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ABSTRACT JC polyomavirus (JCPyV) establishes a lifelong persistence in roughly
half the human population worldwide. The cells and tissues that harbor persis-
tent virus in vivo are not known, but renal tubules and other urogenital epithe-
lial cells are likely candidates as virus is shed in the urine of healthy individuals.
In an immunosuppressed host, JCPyV can become reactivated and cause pro-
gressive multifocal leukoencephalopathy (PML), a fatal demyelinating disease of
the central nervous system. Recent observations indicate that JCPyV may produc-
tively interact with cells in the choroid plexus and leptomeninges. To further
study JCPyV infection in these cells, primary human choroid plexus epithelial
cells and meningeal cells were challenged with virus, and their susceptibility to
infection was compared to the human glial cell line, SVG-A. We found that JCPyV
productively infects both choroid plexus epithelial cells and meningeal cells in
vitro. Competition with the soluble receptor fragment LSTc reduced virus infec-
tion in these cells. Treatment of cells with neuraminidase also inhibited both vi-
ral infection and binding. Treatment with the serotonin receptor antagonist,
ritanserin, reduced infection in SVG-A and meningeal cells. We also compared
the ability of wild-type and sialic acid-binding mutant pseudoviruses to trans-
duce these cells. Wild-type pseudovirus readily transduced all three cell types,
but pseudoviruses harboring mutations in the sialic acid-binding pocket of the
virus failed to transduce the cells. These data establish a novel role for choroid
plexus and meninges in harboring virus that likely contributes not only to me-
ningoencephalopathies but also to PML.

IMPORTANCE JCPyV infects greater than half the human population worldwide and
causes central nervous system disease in patients with weakened immune systems.
Several recent reports have found JCPyV in the choroid plexus and leptomeninges
of patients with encephalitis. Due to their role in forming the blood-cerebrospinal
fluid barrier, the choroid plexus and leptomeninges are also poised to play roles in
virus invasion of brain parenchyma, where infection of macroglial cells leads to the
development of progressive multifocal leukoencephalopathy, a severely debilitating
and often fatal infection. In this paper we show for the first time that primary cho-
roid plexus epithelial cells and meningeal cells are infected by JCPyV, lending sup-
port to the association of JCPyV with meningoencephalopathies. These data also
suggest that JCPyV could use these cells as reservoirs for the subsequent invasion of
brain parenchyma.
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Progressive multifocal leukoencephalopathy (PML) is a rapidly progressing and often
fatal neurodegenerative disease caused by the human polyomavirus JCPyV (1–4).

The mode of transmission of JCPyV is unknown, since the initial infection is asymp-
tomatic. After initial infection, lifelong persistent infection is thought to be established
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in the kidneys and urinary tracts of immunocompetent hosts, and about 20% of these
infected individuals exhibit viruria (5, 6). Additional sites of virus persistence are likely
since both JCPyV DNA and viral proteins have been detected in other tissues, including
B lymphocytes in the bone marrow, tonsillar stromal cells, lungs, spleen, choroid plexus,
leptomeninges, and brain (7–16).

JCPyV is composed of a 5,130-bp circular, double-stranded DNA genome enclosed
by a nonenveloped icosahedral capsid, which is made up of three proteins: VP1, VP2,
and VP3 (17). The virus engages sialic acid on the cell surface via the capsid protein VP1
(18–20). Previous crystallographic and functional studies have demonstrated that the
�2,6-linked glycan lactoseries tetrasaccharide c (LSTc) is the molecule utilized by JCPyV
VP1 as its host cell attachment receptor (21). Virus attachment to LSTc is necessary, but
not sufficient, for productive infection. Following attachment, JCPyV entry requires the
presence of the serotonin receptor 2 (5-HT2R) family of proteins, which are comprised
of three members: 5-HT2A, 5-HT2B, and 5-HT2C. Although these proteins do not appear
to be involved with initial virus attachment, virus infection is blocked by pretreating
cells with inhibitors to 5-HT2 receptor family subtypes, and JCPyV entry is markedly
enhanced when any of the three 5-HT2 receptors are expressed in nonpermissive cells
(22, 23).

