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Abstract: Polyomaviruses are ubiquitous human pathogens that cause lifelong, asymptomatic 

infections in healthy individuals. Although these viruses are restrained by an intact immune system, 

immunocompromised individuals are at risk for developing severe diseases driven by resurgent 

viral replication. In particular, loss of immune control over JC polyomavirus can lead to the 

development of the demyelinating brain disease progressive multifocal leukoencephalopathy 

(PML). Viral isolates from PML patients frequently carry point mutations in the major capsid 

protein, VP1, which mediates virion binding to cellular glycan receptors. Because polyomaviruses 

are non-enveloped, VP1 is also the target of the host’s neutralizing antibody response. Thus, VP1 

mutations could affect tropism and/or recognition by polyomavirus-specific antibodies. How these 

mutations predispose susceptible individuals to PML and other JCPyV-associated CNS diseases 

remains to be fully elucidated. Here, we review the current understanding of polyomavirus capsid 

mutations and their effects on viral tropism, immune evasion, and virulence. 
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1. Introduction 

Polyomaviruses (PyVs) are ubiquitous members of both human and non-human viromes. First 

discovered in mice as an infectious oncogenic agent, polyomaviruses have since been identified in a 

wide variety of mammals and birds, and more recently in fish and arthropods [1–3]. These viruses 

have coevolved with their animal hosts and typically cause a lifelong asymptomatic infection with 

persistent viral shedding [1]. Fourteen human polyomaviruses have been identified to date, with 

estimated seroprevalence rates ranging from 4–98% in the general population and seropositivity rates 

increasing with age [4]. The route of transmission is currently not known, but is likely urine/fecal-

oral as polyomaviruses are detected in sewage and are highly stable under these conditions [5,6]. 

There is also evidence that primary infection by PyVs may occur via respiratory inhalation [7]. 

Although the majority of polyomavirus infections are asymptomatic, several polyomaviruses cause 

severe diseases in immunocompromised individuals. BKPyV is responsible for BKPyV-associated 

nephropathy (BKVN), a major cause of dysfunction and loss of kidney allografts, and hemorrhagic 

cystitis in bone marrow transplant recipients [8–11]. MCPyV is the etiologic agent for Merkel cell 

carcinoma, an aggressive cutaneous malignancy [12]. JCPyV causes the oft-fatal demyelinating brain 

disease Progressive Multifocal Leukoencephalopathy (PML) [13]. JCPyV seroprevalance is >60%; in 

healthy individuals, JCPyV persists predominantly in the urinary tract, with intermittent virus 

shedding into the urine during pregnancy [4,14–16]. The state of persistent polyomavirus infection 
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(i.e., low-level “smoldering” vs. latency-reactivation) and the viral and immunologic determinants 

that prevent resurgence are unknown. This review focuses on our current understanding of JCPyV 

capsid protein mutations in PML and how they relate to disease development. 

2. The Polyomavirus Lifecycle 

PyVs are non-enveloped viruses with circular, double-stranded DNA genomes of 

approximately 5000 bp. The viral genome, packaged within the capsid as a supercoiled 

minichromosome, is divided into two coding regions: (1) the early region contains genes for the 2–3 

major non-structural T proteins (small T antigen (ST), middle T antigen (MT), and large T antigen 

(LT)); and (2) the late gene region encodes the VP1-3 capsid proteins and for SV40-clade 

polyomaviruses (e.g., SV40, BKPyV, and JCPyV) the non-structural agnoprotein. The early and genes 

are transcribed from a single early and late promoter, respectively, with their open reading frames 

joined by a shared polyA region. The early and late transcription start sites are separated by the non-

coding control region (NCCR), an approximately 500 bp segment containing the origin of replication 

and binding sites for host cell transcription factors that regulate viral replication in cells of different 

lineages. 

The polyomavirus capsid consists of 360 copies of VP1 arranged into 72 pentamers called 

“capsomers” in a T = 7d icosahedral configuration. The internal face of each capsomer associates with 

a single copy of a minor capsid protein, VP2 or VP3. The secondary structure of VP1 is organized as 

antiparallel β strands (BIDG and CHEF) which form a structure commonly referred to as a jelly roll 

[17]. The loops connecting several of these strands (BC, DE, EF, and HI) form the majority of the 

external surface of the capsid (Figure 1). This surface forms a depression which is responsible for 

receptor binding. Polyomaviruses bind to sialyated glycans, with strains within each polyomavirus 

family varying in recognition of sialic acids having different linkages to glycolipid and/or 

glycoprotein backbones. The canonical receptor for JCPyV is the sialylated oligosaccharide lactoseries 

tetrasaccharide c (LSTc), which interacts with residues in the BC and HI loops of VP1 [18,19]. VP1 

mutations disrupting the interactions with LSTc have profound effects on viral infectivity [18]. After 

receptor binding, JCPyV entry is facilitated by the 5-HT2 serotonin receptor [20,21].  
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Figure 1. Solvent-exposed loops and β strands of JCPyV VP1. The exterior surface of VP1 is formed 

by the BC, DE, EF, and HI loops (shades of purple) connecting two sets of antiparallel β strands, BIDG 

and CHEF (shades of red and blue). Figure generated in UCSF Chimera using JCPyV VP1 structure 

3NXG [18,22]. 

After receptor binding and internalization, virus particles traffic in single virion encapsulated 

vesicles to the endoplasmic reticulum (ER) [23,24]. Capsid conformational changes and interactions 

with ER and cytosolic host proteins result in destabilization of VP1 capsomers and ejection of virions 

across the ER membrane into the cytosol [25–28]. The virus capsid disassembles and the viral genome 

is imported into the nucleus to begin early gene expression [29,30]. Production of the T antigens 

occurs from alternative splicing of a single RNA transcript. PyVs typically encode large and small T 

antigens; rodent PyVs also encode the middle T antigen, an oncoprotein likened to a constitutively 

active tyrosine growth factor receptor [31]. Large T antigen directly binds to and sequesters the 

cellular retinoblastoma proteins and, depending on the PyV family, binds p53. PyV LT-mediated 

inactivation of these tumor suppressor proteins engages cell cycling, allowing the virus to highjack 

the host cell DNA replication apparatus to synthesize its genome. Genome replication leads to 

transcription of the late genes, which form the capsid to contain the nascent viral genomes and 

complete the virus replication cycle. Some polyomaviruses, including JCPyV and BKPyV, encode an 

additional late gene, the agnoprotein; recent work suggests that that agnoprotein interdicts the cell’s 

innate immune antiviral defenses [32]. Release of progeny PyV virions was long considered to be 

coincident with host cell lysis. Recent work from the Atwood group has raised the possibility that 

infectious virions ensconced within vesicles are released from host cells prior to cell death, at least by 

JCPyV in glial cells and choroid plexus epithelial cells [33,34]. 

Although PyVs cause lifelong infections, they do not encode genes dedicated to sequestering the 

virus in a state of latency. All PyVs examined to date encode microRNAs complementary to the LT 

mRNA transcripts [35,36]. LT binds to NCCR sites as hexameric complexes, where it engages its 
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helicase activity to drive viral genomic DNA synthesis. By eliminating LT transcripts, microRNAs act 

to reduce viral genome replication and concomitantly remove/reduce epitope targets for virus-

specific T-cells [37–39]. Alternatively, the concept of “proteostatic viral latency” has been advanced 

by Kwun, Moore, and coworkers whereby particular host cell E3 ubiquitin ligases instigate 

proteasome-mediated degradation of LT in MCPyV-infected cells [40–42]. A common theme for both 

mechanisms is to keep copy numbers of LT low. Whether the resultant dampened viral replication is 

sufficient to hold the virus in a true or partial state of latency in vivo, and whether different PyVs use 

alternate mechanisms to maintain latency, are unclear. 

A non-mutually exclusive possibility is that PyV may persist as a smoldering infection; i.e., 

continuous low levels of viral replication sufficient to allow virus spread to maintain persistence 

within a host and transmission to new hosts, while avoiding tissue injury. It is also tempting to 

speculate that PyV virions may continually spread cell-to-cell via extracellular vesicles (EVs), perhaps 

without killing the infected host cell. This low level, silent infectious state implies a delicate balance 

between a continually replicating virus and host antiviral immunity. PyV infections are highly 

immunogenic, inducing potent cellular and humoral immune responses [43–46]. Virus-specific T-

cells and neutralizing antibodies are critical for initially controlling PyV infection and maintaining 

immune control over the virus. The absence of T-cells or antibody results in severe PyV infection, and 

the loss of adaptive immunity during persistent infection results in viral resurgence [47–51]. 

Mirroring this, immunosuppressive conditions can set the stage for a loss of immune control over 

JCPyV and incur severe morbidity and mortality. 

3. PML: A Consequence of Immune Perturbation 

Originally identified as a rare complication of hematological malignancies, PML’s incidence 

increased dramatically with the emergence of the human immunodeficiency virus and acquired 

immune deficiency syndrome (HIV/AIDS) epidemic, such that up to 5% of AIDS patients developed 

PML in the pre-antiretroviral era [52–54]. PML as an AIDS-defining disease vanished with the advent 

of antiretrovirals, but administration of specific immunomodulators for treatment of autoimmune 

and inflammatory diseases have led to an uptick in PML cases. In particular, patients treated with 

natalizumab (targeting α4 subunit integrins) for multiple sclerosis, rituximab (targeting CD20) for 

non-Hodgkin’s lymphoma and chronic lymphocytic leukemia, or efalizumab (targeting LFA-1) for 

plaque psoriasis put patients at increased risk for PML [55–60]. 

PML results from resurgent JCPyV replication in the central nervous system (CNS), likely within 

astrocytes, leading to viral spread to and death of nearby myelin-producing oligodendrocytes. 

Infected astrocytes display an atypical or “bizarre” morphology, showing enlarged and misshapen 

nuclei, consistent with a transformed phenotype; evidence suggests that astrocytes support lytic 

JCPyV infection and suffer necrotic cell death [61–65]. In contrast, JCPyV replication in 

oligodendrocytes may be non-productive. Whether loss of oligodendrocytes results from apoptosis 

caused by forced cell cycle entry by a terminally differentiated cell or reflects activation of a non-

apoptotic cell death pathway remains to be determined [61,66–68]. Oligodendrocyte loss causes axon 

demyelination and the foci of damage seen by MRI as hyperintense lesions on T2-weighted and fluid-

attenuated inversion recovery (FLAIR) images [69–71]. Because no anti-PyV agents are available, the 

current mainstay treatment for PML involves cessation of immunosuppression to allow immunologic 

control of the infection. However, doing so is often complicated by a high-mortality immune 

reconstitution inflammatory syndrome (IRIS) due to a robust specific and bystander immune 

responses against JCPyV CNS infection [72–75]. The mechanisms responsible for viral outgrowth, 

dissemination, and CNS infection are largely unknown. This black box regarding key aspects of PML 

development and pathogenesis lays down a roadblock to stratifying patients for PML risk, 

identifying conditions/therapeutics that increase PML risk, and developing effective treatments for 

PML. 

