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Summary

Progressive multifocal leukoencephalopathy (PML) is a lethal brain disease caused by
uncontrolled replication of JC polyomavirus (JCV). JCV strains recovered from the brains of PML
patients carry mutations that prevent the engagement of sialylated glycans, which are thought to
serve as receptors for the infectious entry of wild-type JCV. In this report, we show that non-
sialylated glycosaminoglycans (GAGS) can serve as alternative attachment receptors for the
infectious entry of both wild-type and PML-mutant JCV strains. After GAG-mediated attachment,
PML-mutant strains engage non-sialylated non-GAG co-receptor glycans, such as asialo-GM1.
JCV-neutralizing monoclonal antibodies isolated from patients who recovered from PML appear
to block infection by preventing the docking of post-attachment co-receptor glycans in an apical
pocket of the JCV major capsid protein. Identification of the GAG-dependent/sialylated glycan-
independent alternative entry pathway should facilitate the development of infection inhibitors,
including recombinant neutralizing antibodies.

eTOC blurb

*Lead contact: buckc@mail.nih.gov

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author Contributions

Conceptualization, EMG and CBB; Investigation, EMG, DVP, CK; Resources, EMG, DVP, RMS, UR, WG, MH, GTP, DMS, CK,
ECM, BC, JG; Writing — Original Draft, EMG, CBB; Writing — Review & Editing, all authors; Funding Acquisition, CBB.
Competing interests: C.K. and E.C-M are employees of Biogen, Inc and B.C. and J.G. are employees of Neurimmune. M.H., C.B.B,
W.G. and E.M.G. have filed an NCI Employee Invention Report.

Data and materials availability: All data and materials are available upon request. Anti-JCV mAb reagents will be covered by a
Material Transfer Agreement.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Geoghegan et al.

Page 2

Geoghegan et al show that JC polyomavirus strains that cause brain disease infect cells via a
pathway involving a heparin-like attachment receptor and a non-sialylated co-receptor. Candidate
therapeutic human monoclonal antibodies neutralize by blocking co-receptor engagement.
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Introduction

Serological studies indicate that a majority of healthy adults are chronically co-infected with
both JC polyomavirus (JCV) and BK polyomavirus (BKV) (Gossai et al., 2016; Kean et al.,
2009; Knowles et al., 2003). In most individuals, lifelong infection with the two closely
related viruses is thought to be primarily restricted to the urinary epithelium. Although
infection is not typically associated with known symptoms in healthy individuals, a JCV-
induced brain disease called progressive multifocal leukoencephalopathy (PML) affects
about 5% of patients with HIVV/AIDS (Collazos, 2003; Steiner and Berger, 2012). BKV is
only rarely associated with brain disease (Lopes da Silva, 2011), but it is a common cause of
nephropathy following kidney transplantation (Lopes da Silva, 2011; Reploeg et al., 2001).
Although the incidence of PML in HIV-infected individuals has decreased with the advent of
combination antiretroviral therapy, PML remains a persistent threat (Casado et al., 2014;
Collazos, 2003). More recently, it has become apparent that treatment with various
therapeutic immunomodulatory monoclonal antibodies (mAbs), including natalizumab and
rituximab, is associated with PML (Berger and Fox, 2016; Carson et al., 2009;
Kleinschmidt-DeMasters and Tyler, 2005; Langer-Gould et al., 2005; Van Assche et al.,
2005). There is currently no effective treatment for PML except to attempt to restore
immune function, which can, in turn, lead to immune reconstitution inflammatory syndrome
(another potentially fatal outcome) (Bauer et al., 2015; Steiner and Berger, 2012).
Immunomodulatory therapies hold a great deal of promise for treating a wide variety of
diseases such as multiple sclerosis, rheumatoid arthritis, Crohn’s disease, lupus, lymphoid
cancers, and many other diseases, but the risk of PML continues to hamper widespread use
of some of these therapies (Berger and Fox, 2016; Carson et al., 2009; Diotti et al., 2013;
Steiner and Berger, 2012; Tur and Montalban, 2014).
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It is well established that many polyomavirus species, including JCV, BKYV, the Rhesus
monkey BKV/JCV-related virus SV40, and Merkel cell polyomavirus (MCV), require
sialylated glycans for infectious entry into cells (DeCaprio and Garcea, 2013; Stroh and
Stehle, 2014). MCV is unique among polyomaviruses in that it is known to require
sequential engagement of non-sialylated glycosaminoglycan (GAG) receptors for attachment
to the cell surface and sialylated co-receptor glycans for post-attachment steps in the
infectious entry process (Schowalter et al., 2011). GAGs are long, unbranched glycans made
up of repeating disaccharide units that are typically O-linked to proteins. Heparan sulfate
(HS), dermatan sulfate, chondroitin sulfate, and keratan sulfate are common classes of
GAGs (Kambhi et al., 2013). Cells deficient in either GAGs or sialylated glycans do not
support MCV infection (Schowalter et al., 2011). An initial goal of the current study was to
examine the hypothesis that JCV, BKV and SV40 can, like MCV, employ GAGs as
attachment receptors.

In addition to further exploring the potential role of GAGs in polyomavirus entry, we sought
to address a lingering puzzle applicable to JCV. While it is well established that JCV strains
found in the urine of healthy subjects bind the sialic acid-bearing pentasaccharide LSTc
(Neu et al., 2010; Stroh et al., 2015), JCV strains found in the serum, cerebrospinal fluid,
and brains of PML patients often contain mutations in residues lining the LSTc-binding
pocket on the apical surface of the major capsid protein VP1 (Gorelik et al., 2011; Reid et
al., 2011; Sunyaev et al., 2009). Most PML-associated mutations render the virus incapable
of binding LSTc or other sialylated glycans (Gorelik et al., 2011; Maginnis et al., 2013).
Interestingly, some PML-associated mutants have been shown to remain capable of binding
to the non-sialylated glycan asialo-GM1 (Gorelik et al., 2011).