PML develops in immunosuppressed individuals when JCPyV gains access to brain
parenchyma and infects and destroys the myelin-producing oligodendrocytes (24, 25).
Initially, PML was described as a very rare disease in individuals with B cell lymphopro-
liferative disorders (26, 27). The incidence of PML in patients rose significantly during
the AIDS pandemic, with 3 to 5% of HIV/AIDS patients developing PML (28, 29). More
recently, the incidence of PML in HIV/AIDS patients has declined due to the introduc-
tion of combined antiretroviral therapy (cART), although it has decreased less than
other opportunistic infections (30). In recent years, PML has emerged as a significant
and life-threatening complication in patients treated with immunomodulatory drugs
designed to treat autoimmune diseases, such as multiple sclerosis, rheumatoid arthritis,
psoriasis, and Crohn’s disease (4, 31–36). In addition to PML, JCPyV has been shown to
cause other diseases of the central nervous system (CNS), including JCPyV encepha-
lopathy (37), JCPyV granule cell neuronopathy (38), and meningoencephalitis (16, 39).

It is not yet known how JCPyV is transmitted from its original site(s) of infection and
persistence to its main site of pathogenesis, the CNS. Neural tissue is well protected
from the periphery by the blood-brain barrier and the blood-cerebrospinal fluid (CSF)
barrier (BCSFB). The BCSFB includes the choroid plexus (CP), a villous structure found in
the CSF-filled ventricles of the brain. The core of the CP is the stroma, composed of
connective tissue, fibroblasts, immune cells, and fenestrated blood vessels, which
create an interface between the peripheral circulation and the CNS. The stroma is
surrounded by a layer of specialized epithelium, the choroid plexus epithelium (CPE).
CPE cells are bound by tight junctions, forming a barrier to separate the blood from the
CSF (40). An additional component of the BCSFB is found in the meninges. Covering the
brain are three layers of meninges: the dura mater, the arachnoid mater, and the pia
mater. Leptomeningeal cells, which are comprised of the arachnoid and pia mater cells,
line the subarachnoid spaces that are filled with CSF. Like CPE cells, the leptomeningeal
cells are bound by tight junctions to restrict access to the CNS from the blood that
circulates in the dura mater. These cellular barriers impede the migration of both cells
and microbes between the peripheral circulation, brain, and CSF. The mechanism by
which JCPyV evades these obstacles to gain entry to the CNS is currently unknown.
Recently, the CPE and leptomeningeal cells of a patient with meningitis were shown to
be infected with JCPyV (16, 39). Moreover, human CPE and leptomeninges express both
the attachment and entry receptors for JCPyV in vivo, and JCPyV binding to these
tissues is dependent on the attachment receptor LSTc (41–43). These observations
suggest that JCPyV infection of these barrier tissues could provide JCPyV access to the
brain parenchyma and are a potential site of virus persistence.

The present study focused on determining whether JCPyV could infect primary
choroid plexus and meningeal cells in vitro. Primary human choroid plexus epithelial
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cells (CPEpiC) and human meningeal cells (HMC) were obtained from ScienCell Re-
search Labs, validated, and then challenged with JCPyV. We found that both choroid
plexus epithelial cells and meningeal cells in culture were susceptible to virus infection
and that the infection was dependent on expression of the major virus attachment
receptor LSTc.

RESULTS
JCPyV infection of choroid plexus epithelial cells and meningeal cells is sialic

acid dependent. To assess whether CPEpiC and HMC are susceptible to infection by
JCPyV in vitro, these cells were challenged with virus and infection scored 72 h later by
indirect immunofluorescent analysis. CPEpiC and HMC expressed both the early viral
protein large T antigen and the late viral protein V-antigen (VP1), indicating that JCPyV
established a productive infection in both cell types (Fig. 1A and B). Initial JCPyV
attachment to these cells was analyzed by flow cytometry using fluorescently labeled
virus (JC-488). We found that CPEpiC and HMC bound significantly more labeled JCPyV
than SVG-A cells (Fig. 1C). To determine whether the infected cells were capable of
producing infectious virus, we harvested supernatants from each cell type and used
them to reinfect naive cells. These same supernatants were also subjected to digital
droplet PCR (ddPCR) to quantify the amount of virus produced. Supernatants from
CPEpiC and HMC cells readily produced infectious virus capable of infecting naive cells
(Fig. 1C). These same supernatants also contained significant numbers protected viral
genomes, as determined by ddPCR (Fig. 1D).

