantz, R.J.: Central nervous
system infections in individuals with HIV-1 infection. J. Neurovi-
rol. 8, 158–167 (2002)

47. Holman, R.C., Torok, T.J., Belay, E.D., Janssen, R.S., Schon-
berger, L.B.: Progressive multifocal leukoencephalopathy in the
United States, 1979–1994: Increased mortality associated with
HIV infection. Neuroepidemiology 17, 303–309 (1998)

48. Berger, J.R., Chauhan, A., Galey, D., Nath, A.: Epidemiological
evidence and molecular basis of interactions between HIV and JC
virus. J. Neurovirol. 7, 329–338 (2001)

49. Power, C., Kong, P., Crawford, T.O., Wesselingh, S., Glass, J.D.,
McAurthur, J.C., Trapp, B.D.: Cerebral white matter changes in
acquired immunodeficiency syndrome. Ann. Neurol. 34, 339–350
(1993)

50. Tada, H., Rappaport, J., Lashgari, M., Amini, S., Wong-Staal, F.,
Khalili, K.: Trans-activation of the JC virus late promoter by the
tat protein of type 1 human immunodeficiency virus in glial cells.
Proc. Natl. Acad. Sci. USA 87, 3479–3483 (1990)

51. Kim, S.Y., Choi, E.C., Woo Jo, Y., Henson, J.W., Kim, H.S., Tran-
scriptional activation of JC virus early promoter by phorbol ester
and interleukin-1beta: critical role of nuclear factor-1. Virology
327, 60–69 (2004)

52. Gasnault, J., Kahraman, M., dGdH, M.G., Durali, D., Delfraissy,
J.F., Taoufik, Y.: Critical role of JC virus-specific CD4 T-cell

responses in preventing progressive multifocal leukoencephalopa-
thy. AIDS 2003 17, 1443–1449 (2003)

53. Koralnik, I.J.: Overview of the cellular immunity against JC virus
in progressive multifocal leukoencephalopathy. J. Neurovirol. 8,
59–65 (2002).

54. Kleinschmidt-DeMasters, B.K., Tyler, K.L.: Progressive multi-
focal leukoencephalopathy complicating treatment with natal-
izumab and interferon beta-1a for multiple sclerosis. N. Engl. J.
Med. 353, 369–374 (2005)

55. Langer-Gould, A., Atlas, S.W., Green, A.J., Bollen, A.W.: Pelletier
D, Progressive multifocal leukoencephalopathy in a patient treated
with natalizumab. N. Engl. J. Med. 353, 375–381 (2005)

56. Van Assche, G., Van Ranst, M., Sciot, R., Dubois, B., Vermeire,
S., Noman, M., Verbeeck, J., Geboes, K., Robberecht, W., Rut-
geerts, P.: Progressive multifocal leukoencephalopathy after natal-
izumab therapy for Crohn’s disease. N. Engl. J. Med. 353, 362–368
(2005)

57. Beggs, A.H., Frisque, R.J., Scangos, G.A.: Extinction of JC virus
tumor-antigen expression in glial cell-fibroblast. PNAS 85, 7632–
7636 (1988)

58. Krebs, C.J., McAvoy, M.T., Kumar, G.: The JC virus minimal
core promoter is glial cell specific in vivo. J. Virol. 69, 2434–2442
(1995)

59. Monaco, M.C., Sabath, B.F., Durham, L.C., Major, E.O.: JC virus
multiplication in human hematopoietic progenitor cells requires
the NF-1 class D transcription factor. J. Virol. 75, 9687–9695
(2001)

60. Chen, B.J., Atwood, W.J.: Construction of a novel JCV/SV40 hy-
brid virus (JCSV) reveals a role for the JCV capsid in viral tropism.
Virology 300, 282–290 (2002)