Several of the most common PML-mutant strains of JCV have been predicted to be under
positive selection during the development of PML (Ray et al., 2015; Sunyaev et al., 2009).
This prediction is consistent with results using a human glial cell-engrafted chimeric mouse
model of PML recently described by Kondo and colleagues (Kondo et al., 2014). In the
chimeric mouse model, infection with a native wild-type JCV strain leads to PML-like
pathology and, significantly, disease progression is marked by the appearance of viral strains
with VP1 mutations adjacent to the apical LSTc-binding pocket, including some of the
hallmark mutations observed in the brains of PML patients (Kondo et al., 2014). Mice
challenged with JCV carrying either of the two most common PML mutations (VP1 L55F or
S269F) showed robust infection of engrafted human oligodendrocytes, astrocytes, and glial
progenitor cells in vivo and infection occurred at an equivalent or greater frequency
compared to the wild-type virus. Thus, despite their inability to bind the known sialylated
receptor glycan LSTc, PML-mutant JCV strains remain fully infectious in various brain cell
types in vivo. A possible explanation for these findings is that PML-mutant JCVs engage a
previously unrecognized alternative infectious entry pathway that does not depend on known
sialylated receptor glycans, such as LSTc. Specifically, we hypothesized that the sialylated
glycan-independent alternative infectious entry pathway engaged by PML-mutant JCV
strains involves GAG-mediated attachment.

Jelcic and colleagues recently reported a panel of JCV-neutralizing human mAbs cloned
from individuals who survived PML (Jelcic et al., 2015). Although a subset of the mAbs
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were shown to bind virus-like particles (VLPs) carrying PML-associated mutations, their
ability to effectively neutralize PML-mutant JCV strains was not evaluated. Using a panel of
common wild-type and PML-mutant JCV strains, we examined the neutralizing activity of
these mAbs. The mAbs also proved to be useful tools for dissecting the entry pathways JCV
uses to infect cells.

Attachment of PML-mutant JCV to cultured cell lines is primarily mediated by GAGs

JCV genotypes 2 and 3 were selected as common wild-type backgrounds and two previously
reported PML-associated JCV isolates, JCV2-269F and JCV3-55F, were used as model
PML-associated mutant strains previously shown to be defective for engagement of various
sialylated glycans (Gorelik et al., 2011; Ray et al., 2015; Reid et al., 2011). A commonly
studied BKV genotype la isolate was chosen as a representative reference virus. A
previously reported BKV VP1 F76W mutation designed to prevent engagement of sialic
acid (SA) (Neu et al., 2013) was constructed in this background. We collectively refer to the
PML-mutant JCV strains and the BKV-76W mutant as “SA-mutant” viruses.

To begin to examine the question of whether JCV and BKV might, like MCV, use heparin-
like GAGs for infectious entry into cells, cultured cell lines were treated with a blend of the
heparan sulfate-degrading enzymes (heparinase | and heparinase 111) and probed for changes
in the ability to bind JCV or BKV VLPs. For SFT cells (a gliosarcoma line that has
previously been shown to support the infectious entry of PML-mutant JCV (Ray et al.,
2015)), the heparinase treatment resulted in an 80% decrease in the binding of MCV VLPs,
confirming that the GAG-degrading enzyme treatment was effective (Figure 1).

Although heparinase treatment showed only modest effects on the binding of wild-type JCV
or BKV, the SA-mutant viruses showed a dramatically reduced ability to attach to
heparinase-treated cells (Figure 1). Similar results were observed using heparinase-treated
ART cells (data not shown), which are likewise able to support the infectious entry of PML-
mutant JCV strains (Ray et al., 2015). Additionally, SA-mutant JCV and BKV VLPs (but
not wild-type VLPs) showed a ~99% reduction in binding to GAG-deficient CHO pgsA-745
cells (Esko et al., 1985) relative to wild-type CHO cells (Supplemental Figure 1). The results
show that, while wild-type JCV and BKV VLPs can attach to cultured cells via heparinase-
resistant moieties, attachment of SA-mutant viruses is mediated primarily by GAGs.

Wild-type JCV binds both GAGs and sialylated glycans

To confirm the finding that PML-mutant JCVs do not engage sialylated glycans, we used
3Fa-Neu5Ac (3Fax), a drug that is converted intracellularly into a CMP-Neu5Ac mimetic
that competitively blocks sialyltransferase activity (Rillahan et al., 2012). Cells treated with
3Fax produce non-sialylated or hyposialylated glycans. The drug was applied to a panel of
cell lines we have previously shown to be permissive for the infectious entry of PML-mutant
JCV reporter pseudovirions (Ray et al., 2015). After three days of drug treatment, cells were
stained using a blend of lectins specific for a-2,3- and a-2,6-linked sialic acids and analyzed
using flow cytometry. The 3Fax treatment showed variable effectiveness, depending on the
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cell line (Supplemental Table 1). The drug was particularly effective for reducing cell-
surface sialylated glycan expression on SFT cells, with an average of 81% decrease in lectin-
based staining of cell surface a-2,3 and a-2,6 sialic acids (Supplemental Figure 2A). The
results confirm that 3Fax treatment effectively blocks surface expression of sialylated
glycans on some cell types.