To explore the nature of JCPyV initial attachment and determine the involvement of
the known attachment receptor LSTc, we used a lectin from the mushroom Polyporus
squamosus or PSL. PSL recognizes the terminal three sugars of LSTc and detects
LSTc-like oligosaccharides on cells and in tissues (43, 44). JCPyV directly interacts with
the terminal �2,6-linked sialic acid on LSTc to facilitate virus attachment to cells, and
mutations in the sialic acid-binding pocket of VP1 prevent this interaction and abolish
infection by purified JCPyV virions (21, 45). Using biotinylated PSL (PSL-biotin), we
found that these cells bound higher levels of PSL than did SVG-A cells, consistent with
the higher-level binding of JCPyV (Fig. 1E). To assay the contribution of sialic acid to
receptor-dependent infection in CPEpiC and HMC, we treated cells with neuraminidase
(NA) and then incubated the cells with highly purified and labeled JCPyV virions. Similar
to SVG-A cells, treatment with NA significantly reduced binding to both cell types (Fig.
2A). The reduction in virus binding correlated with a significant decrease in the ability
of JCPyV to infect both CPEpiC and HMC (Fig. 2B), demonstrating that the presence of
sialic acid on the plasma membrane is necessary for infection in these cells.

Attachment and entry receptor involvement in JCPyV infection. To determine
the specific mechanism by which JCPyV attaches to CPEpiC and HMC, we analyzed
binding in the presence of the soluble attachment receptor LSTc. Purified and labeled
JCPyV was preincubated with the soluble receptor fragment, LSTc, and cells were
assayed for virus and lectin attachment by flow cytometry. Similar to SVG-A control
cells, preincubation of JCPyV with LSTc significantly inhibited virus binding to the HMC.
In contrast, JCPyV binding to CPEpiC was not affected by the presence of high concentra-
tions of soluble LSTc (Fig. 3A). Competition with LSTc significantly reduced PSL binding to
both cell types (Fig. 3B). Significantly, JCPyV infection in all cell types was inhibited by
competition with LSTc (Fig. 3C). These data suggest that LSTc is the attachment receptor in
CPEpiC and HMC cells that mediates productive infection by JCPyV.

We then analyzed the role of JCPyV entry receptors in infection of CPEpiC and HMC.
To establish a productive infection, JCPyV first attaches to LSTc, and then the presence
of 5-HT2Rs facilitates virus entry (23). To determine whether 5-HT2Rs were important
for the infection in CPEpiC and HMC, the cells were pretreated with different concen-
trations of the 5-HT2R antagonist, ritanserin, and then challenged with virus. Ritanserin
treatment inhibited infection of SVG-A cells and HMC, but it did not inhibit infection of
CPEpiC (Fig. 3D). We could not use doses of ritanserin greater than 10 �M on the
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primary cells due to toxicity. Consistent with previous reports, CPEpiC and HMC both
express 5-HT2A (Fig. 3E).