A hallmark of PML pathogenesis is the emergence of the viral variants that are unique from the 

circulating (called wild type or archetype) JCPyV strains [76–79]. These PML-associated JCPyV 

(JCPyV-PML) variants contain alterations to the NCCR in the form of inversions, duplications, 
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translocations, and deletions [77–79]. JCPyVs with such “rearranged” NCCRs are inextricably tied to 

PML development and enhance viral replication and infection in glial cells by modifying 

transcription factor binding in the NCCR [80–82]. Additionally, JCPyV-PML variants frequently have 

discrete, non-synonymous point mutations in the solvent-exposed loops of the VP1 capsid protein 

[76,83–85]. These mutations are only detected in isolates from PML patients [86]. This strong 

association between these VP1 mutations and PML indicates that they could participate in PML 

pathogenesis. Understanding the functions and effects of these mutations in the setting of PyV 

infection can illuminate portions of the PML black box. 

4. Of Men and Mice: Models of PyV Infection 

PyVs are highly species-specific, such that viral replication is limited to their natural host 

reservoir. This tight host range results from specific recognition of the viral origin of replication by 

the host DNA polα-primase complex [87,88]. SV40, a non-human primate PyV, has been extensively 

used in vitro for studying the PyV lifecycle [89]. SV40 can cause a PML-like CNS disease in 

immunosuppressed macaques, but prohibitive costs and the lack of inbred and transgenic models 

limit its applications [48,90–92]. Due to its ease of propagation in tissue culture and in the mouse, the 

best immunologically and genetically characterized mammalian model, mouse polyomavirus 

(MuPyV) is the main tractable system for studying PyV pathogenesis. MuPyV has provided 

numerous insights into viral carcinogenesis and the immune response to PyV infection [93–95]. In 

addition, studies of VP1 mutations in MuPyV have revealed profound effects of these mutations on 

viral tropism and pathogenesis [96–98]. 

A human glia chimeric mouse model for JCPyV infection has recently been described [67]. These 

mice contain human glia as the result of engrafting human glial progenitor cells (GPCs) into neonatal 

hypomyelinated mice lacking an adaptive immune system (Mbpsshi/shiRag2−/−). The engrafted glia 

populate and myelinate axons in the brain, giving rise to an adult mouse with human glia. These 

mice support JCPyV infection and develop demyelination; however, infection is confined to the 

engrafted human glia. These mice lack T- and B-cells, obviating investigation of adaptive anti-PyV 

immunity [67]. 

5. VP1 Mutations: Altering Viral Tropism 

JCPyV-PML mutations are predominantly located in the external loops of VP1 and overlap many 

of the reported LSTc-interacting residues (Figure 2). In particular, three of the most commonly 

mutated residues (L54, S266, and S268; each frequently mutated to phenylalanine in JCPyV-PML) 

participate in contacting the sialyated moiety of LSTc during receptor binding. Substitutions at these 

residues that disrupt these interactions (including the mutations seen in PML) largely abrogate the 

ability of VP1 to bind LSTc [18,99]. In turn, these JCPyV-PML mutations render the virus incapable 

of infecting immortalized human glial cells and prevent sialic acid-mediated hemagglutination 

[84,99]. Instead, these mutations restrict virus binding to non-sialylated glycosaminoglycans, which 

allows these VP1 mutated viruses to retain infectivity in some cell lines [100]. However, the effect(s) 

of these mutations on viral tropism, particularly in vivo, is undetermined. Viruses bearing the L54F, 

K59E, and S268F mutations display WT levels of infectivity in primary human astrocytes, 

oligodendrocytes, and GPCs. Furthermore, in Mbpsshi/shiRag2−/− mice engrafted with human GPCs, 

L54F and S268F mutant viruses generate robust infection and demyelination similar to WT virus [67]. 

These data suggest that although these VP1 mutations may impair infection of some glial cells in 

tissue culture, they do not significantly handicap the ability of the virus to infect glia in vivo. 
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Figure 2. Overlap of receptor binding residues and locations of JCPyV-PML VP1 mutations. Side 

chains of VP1 amino acids that interact with LSTc are shown in yellow. Sites of JCPyV-PML VP1 

mutations are shown in red. Residues that are both involved in LSTc binding and mutated in PML 

are shown in orange. LSTc interacting residues are assigned based on Neu et al. [18]. Indicated sites 

of PML mutations have been reported in several studies [76,84,85,101]. Neighboring VP1 subunits 

within the VP1 pentamer are denoted with shades of blue. Figure generated in UCSF Chimera using 

JCPyV VP1 structure 3NXG [18,22]. VP1 residue numbering throughout this article excludes the initial 

methionine. 

Atwood and coworkers have recently described a plausible mechanism that resolves this 

discrepancy between infection by VP1 mutant viruses in vivo but lack of infection in vitro. JCPyV 

was found to be capable of spreading cell-to-cell via EVs released from infected cells [33,34]. Both WT 

and VP1 mutant JCPyV can be released in vesicles and infect cells, and infection is independent of 

the presence of the LSTc and 5-HT2 receptors. Moreover, envelopment of virions in EVs shields them 

from neutralizing VP1-specific antibodies. Immortalized glia and primary choroid plexus epithelial 

cells can produce virus-containing EVs, which can infect other glia. Receptor-independent infection 

of glia provides a mechanism by which VP1 mutant viruses could infect glial cells despite defects in 

receptor binding that negate direct infection by free virions. How EVs bind, undergo internalization, 

and release their encapsulated PyV virions to enter the infectious pathway remain to be elucidated. 

Less is known about the effects of these JCPyV-PML VP1 mutations on kidney infection. Several 

of the mutations disrupt binding to kidney tubular epithelial cells [84]. Viral isolates from the urine 

of PML patients predominantly have archetype VP1 sequences, although mutant VP1 sequences are 

detected in the patients’ blood and CSF [84,85]. This difference in regionalization suggests that these 

mutations and alterations in receptor binding disadvantage virus growth in the kidney. As a result, 

the parental WT virus remains the dominant species in the kidney despite the viremia and brain 

disease induced by the mutant virus. This hit to viral fitness in the kidney by JCPyV-PML VP1 

mutations is further supported by reports of JCPyV-driven nephropathy, in which viral urine isolates 

bear a wild type VP1 sequence or mutations distinct from those seen in JCPyV-PML isolates [102]. 

These data suggest the mutations impair viral infection in the kidney, but retain the ability to cause 

brain infection and pathology. 
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Two well-characterized PyV VP1 mutations in MuPyV known to affect viral tropism are the 

E91G and V296A mutations located in the BC and HI loops, respectively. E91 and V296 both 

participate in receptor binding, but these two mutations have drastically different effects on viral 

pathogenesis. MuPyVs carrying E91G exhibit severely impaired kidney infection and the profile of 

tumors they induce shifts from those of epithelial to mesenchymal lineage [96,103]. This impairment 

likely results from increased affinity by these E91G VP1 mutant MuPyVs for branched-chain 

sialyloligosaccharides, which act as pseudoreceptors [97]. This possibility is supported by evidence 

that E91G mutant viruses bind cell surface glycoproteins, which divert the virus away from 

glycolipid receptors and entry into the productive infection pathway [104]. MuPyVs carrying the VP1 

mutation V296A, conversely, exceed WT virus in replicative efficiency in the kidney and kill 

newborn-inoculated mice as neonates [98]. This virulence is due to decreased affinity for sialylated 

receptors, resulting in increased viral spread [97]. VP1 sequences in MuPyV isolates from feral mice 

are invariably E91 and V296, which fits with the idea that such VP1 sequences enable efficient inter-

mouse transmission of the virus [105]. Notably, V296 of MuPyV VP1 corresponds to S268 of JCPyV-

PML VP1 [86]. MuPyVs carrying a V296F VP1 mutation infect similar glial cell types and replicate to 

equivalent levels as parental virus in the brain. However, this mutation impairs viral infection and 

persistence in the kidney, resulting in the absence of severe kidney infection in immunodeficient mice 

and poor shedding in the urine [106]. Disruption of kidney infection and retained glia infection 

suggests that the emergence of JCPyV-PML VP1 variants is driven by a factor(s) other than enhanced 

viral tropism or replication. 

6. VP1 Mutations: Facilitating Immune Evasion 

Evasion of host neutralizing antibody (nAb) responses applies a powerful selective pressure 

during persistent viral infection, but may incur a hit to viral replicative fitness and alter host cell 

tropism. Examples include antibody-escape mutants appearing over the course of HIV and hepatitis 

C virus (HCV) infection and during hepatitis B virus (HBV) reactivation [107–110]. Antibody escape 

mediated by otherwise deleterious mutations can promote the emergence of the virus variants with 

impaired infectivity. Despite this impairment, these mutant viruses can outcompete the parental 

virus because of their resistance to the host’s nAb response. Examples of this selection are seen in a 

variety of persistent infections. HIV mutants arise during the course of infection that evade host nABs 

at the cost of decreased replication [111]. nAb escape in HBV is mediated by mutations that 

concomitantly impair virion production [110,112,113]. Selection of nAb resistance over the course of 

HCV infection promotes the outgrowth of escape mutants with progressively impaired receptor 

binding, even to the point of eliminating viral persistence [114]. It is therefore plausible that antibody 

escape could promote the outgrowth of JCPyV VP1 mutants at the cost of tropism for the urinary 

tract. 

In kidney transplant patients, poor immune control over BKPyV can lead to BKVN and 

transplant loss [8–10]. Although most individuals are seropositive for the BKPyV serotype I, many 

individuals lack antibodies recognizing the other BKPyV serotypes [115,116]. Transplant of a kidney 

infected with a BKPyV serotype different from that of the recipient is suggested to initiate a loss of 

immune control leading to BKVN [117,118]. The majority of VP1 variation between serotypes occurs 

in the BC loop, in particular residues 61–82 [116]. Many of these residues are also sites of mutations 

in viral isolates from kidney transplant patients with increased viremia or BKVN. A subset of these 

mutations are conversions of the residue to that of a different serotype, for instance D61N, E72K, 

D76N, D/E81D/E/Q, or H/N138H/N [119–122]. These inter-serotype mutations suggest a potential 

evasion of the patients’ VP1 nAb response by partial conversion of the virus to a different serotype. 