Treatment of SFT cells with 3Fax resulted in only a minimal decrease in the cellular
attachment of all tested VLPs representing wild-type or SA-mutant strains (Figure 1).
Consistent with the prior findings of Gorelik and colleagues (Gorelik et al., 2011) our results
suggest that JCV and BKYV, like MCV, do not require sialylated glycans for initial
attachment to cells. The binding data leave open the possibility that, like MCV, wild-type
JCV and BKV require sialylated glycans for a post-attachment infectious entry step.

To investigate the role that GAGs play in the cell attachment of wild-type and SA-mutant
VLPs under conditions where sialylated glycans are unavailable, cells were treated with both
heparinase and 3Fax. Simultaneous removal of both sialylated glycans and GAGs
dramatically reduced the binding of all wild-type and SA-mutant VVLPs. Together, the data
are consistent with a model in which the wild-type virus can make facultative use of either
GAGs or sialylated glycans for initial attachment to cells, while SA-mutant strains are
restricted to the exclusive use of GAGs for attachment.

Inhibition of infectivity by the model GAG heparin

A previously described reporter pseudovirion system (Ray et al., 2015) was used to monitor
the effect of various inhibitors on the infectious entry process of JCV and BKV. Although
the effects of heparinase on virion attachment to cells can readily be monitored in short-term
experiments, longer-term infectivity experiments are more challenging because the
enzymatic activity of heparinases eventually decays and GAGs begin to reappear on the cell
surface. We therefore tested the infection-inhibitory effects of heparin, a freely soluble GAG
used clinically as an anticoagulant. The infectivity of wild-type JCV2, JCV3, and BKV on
ART and SFT cells was partially inhibited by heparin, but the inhibition curves plateaued at
roughly 50% inhibition (Figure 2 and Supplemental Figure 3). A possible explanation for
this observation might be that, for the wild-type pseudoviruses, the known sialylated glycan-
dependent infectious entry pathway remains operational even in the presence of high doses
of heparin. In contrast to the wild-type pseudoviruses, the infectivity of the SA-mutant
pseudoviruses (which cannot engage the sialylated glycan-dependent entry pathway) was
completely blocked by heparin. This suggests that infectious entry of the SA-mutant viruses
relies entirely on a GAG-dependent entry pathway that can be competitively blocked with
exogenous heparin.

SV40, which is closely related to BKV and JCV, is known to require the sialylated
ganglioside GM1 for infectious entry into many (but not all) cell types (Magaldi et al.,
2012). Prior work has not addressed the possibility that GAGs might be involved in SV40
infectious entry. An SV40 pseudovirus was inhibited by heparin in the same manner as wild-
type JCV and BKV on ART cells, suggesting SV40 is also at least partially dependent on
GAGs for entry into this cell type (Figure 2D). On 293TT and SFT cells, SV40 was almost
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completely inhibited by heparin, suggesting that GAG engagement is a required step in
SV40 infectious entry into these cell types.

The concept that SA-mutants require GAGs for infectious entry was confirmed using a
GAG-blocking mAb, HS20 (Gao et al., 2014)(Supplemental Figure 4). A separate set of
experiments using cells treated with chlorate suggest that, in contrast to MCV, neither JCV
nor BKV require GAG sulfate modifications for infectious entry (Schowalter et al., 2011)
(Supplemental Figure 5).

3Fax treatment unexpectedly enhances PML-mutant infectivity

SFT cells were treated with 3Fax to further investigate the role of sialylated glycans in
infectious entry. The infectivity of MCV, which is known to require a sialylated glycan co-
receptor for infectious entry, was completely blocked by 3Fax treatment (Figure 3). In
contrast, the infectivity of HPV16, which is not known to require sialylated glycans for
infectious entry, was slightly enhanced by 3Fax treatment. The HPV16 pseudovirus results
confirm that 3Fax does not cause general cytotoxicity for SFT cells. One possible
explanation for the modest enhancement of HPV16 infectivity might be that 3Fax treatment
results in increased expression of longer GAG-like glycans due to a lack of terminating
sialic acid modifications (Rillahan et al., 2012). To investigate this idea, we performed
staining using HPV16 VLPs or the HS20 mAb. As seen in Supplemental Figure 2 panels B
and C, the staining results do not support the concept of increased GAG expression on 3Fax-
treated cells.

For wild-type JCV2, JCV3, BKYV, and SV40 pseudoviruses, 3Fax treatment either had no
effect or slightly inhibited infection compared to untreated cells (Figure 3). These infectivity
results are comparable to the VLP-based cell binding results shown in Figure 1, suggesting
that the wild-type viruses are able to infect cells via a GAG-dependent and sialylated glycan-
independent entry pathway. Surprisingly, 3Fax treatment resulted in a dramatic increase in
the infectivity of SA-mutant pseudoviruses. The JCV2-269F mutant showed a 15-fold
increase in reporter signal and the JCV3-55F mutant showed a 21-fold increase in reporter
signal on 3Fax-treated SFT cells. The enhancement of the infectivity of the BKV SA-mutant
F76W was more modest (only about 2-3 fold). All tested virus types were susceptible to
competitive inhibition with 100 pg/ml heparin on 3Fax-treated cells. The results are
consistent with the idea that the infectious entry of both wild-type and SA-mutant
pseudoviruses is entirely dependent on GAG-like glycans when sialylated glycans are
unavailable.