Choroid plexus epithelial cells and leptomeningeal cells are readily transduced
by wild type but not mutant JCPyV pseudoviruses. Luciferase-expressing pseudo-
viruses were prepared by transfecting HEK293FT producer cells with plasmids encoding
wild-type VP1, VP2, and VP3 of JCPyV (Mad-1 strain) or with the L54F or S268F mutant
VP1s (Fig. 4). The L54F and S268F mutations are frequently found in the CSF and
parenchyma of patients with PML (46). These mutations render the virus incapable of
binding to the sialic acid containing receptor LSTc, indicating that they may infect cells
by alternative mechanisms (45, 47). We therefore examined whether the L54F and
S268S mutant pseudoviruses were capable of transducing CPEpiC and HMC. The

FIG 1 JCPyV infects CPEpiC and HMC. (A) Quantification of the numbers of T antigen- and V antigen-positive cells per visual field in SVG-A, CPEpiC, and HMC.
(B) Representative images of T antigen- and V antigen-positive cells. The infected cells were stained with antibodies to T antigen (Ab-2; Oncogene) and V antigen
(Pab597), and then these were detected with goat anti-mouse Alexa Fluor 488-labeled secondary antibodies. (C) Reinfection assay demonstrating each cell line
produces infectious virus. (D) ddPCR quantification of the amount of complete virus released by each cell line following one round of infection. (E) Flow
cytometric analysis of the binding of Alexa Fluor 488-labeled JCPyV (JC-488) and the LSTc binding lectin PSL to SVG-A, CPEpiC, and HMC as indicated. Error
bars represent standard errors of the mean for three independent experiments performed in triplicate.
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pseudoviruses were extensively purified, and equal amounts of each were used to
transduce the cells. Pseudovirus transduction was measured by quantifying secreted
luciferase activity at 6 days postransduction. We found that wild-type pseudovirus
readily transduced each cell type but that the mutant pseudoviruses failed to transduce
any of the cells.

DISCUSSION

Human polyomaviruses establish long-term, persistent infections in their natural
host and rarely cause disease. Due to the lack of an experimental animal model capable
of supporting the full virus life cycle, the initial sites of virus infection and the tissues
that harbor persistent virus are unknown. The urogenital system has long been
suspected as a site of persistence for JCPyV as the virus is excreted in the urine and can
lead to renal dysfunction in immunosuppressed patients. When JCPyV migrates from
sites of persistence to the CNS, it can cause the often fatal neurological disease,
progressive multifocal leukoencephalopathy. Of central interest in understanding the
pathogenesis of JCPyV is determining how JCPyV crosses the barriers that protect the
CNS from the periphery to cause disease in the brain. In a study of the distribution of
JCPyV receptors in human tissues it was found that two different cell types essential for
the creation of barriers between the blood and CSF, the choroid plexus epithelium and
the leptomeninges, express the known attachment and entry components of the JCPyV
receptor complex (4). These data, as well as recent reports of HIV-negative patients with
JCPyV-associated meningitis (16, 39), prompted us to examine the susceptibility of
these cell types to virus infection in vitro since they are potential entry points for the
virus from the periphery to the brain parenchyma.

FIG 2 Infection of CPEpiC and HMC is sialic acid dependent. (A) Cells were either untreated or treated
with type II neuraminidase to remove cell surface sialic acid receptors. The cells were then incubated with
Alexa Fluor 488-labeled JCPyV and analyzed by flow cytometry. The histograms are shown in the insets.
(B) This same treatment inhibits JCPyV infection of all three cell types as indicated. Error bars represent
standard errors of the mean for three independent experiments performed in triplicate.
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Here, we demonstrate an in vitro model of JCPyV infection of primary human
choroid plexus epithelial and leptomeningeal cells. We found that both CPEpiC and
HMC were readily susceptible to infection, with CPEpiC infected at nearly the same level
as the control SVG-A cell line. Both cell types expressed early and late viral proteins. The
expression of the late protein occurs in conjunction with viral DNA replication indicat-
ing that the cells fully support the viral life cycle. To determine whether the mecha-
nisms of viral attachment are the same in these primary cells as a control glial cell line,
we tested whether they expressed the major attachment receptor for JCPyV, LSTc, and
whether they were capable of binding virus. The crystal structure of LSTc complexed