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

62. Houff, S.A., Major, E.O., Katz, D.A., Kufta, C.V., Sever, J.L., Pit-
taluga, S., Roberts, J.R., Gitt, J., Saini, N., Lux, W.: Involvement
of JC virus-infected mononuclear cells from the bone marrow
and spleen in the pathogenesis of progressive multifocal leukoen-
cephalopathy. N. Engl. J. Med. 318, 301–305 (1988)

63. Tornatore, C., Berger, J.R., Houff, S.A., Curfman, B., Meyers,
K., Winfield, D., Major, E.O.: Detection of JC virus DNA in
peripheral lymphocytes from patients with and without progres-
sive multifocal leukoencephalopathy. Ann. Neurol. 31, 454–462
(1992)

64. Behzad-Behbahani, A., Klapper, P.E., Vallely, P.J., Cleator, G.M.,
Khoo, S.H.: Detection of BK virus and JC virus DNA in urine
samples from immunocompromised (HIV-infected) and immuno-
competent (HIV-non-infected) patients using polymerase chain
reaction and microplate hybridisation. J. Clin. Virol. 29, 224–229
(2004)

65. Chesters, P.M., Heritage, J., McCane, D.J.: Persistence of DNA
sequences of BK virus and JC virus in normal human tissues and
in diseased tissue. J. Infect. Dis. 147, 676–684 (1983)

66. Dorries, K., ter Meulen, V.: Progressive multifocal leukoen-
cephalopathy: detection of papovavirus JC in kidney tissue. J.
Med. Virol. 11, 307–317 (1983)

67. Markowitz, R.B., Eaton, B.A., Kubik, M.F., Latorra, D., Mac-
Gregor, J.A., Dynan, W.S.: BK Virus and JC Virus shed during
pregnancy have predominantly archetypal regulatory regions. J.
Virol. 65, 4515–4519 (1991)

68. Markowitz, R.B., Thompson, H.C., Mueller, J.F., Cohen, J.A., Dy-
nan, W.S.: Incidence of BK Virus and JC Virus viruria in human
immunodeficiency virus-infected and -uninfected subjects. J. In-
fect. Dis. 167, 13–20 (1993)

69. Akatani, K., Imai, M., Kimura, M., Nagashima, K., Ikegami, N.:
Propagation of JC Virus in human neuroblastoma cell line IMR-
32. J. Med. Virol. 43, 13–19 (1994)

Springer



26 Glycoconj J (2006) 23: 19–26

70. Atwood, W.J., Amemiya, K., Traub, R., Harms, J., Major, E.O.:
Interaction of the human polyomavirus, JCV, with human B-
lymphocytes. Virology 190, 716–723 (1992)

71. Major, E.O., Miller, A.E., Mourrain, P., Traub, R.G.: de Widt E,
Sever J, Establishment of a line of human fetal glial cells that
supports JC virus multiplication. Proc. Natl. Acad. Sci. USA 82,
1257–1261 (1985)

72. Nukuzuma, S., Yogo, Y., Guo, J., Nukuzuma, C., Itoh, S., Shino-
hara, T., Nagashima, K.: Establishment and characterization of a
carrier cell culture producing high titers of polyoma JC virus. J.
Med. Virol. 47, 370–377 (1995)

73. Hara, K., Sugimoto, C., Kitamura, T., Aoki, N., Taguchi, F., Yogo,
Y.: Archetype JC Virus efficiently replicates in COS-7 cells, simian
cells constitutively expressing simian virus 40 T antigen. J. Virol.
72, 5335–5342 (1998)

74. Komagome, R., Sawa, H., Suzuki, T., Suzuki, Y., Tanaka, S., At-
wood, W.J., Nagashima, K.: Oligosaccharides as receptors for JC
virus. J. Virol. 76, 12992–3000 (2002)

75. Lloyd, K.O., Furukawa, K.: Biosynthesis and functions of gan-
gliosides: Recent advances. Glycoconj. J. 15, 627–636 (1998)