Six additional cell lines were treated with 3Fax to determine whether the enhancement of
PML mutants on SFT cells is generalizable. The cell lines exhibited a range of sensitivities
to 3Fax treatment, as measured by decreases in lectin staining (Supplemental Table 1). There
was a generally positive correlation between the degree of 3Fax efficacy for reducing
sialylated glycan expression and the level of enhancement of infectivity of the JCV2-269F
and JCV3-55F PML-mutant pseudoviruses. This suggests that the availability of hypo-
sialylated glycans plays an important role in the infectious entry of PML-mutants.
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The concept that PML-mutant JCV infectivity is improved by the appearance of
hyposialylated GAGs on the cell surface was confirmed using neuraminidase-treated cells.
Neuraminidase treatment caused an 89% decrease in lectin staining as measured by flow
cytometry (Supplemental Figure 4E), and resulted in a roughly 3-fold increase in PML-
mutant infectivity (Supplemental Figure 6). Similarly, siRNA-mediated knockdown of two
genes involved in the production of sialylated glycans, SLC35A1 and CMAS, resulted in a
40% decrease in lectin staining and a 4.5- and 8-fold increase, respectively, in PML-mutant
infectivity (Supplemental Figure 7).

Supplying cells with a non-sialylated ganglioside enhances PML-mutant infectivity

We hypothesized that removal of sialic acid residues from cellular glycans might be
“revealing” a spectrum of non-sialylated glycans that are not normally present at high levels
on cultured cells, and that such non-sialylated glycans might serve as post-GAG-attachment
co-receptors required for efficient infectious entry of PML-mutant viruses. Since 3Fax
treatment did not significantly affect the overall binding of PML-mutant JCV strains to cells
(Figure 1), non-sialylated co-receptor glycans would presumably play a role as post-
attachment co-receptors. A candidate glycan in this category might be the naturally
occurring non-sialylated form of the ganglioside GM1 (asialo-GM1), a glycolipid that
Gorelik and colleagues previously showed is capable of binding various PML-mutant JCV
strains (Gorelik et al., 2011).

Exogenous gangliosides can conveniently be loaded onto the surface of cultured cells
(Pastrana et al., 2013). Consistent with the fact that JCV is not known to use the primary
sialylated form of GM1 as an entry receptor (Stréh et al., 2015), GM1 pre-treatment of cells
had no effect on the infectivity of wild-type or PML-mutant pseudoviruses (Figure 4). In
contrast to JCV, SV40 has previously been shown to use GM1 for infectious entry into most
cell types and, accordingly, GM1 pre-treatment increased the infectivity of an SV40
pseudovirus by about five-fold (data not shown)(Ewers et al., 2010; Neu et al., 2008; Tsai et
al., 2003). The SV40 results confirm that the ganglioside loading procedure was effective.
Although treating cells with exogenous asialo-GM1 did not affect the infectivity of wild-
type JCV pseudoviruses, it substantially increased the infectivity of PML-mutant
pseudoviruses (Figure 4). Specifically, JCV2-269F was enhanced by 4-fold and JCV3-55F
was enhanced by 5-fold using ART cells. The results confirm the hypothesis that the
availability of hypo-sialylated co-receptor glycans can be a limiting factor in the infectious
entry of PML-mutant pseudoviruses.

Characterization of JCV-neutralizing human mAbs

Jelcic and colleagues have recently reported a panel of JCV VP1-specific mAbs cloned from
PML patients (Jelcic et al., 2015). Although Jelcic and colleagues demonstrated that many
mADbs in the panel potently neutralize the infectivity of wild-type JCV-1A, at the time of the
prior study it was not technically feasible to directly test the mAbs for neutralization of
PML-mutant strains. Our observation that wild-type and PML-mutant JCV strains can use
different infectious entry pathways raises the possibility that some mAbs might neutralize
wild-type JCV but fail to neutralize PML-mutant JCV. To experimentally address this
caveat, we performed high-throughput pseudovirus-based neutralization assays with a panel
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of the mADbs reported by Jelcic and colleagues. Assays were performed using ART and SFT
cells, as well as SFT cells pre-treated with 3Fax.

Antibodies 50H4, 98H1, 27C11, 26A3, 72F10, and 27C2 potently neutralized all tested JCV
strains on all tested cell types with 50% neutralization (ECsg) values in the low picomolar or
high femtomolar range (Figure 5). The results indicate that the alternative infectious entry
pathway used by PML-mutant pseudoviruses remains sensitive to mAbs that neutralize wild-
type JCV.

JCV-neutralizing human mAbs do not inhibit attachment

In principle, neutralizing antibodies can function either by blocking the initial attachment of
virions to cells or by interfering with a post-attachment entry step, such as engagement of a
co-receptor. Cell attachment assays were used to distinguish between these possible
mechanisms. The experiments used JCV reporter VLPs carrying a recombinant fusion of
human histone subunit H2B to NanoLuc (Promega) reporter enzyme. The fusion protein,
which is encapsidated alongside the native host histone proteins typically found within
polyomavirus virions, allows the monitoring of VLP attachment to cells using NanoLuc
luminometry, thus obviating the need for use of secondary antibody reagents.

Heparin and HS20 both blocked the attachment of PML-mutant VVLPs and only partially
prevented binding of wild-type JCV2 (Figure 6). The result confirms that competitive
antagonists of cell surface GAG engagement interfere with infectivity at least in part by
blocking the initial cell-attachment step. In contrast to heparin and HS20, none of the anti-
JCV mADs prevented cell-attachment of wild-type or PML-mutant VLPs. Puzzlingly, mAbs
98D3, 50H4, and 27C11 caused increased binding of JCV2-269F VLPs to both SFT and
ART cells. The effect does not appear to be due to the presence of Fc receptors or due to the
antibody recognizing a cellular epitope and then bridging the cell and the VLP, as the three
mADbs showed little or no binding to cells in flow cytometric analyses (data not shown). A
possible explanation for the increase in binding observed with these antibodies is that they
induce a conformational shift that makes the GAG-binding site more accessible, thereby
promoting cell-binding. The full neutralization curves for mAbs 98D3, 50H4, and 27C11 did
not show any evidence of antibody-dependent enhancement of infectivity (Dowd and
Pierson, 2011).