FIG 3 LSTc competes with PSL and virus for binding to cells and inhibits infection. (A) Purified, labeled JCPyV was incubated with soluble
receptor LSTc, and then binding to cells was assayed by flow cytometry. LSTc inhibited JCPyV binding to SVG-A and HMC but did not
inhibit binding to CPEpiC. (B) The LSTc binding lectin, PSL, was incubated with LSTc, and then PSL binding to cells was assayed by flow
cytometry. LSTc inhibited binding of PSL to all three cell types. (C) Purified JCPyV was incubated with LSTc and then used to directly infect
cells. LSTc inhibited infection of all three cell types. (D) The 5-HT2R antagonist inhibits infection of SVG-A and HMC by JCPyV. Cells were
treated with 25 �M and 10 �M ritanserin and then challenged with JCPyV. The 25 �M dose of ritanserin abolished infection of SVG-A but
was toxic to the primary CPEpiC and HMC. The lower dose, 10 �M, was not sufficient to inhibit infection of SVG-A or CPEpiC but did inhibit
infection of HMC. (E) HTR2A mRNA levels measured by quantitative PCR (qPCR) are represented. Error bars represent standard errors of
the mean for three independent experiments performed in triplicate.

FIG 4 Wild-type JC pseudovirus but not L54F or S268F mutants transduce SVG-A, CPEpiC, and HMC.
Luciferase-expressing pseudoviruses were prepared using wild-type VP1 (JCPsV-WT) or with two sialic
acid pocket mutants of VP1 (L54F and S268F). The wild-type pseudovirus readily transduced all three cell
types, but neither of the mutants transduced any of the cells above the mock control. Error bars
represent standard errors of the mean for three independent experiments performed in triplicate.
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with JCPyV capsid protein VP1 has been solved, and the interactions between these
molecules have been extensively characterized both structurally and functionally (45,
48, 49). We found that competition of JCPyV with soluble LSTc effectively inhibited
infection of all three cell types, indicating that LSTc is a critical attachment receptor for
JCPyV that leads to productive infection. Preincubation with LSTc also inhibited binding
of JCPyV to SVG-A and HMC cells, indicating that initial virus engagement with HMC is
mediated specifically by LSTc. However, LSTc pretreatment did not inhibit binding to
CPEpiC even at the highest concentrations of LSTc that could be reasonably used. This
finding suggests that while the JCPyV infection of CPEpiC requires LSTc, the majority of
virus binding sites on CPEpiC are nonspecific and that only a fraction of that binding
is to the specific attachment receptor LSTc. Sialic acid is necessary for virus binding,
since treatment of all three cell types with neuraminidase significantly inhibited both
virus binding and infection. Based on these data and previous observations we can
reasonably conclude that neuraminidase-mediated removal of sialic acid from LSTc was
responsible for the inhibition of infection seen in these experiments.

It has been shown previously that JCPyV infects SVG-A cells via 5-HT2Rs (22). After
virus engagement of attachment receptors on the cell surface, the 5-HT2Rs facilitate
entry by clathrin-dependent endocytosis into a productive infection pathway (50–52).
In addition, the expression of 5-HT2Rs in BCSFB cells is well documented (42, 43, 53).
Since it was not yet known whether BCSFB cells were involved in JCPyV infection,
primary human CPEpiC and HMC were treated with different concentrations of the
specific 5-HT2R antagonist ritanserin. Although both BCSFB cell types demonstrate
abundant receptor expression, the meningeal cells were inhibited at lower concentra-
tions of ritanserin compared to either CPEpiC or the control SVG-A cells. The primary
CPEpiC and HMC cells appear to be more sensitive to toxicity of ritanserin compared to
our immortalized SVG-A control cell line. At a nontoxic dose of ritanserin, HMC infection
was inhibited, indicating that JCPyV infection is mediated by 5-HT2Rs in leptomenin-
geal cells. We did not observe a decrease in infection in CPEpiC treated with ritanserin
at this nontoxic concentration. While it is likely that SVGA and CPE cells need more
ritanserin to be inhibited, it does not exclude the possibility that JCPyV may enter
CPEpiC in the absence of 5-HT2R activity, perhaps via the robust clathrin-mediated
endocytosis that takes place in these cells as part of receptor-mediated transcytosis
pathways for large molecules to cross the BCSFB (reviewed in reference 54). Unfortu-
nately, blocking antibodies to these receptors are no longer available, and knockdown
approaches using these primary cells with limited life spans are not possible. We are
currently immortalizing the cells to perform these experiments in the future.