Other mutations are not present in any of the major serotypes, including E72Q and D76E/H. It is 

likely that these achieve the same end result of nAb evasion by disrupting dominant epitopes in the 

BC loop, and some hinder neutralization by patient-matched sera [123]. Evidence suggests that these 

nAb evasion mutations come at a cost, however. These mutations alter receptor usage and 

engagement of sialyated receptors, as seen by alterations in viral hemagglutination of red blood cells 

and impaired infectivity in some cell lines [121,123]. 
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The region(s) of JCPyV VP1 targeted by the host’s nAb response has yet to be elucidated. Our 

current understanding of the neutralizing epitopes in VP1 comes from studying VP1-specific 

monoclonal antibodies (mAbs). Several JCPyV or SV40 VP1 mAbs recognize residues in the BC loop 

adjacent to the receptor binding pocket, as well as residues in the DE and EF loops [124,125]. A 

recently reported JCPyV-BKPyV cross-neutralizing antibody binds at the three-fold axis of symmetry 

across VP1 molecules from three separate capsomers. The VP1 residues engaged by the antibody are 

highly conserved between JCPyV and BKPyV, accounting for this antibody’s ability to neutralize 

both viruses. The majority of this antibody’s epitope lies in the EF loop, distant from the receptor 

binding pocket and sites of PML mutations. However, a portion of the epitope contains several 

residues in the BC loop in the immediate vicinity of the frequently mutated L54 residue [126]. JCPyV 

mAbs generated from a natalizumab-treated PML patient provide evidence for a dominant nAb 

target in VP1 [127]. These mAbs all block hemagglutination by JCPyV, suggesting that they bind in 

or around the sialic acid biding pocket and BC/HI loops [100]. A neutralizing mAb against MuPyV 

VP1 binds the BC and HI loops of VP1 and neutralizes the virus by occluding the receptor binding 

pocket and engaging VP1 residues crucial for sialic acid binding. Interestingly, this VP1 mAb blocks 

the binding of >75% of the endogenous VP1 antibody response in mice to MuPyV [106]. Thus, its 

epitope in the BC and HI loops may represent a dominant target of the PyV antibody response in 

mice. The epitopes of these mAbs suggest the VP1 loops surrounding the receptor binding pocket are 

a common target of PyV nAbs. 

Two studies provide evidence that JCPyV-PML VP1 mutations disrupt recognition by host 

nAbs. One study examined the neutralization of pseudoviruses displaying the PML VP1 mutations 

L45F, S266F, or S268F by sera from healthy individuals and PML patients [101]. In the absence of 

immune suppression, over 15% of healthy donors’ sera failed to neutralize one or more of these 

mutant pseudoviruses. In longitudinal testing of neutralization by sera from PML patients, all patient 

sera failed to neutralize the cognate mutant pseudovirus prior to the onset of PML, despite being able 

to neutralize WT VP1 pseudovirus. Patients who had progressive and ultimately fatal disease never 

developed neutralizing sera, but patients who survived developed neutralizing sera to their mutant 

VP1 over time [101]. In a concurrent study, sera from healthy donors, natalizumab-treated patients 

without PML, with PML, or with PML-IRIS were tested for their ability to recognize WT and mutant 

VP1 pentamers [127]. Serum recognition of L54F and S268F pentamers was reduced in PML patients, 

and sera from all patient groups had impaired binding to S266F. Multiple mAbs generated from a 

PML-IRIS patient showed deficiencies in binding L54F, S266F, or S268F VP1. Further evidence of nAb 

evasion by VP1 mutations is seen in the MuPyV V296F mutation in the HI loop of VP1 [106]. This 

mutation confers resistance a VP1 mAb, which neutralizes the parental virus by binding the BC and 

HI loops. The V296F mutation confers resistance by blocking binding of this mAb to VP1, through 

steric collision of the phenylalanine side chain with the heavy chain of the mAb. Several other MuPyV 

VP1 mutations that correspond to JCPyV-PML mutations also disrupt binding by this mAb. Together, 

these studies support the hypothesis that these mutations disrupt dominant nAb targets. Individuals 

whose nAb responses fail to recognize these VP1 mutant JCPyVs prior to immune suppression 

appear to be at risk for the emergence of JCPyV mutants and development of PML. 

7. How Do VP1 Mutations Arise? 

PyVs have long been thought to have a low genetic mutation rate, because they commandeer 

the host’s high-fidelity DNA replication machinery to replicate their genomes. The presence of VP1 

mutations in BKPyV and JCPyV isolates from BKVN and PML patients, as well as rearranged NCCRs 

in JCPyV-PML, supports the idea that some level of mutagenesis of PyV genomic DNA is inherent in 

its replication process. In fact, BKPyV exists as a quasispecies even in healthy individuals. JCPyV 

quasispecies are also found in PML patients, raising the likelihood that a mixture of JCPyV variants 

emerge in individuals without PML [128–130]. The tissue, cell type(s), and mechanisms responsible 

for generating VP1 mutations are not known; for JCPyV, kidney epithelia and certain glia have been 

suggested as possible locations [67,84]. PyV antibody-escape mutants can arise by serial passage in 

epithelial cells, indicating that these cells are capable of generating VP1 mutations [106,126]. Human 
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glia engrafted in Mbpsshi/shiRag2−/− mice also generate VP1 point mutations in JCPyV [67]. 

Apoliproprotein B Editing Complex (APOBEC)3 cytidine deaminases have been implicated in the 

generation of VP1 mutations in BKVN [121]. APOBEC proteins or similar cytidine deaminases 

engaged in antiviral defense may unwittingly generate antibody-escape mutations in JCPyV VP1. It 

is likely that the mutagenic cells reside outside the CNS, such that VP1 mutant viruses would 

undergo selection by circulating VP1 antibodies excluded by the blood–brain barrier (BBB). Yet, 

JCPyV DNA has been detected in brains of individuals dying of non-PML diseases, leaving open the 

possibility that inflammatory conditions impacting BBB integrity may allow access of antiviral 

antibodies and selection of escape-variants generated in the CNS [14,131,132]. 

8. Immune Suppression Setting the Stage for Antibody Escape 

Although evidence supports JCPyV-PML VP1 mutations as facilitating antibody escape, 

conditions predisposing patients to PML (e.g., idiopathic CD4 lymphopenia, HI/AIDS, natalizumab) 

predominantly affect the patient’s CD4 T-cell compartment. One explanation for the connection 

between T-cell suppression and the emergence of antibody escape VP1 mutations is provided by 

work from Ray et al. [101]. Some healthy individuals have “blind spots” for neutralizing certain VP1 

mutants, and patients who develop VP1 mutations and PML have this blind spot for their cognate 

mutation prior to PML diagnosis. These findings suggest that PML patients start off with a nAb 

response inherently vulnerable to escape mutations. In healthy individuals, an intact immune system 

can compensate for this weakness; e.g., nAb escape mutations offer no significant advantage in the 

face of a robust anti-PyV T-cell response. However, weakened T-cell-mediated protection, whether 

by HIV/AIDS or immunomodulatory therapies, could shift the burden of viral control largely to the 

nAb response. A pre-existing hole in the epitope repertoire of the anti-JCPyV nAb response could 

then render an individual vulnerable to the outgrowth of an escape mutant, as the adaptive immune 

response has little recompense for dealing with the emerging variant. This has been seen 

experimentally in lymphocytic choriomeningitis virus infection in mice, where CD8 T-cell deficiency 

during infection allows for the emergence of nAb escape mutants [133]. Likewise, immune 

suppression can promote HBV reactivation mediated by nAb escape mutants [110]. 

9. Why Don’t Patients Make a New nAb Response to Mutant VP1s? 

The emergence and outgrowth of a JCPyV antibody-escape variant should promote the 

development of a nAb response to the mutant, as has been reported in HCV infection [114]. PML 

patients have increased antibody levels toward archetype VP1, which can be detected before the 

development and diagnosis of PML [127,134,135]. This increase is seen despite evidence showing that 

PML patient sera are unable to recognize and neutralize the nascent VP1 mutant virus [101,127]. One 

explanation for this is that rising levels of VP1 mutant virus stimulate existing antibody-producing 

cells that strongly recognize the parental virus but weakly recognize the mutant. These cells proceed 

to produce VP1-specific antibodies that raise the patient’s JCPyV-specific antibody titers, but do little 

to temper the accelerating infection driven by the mutant virus. This possibility could explain why 

high JCPyV-specific antibody titers in PML patients seemingly show no benefit [134,136]. Indeed, 

bolstered immunity to a previously seen pathogen when encountering a related pathogen, called 

“original antigenic sin,” is a well-recognized property of antibody responses to influenza virus 

infections [137–139]. 

Can antibodies to VP1 mutated epitopes be coaxed in patients with PML? Three patients that 

received JCPyV VLP immunization together with interleukin-7 and imiquimod [a toll-like receptor 

(TLR)7 agonist] showed improvement in PML outcome [101,140]. For one patient, this improvement 

was accompanied by a marked improvement in neutralizing titers against the patient’s cognate 

mutant JCPyV; this was not examined in the other two patients. While it cannot be determined 

whether this increase in titer was responsible for the patients’ improvement, it is notable that this 

treatment was able to drive the production of mutant-specific nAbs [101]. This indicates that under 

the proper conditions, PML patients can overcome their serologic blindness to their VP1 mutant 
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JCPyV. VLP immunization of at-risk patients could improve coverage of these nAb epitope blind 

spots and remove the opportunity for mutant virus outgrowth. 

It remains unclear what factors are necessary for the generation of these VP1 mutant-specific 

nAbs. It seems unlikely that exposure solely to the VP1 immunogen is the essential antecedent event, 

as these PML patients had elevated JCPyV burden and theoretically an abundance of VP1 antigen. 

Instead, the imiquimod adjuvant could provide the necessary stimulus to overcome this block in 

mutant-recognizing antibody production. Notably, all three patients had an underlying CD4 T-cell 

lymphopenia. Experimental evidence implicates TLR co-signaling with B-cell receptors as a necessary 

step to elicit PyV antibody responses during CD4 T-cell insufficiency. Using MuPyV, Szomolanyi-

Tsuda and coworkers showed that PyVs are capable of generating protective CD4 T-cell-independent 

(TI) IgG responses dependent on signaling through the adapter molecule MyD88 [45,46]. MyD88 is 

necessary for signal transduction by most TLRs, including TLR7 [141]. Imiquimod treatment may 

boost the patients’ VP1 TI antibody response and drive the de novo development of VP1 mutant-

neutralizing antibodies. It is unclear whether these nAbs recognize VP1 at the site of the mutant 

residue or target a separate, unmutated region of the virus capsid that is conserved between the 

parental and PML mutant JCPyVs. Further investigation into factors that control PyV humoral 

immunity and defining VP1 antibody epitopes are needed to understand the mechanism of action 

for these therapies. 