JCV-neutralizing human mAbs block hemagglutination

Although wild-type JCV virions and VLPs readily hemagglutinate human red blood cells
(RBCs), PML-mutant VVLPs are unable to mediate hemagglutination (data not shown)
(Gorelik et al., 2011; Maginnis et al., 2013; Sunyaev et al., 2009). Taken together with prior
results showing that neuraminidase pre-treatment of RBCs prevents JCV-mediated
hemagglutination (Liu et al., 1998), it seems clear that hemagglutination is primarily
mediated by interactions between the virion and sialylated glycans on the RBC surface.

Hemagglutination testing revealed that all antibodies that neutralized JCV-1A (against which
the mAbs were initially screened) also blocked hemagglutination. Only two of the tested
mAbs, 43E8 and 72F7, failed to block hemagglutination, consistent with the fact that they
do not neutralize JCV-1A. The results indicate that all of the neutralizing mAbs occlude the
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known LSTc-binding pocket found on the apical surface of the wild-type VP1 capsomer.
This model is consistent with the mapped epitopic footprint of a previously reported JCV-
neutralizing mAb known as GRE1 (Diotti et al., 2014) and is also consistent with the prior
observation that mAbs 98D3, 44F6B, and 57D4 fail to bind VVLPs with PML-associated VP1
mutations that map to the apical pocket (Jelcic et al., 2015).

Although PML-mutants could not be tested in the HAI assay, we note that the 269F and 55F
mutants were efficiently neutralized by many of these antibodies. A simple way to explain
the findings is that the putative non-sialylated glycan co-receptor PML-mutant strains use
for infectious entry docks in the same apical pocket where sialylated glycans are known to
engage on wild-type JCV strains. The neutralizing mAbs would thus block access to
sialylated co-receptor glycans required by wild-type JCV, as well as the non-sialylated co-
receptor glycans apparently required by PML-mutant JCV strains.

Discussion

Past observations showing that PML-associated JCV strains remain infectious, despite being
unable to engage known sialylated receptor glycans, suggested that these strains might use a
sialylated glycan-independent infectious entry pathway. Our results show that PML-mutant
JCV strains require non-sialylated GAGs for initial attachment to cells. Cell attachment is
followed by engagement of non-sialylated non-GAG co-receptor glycans (Figure 7). Wild-
type JCV strains are also able to make facultative use of the GAG-dependent entry pathway,
allowing them to remain partially infectious when either GAG or sialic acid engagement is
blocked. The existence of this previously unknown sialylated glycan-independent infectious
entry pathway could help explain why JCV can robustly infect human astrocytes and
oligodendrocytes in vivo (Kondo et al., 2014), despite the fact that these cell types appear to
lack previously identified sialylated glycan receptors for the virus (Haley et al., 2015).

Although previous analysis of PML-mutant evolution has suggested that these strains are
under positive selection during disease progression (Sunyaev et al., 2009), it has been
uncertain what selective advantages the mutations might confer. It appears that the virus may
make a tradeoff between the ability to use the preferred sialylated receptor glycans and
escaping the effects of neutralizing antibodies (Ray et al., 2015). Modulation of glycan-
binding specificity may be a general mechanism that viruses can use to escape from
neutralizing antibodies, with potentially pathogenic consequences. For example, influenza
viruses have been shown to change their glycan usage in response to selective pressure from
neutralizing antibodies, resulting in changes in tissue tropism and increased pathogenicity
(Hensley et al., 2009; O’Donnell et al., 2012). The hypervirulent LID strain of mouse
polyomavirus, which harbors a VP1 V296 A mutation (homologous to the PML-associated
S269F mutation in JCV) engages an altered spectrum of sialylated glycans, shows different
tissue tropism, and is more rapidly lethal than wild-type mouse polyomavirus strains (Bauer
etal., 1999; Carroll et al., 2007). Likewise, there is a link between sialylated glycan affinity
and pathogenicity for parvoviruses, including canine parvovirus and minute virus of mouse
(Huang et al., 2014). It would be interesting to learn whether virulence-associated mutations
in mouse polyomavirus and animal parvoviruses also allow escape from antibody-mediated
neutralization.
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Gangliosides are known receptors for many other members of the polyomavirus family
(DeCaprio and Garcea, 2013) but have not been clearly established as functional receptors
for JCV. Although several studies have demonstrated that JCV is capable of binding a
variety of gangliosides (Gorelik et al., 2011; Komagome et al., 2002; Stroh et al., 2015), and
that pre-treating wild-type JCV virions with gangliosides can block infectivity (Komagome
et al., 2002; Stroh et al., 2015), pre-loading cultured cells with exogenous sialylated
gangliosides neither enhanced the infectivity of wild-type JCV in permissive cells nor
potentiated infection in a non-permissive cell line (Stréh et al., 2015). Additionally, there is
substantial evidence that glycoproteins bearing the pentasaccharide LSTc, rather than
glycolipids, can serve as the main receptors for JCV infectious entry into some cultured cell
lines (Dugan et al., 2008; Liu et al., 1998; Neu et al., 2010; Stroh et al., 2015). We
demonstrate that addition of the ganglioside asialo-GM1 to permissive cells increases the
infectivity of PML-mutant strains. It remains uncertain whether the asialo-GM1
enhancement we observed is simply attributable to the increased abundance of the non-
sialylated co-receptor glycan headgroup on the cell surface or whether the presentation of
the glycan in the specific context of a glycolipid is important. 3Fax treatment of cells,
neuraminidase treatment, and siRNA-induced decreases in sialylated glycan biosynthesis
should affect glycolipids and glycoproteins similarly, so the relative importance of the two
classes of glycan cannot be inferred from our data. Asialo-GM1 has been reported to be a
specific marker of oligodendrocytes and myelin-producing cells, raising the possibility that
this glycan motif may play a central role in PML-mutant infectivity and pathogenesis in the
brain (Dasgupta et al., 2007; Dasgupta and Hogan, 1993; Dasgupta et al., 1992; Dasgupta et
al., 2000; Kusunoki et al., 1985). Additionally, there are numerous examples of heparan
sulfate proteoglycans, including glypicans and syndecans, that could potentially serve as
GAG attachment receptors on brain cell types known to be infected by JCV (Farhy
Tselnicker et al., 2014; Maeda, 2015; Yim et al., 1993).