A confirmatory diagnosis of PML is made when JCPyV DNA is found in the CSF of
symptomatic patients. Sequencing of JCPyV genomes from CSF and brain parenchyma
show the presence of a swarm of viruses, including wild-type and mutant genomes
(46). Several of these mutations cluster in and around the sialic acid-binding site of VP1,
and it has been suggested that these mutants are better able to spread and cause
disease in the CNS (55–59). In vitro these mutants, when introduced into the Mad-1
strain of JCPyV, render the virus noninfectious in SVG-A cells (21). Reconstitution of
these mutations into pseudoviruses, however, has shown that they are capable of
infecting some cell types (47). For this reason, we wanted to determine whether the
mutants, when reconstituted as pseudoviruses, were capable of infecting CPEpiC and
HMC. Similar to our previous results, wild-type pseudovirus transduced all of the cell
types, but the mutants failed to transduce any of these cells. Transduction of the
CPEpiC and HMC was less efficient than in SVG-A cells; therefore, we cannot rule out
low-level transduction of these cells below the sensitivity of the assay.

In summary, we have described the first instance of JCPyV infection of primary
BCSFB cells in vitro. These data also suggest that choroid plexus and leptomeninges
could be a potential pathway involved in the trafficking of infectious JCPyV to brain
parenchyma. Given the specificity of the virus to the human host, in vitro systems using
human cell lines are critical for understanding viral infection and pathogenesis. Previ-
ous to this study, JCPyV infection in vitro has been limited to cell types found in human
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brain parenchymal cells, including the cell lines derived from human fetal glial cells,
SVG and SVG-A (60–63), progenitor-derived astrocytes (64–66), hESC-derived oligoden-
drocyte progenitors (67), glial progenitor cells and astrocytes (68), and a recently
described glioblastoma-derived oligodendrocyte precursor line (69). These cells do not
always proliferate well and have varying degrees of virus susceptibility. Primary cultures
of human renal tubule epithelial cells are also susceptible, but infection is highly
restricted (70, 71). The fact that CPEpiC and HMC are susceptible to JCPyV infection and
that these cells express relevant receptors, bind virus, and are infected in vivo opens up
a new chapter in our understanding of the pathobiology of JCPyV-induced disease. It
will be interesting to determine whether JCPyV persists in these tissues in more
individuals than previously observed or whether the virus is only present during disease
processes. We are currently investigating the prevalence of viral genomes in the CSF of
individuals with and without JCPyV-associated disease. It will be critical to determine
whether there is an increase in JCPyV infiltration of CSF in patients who are at risk for
developing PML, including multiple sclerosis (MS), and HIV-infected populations.

MATERIALS AND METHODS
Cells, viruses and pseudoviruses. Human choroid plexus epithelial cells (CPEpiC) and human

meningeal cells (HMC) were obtained from ScienCell Research Labs and cultured in cell line-specific
complete media, as indicated by the manufacturer (ScienCell) in a humidified incubator at 37°C with 5%
CO2. SVG-A cells were grown in minimum essential medium supplemented to contain 10% fetal bovine
serum and 1% penicillin-streptomycin (Mediatech, Inc.) in a humidified incubator at 37°C with 5% CO2.
293FT cells (Invitrogen) were grown in Dulbecco modified Eagle medium supplemented to contain 10%
fetal bovine serum (Mediatech, Inc.), 0.1 mM nonessential amino acids, 6 mM L-glutamine, 1 mM sodium
pyruvate, and 1% penicillin-streptomycin. Generation and purification of the Mad-1 strain of JC virus and
of the wild-type and mutant pseudoviruses were performed as described previously (72, 73). Alexa Fluor
488-labeled carboxylic acid-succinimidyl ester (Invitrogen) was used to label purified virus according to
the manufacturer’s protocol. Briefly, 5.0 mg of CsCl-purified JCPyV was dialyzed against labeling buffer
(0.1 M NaHCO3; pH 8.3) at 4°C overnight in 10,000 MWCO cartridges (Pierce). The virus was then
incubated for 1 h on a platform rocker at room temperature, protected from light, with 0.5 �g of Alexa
Fluor 488-labeled (AF488) succinimidyl ester in 100 �l of dimethyl sulfoxide (DMSO). The AF488-labeled
virus was extensively dialyzed in 10,000 MWCO cartridges against two changes of buffer A (10 mM
Tris-HCl, 50 mM NaCl, 0.1 mM CaCl2) at 4°C for an additional 48 h to remove excess dye.