10. Early Detection: Can VP1 Mutations and Antibody Escape Indicate At-Risk Patients? 

The risk factors for PML remain poorly defined. JCPyV seropositivity, history of 

immunosuppression, and >24 months of treatment are the known risk factors for PML in 

natalizumab-treated patients, but <3% of patients who fall into this high-risk category develop PML 

[142–145]. Likewise, PML occurred at a frequency of <5% in HIV/AIDS patients [53]. This low 

incidence indicates that other yet-to-be-defined criteria are needed to identify an individual’s risk for 

developing PML. Given the inability of sera from some healthy individuals to recognize certain VP1 

mutant viruses and similar inability of PML patient sera to neutralize cognate mutant virus, a 

serologic blind spot for certain VP1 mutations is a likely high-risk factor for PML [101,127]. Serologic 

examination for patients with these VP1 antibody epitope blind spots prior to immunomodulatory 

treatment or who develop them during the course of treatment could better stratify patients for PML 

risk. 

With viremia as a likely prerequisite for CNS infection and PML, longitudinal screening of blood 

for VP1 mutant JCPyV may identify those patients at highest risk for PML. Sensitive next-generation 

sequencing of peripheral blood for VP1 mutations could inform interventions well before clinical and 

brain-imaging signs of PML manifest [146]. Although cessation of immunosuppression often leads 

to PML-IRIS due to extensive JCPyV brain infection, early detection of VP1 mutations could 

circumvent this complication by reducing immunosuppression regimens before such JCPyV variants 

infect the CNS. Other PML therapies that have proven effective, including VLP immunization or PD-

1 blockade, could also be used to curtail the disease at the viremic stage [101,140,147,148]. 

11. Conclusions 

Mutations in JCPyV VP1 likely occur at a low frequency during the infectious lifecycle, and 

increase with resurgent infection. The intimate evolution of PyVs with their natural hosts selects and 

retains VP1 sequences advantageous for viral transmission to uninfected hosts. For JCPyV, the 

archetype VP1 favors viral persistence in the urinary and GI tracts to facilitate egress of infectious 

virus via urine and feces, respectively. Yet, it is expected that the vast majority of mutations in VP1 

are culled because they incur hits to viral replicative fitness, negate tropism for urinary and GI tracts, 

and are recognized by VP1 nAbs. In the setting of a weakened anti-viral T-cell response, PML-

susceptible individuals may have a pre-existing or newly acquired VP1 nAb “blind spot,” such that 

discrete VP1 mutations could allow such viruses to outcompete archetype virus. The overlap of the 

virus’ receptor binding pocket with the targets of the nAb response causes many of these nAb-escape 

VP1 mutations to concomitantly alter or impair receptor binding and tissue tropism. Retention of 
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brain tropism by some of these VP1 mutant viruses sets the stage for infection and injury in the CNS. 

Thus, a combination of altered receptor binding and antibody escape by JCPyVs carrying particular 

VP1 mutations may turn an asymptomatic kidney infection into a deadly brain disease. 

Author Contributions: Writing—original draft preparation, M.D.L.; writing—review and editing, M.D.L. 

A.E.L.; visualization, M.D.L. All authors have read and agreed to the published version of the manuscript. 

Funding: National Institute of Neurological Disorders and Stroke and the National Institute of Allergy and 

Infectious Diseases of the National Institute of Health grant numbers R01NS088367 and R01NS092662 to A.E.L. 

and T32CA060395 to M.D.L. The content is solely the responsibility of the authors and does not necessarily 

represent the official views of the National Institutes of Health. 

Acknowledgments: We thank members of the Lukacher laboratory for helpful discussions. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Abbreviations 

AIDS Acquired immune deficiency syndrome 

APOBEC Apoliproprotein B Editing Complex 

BBB  Blood-brain barrier 

BKVN BKPyV-associated nephropathy 

CNS  Central nervous system 

ER  Endoplasmic reticulum 

EV  Extracellular vesicle 

HBV  Hepatitis B virus 

HCV  Hepatitis C virus 

HIV  Human immunodeficiency virus 

IL  Interleukin 

IRIS  Immune reconstitution inflammatory syndrome 

LSTc  Lactoseries tetrasaccharide c 

LT  Large T antigen 

mAb  Monoclonal antibody 

MT  Middle T antigen 

MuPyV Mouse polyomavirus 

nAb  Neutralizing antibody 

NCCR Noncoding control region 

PML  Progressive multifocal leukoencephalopathy 

PyV  Polyomavirus 

ST  Small T antigen 

TI  T cell-independent 

TLR  Toll-like receptor 

VLP  Virus-like particle 

WT  Wild type 

  



Viruses 2020, 12, 1156 12 of 20 

 

References 

1. Buck, C.B.; Doorslaer, K.V.; Peretti, A.; Geoghegan, E.M.; Tisza, M.J.; An, P.; Katz, J.P.; Pipas, J.M.; McBride, 

A.A.; Camus, A.C.; et al. The ancient evolutionary history of polyomaviruses. PLoS Pathog. 2016, 12, 

doi:10.1371/journal.ppat.1005574. 

2. Gross, L. A filterable agent, recovered from Ak leukemic extracts, causing salivary gland carcinomas in 

C3H mice. Proc. Soc. Exp. Biol. Med. 1953, 83, 414–421, doi:10.3181/00379727-83-20376. 

3. Lehn, H.; Müller, H. Cloning and characterization of budgerigar fledgling disease virus, an avian 

polyomavirus. Virology 1986, 151, 362–370, doi:10.1016/0042-6822(86)90056-5. 

4. Kamminga, S.; van der Meijden, E.; Feltkamp, M.C.W.; Zaaijer, H.L. Seroprevalence of fourteen human 

polyomaviruses determined in blood donors. PLoS ONE 2018, 13, doi:10.1371/journal.pone.0206273. 

5. Bofill-Mas, S.; Pina, S.; Girones, R. Documenting the epidemiologic patterns of polyomaviruses in human 

populations by studying their presence in urban sewage. Appl. Environ. Microbiol. 2000, 66, 238–245, 

doi:10.1128/aem.66.1.238-245.2000. 

6. 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. 

2001, 75, 10290–10299, doi:10.1128/JVI.75.21.10290-10299.2001. 

7. 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. 1998, 72, 9918–9923, doi:10.1128/JVI.72.12.9918-

9923.1998. 

8. Gardner, S.D.; Field, A.M.; Coleman, D.V.; Hulme, B. New human papovavirus (B.K.) isolated from urine 

after renal transplantation. Lancet 1971, 1, 1253–1257, doi:10.1016/s0140-6736(71)91776-4. 

9. Purighalla, R.; Shapiro, R.; McCauley, J.; Randhawa, P. BK virus infection in a kidney allograft diagnosed 

by needle biopsy. Am. J. Kidney Dis. 1995, 26, 671–673, doi:10.1016/0272-6386(95)90608-8. 

10. Binet, I.; Nickeleit, V.; Hirsch, H.H.; Prince, O.; Dalquen, P.; Gudat, F.; Mihatsch, M.J.; Thiel, G. 

Polyomavirus disease under new immunosuppressive drugs: A cause of renal graft dysfunction and graft 

loss. Transplantation 1999, 67, 918–922, doi:10.1097/00007890-199903270-00022. 

11. Arthur, R.R.; Shah, K.V.; Baust, S.J.; Santos, G.W.; Saral, R. Association of BK viruria with hemorrhagic 

cystitis in recipients of bone marrow transplants. N. Engl. J. Med. 1986, 315, 230–234, 

doi:10.1056/NEJM198607243150405. 

12. Feng, H.; Shuda, M.; Chang, Y.; Moore, P.S. Clonal integration of a polyomavirus in human Merkel cell 

carcinoma. Science 2008, 319, 1096–1100, doi:10.1126/science.1152586. 

13. Padgett, B.L.; Walker, D.L.; ZuRhein, G.M.; Eckroade, R.J.; Dessel, B.H. Cultivation of papova-like virus 

from human brain with progressive multifocal leucoencephalopathy. Lancet 1971, 1, 1257–1260, 

doi:10.1016/s0140-6736(71)91777-6. 

14. Berger, J.R.; Miller, C.S.; Danaher, R.J.; Doyle, K.; Simon, K.J.; Norton, E.; Gorelik, L.; Cahir-McFarland, E.; 

Singhal, D.; Hack, N.; et al. Distribution and quantity of sites of John Cunningham virus persistence in 

immunologically healthy patients: Correlation with John Cunningham virus antibody and urine John 

Cunningham virus DNA. JAMA Neurol. 2017, 74, 437–444, doi:10.1001/jamaneurol.2016.5537. 

15. Polo, C.; Pérez, J.L.; Mielnichuck, A.; Fedele, C.G.; Niubò, J.; Tenorio, A. Prevalence and patterns of 

polyomavirus urinary excretion in immunocompetent adults and children. Clin. Microbiol. Infect. 2004, 10, 

640–644, doi:10.1111/j.1469-0691.2004.00882.x. 

16. Egli, A.; Infanti, L.; Dumoulin, A.; Buser, A.; Samaridis, J.; Stebler, C.; Gosert, R.; Hirsch, H.H. Prevalence 

of polyomavirus BK and JC infection and replication in 400 healthy blood donors. J. Infect. Dis. 2009, 199, 

837–846, doi:10.1086/597126. 

17. Liddington, R.C.; Yan, Y.; Moulai, J.; Sahli, R.; Benjamin, T.L.; Harrison, S.C. Structure of simian virus 40 at 

3.8-A resolution. Nature 1991, 354, 278–284, doi:10.1038/354278a0. 

18. Neu, U.; Maginnis, M.S.; Palma, A.S.; Ströh, L.J.; Nelson, C.D.S.; Feizi, T.; Atwood, W.J.; Stehle, T. Structure-

function analysis of the human JC polyomavirus establishes the LSTc pentasaccharide as a functional 

receptor motif. Cell Host Microbe 2010, 8, 309–319, doi:10.1016/j.chom.2010.09.004. 

19. Ströh, L.J.; Maginnis, M.S.; Blaum, B.S.; Nelson, C.D.S.; Neu, U.; Gee, G.V.; O’Hara, B.A.; Motamedi, N.; 

DiMaio, D.; Atwood, W.J.; et al. The greater affinity of JC polyomavirus capsid for α2,6-Linked lactoseries 

tetrasaccharide c than for other sialylated glycans is a major determinant of infectivity. J. Virol. 2015, 89, 

6364–6375, doi:10.1128/JVI.00489-15. 



Viruses 2020, 12, 1156 13 of 20 

 

20. Elphick, G.F.; Querbes, W.; Jordan, J.A.; Gee, G.V.; Eash, S.; Manley, K.; Dugan, A.; Stanifer, M.; Bhatnagar, 

A.; Kroeze, W.K.; et al. The human polyomavirus, JCV, uses serotonin receptors to infect cells. Science 2004, 

306, 1380–1383, doi:10.1126/science.1103492. 

21. Assetta, B.; Maginnis, M.S.; Ahufinger, I.G.; Haley, S.A.; Gee, G.V.; Nelson, C.D.S.; O’Hara, B.A.; Ramdial, 

S.A.A.; Atwood, W.J. 5-HT2 receptors facilitate JC polyomavirus entry. J. Virol. 2013, 87, 13490–13498, 

doi:10.1128/JVI.02252-13. 

22. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF 

Chimera--a visualization system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–

1612, doi:10.1002/jcc.20084. 

23. Querbes, W.; O’Hara, B.A.; Williams, G.; Atwood, W.J. Invasion of host cells by JC virus identifies a novel 

role for caveolae in endosomal sorting of noncaveolar ligands. J. Virol. 2006, 80, 9402–9413, 

doi:10.1128/JVI.01086-06. 

24. Nelson, C.D.S.; Derdowski, A.; Maginnis, M.S.; O’Hara, B.A.; Atwood, W.J. The VP1 subunit of JC 

polyomavirus recapitulates early events in viral trafficking and is a novel tool to study polyomavirus entry. 

Virology 2012, 428, 30–40, doi:10.1016/j.virol.2012.03.014. 

25. Schelhaas, M.; Malmström, J.; Pelkmans, L.; Haugstetter, J.; Ellgaard, L.; Grünewald, K.; Helenius, A. 

Simian Virus 40 depends on ER protein folding and quality control factors for entry into host cells. Cell 

2007, 131, 516–529, doi:10.1016/j.cell.2007.09.038. 

26. Inoue, T.; Tsai, B. A large and intact viral particle penetrates the endoplasmic reticulum membrane to reach 

the cytosol. PLoS Pathog. 2011, 7, doi:10.1371/journal.ppat.1002037. 

27. Dupzyk, A.; Tsai, B. How polyomaviruses exploit the ERAD machinery to cause infection. Viruses 2016, 8, 

doi:10.3390/v8090242. 

28. Liu, X.; Tsai, B. Ubqln4 facilitates endoplasmic reticulum-to-cytosol escape of a nonenveloped virus during 

infection. J. Virol. 2020, 94, doi:10.1128/JVI.00103-20. 

29. Kuksin, D.; Norkin, L.C. Disassembly of simian virus 40 during passage through the endoplasmic 

reticulum and in the cytoplasm. J. Virol. 2012, 86, 1555–1562, doi:10.1128/JVI.05753-11. 

30. Chen, Y.-J.; Liu, X.; Tsai, B. SV40 hijacks cellular transport, membrane penetration, and disassembly 

machineries to promote infection. Viruses 2019, 11, doi:10.3390/v11100917. 

31. Dilworth, S.M. Polyoma virus middle T antigen: Meddler or mimic? Trends Microbiol. 1995, 3, 31–35, 

doi:10.1016/s0966-842x(00)88866-6. 

32. Manzetti, J.; Weissbach, F.H.; Graf, F.E.; Unterstab, G.; Wernli, M.; Hopfer, H.; Drachenberg, C.B.; Rinaldo, 

C.H.; Hirsch, H.H. BK polyomavirus evades innate immune sensing by disrupting the mitochondrial 

network and promotes mitophagy. iScience 2020, 23, doi:10.1016/j.isci.2020.101257. 

33. Morris-Love, J.; Gee, G.V.; O’Hara, B.A.; Assetta, B.; Atkinson, A.L.; Dugan, A.S.; Haley, S.A.; Atwood, W.J. 

JC polyomavirus uses extracellular vesicles to infect target cells. mBio 2019, 10, doi:10.1128/mBio.00379-19. 

34. O’Hara, B.A.; Morris-Love, J.; Gee, G.V.; Haley, S.A.; Atwood, W.J. JC Virus infected choroid plexus 

epithelial cells produce extracellular vesicles that infect glial cells independently of the virus attachment 

receptor. PLoS Pathog. 2020, 16, doi:10.1371/journal.ppat.1008371. 

35. Kincaid, R.P.; Sullivan, C.S. Virus-encoded microRNAs: An overview and a look to the future. PLoS Pathog. 

2012, 8, doi:10.1371/journal.ppat.1003018. 

36. Lagatie, O.; Tritsmans, L.; Stuyver, L.J. The miRNA world of polyomaviruses. Virol. J. 2013, 10, 268, 

doi:10.1186/1743-422X-10-268. 

37. Sullivan, C.S.; Grundhoff, A.T.; Tevethia, S.; Pipas, J.M.; Ganem, D. SV40-encoded microRNAs regulate 

viral gene expression and reduce susceptibility to cytotoxic T cells. Nature 2005, 435, 682–686, 

doi:10.1038/nature03576. 

38. Broekema, N.M.; Imperiale, M.J. miRNA regulation of BK polyomavirus replication during early infection. 

Proc. Natl. Acad. Sci. USA 2013, 110, 8200–8205, doi:10.1073/pnas.1301907110. 

39. Burke, J.M.; Bass, C.R.; Kincaid, R.P.; Ulug, E.T.; Sullivan, C.S. The murine polyomavirus microRNA locus 

is required to promote viruria during the acute phase of infection. J. Virol. 2018, 92, doi:10.1128/JVI.02131-

17. 

40. Kwun, H.J.; Chang, Y.; Moore, P.S. Protein-mediated viral latency is a novel mechanism for Merkel cell 

polyomavirus persistence. Proc. Natl. Acad. Sci. USA 2017, 114, doi:10.1073/pnas.1703879114. 



Viruses 2020, 12, 1156 14 of 20 

 

41. Alvarez Orellana, J.; Kwun, H.J.; Artusi, S.; Chang, Y.; Moore, P.S. Sirolimus and other mechanistic target 

of rapamycin inhibitors directly activate latent pathogenic human polyomavirus replication. J. Infect. Dis., 

2020, 20: 1-10, doi:10.1093/infdis/jiaa071. 

42. Kwun, H.J.; Shuda, M.; Feng, H.; Camacho, C.J.; Moore, P.S.; Chang, Y. Merkel cell polyomavirus small T 

antigen controls viral replication and oncoprotein expression by targeting the cellular ubiquitin ligase 

SCFFbw7. Cell Host Microbe 2013, 14, 125–135, doi:10.1016/j.chom.2013.06.008. 

43. Du Pasquier, R.A.; Schmitz, J.E.; Jean-Jacques, J.; Zheng, Y.; Gordon, J.; Khalili, K.; Letvin, N.L.; Koralnik, 

I.J. Detection of JC virus-specific cytotoxic T lymphocytes in healthy individuals. J. Virol. 2004, 78, 10206–

10210, doi:10.1128/JVI.78.18.10206-10210.2004. 

44. Wilson, J.J.; Pack, C.D.; Lin, E.; Frost, E.L.; Albrecht, J.A.; Hadley, A.; Hofstetter, A.R.; Tevethia, S.S.; Schell, 

T.D.; Lukacher, A.E. CD8 T cells recruited early in mouse polyomavirus infection undergo exhaustion. J. 

Immunol. 2012, 188, 4340–4348, doi:10.4049/jimmunol.1103727. 

45. Szomolanyi-Tsuda, E.; Le, Q.P.; Garcea, R.L.; Welsh, R.M. T-Cell-independent immunoglobulin G 

responses in vivo are elicited by live-virus infection but not by immunization with viral proteins or virus-

like particles. J. Virol. 1998, 72, 6665–6670, doi:10.1128/JVI.72.8.6665-6670.1998. 

46. Guay, H.M.; Andreyeva, T.A.; Garcea, R.L.; Welsh, R.M.; Szomolanyi-Tsuda, E. MyD88 is required for the 

formation of long-term humoral immunity to virus infection. J. Immunol. 2007, 178, 5124–5131, 

doi:10.4049/jimmunol.178.8.5124. 

47. Rosen, S.; Harmon, W.; Krensky, A.M.; Edelson, P.J.; Padgett, B.L.; Grinnell, B.W.; Rubino, M.J.; Walker, 

D.L. Tubulo-interstitial nephritis associated with polyomavirus (BK type) infection. N. Engl. J. Med. 1983, 

308, 1192–1196, doi:10.1056/NEJM198305193082004. 

48. Dang, X.; Wüthrich, C.; Axthelm, M.K.; Koralnik, I.J. Productive SV40 Infection of Neurons in 

Immunosuppressed Rhesus Monkeys. J. Neuropathol. Exp. Neurol. 2008, 67, 784–792, 

doi:10.1097/NEN.0b013e318180f0d5. 

49. Szomolanyi-Tsuda, E.; Welsh, R.M. T cell-independent antibody-mediated clearance of polyoma virus in T 

cell-deficient mice. J. Exp. Med. 1996, 183, 403–411, doi:10.1084/jem.183.2.403. 

50. Maru, S.; Jin, G.; Desai, D.; Amin, S.; Lauver, M.D.; Lukacher, A.E. Inhibition of retrograde transport limits 

polyomavirus infection in vivo. mSphere 2017, 2, doi:10.1128/mSphereDirect.00494-17. 

51. Drake, D.R.; Lukacher, A.E. 2-microglobulin knockout mice are highly susceptible to polyoma virus 

tumorigenesis. Virology 1998, 252, 275–284, doi:10.1006/viro.1998.9455. 

52. Astrom, K.E.; Mancall, E.L.; Richardson, E.P. Progressive multifocal leuko-encephalopathy; a hitherto 

unrecognized complication of chronic lymphatic leukaemia and Hodgkin’s disease. Brain 1958, 81, 93–111, 

doi:10.1093/brain/81.1.93. 

53. Berger, J.R.; Kaszovitz, B.; Post, M.J.; Dickinson, G. Progressive multifocal leukoencephalopathy associated 

with human immunodeficiency virus infection. A review of the literature with a report of sixteen cases. 

Ann. Intern. Med. 1987, 107, 78–87, doi:10.7326/0003-4819-107-1-78. 

54. Krupp, L.B.; Lipton, R.B.; Swerdlow, M.L.; Leeds, N.E.; Llena, J. Progressive multifocal 

leukoencephalopathy: Clinical and radiographic features. Ann. Neurol. 1985, 17, 344–349, 

doi:10.1002/ana.410170407. 

55. Carson, K.R.; Evens, A.M.; Richey, E.A.; Habermann, T.M.; Focosi, D.; Seymour, J.F.; Laubach, J.; Bawn, 

S.D.; Gordon, L.I.; Winter, J.N.; et al. Progressive multifocal leukoencephalopathy after rituximab therapy 

in HIV-negative patients: A report of 57 cases from the Research on Adverse Drug Events and Reports 

project. Blood 2009, 113, 4834–4840, doi:10.1182/blood-2008-10-186999. 

56. Kleinschmidt-DeMasters, B.K.; Tyler, K.L. Progressive multifocal leukoencephalopathy complicating 

treatment with natalizumab and interferon -1a for multiple sclerosis. N. Engl. J. Med. 2005, 353, 369–374, 

doi:10.1056/NEJMoa051782. 