While a VLP-based vaccine against JCV might provide a broadly cross-neutralizing
antibody response that would durably protect at-risk patients against PML (Ray et al., 2015),
broadly neutralizing mAbs are also promising as potential therapeutic agents, particularly
for patients treated with immunomodulatory drugs or immunocompromised patients who
may not respond robustly to vaccination. In this work, we evaluated a previously published
panel of wild-type JCV-neutralizing antibodies cloned from patients who recovered from
PML (Jelcic et al., 2015) for neutralization of PML-mutant strains. Our functional analysis
of these antibodies has identified several candidates for further development, in particular
antibodies 50H4, 98H1, 27C11, 26A3, 27C2, and 72F10, which effectively cross-neutralize
all tested wild-type genotypes, including variants representing the most commonly occurring
PML mutations. Structural studies will be necessary to directly identify where these
antibodies bind the virus, but our results strongly suggest that all known JCV-neutralizing
antibodies bind to the apical pocket on the top surface of the VP1 capsomer knob, where
sialylated glycans, such as LSTc, are known to be engaged by wild-type JCV (Neu et al.,
2010). Although the PML-mutants do not engage sialylated glycans, they are nevertheless
potently neutralized by some of the tested mAbs. A potential explanation for these findings
is that PML-mutant strains continue to use the apical pocket to bind non-sialylated co-
receptor glycans, and antibody-mediated interference with the function of this pocket can
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thus effectively neutralize the PML-mutant strains. It is encouraging that this apical glycan
binding pocket appears likely to be an Achilles heel for both wild-type and PML-mutant
strains, strengthening the clinical potential for treating or preventing PML with neutralizing
mADbs.

Antibodies that prevent cell binding through interference with GAG engagement might also
be an effective way to decrease the infectivity of JCV and BKYV, although our results suggest
that wild-type viruses bound by such antibodies might remain capable of utilizing the
sialylated glycan-dependent pathway (in much the same way that wild-type viruses remain
partially infectious in the presence of heparin or HS20). Although no mAbs that prevent cell
binding have yet been identified for JCV or BKV, we have previously characterized mAbs
capable of blocking the GAG-mediated attachment of MCV to cultured cells (Pastrana et al.,
2010). Although the attachment-blocking mAbs fully neutralize MCYV, it does not appear
that MCV is able to make facultative use of GAG-independent entry pathways, as wild-type
JCV and BKV do.

Our results using Jelcic and colleagues’ mAb panel demonstrate that the GAG-binding site
is distinct from the apical pocket that engages sialylated glycans in wild-type strains.
Binding studies performed with recombinant JCV VP1 capsomers that lack the C-terminus
and are unable to assemble into VLPs indicate that binding of free capsomers to cells is
completely dependent on the presence of sialylated glycans (Maginnis et al., 2013; Neu et
al., 2013). In contrast to the truncated capsomers, assembled capsids are able to bind cells in
a sialic acid-independent manner (Gorelik et al., 2011)(Figure 1 and Supplemental Figure 1).
This suggests that GAG-attachment motifs are formed by inter-capsomer interactions in the
canyons between the capsomer knobs.

In addition to establishing that GAGs play a role in infectious entry of JCV, we demonstrate
that GAGs are involved in BKV and SV40 entry. Wild-type BKV and the BKV-76W mutant
behaved in the same manner as wild-type JCV and PML-mutant strains, respectively, in
terms of binding to cells and infectivity when various treatments were employed to prevent
engagement of GAGs or sialylated glycans. Although the closely related SV40 is generally
thought to use the sialylated ganglioside GM1 as a receptor for infectious entry (Ewers et al.,
2010; Neu et al., 2008; Tsai et al., 2003), several SV40 mutants have been identified that are
unable to bind GM1 and yet remain infectious, suggesting that there is a GM1-independent
entry pathway (Luo et al., 2016; Magaldi et al., 2012). Although we did not construct an SA-
mutant for SV40, we were still able to evaluate the ability of SV40 to use the GAG-
dependent pathway in isolation using 293TT cells, which can be infected by SV40 despite
very low levels of GM1 expression (Magaldi et al., 2012). Additionally, SFT cells treated
with GM1 supported higher levels of SV40 infection (data not shown), suggesting that
untreated SFTs likewise have limiting amounts of GM1. Infectious entry of SV40 into
untreated 293TT and SFT cells thus seems likely to be occurring through a GM1-
independent pathway. Our data demonstrate that SVV40 transduction of 293TTs and SFTs is
almost entirely inhibited by heparin, similar to JCV and BKV SA-mutants. This indicates
that SV40 is highly dependent on GAGs for entry into some cell types when the preferred
GM1 receptor is unavailable. In contrast to BKV and JCV, SV40 infectivity showed
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sensitivity to chlorate treatment, suggesting that it may require a different spectrum of GAG
modifications than BKV and JCV.