Viral infections. At 24 h prior to infection, SVG-A, CPEpiC, and HMC were seeded to poly-L-lysine-
coated 96-well dishes at a density of 10,000 cells/cm2. Purified JCPyV (1.6 � 105 fluorescent forming
units) was used to infect cells for 1 h at 37°C in cell type-specific basal media. After infection, the virus
was aspirated, and cells were fed with complete media appropriate to each cell type. At 48 or 72 h
postinfection, the samples were fixed in ice-cold methanol and stained for large T-antigen (AB-2;
Oncogene) or V-antigen (VP1) using the monoclonal antibody Pab597. Goat anti-mouse Alexa Fluor
488-labeled secondary antibody (Invitrogen) was used to detect the binding of the primary antibodies.
Infection was scored by counting T antigen- and VP1-positive nuclei. Nuclei were stained with DAPI
(4=,6=-diamidino-2-phenylindole).

Virus production assays. To determine whether infection of CPEpiC and HMC resulted in the
production of infectious virus, supernatants from these cells were collected and used to reinfect naive
cells (a reinfection assay). At 72 h postinfection, the samples were fixed in ice-cold methanol and stained
for VP1 as described above. We also quantified the amount of virus produced from the infected cells
using ddPCR. The same supernatants used in the reinfection assay were treated with DNase I (Invitrogen)
for 1 h at 37°C to remove nonencapsidated DNA and then shifted to 75°C for 10 min to inactivate the
DNase. DNase-treated samples were then processed using a blood and tissue nucleic acid extraction kit
(Qiagen) according to the manufacturer’s instructions. The isolated nucleic acids were linearized with
BamHI (New England BioLabs), and ddPCR was performed using Bio-Rad reagents and TaqMan primer/
probe sets for JCPyV VP1 (IDT; probe, 5=-/56-FAM/TGTGGCCAG/ZEN/AATTCCACTACCCAA/3IABkfq/-3=;
primer 1, 5=-AGGGACATGCTTCCTTGTTAC-3=; primer 2, 5=-CAGCCTCCACATGAGTATATTT-3=).

Pseudovirus transductions. At 24 h prior to infection, SVG-A, CPEpiC and HMC were seeded to
poly-L-lysine-coated 96-well dishes at a density of 10,000 cells/well, in phenol-red free media as appropriate
per cell type. Phenol red-free medium was used through the duration of the experiment. Purified pseudovirus
containing the pSV40Cluc reporter plasmid (New England BioLabs) with wild-type VP1, mutant VP1, or a mock
preparation containing no capsid protein was used to transduce cells for 2 h at 37°C. After transduction, the
cells were washed and fed with complete medium as appropriate per cell type to a total volume of 100 �l.
Sample supernatant was quantified for secreted luciferase (GloMax plate reader; Promega) using a BioLux-
Cyprindina luciferase assay kit (New England BioLabs).