57. Kothary, N.; Diak, I.-L.; Brinker, A.; Bezabeh, S.; Avigan, M.; Dal Pan, G. Progressive multifocal 

leukoencephalopathy associated with efalizumab use in psoriasis patients. J. Am. Acad. Dermatol. 2011, 65, 

546–551, doi:10.1016/j.jaad.2010.05.033. 

58. 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. 2005, 353, 375–381, 

doi:10.1056/NEJMoa051847. 



Viruses 2020, 12, 1156 15 of 20 

 

59. Schwab, N.; Ulzheimer, J.C.; Fox, R.J.; Schneider-Hohendorf, T.; Kieseier, B.C.; Monoranu, C.M.; Staugaitis, 

S.M.; Welch, W.; Jilek, S.; Du Pasquier, R.A.; et al. Fatal PML associated with efalizumab therapy: Insights 

into integrin αLβ2 in JC virus control. Neurology 2012, 78, 458–467; doi:10.1212/WNL.0b013e3182478d4b. 

60. Van Assche, G.; Van Ranst, M.; Sciot, R.; Dubois, B.; Vermeire, S.; Noman, M.; Verbeeck, J.; Geboes, K.; 

Robberecht, W.; Rutgeerts, P. Progressive multifocal leukoencephalopathy after natalizumab therapy for 

Crohn’s disease. N. Engl. J. Med. 2005, 353, 362–368, doi:10.1056/NEJMoa051586. 

61. Richardson-Burns, S.M.; Kleinschmidt-DeMasters, B.K.; DeBiasi, R.L.; Tyler, K.L. Progressive multifocal 

leukoencephalopathy and apoptosis of infected oligodendrocytes in the central nervous system of patients 

with and without AIDS. Arch. Neurol. 2002, 59, 1930–1936, doi:10.1001/archneur.59.12.1930. 

62. Aksamit, A.J.; Mourrain, P.; Sever, J.L.; Major, E.O. Progressive multifocal leukoencephalopathy: 

Investigation of three cases using in situ hybridization with JC virus biotinylated DNA probe. Ann. Neurol. 

1985, 18, 490–496, doi:10.1002/ana.410180412. 

63. Ironside, J.W.; Lewis, F.A.; Blythe, D.; Wakefield, E.A. The identification of cells containing JC papovavirus 

DNA in progressive multifocal leukoencephalopathy by combined in situ hybridization and 

immunocytochemistry. J. Pathol. 1989, 157, 291–297, doi:10.1002/path.1711570405. 

64. Seth, P.; Diaz, F.; Tao-Cheng, J.-H.; Major, E.O. JC virus induces nonapoptotic cell death of human central 

nervous system progenitor cell-derived astrocytes. J. Virol. 2004, 78, 4884–4891, doi:10.1128/JVI.78.9.4884-

4891.2004. 

65. Shimbo, E.; Nukuzuma, S.; Tagawa, Y.-I. Human iPS cell-derived astrocytes support efficient replication of 

progressive multifocal leukoencephalopathy-type JC polyomavirus. Biochem. Biophys. Res. Commun. 2020, 

doi:10.1016/j.bbrc.2020.09.117. 

66. Ariza, A.; Mate, JoséL.; Fernández-Vasalo, A.; Gómez-Plaza, C.; Pérez-Piteira, J.; Pujol, M.; Navas-Palacios, 

J. p53 and proliferating cell nuclear antigen expression in JC virus-infected cells of progressive multifocal 

leukoencephalopathy. Hum. Pathol. 1994, 25, 1341–1345, doi:10.1016/0046-8177(94)90095-7. 

67. Kondo, Y.; Windrem, M.S.; Zou, L.; Chandler-Militello, D.; Schanz, S.J.; Auvergne, R.M.; Betstadt, S.J.; 

Harrington, A.R.; Johnson, M.; Kazarov, A.; et al. Human glial chimeric mice reveal astrocytic dependence 

of JC virus infection. J. Clin. Investig. 2014, 124, 5323–5336, doi:10.1172/JCI76629. 

68. Piña-Oviedo, S.; Urbanska, K.; Radhakrishnan, S.; Sweet, T.; Reiss, K.; Khalili, K.; Del Valle, L. Effects of JC 

virus infection on anti-apoptotic protein survivin in progressive multifocal leukoencephalopathy. Am. J. 

Pathol. 2007, 170, 1291–1304, doi:10.2353/ajpath.2007.060689. 

69. Yousry, T.A.; Pelletier, D.; Cadavid, D.; Gass, A.; Richert, N.D.; Radue, E.-W.; Filippi, M. Magnetic 

resonance imaging pattern in natalizumab-associated progressive multifocal leukoencephalopathy. Ann. 

Neurol. 2012, 72, 779–787, doi:10.1002/ana.23676. 

70. Wijburg, M.T.; Witte, B.I.; Vennegoor, A.; Roosendaal, S.D.; Sanchez, E.; Liu, Y.; Martins Jarnalo, C.O.; 

Uitdehaag, B.M.; Barkhof, F.; Killestein, J.; et al. MRI criteria differentiating asymptomatic PML from new 

MS lesions during natalizumab pharmacovigilance. J. Neurol. Neurosurg. Psychiatry 2016, 87, 1138–1145, 

doi:10.1136/jnnp-2016-313772. 

71. Berger, J.R.; Aksamit, A.J.; Clifford, D.B.; Davis, L.; Koralnik, I.J.; Sejvar, J.J.; Bartt, R.; Major, E.O.; Nath, A. 

PML diagnostic criteria. Neurology 2013, 80, 1430–1438, doi:10.1212/WNL.0b013e31828c2fa1. 

72. Tan, I.L.; McArthur, J.C.; Clifford, D.B.; Major, E.O.; Nath, A. Immune reconstitution inflammatory 

syndrome in natalizumab-associated PML. Neurology 2011, 77, 1061–1067, 

doi:10.1212/WNL.0b013e31822e55e7. 

73. Tan, K.; Roda, R.; Ostrow, L.; McArthur, J.; Nath, A. PML-IRIS in patients with HIV infection: Clinical 

manifestations and treatment with steroids. Neurology 2009, 72, 1458–1464, 

doi:10.1212/01.wnl.0000343510.08643.74. 

74. Miralles, P.; Berenguer, J.; Lacruz, C.; Cosín, J.; López, J.C.; Padilla, B.; Muñoz, L.; García-de-Viedma, D. 

Inflammatory reactions in progressive multifocal leukoencephalopathy after highly active antiretroviral 

therapy. AIDS 2001, 15, 1900–1902, doi:10.1097/00002030-200109280-00028. 

75. Safdar, A.; Rubocki, R.J.; Horvath, J.A.; Narayan, K.K.; Waldron, R.L. Fatal immune restoration disease in 

human immunodeficiency virus type 1-infected patients with progressive multifocal 

leukoencephalopathy: Impact of antiretroviral therapy-associated immune reconstitution. Clin. Infect. Dis. 

2002, 35, 1250–1257, doi:10.1086/344056. 

76. Zheng, H.-Y.; Takasaka, T.; Noda, K.; Kanazawa, A.; Mori, H.; Kabuki, T.; Joh, K.; Oh-Ishi, T.; Ikegaya, H.; 

Nagashima, K.; et al. New sequence polymorphisms in the outer loops of the JC polyomavirus major capsid 



Viruses 2020, 12, 1156 16 of 20 

 

protein (VP1) possibly associated with progressive multifocal leukoencephalopathy. J. Gen. Virol. 2005, 86, 

2035–2045, doi:10.1099/vir.0.80863-0. 

77. Vaz, B.; Cinque, P.; Pickhardt, M.; Weber, T. Analysis of the transcriptional control region in progressive 

multifocal leukoencephalopathy. J. Neurovirol. 2000, 6, 398–409, doi:10.3109/13550280009018304. 

78. Ault, G.S.; Stoner, G.L. Human polyomavirus JC promoter/enhancer rearrangement patterns from 

progressive multifocal leukoencephalopathy brain are unique derivatives of a single archetypal structure. 

J. Gen. Virol. 1993, 74, 1499–1507, doi:10.1099/0022-1317-74-8-1499. 

79. Iida, T.; Kitamura, T.; Guo, J.; Taguchi, F.; Aso, Y.; Nagashima, K.; Yogo, Y. Origin of JC polyomavirus 

variants associated with progressive multifocal leukoencephalopathy. Proc. Natl. Acad. Sci. USA 1993, 90, 

5062–5065, doi:10.1073/pnas.90.11.5062. 

80. Gosert, R.; Kardas, P.; Major, E.O.; Hirsch, H.H. Rearranged JC virus noncoding control regions found in 

progressive multifocal leukoencephalopathy patient samples increase virus early gene expression and 

replication rate. J. Virol. 2010, 84, 10448–10456, doi:10.1128/JVI.00614-10. 

81. Marshall, L.J.; Dunham, L.; Major, E.O. Transcription factor Spi-B binds unique sequences present in the 

tandem repeat promoter/enhancer of JC virus and supports viral activity. J. Gen. Virol. 2010, 91, 3042–3052, 

doi:10.1099/vir.0.023184-0. 

82. Marshall, L.J.; Ferenczy, M.W.; Daley, E.L.; Jensen, P.N.; Ryschkewitsch, C.F.; Major, E.O. Lymphocyte gene 

expression and JC virus noncoding control region sequences are linked with the risk of progressive 

multifocal leukoencephalopathy. J. Virol. 2014, 88, 5177–5183, doi:10.1128/JVI.03221-13. 

83. Zheng, H.-Y.; Ikegaya, H.; Takasaka, T.; Matsushima-Ohno, T.; Sakurai, M.; Kanazawa, I.; Kishida, S.; 

Nagashima, K.; Kitamura, T.; Yogo, Y. Characterization of the VP1 loop mutations widespread among JC 

polyomavirus isolates associated with progressive multifocal leukoencephalopathy. Biochem. Biophys. Res. 

Commun. 2005, 333, 996–1002, doi:10.1016/j.bbrc.2005.06.012. 

84. Gorelik, L.; Reid, C.; Testa, M.; Brickelmaier, M.; Bossolasco, S.; Pazzi, A.; Bestetti, A.; Carmillo, P.; Wilson, 

E.; McAuliffe, M.; et al. Progressive multifocal leukoencephalopathy (PML) development is associated with 

mutations in JC virus capsid protein VP1 that change its receptor specificity. J. Infect. Dis. 2011, 204, 103–

114, doi:10.1093/infdis/jir198. 

85. Reid, C.E.; Li, H.; Sur, G.; Carmillo, P.; Bushnell, S.; Tizard, R.; McAuliffe, M.; Tonkin, C.; Simon, K.; Goelz, 

S.; et al. Sequencing and analysis of JC virus DNA from natalizumab-treated PML patients. J. Infect. Dis. 

2011, 204, 237–244, doi:10.1093/infdis/jir256. 