76. Bauer, P.H., Bronson, R.T., Fung, S.C., Freund, R., Stehle, T.,
Harrison, S.C., Benjamin, T.L.: Genetic and structural analysis of
a virulence determinant in polyomavirus VP1. J. Virol. 69, 7925–
7931 (1995)

77. Freund, R., Calderone, A., Dawe, C.J., Benjamin, T.L.: Poly-
omavirus tumor induction in mice, effects of polymorphisms of
VP1 and large T antigen. J. Virol. 65, 335–341 (1991)

78. Eash, S., Tavares, R., Stopa, E.G., Robbins, S.H., Brossay, L.,
Atwood, W.J.: Differential distribution of the JC virus receptor-
type sialic acid in normal human tissues. Am. J. Pathol. 164, 419–
428 (2004)

79. Gee, G.V., Tsomaia, N., Mierke, D.F., Atwood. W.J.: Modeling a
sialic acid binding pocket in the external loops of JC virus VP1.
J. Biol. Chem. 279, 49172–49176 (2004)

80. Imperiale, M.: The human polyomaviruses: An overview, Human
Polyomaviruses. K. Khalili, G.L. Stoner, Wiley-Liss Inc., New
York, 2001, pp. 53–71

81. Hirsch, H.H., Knowles, W., Dickenmann, M., Passweg, J.,
Klimkait, T., Mihatsch, M.J., Steiger, J.: Prospective study of poly-
omavirus type BK replication and nephropathy in renal-transplant
recipients. N. Engl. J. Med. 347, 488–496 (2002)

82. Kazory, A., Ducloux, D.: Renal transplantation and polyomavirus
infection: recent clinical facts and controversies. Transpl. Infect.
Dis. 5, 65–71 (2003)

83. Nickeleit, V., Singh, H.K., Mihatsch, M.J.: Polyomavirus
nephropathy: morphology, pathophysiology, and clinical manage-
ment. Curr. Opin. Nephrol. Hypertens. 12, 599–605 (2003)

84. Randhawa, P.S., Vats, A., Zygmunt, D., Swalsky, P., Scantlebury,
V., Shapiro, R., Finkelstein, S.: Quantitation of viral DNA in renal
allograft tissue from patients with BK virus nephropathy. Trans-
plantation 74, 485–488 (2002)

85. Mathur, V.S., Olson, J.L., Darragh, T.M., Yen, T.S.: Polyomavirus-
induced interstitial nephritis in two renal transplant recipients: case
reports and review of the literature. Am. J. Kidney. Dis. 29, 745–
748 (1997).

86. Nickeleit, V., Hirsch, H.H., Binet, I.F., Gudat, F., Prince,
O., Dalquen, P., Thiel, G., Mihatsch, M.J.: Polyomavirus in-
fection of renal allograft recipients: from latent infection
to manifest disease. J. Am. Soc. Nephrol. 10, 1080–1089
(1999)

87. Knowles, W.A.: The epidemiology of BK Virus and the occurance
of antigenic and genomic subtypes. In Human Polyomaviruses:
Molecular and Clinical Perspectives, (Ed.), Khalili K, Stoner GL
Wiley-Liss Inc., New York, 2001, pp. 527–559.

88. Shah, K.V., Daniel, R.W., Warszawski, R.M.: High prevalence of
antibodies to BK virus, an SV40-related papovavirus, in residents
of Maryland. J. Infect. Dis. 128, 784–787 (1973)

89. Goudsmit, J., Wertheim-van Dillen, P., van Strien, A., van der
Noordaa, J.: The role of BK virus in acute respiratory tract disease
and the presence of BKV DNA in tonsils. J. Med. Virol. 10, 91–99
(1982)

90. Knowles, W.A., Gibson, P.E., Gardner, S.D.: Serological typing
scheme for BK-like isolates of human polyomavirus. J. Med. Virol.
28, 118–123 (1989)