There is indirect evidence from clinical studies that the GAG pathway may be medically
relevant for polyomavirus infections. A clinical study involving four patients suggested,
speculatively, that systemic heparin treatment might be useful for halting the progression of
PML (Major et al., 1992). GAGs have also been investigated as possible treatments for
BKV-induced hemorrhagic cystitis following bone marrow transplant (Arthur et al., 1986;
Reploeg et al., 2001) and for a potentially BKV/JCV-associated chronic bladder syndrome
known as interstitial cystitis (Van der Aa et al., 2014; Winter et al., 2015). GAGs and GAG
analogs, such as pentosan polysulfate, heparin, and chondroitin sulfate, are currently
recommended treatments for interstitial cystitis (Al-Zahrani and Gajewski, 2011; Cervigni,
2015; Madersbacher et al., 2013; Parsons and Mulholland, 1987; Tutolo et al., 2016), and
there is also evidence that treatment with hyaluronic acid (a non-sulfated GAG) can relieve
symptoms and achieve remission of hemorrhagic cystitis (lavazzo et al., 2007; Isik et al.,
2014; Miodosky et al., 2006; Shao et al., 2012). Although previous justifications for these
treatments have focused on GAGs restoring the barrier function of the bladder epithelium, it
is possible to imagine that treatment with GAGs or GAG analogs may actually be inhibiting
polyomavirus infectious entry. The observation that hyaluronic acid may sometimes be an
effective treatment for hemorrhagic cystitis is particularly intriguing, given our observation
that blocking sulfate modifications through chlorate treatment of cells did not affect JCV or
BKV transduction.

The recently reported chimeric mouse model to evaluate JCV infectivity and PML mutant
pathogenesis could serve as a tool for pre-clinical evaluation of intervention strategies
(Kondo et al., 2014). Having an improved understanding of the PML-mutant entry process
should allow for new treatment and prevention options for patients at risk of developing
PML and for greater usage of immunomodulatory therapeutic agents for management of
autoimmune diseases and lymphoid cancers.

Experimental Procedures

Pseudovirus and VLP Production

Methods used to produce pseudovirions and VLPs have been described previously (Buck et
al., 2004; Pastrana et al., 2009; Ray et al., 2015). Plasmid maps and detailed methods are
available at our lab website, http://home.ccr.cancer.gov/LCO/. See Supplemental
Experimental Procedures for additional details.

Synthesis and use of 3Fax-Peracetyl Neu5Ac

3Fax-Peracetyl NeuS5Ac (3Fax) was synthesized as previously described (Rillahan et al.,
2012). Cells were pre-cultured with 200 uM 3Fax for 2—4 days prior to re-plating for
infectivity inhibition assays. See Supplemental Experimental Procedures for further details.
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VLP Binding Assay

50,000 SFT cells treated with 3Fax (or DMSO control) were suspended in 0.1 ml of wash
medium (DPBS with 1% FBS, 10 mM HEPES, and PSF) and treated with 0.02 units of
heparinase I/111 (Sigma H3917) or mock-treated at 37 °C for 1 h. Cells were washed once
then incubated with 50 ng of VLPs for 1 h at 4 °C. Cells were then washed and incubated
with primary antibody (1:1000) for 30 min at 4 °C followed by washing and addition of
Alexa Fluor 488-conjugated secondary antibody (Invitrogen) Primary antibodies used
include: mouse-anti-JCV polyclonal sera (Ray et al., 2015), mouse-anti-BKV polyclonal
sera (Pastrana et al., 2013), rabbit-anti-MCV polyclonal sera (Pastrana et al., 2009), mouse-
anti-HPV polyclonal sera (a generous gift from Hanna Seitz and John Schiller, NCI).
Additionally, anti-heparan sulfate mAb HS20 (0.5 ug/ml) or a combination of biotinylated
SNA (2 ug/ml) and MAL-II (5 pg/ml) lectins were used to measure the effect of the 3Fax
treatment on surface expression of heparan sulfate and sialic acid, respectively. Fluorescent
signal was measured by flow cytometry using a BD FACSCanto 1. Cytometry was analyzed
using FlowJo software.

Infectivity Inhibition Assays

Inhibition of the infectivity of pseudovirions by heparin, HS20, and anti-JCV mAbs was
measured as previously described (Ray et al., 2015; Schowalter et al., 2011). See
Supplemental Experimental Procedures for additional details.

Neuraminidase Treatment

ART or SFT cells were trypsinized and counted, then resuspended at 100,000 cells/ml in

wash medium. Neuraminidase (Sigma N2876) was added at 0.4 U/ml for enzyme treated

cells, and both enzyme and mock treated cells were incubated at 37°C for 45-60 minutes.
Cells were washed once in wash medium and then plated in 96-well plates at 5,000 cells/
well for infectivity inhibition assay.

Ganglioside Treatment

ART or SFT cells were pre-plated in 6-well plates the day before use at 500,000 cells/well.
GM1 and asialo-GM1 were purchased from Sigma and dissolved in PBS (GM1) or 1:1
methanol:chloroform (asialo-GM1). Gangliosides were diluted to 50 uM in RPMI, sonicated
4x 30 seconds, then transferred to new separate 6-well plates and left in a laminar flow hood
with the lid off for 20 minutes to allow evaporation of methanol and chloroform from the
asialo-GM1 containing media. Plate-bound cells were washed twice with serum free RPMI
and then 2 ml of ganglioside-containing medium was added to wells. Plates were returned to
37°C for 2 hours, and then cells were trypsinized, counted, and re-plated for inhibition assay.

siRNA Knockdown of Sialylated Glycans

SMARTpool ON-TARGET plus siRNA pools targeting SLC35A1 (L-007537-00-0005) and
CMAS (L-009780-01-0005), or a non-targeting pool (D-001810-10-05) were purchased
from Dharmacon (Lafayette, CO). Cells were plated in 6-well plates at 165,000 cells/well,
and the next day transfected with 400 pg of siRNA pools using 2.5 I of Lipofectamine
2000. After 24 hours, cells were trypsinized, counted, and replated at 165,000 cells/well in a
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fresh 6-well plate overnight. The culture was then re-transfected with the same siRNA pool.
After 24 hours, cells were trypsinized, counted, and re-plated for inhibition assay.