86. Sunyaev, S.R.; Lugovskoy, A.; Simon, K.; Gorelik, L. Adaptive mutations in the JC virus protein capsid are 

associated with progressive multifocal leukoencephalopathy (PML). PLoS Genet. 2009, 5, 

doi:10.1371/journal.pgen.1000368. 

87. Eki, T.; Enomoto, T.; Masutani, C.; Miyajima, A.; Takada, R.; Murakami, Y.; Ohno, T.; Hanaoka, F.; Ui, M. 

Mouse DNA primase plays the principal role in determination of permissiveness for polyomavirus DNA 

replication. J. Virol. 1991, 65, 4874–4881, doi:10.1128/JVI.65.9.4874-4881.1991. 

88. Tikhanovich, I.; Nasheuer, H.P. Host-specific replication of BK virus DNA in mouse cell extracts is 

independently controlled by DNA polymerase α-primase and inhibitory activities. J. Virol. 2010, 84, 6636–

6644, doi:10.1128/JVI.00527-10. 

89. Toscano, M.G.; de Haan, P. How Simian Virus 40 Hijacks the Intracellular Protein Trafficking Pathway to 

Its Own Benefit … and Ours. Front. Immunol .2018, 9, 1160, doi:10.3389/fimmu.2018.01160. 

90. Kaliyaperumal, S.; Dang, X.; Wuethrich, C.; Knight, H.L.; Pearson, C.; MacKey, J.; Mansfield, K.G.; 

Koralnik, I.J.; Westmoreland, S.V. Frequent infection of neurons by SV40 virus in SIV-infected macaque 

monkeys with progressive multifocal leukoencephalopathy and meningoencephalitis. Am. J. Pathol. 2013, 

183, 1910–1917, doi:10.1016/j.ajpath.2013.08.007. 

91. Dang, X.; Axthelm, M.K.; Letvin, N.L.; Koralnik, I.J. Rearrangement of simian virus 40 regulatory region is 

not required for induction of progressive multifocal leukoencephalopathy in immunosuppressed rhesus 

monkeys. J. Virol. 2005, 79, 1361–1366, doi:10.1128/JVI.79.3.1361-1366.2005. 

92. Axthelm, M.K.; Koralnik, I.J.; Dang, X.; Wüthrich, C.; Rohne, D.; Stillman, I.E.; Letvin, N.L. 

Meningoencephalitis and demyelination are pathologic manifestations of primary polyomavirus infection 

in immunosuppressed rhesus monkeys. J. Neuropathol. Exp. Neurol. 2004, 63, 750–758, 

doi:10.1093/jnen/63.7.750. 

93. Swanson, P.A.; Lukacher, A.E.; Szomolanyi-Tsuda, E. Immunity to polyomavirus infection: The 

polyomavirus-mouse model. Semin. Cancer Biol. 2009, 19, 244–251, doi:10.1016/j.semcancer.2009.02.003. 



Viruses 2020, 12, 1156 17 of 20 

 

94. Frost, E.L.; Lukacher, A.E. The importance of mouse models to define immunovirologic determinants of 

progressive multifocal leukoencephalopathy. Front. Immunol. 2014, 5, 646, doi:10.3389/fimmu.2014.00646. 

95. Berke, Z.; Dalianis, T. Studies on polyomavirus persistence and polyomavirus-induced tumor development 

in relation to the immune system. Adv. Cancer Res. 2000, 79, 249–276, doi:10.1016/s0065-230x(00)79008-7. 

96. Freund, R.; Calderone, A.; Dawe, C.J.; Benjamin, T.L. Polyomavirus tumor induction in mice: Effects of 

polymorphisms of VP1 and large T antigen. J. Virol. 1991, 65, 335–341, doi:10.1128/JVI.65.1.335-341.1991. 

97. Bauer, P.H.; Cui, C.; Liu, W.R.; Stehle, T.; Harrison, S.C.; DeCaprio, J.A.; Benjamin, T.L. Discrimination 

between sialic acid-containing receptors and pseudoreceptors regulates polyomavirus spread in the mouse. 

J. Virol. 1999, 73, 5826–5832, doi:10.1128/JVI.73.7.5826-5832.1999. 

98. 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. 1995, 69, 7925–7931, 

doi:10.1128/JVI.69.12.7925-7931.1995. 

99. Maginnis, M.S.; Ströh, L.J.; Gee, G.V.; O’Hara, B.A.; Derdowski, A.; Stehle, T.; Atwood, W.J. Progressive 

multifocal leukoencephalopathy-associated mutations in the JC polyomavirus capsid disrupt lactoseries 

tetrasaccharide c binding. mBio 2013, 4, doi:10.1128/mBio.00247-13. 

100. Geoghegan, E.M.; Pastrana, D.V.; Schowalter, R.M.; Ray, U.; Gao, W.; Ho, M.; Pauly, G.T.; Sigano, D.M.; 

Kaynor, C.; Cahir-McFarland, E.; et al. Infectious entry and neutralization of pathogenic JC 

polyomaviruses. Cell Rep. 2017, 21, 1169–1179, doi:10.1016/j.celrep.2017.10.027. 

101. Ray, U.; Cinque, P.; Gerevini, S.; Longo, V.; Lazzarin, A.; Schippling, S.; Martin, R.; Buck, C.B.; Pastrana, 

D.V. JC polyomavirus mutants escape antibody-mediated neutralization. Sci. Transl. Med. 2015, 7, 

doi:10.1126/scitranslmed.aab1720. 

102. Seppälä, H.M.; Helanterä, I.T.; Laine, P.K.S.; Lautenschlager, I.T.; Paulín, L.G.; Jahnukainen, T.J.; Auvinen, 

P.O.V.; Auvinen, E. Archetype JC polyomavirus (JCPyV) prevails in a rare case of JCPyV nephropathy and 

in stable renal transplant recipients with JCPyV viruria. J. Infect. Dis. 2017, 216, 981–989, 

doi:10.1093/infdis/jix435. 

103. Dubensky, T.W.; Freund, R.; Dawe, C.J.; Benjamin, T.L. Polyomavirus replication in mice: Influences of VP1 

type and route of inoculation. J. Virol. 1991, 65, 342–349. 

104. Qian, M.; Tsai, B. Lipids and proteins act in opposing manners to regulate polyomavirus infection. J. Virol. 

2010, 84, 9840–9852, doi:10.1128/JVI.01093-10. 

105. Carroll, J.; Dey, D.; Kreisman, L.; Velupillai, P.; Dahl, J.; Telford, S.; Bronson, R.; Benjamin, T. Receptor-

binding and oncogenic properties of polyoma viruses isolated from feral mice. PLoS Pathog. 2007, 3, 

doi:10.1371/journal.ppat.0030179. 

106. Lauver, M.D.; Goetschius, D.J.; Netherby-Winslow, C.S.; Ayers, K.N.; Jin, G.; Haas, D.G.; Frost, E.L.; Cho, 

S.H.; Bator, C.; Bywaters, S.M.; et al. Antibody escape by polyomavirus capsid mutation facilitates 

neurovirulence. eLife 2020, 9, doi:10.7554/eLife.61056. 

107. Wei, X.; Decker, J.M.; Wang, S.; Hui, H.; Kappes, J.C.; Wu, X.; Salazar-Gonzalez, J.F.; Salazar, M.G.; Kilby, 

J.M.; Saag, M.S.; et al. Antibody neutralization and escape by HIV-1. Nature 2003, 422, 307–312, 

doi:10.1038/nature01470. 

108. Reh, L.; Magnus, C.; Kadelka, C.; Kühnert, D.; Uhr, T.; Weber, J.; Morris, L.; Moore, P.L.; Trkola, A. 

Phenotypic deficits in the HIV-1 envelope are associated with the maturation of a V2-directed broadly 

neutralizing antibody lineage. PLoS Pathog. 2018, 14, doi:10.1371/journal.ppat.1006825. 

109. Salpini, R.; Colagrossi, L.; Bellocchi, M.C.; Surdo, M.; Becker, C.; Alteri, C.; Aragri, M.; Ricciardi, A.; 

Armenia, D.; Pollicita, M.; et al. Hepatitis B surface antigen genetic elements critical for immune escape 

correlate with hepatitis B virus reactivation upon immunosuppression. Hepatology 2015, 61, 823–833, 

doi:10.1002/hep.27604. 

110. Inuzuka, T.; Ueda, Y.; Arasawa, S.; Takeda, H.; Matsumoto, T.; Osaki, Y.; Uemoto, S.; Seno, H.; Marusawa, 

H. Expansion of viral variants associated with immune escape and impaired virion secretion in patients 

with HBV reactivation after resolved infection. Sci. Rep. 2018, 8, 18070, doi:10.1038/s41598-018-36093-w. 

111. Lynch, R.M.; Boritz, E.; Coates, E.E.; DeZure, A.; Madden, P.; Costner, P.; Enama, M.E.; Plummer, S.; 

Holman, L.; Hendel, C.S.; et al. Virologic effects of broadly neutralizing antibody VRC01 administration 

during chronic HIV-1 infection. Sci. Transl. Med. 2015, 7, doi:10.1126/scitranslmed.aad5752. 

112. Kwei, K.; Tang, X.; Lok, A.S.; Sureau, C.; Garcia, T.; Li, J.; Wands, J.; Tong, S. Impaired virion secretion by 

hepatitis B virus immune escape mutants and its rescue by wild-type envelope proteins or a second-site 

mutation. J. Virol. 2013, 87, 2352–2357, doi:10.1128/JVI.02701-12. 



Viruses 2020, 12, 1156 18 of 20 

 

113. Kalinina, T.; Iwanski, A.; Will, H.; Sterneck, M. Deficiency in virion secretion and decreased stability of the 

hepatitis B virus immune escape mutant G145R. Hepatology 2003, 38, 1274–1281, 

doi:10.1053/jhep.2003.50484. 

114. Kinchen, V.J.; Zahid, M.N.; Flyak, A.I.; Soliman, M.G.; Learn, G.H.; Wang, S.; Davidson, E.; Doranz, B.J.; 

Ray, S.C.; Cox, A.L.; et al. Broadly neutralizing antibody mediated clearance of human hepatitis C virus 

infection. Cell Host Microbe 2018, 24, 717-730, doi:10.1016/j.chom.2018.10.012. 

115. Pastrana, D.V.; Brennan, D.C.; Çuburu, N.; Storch, G.A.; Viscidi, R.P.; Randhawa, P.S.; Buck, C.B. 

Neutralization serotyping of BK polyomavirus infection in kidney transplant recipients. PLoS Pathog. 2012, 

8, doi:10.1371/journal.ppat.1002650. 

116. Pastrana, D.V.; Ray, U.; Magaldi, T.G.; Schowalter, R.M.; Çuburu, N.; Buck, C.B. BK polyomavirus 

genotypes represent distinct serotypes with distinct entry tropism. J. Virol. 2013, 87, 10105–10113, 

doi:10.1128/JVI.01189-13. 