91. Takasaka, T., Goya, N., Tokumoto, T., Tanabe, K., Toma, H.,
Ogawa, Y., Hokama, S., Momose, A., Funyu, T., Fujioka, T.,
Omori, S., Akiyama, H., Chen, Q., Zheng, H.Y., Ohta, N., Ki-
tamura, T., Yogo, Y.: Subtypes of BK virus prevalent in Japan and
variation in their transcriptional control region. J. Gen. Virol. 85,
2821–2827 (2004)

92. Jin, L., Pietropaolo, V., Booth, J.C., Ward, K.H., Brown, D.W.:
Prevalence and distribution of BK virus subtypes in healthy people
and immunocompromised patients detected by PCR-restriction
enzyme analysis. Clin. Diagn. Virol. 3, 285–295 (1995)

93. Jin, L., Gibson, P.E., Booth, J.C., Clewley, J.P.: Genomic typing of
BK virus in clinical specimens by direct sequencing of polymerase
chain reaction products, J. Med. Virol. 41, 11–17 (1993)

94. Jin, L., Gibson, P.E., Knowles, W.A., Clewley, J.P.: BK virus anti-
genic variants: Sequence analysis within the capsid VP1 epitope.
J. Med. Virol. 39, 50–56 (1993)

95. Kende, M., Uj, M., Szucs, G.: B.K. virus haemagglutinin. Acta.
Microbiol. Acad. Sci. Hung. 26, 179–184 (1979)

96. Seganti, L., Mastromarino, P., Superti, F., Sinibaldi, L., Orsi, N.:
Receptors for BK virus on human erythrocytes. Acta. Virol. 25,
177–181 (1981)

97. Touze, A., Bousarghin, L., Ster, C., Combita, A.L., Roingeard,
P., Coursaget, P.: Gene transfer using human polyomavirus BK
virus-like particles expressed in insect cells. J. Gen. Virol. 82,
3005–3009 (2001)

98. Hale, A.D., Bartkeviciute, D., Dargeviciute, A., Jin, L., Knowles,
W., Staniulis, J., Brown, D.W., Sasnauskas, K.: Expression and
antigenic characterization of the major capsid proteins of human
polyomaviruses BK and JC in Saccharomyces cerevisiae. J. Virol.
Methods. 104, 93–98 (2002)

99. Keppler, O.T., Stehling, P., Herrmann, M., Kayser, H., Grunow,
D., Reutter, W., Pawlita, M.: Biosynthetic modulation of sialic
acid-dependent virus-receptor interactions of two primate poly-
oma viruses. J. Biol. Chem. 270, 1308–1314 (1995)

100. Sinibaldi, L., Viti, D., Goldoni, P., Cavallo, G., Caroni, C., Orsi,
N.: Inhibition of BK virus haemagglutination by gangliosides. J.
Gen. Virol. 68, 879–883 (1987)

101. Low, J., Humes, H.D., Szczypka, M., Imperiale, M.: BKV and
SV40 infection of human kidney tubular epithelial cells in vitro.
Virology 323, 182–188 (2004)

102. Sinibaldi, L., Goldoni, P., Pietropaolo, V., Cattani, L., Peluso, C.,
Di Taranto, C.: Role of phospholipids in BK virus infection and
haemagglutination. Microbiologica. 15, 337–344 (1992)

103. Atwood, W.J.: Major histocompatibility comlex encoded HLA
class I proteins are cell surface receptors for the simian virus 40,
PhD Dissertation (1991)

104. Gilbert, J., Dahl, J., Riney, C., You, J., Cui, C.: Holmes R, Lencer
W, Benjamin T, Ganglioside GD1a restores infectibility to mouse
cells lacking functional receptors for polyomavirus. J. Virol. 79,
615–618 (2005)

105. Bofill-Mas, S., Formiga-Cruz, M., Clemente-Casares, P., Calafell,
F., Girones, R.: Potential transmission of human polyomaviruses
through the gastrointestinal tract after exposure to virions or viral
DNA. J. Virol. 75, 10290–10299 (2001)

Springer