Neuraminidase and ritanserin inhibition assays. For neuraminidase (NA) treatment, cells were
treated with 1 U/ml of NA Type II from Vibrio cholerae (Sigma) for 1 h at 37°C at pH 6.0 or with
phosphate-buffered saline (PBS) at pH 6.0 as a control. After incubation, the cells were washed twice with
cell type-specific basal media to remove the NA. Cesium chloride-purified JCPyV was used to infect cells
for 1 h at 37°C in cell type-specific basal media. After infection, virus was aspirated, and the cells were
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supplemented with complete medium appropriate to each cell type. At 72 h postinfection, the samples
were fixed in ice-cold methanol and stained for VP1 using Pab597 primary antibody and Alexa Fluor
488-labeled secondary antibody (Invitrogen). Infection was scored by counting VP1-positive nuclei. For
the ritanserin experiment SVG-A, CPEpiC, and HMC were seeded to poly-L-lysine-coated 96-well dishes at
a density of 10,000 cells/well. Cells were pretreated for 24 h prior to infection with 10 �M or 25 �M
ritanserin, or vehicle control (DMSO) in the appropriate media. Purified JCPyV (1.6 � 105 fluorescent
forming units) was used to infect cells for 1 h at 37°C in cell type-specific basal media. After infection,
virus was aspirated, and the cells were fed with complete medium plus ritanserin or vehicle control at
the indicated doses. Infection was scored at 72 h by counting VP1-positive nuclei.

Quantitative real-time PCR. Total RNA from CPEpiC, HMC, SVGA, and 293FT cells was isolated by
using an RNeasy minikit (Qiagen) according to the manufacturer’s instructions. Quantitative real-time
PCR was conducted with iScript reverse transcription supermix for quantitative reverse transcription-PCR
(qRT-PCR) and SYBR SsoAdvanced Universal Sybr green SuperMix (Bio-Rad) according to the manufac-
turer’s instructions. qRT-PCR was performed by a Bio-RadCFX96 qRT-PCR detection system. �-Actin
served as an internal control (HTR2A, forward [5=-GAATCGTCCTGTAGCCCAAA-3=] and reverse [5=-CAGA
ATCCCATCCACCACAG-3=]; �-actin, forward [5=-GTTGTCGACGACGAGCG-3=] and reverse [5=-GCACAGAGC
CTCGCCTT-3=]). Each qRT-PCR was performed in triplicate for qRT-PCR yield validation. Error bars
correspond to standard errors of the mean.

LSTc competition assay. To inhibit infection with LSTc, CsCl-purified virus was pretreated with 20 mM
LSTc (V Labs, Inc.) in media without supplementation on ice for 1 h. Cells in 96-well plates were prechilled at
4°C for 30 min prior to infection. Virus-pentasaccharide complexes were added to cells, followed by incubation
at 4°C for an additional 1 h. After infection, the cells were washed with PBS, complete medium was added as
appropriate per cell type, and the cells were incubated at 37°C for 72 h. Cells were fixed and stained by
indirect immunofluorescence for VP1 as described above.

Flow cytometry. To assess binding to each cell type, the cells were harvested using Cellstripper
(Mediatech) and washed in 1� PBS, and CsCl-purified Alexa Fluor 488-labeled JCPyV or PSL-biotin (E-Y
Labs) was incubated with 106 SVG-A, CPEpiC, or HMC for 1 h on ice. PSL-biotin was detected by
incubation for an additional hour on ice with streptavidin-488 secondary antibody (Invitrogen). Samples
were washed in 1� PBS, fixed in 1% paraformaldehyde, and analyzed by flow cytometry (BD FACSCanto
II). For competition assays, purified Alexa Fluor 488-labeled JCPyV was incubated for 1 h on ice in the
presence or absence of 20 mM LSTc or PSL-biotin. Virus-compound complexes were then bound to cells
for an additional hour on ice. Cells were washed in PBS, fixed with 1% paraformaldehyde, and analyzed
by flow cytometry. For NA treatment, cells were incubated with 1 U/ml of NA Type II from Vibrio cholerae
(Sigma) for 1.5 h at 37°C and pH 6.0 or in PBS at pH 6.0 as a control. After treatment, the cells were
washed with PBS and bound with either Alexa Fluor 488-labeled JCPyV or PSL-biotin for an additional
hour on ice. The cells were washed again in PBS, fixed in 1% paraformaldehyde, and analyzed.
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