Cell Binding Assay with H2B-NanoLuc (H2BN) VLPs

JCV VLPs carrying an encapsidated histone H2B-NanoLuc fusion protein (H2BN) were
generated by inclusion of plasmid pH2BN in the VLP transfection mix. The pH2BN plasmid
was generated using PCR to recombine segments of pNL1.1CMV (Promega), plasmid pwM
(Tolstov et al., 2009), and pBOS-H2BGFP (BD Pharmingen)(Kanda et al., 1998).
Sequencing revealed that the H2B gene in pBOS-H2BGFP contained two non-silent
mutations (D26G and V1191). The errors were reverted to the wild-type H2B sequence by
overlap PCR.

For the cell binding assay, 1 ng of H2BN-containing VLPs were diluted in wash medium
then incubated with 10 pg/ml mAbs or 100 pug/ml heparin in a round bottom untreated 96-
well plate for 30 minutes at room temperature. ART or SFT cells were dislodged using PBS
with10 mM EDTA, counted, and 20,000 cells were added per well in a separate round
bottom plate. Cells were spun for 5 minutes at 500 x g, washed once, resuspended in the
antibody/virus mixture, and incubated at room temperature with rocking for 30 minutes.
Cells were washed twice then transferred to a white luminometry plate for measurement of
NanoLuc signal at a gain of 3200.

Hemagglutination Assay

Hemagglutination assays using JCV-1A VLPs were performed previously described
(Pastrana et al., 2013). See Supplemental Experimental Procedures for additional details.

Statistical Analysis

Graphpad Prism software was used to estimate ECsq values by fitting a sigmoidal dose-
response curve with variable slope. The top and bottom of the curve were fixed at 100%
neutralization or 0% neutralization, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Wild-type JC polyomavirus makes facultative use of two parallel infectious
entry pathways

Pathogenic mutants are restricted to a glycosaminoglycan-dependent pathway

Neutralizing antibodies act by blocking engagement of co-receptor glycans
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Fig. 1. SA-mutant VLPs require GAGS for binding to SFT gliosarcoma cells
Flow cytometry was used to measure the binding of wild-type and SA-mutant JCV and BKV

VLPs to cells treated with heparinase /111 (orange), the sialyltransferase inhibitor 3Fax
(green), or a combination of the two treatments (purple). MCV VLPs, which are known to
require GAGs for cell attachment, were used as a control. Results are standardized to mock-
treated SFT cells. One of two independent experiments is shown.
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Fig. 2. SA-mutant pseudoviruses are more sensitive to heparin inhibition than wild-type
pseudoviruses

Infectivity of the indicated pseudovirus was measured in the presence of a two-fold dilution
series of heparin. Quadruplicate values were averaged and expressed as percent inhibition
compared to untreated virus control. Panels (A—C) show results for ART cells, while panel
(D) was performed using wild-type SV40 pseudovirus on the indicated cell types. Similar
results were obtained for panels (A-C) using SFT cells (Supplemental Figure 3) and 293TTs
(data not shown). Results are representative of four to six independent experiments. Error
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bars represent SEM.
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Fig. 3. JCV and BKYV pseudovirions make facultative use of either sialylated glycans or by
heparin-like GAGs for infectious entry

SFTs were cultured with or without 3Fax and a single dilution of heparin was added to cells
prior to addition of indicated reporter pseudoviruses. Similar results were obtained in three
independent experiments.
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Fig. 4. Addition of asialo-GM1 enhances the infectivity of PML-mutant JCV strains
ART cells were treated with exogenous GM1 or asialo-GM1 for two hours, trypsinized,

replated in 96- well plates, then transduced with indicated pseudoviruses. Similar results
were obtained in three independent experiments using SFT cells (data not shown).
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Fig 5. Neutralization properties of anti-JCV mAbs on 3Fax-treated SFT cells
The neutralizing EC50 (picomolar) for each antibody against indicated pseudoviruses was

measured on 3Fax-treated SFT cells. Similar results were observed using untreated SFT

cells and ART cells.
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Fig. 6. Neutralizing mAbs do not prevent JCV attachment to cells
JCV pseudovirions carrying a histone-NanoLuc reporter protein were incubated with

indicated anti-VP1 mAb, HS20, or heparin and then added to a suspension of SFT cells.
After a 30 minute incubation, cells were washed twice, and then transferred to white
luminometry plate to measure NanoLuc signal. Results are representative of three
independent experiments. Similar results were observed using ART cells (data not shown).
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Fig. 7. Model for infectious entry of JCV

Wild-type JCV is capable of facultative engagement of either GAGs or sialylated glycans to
initiate entry, PML mutants require GAGs for attachment to cells. Following attachment to
cells, PML-mutants are transferred to a non-sialylated co-receptor glycan. Standard glycan
symbols (Varki et al., 2015a; Varki et al., 2015b) are used to depict the glycan headgroup of
asialo-GML1 (orange), an example of a GAG proteoglycan (blue) and the known sialylated
wild-type JCV co-receptor LSTc (purple). SA = sialic acid; SiRNA = siRNA targeting sialic
acid pathway genes; N-mAbs = neutralizing monoclonal antibodies.
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