117. Schmitt, C.; Raggub, L.; Linnenweber-Held, S.; Adams, O.; Schwarz, A.; Heim, A. Donor origin of BKV 

replication after kidney transplantation. J. Clin. Virol. 2014, 59, 120–125, doi:10.1016/j.jcv.2013.11.009. 

118. Schwarz, A.; Linnenweber-Held, S.; Heim, A.; Framke, T.; Haller, H.; Schmitt, C. Viral Origin, clinical 

course, and renal outcomes in patients with BK virus infection after living-donor renal transplantation. 

Transplantation 2016, 100, 844–853, doi:10.1097/TP.0000000000001066. 

119. Boldorini, R.; Allegrini, S.; Miglio, U.; Paganotti, A.; Veggiani, C.; Mischitelli, M.; Monga, G.; Pietropaolo, 

V. Genomic mutations of viral protein 1 and BK virus nephropathy in kidney transplant recipients. J. Med. 

Virol. 2009, 81, 1385–1393, doi:10.1002/jmv.21520. 

120. Tremolada, S.; Delbue, S.; Castagnoli, L.; Allegrini, S.; Miglio, U.; Boldorini, R.; Elia, F.; Gordon, J.; Ferrante, 

P. Mutations in the external loops of BK virus VP1 and urine viral load in renal transplant recipients. J. Cell. 

Physiol. 2010, 222, 195–199, doi:10.1002/jcp.21937. 

121. Peretti, A.; Geoghegan, E.M.; Pastrana, D.V.; Smola, S.; Feld, P.; Sauter, M.; Lohse, S.; Ramesh, M.; Lim, E.S.; 

Wang, D.; et al. Characterization of BK polyomaviruses from kidney transplant recipients suggests a role 

for APOBEC3 in driving in-host virus evolution. Cell Host Microbe 2018, 23, 628-635, 

doi:10.1016/j.chom.2018.04.005. 

122. Krautkrämer, E.; Klein, T.M.; Sommerer, C.; Schnitzler, P.; Zeier, M. Mutations in the BC-loop of the BKV 

VP1 region do not influence viral load in renal transplant patients. J. Med. Virol. 2009, 81, 75–81, 

doi:10.1002/jmv.21359. 

123. McIlroy, D.; Hönemann, M.; Nguyen, N.-K.; Barbier, P.; Peltier, C.; Rodallec, A.; Halary, F.; Przyrowski, E.; 

Liebert, U.; Hourmant, M.; et al. Persistent BK polyomavirus viruria is associated with accumulation of 

VP1 mutations and neutralization escape. Viruses 2020, 12, doi:10.3390/v12080824. 

124. Murata, H.; Teferedegne, B.; Sheng, L.; Lewis, A.M.; Peden, K. Identification of a neutralization epitope in 

the VP1 capsid protein of SV40. Virology 2008, 381, 116–122, doi:10.1016/j.virol.2008.07.032. 

125. Diotti, R.A.; Mancini, N.; Clementi, N.; Sautto, G.; Moreno, G.J.; Criscuolo, E.; Cappelletti, F.; Man, P.; 

Forest, E.; Remy, L.; et al. Cloning of the first human anti-JCPyV/VP1 neutralizing monoclonal antibody: 

Epitope definition and implications in risk stratification of patients under natalizumab therapy. Antiviral. 

Res. 2014, 108, 94–103, doi:10.1016/j.antiviral.2014.05.017. 

126. Lindner, J.M.; Cornacchione, V.; Sathe, A.; Be, C.; Srinivas, H.; Riquet, E.; Leber, X.-C.; Hein, A.; Wrobel, 

M.B.; Scharenberg, M.; et al. Human memory B cells harbor diverse cross-neutralizing antibodies against 

BK and JC polyomaviruses. Immunity 2019, 50, 668–676.e5, doi:10.1016/j.immuni.2019.02.003. 

127. Jelcic, I.; Combaluzier, B.; Jelcic, I.; Faigle, W.; Senn, L.; Reinhart, B.J.; Ströh, L.; Nitsch, R.M.; Stehle, T.; 

Sospedra, M.; et al. Broadly neutralizing human monoclonal JC polyomavirus VP1-specific antibodies as 

candidate therapeutics for progressive multifocal leukoencephalopathy. Sci. Transl. Med. 2015, 7, 

doi:10.1126/scitranslmed.aac8691. 

128. Luo, C.; Hirsch, H.H.; Kant, J.; Randhawa, P. VP-1 quasispecies in human infection with polyomavirus BK. 

J. Med. Virol. 2012, 84, 152–161, doi:10.1002/jmv.22147. 

129. Takahashi, K.; Sekizuka, T.; Fukumoto, H.; Nakamichi, K.; Suzuki, T.; Sato, Y.; Hasegawa, H.; Kuroda, M.; 

Katano, H. Deep-sequence identification and role in virus replication of a JC virus quasispecies in patients 

with progressive multifocal leukoencephalopathy. J. Virol. 2016, doi:10.1128/JVI.01335-16. 

130. Van Loy, T.; Thys, K.; Ryschkewitsch, C.; Lagatie, O.; Monaco, M.C.; Major, E.O.; Tritsmans, L.; Stuyver, 

L.J. JC virus quasispecies analysis reveals a complex viral population underlying progressive multifocal 



Viruses 2020, 12, 1156 19 of 20 

 

leukoencephalopathy and supports viral dissemination via the hematogenous route. J. Virol. 2015, 89, 1340–

1347, doi:10.1128/JVI.02565-14. 

131. Tan, C.S.; Ellis, L.C.; Wüthrich, C.; Ngo, L.; Broge, T.A.; Saint-Aubyn, J.; Miller, J.S.; Koralnik, I.J. JC virus 

latency in the brain and extraneural organs of patients with and without progressive multifocal 

leukoencephalopathy. J. Virol. 2010, 84, 9200–9209, doi:10.1128/JVI.00609-10. 

132. White, F.A.; Ishaq, M.; Stoner, G.L.; Frisque, R.J. JC virus DNA is present in many human brain samples 

from patients without progressive multifocal leukoencephalopathy. J. Virol. 1992, 66, 5726–5734, 

doi:10.1128/JVI.66.10.5726-5734.1992. 

133. Ciurea, A.; Klenerman, P.; Hunziker, L.; Horvath, E.; Senn, B.M.; Ochsenbein, A.F.; Hengartner, H.; 

Zinkernagel, R.M. Viral persistence in vivo through selection of neutralizing antibody-escape variants. 

Proc. Natl. Acad. Sci. USA 2000, 97, 2749–2754, doi:10.1073/pnas.040558797. 

134. Weber, F.; Goldmann, C.; Krämer, M.; Kaup, F.J.; Pickhardt, M.; Young, P.; Petry, H.; Weber, T.; Lüke, W. 

Cellular and humoral immune response in progressive multifocal leukoencephalopathy. Ann. Neurol. 2001, 

49, 636–642, doi:10.1002/ana.1004. 

135. Warnke, C.; Ramanujam, R.; Plavina, T.; Bergström, T.; Goelz, S.; Subramanyam, M.; Kockum, I.; Rahbar, 

A.; Kieseier, B.C.; Holmén, C.; et al. Changes to anti-JCV antibody levels in a Swedish national MS cohort. 

J. Neurol. Neurosurg. Psychiatry 2013, 84, 1199–1205, doi:10.1136/jnnp-2012-304332. 

136. Weber, T.; Trebst, C.; Frye, S.; Cinque, P.; Vago, L.; Sindic, C.J.; Schulz-Schaeffer, W.J.; Kretzschmar, H.A.; 

Enzensberger, W.; Hunsmann, G.; et al. Analysis of the systemic and intrathecal humoral immune response 

in progressive multifocal leukoencephalopathy. J. Infect. Dis. 1997, 176, 250–254, doi:10.1086/514032. 

137. Henry, C.; Palm, A.-K.E.; Krammer, F.; Wilson, P.C. From original antigenic sin to the universal influenza 

virus vaccine. Trends Immunol. 2018, 39, 70–79, doi:10.1016/j.it.2017.08.003. 

138. Zhang, A.; Stacey, H.D.; Mullarkey, C.E.; Miller, M.S. Original antigenic sin: How first exposure shapes 

lifelong anti-influenza virus immune responses. J. Immunol. 2019, 202, 335–340, 

doi:10.4049/jimmunol.1801149. 

139. Andrews, S.F.; Huang, Y.; Kaur, K.; Popova, L.I.; Ho, I.Y.; Pauli, N.T.; Henry Dunand, C.J.; Taylor, W.M.; 

Lim, S.; Huang, M.; et al. Immune history profoundly affects broadly protective B cell responses to 

influenza. Sci. Transl. Med. 2015, 7, doi:10.1126/scitranslmed.aad0522. 

140. Sospedra, M.; Schippling, S.; Yousef, S.; Jelcic, I.; Bofill-Mas, S.; Planas, R.; Stellmann, J.-P.; Demina, V.; 

Cinque, P.; Garcea, R.; et al. Treating progressive multifocal leukoencephalopathy with interleukin 7 and 

vaccination with JC virus capsid protein VP1. Clin. Infect. Dis. 2014, 59, 1588–1592, doi:10.1093/cid/ciu682. 

141. Hemmi, H.; Kaisho, T.; Takeuchi, O.; Sato, S.; Sanjo, H.; Hoshino, K.; Horiuchi, T.; Tomizawa, H.; Takeda, 

K.; Akira, S. Small anti-viral compounds activate immune cells via the TLR7 MyD88-dependent signaling 

pathway. Nat. Immunol. 2002, 3, 196–200, doi:10.1038/ni758. 

142. Ho, P.-R.; Koendgen, H.; Campbell, N.; Haddock, B.; Richman, S.; Chang, I. Risk of natalizumab-associated 

progressive multifocal leukoencephalopathy in patients with multiple sclerosis: A retrospective analysis of 

data from four clinical studies. Lancet Neurol. 2017, 16, 925–933, doi:10.1016/S1474-4422(17)30282-X. 

143. Bloomgren, G.; Richman, S.; Hotermans, C.; Subramanyam, M.; Goelz, S.; Natarajan, A.; Lee, S.; Plavina, 

T.; Scanlon, J.V.; Sandrock, A.; et al. Risk of natalizumab-associated progressive multifocal 

leukoencephalopathy. N. Engl. J. Med. 2012, 366, 1870–1880, doi:10.1056/NEJMoa1107829. 

144. McGuigan, C.; Craner, M.; Guadagno, J.; Kapoor, R.; Mazibrada, G.; Molyneux, P.; Nicholas, R.; Palace, J.; 

Pearson, O.R.; Rog, D.; et al. Stratification and monitoring of natalizumab-associated progressive multifocal 

leukoencephalopathy risk: Recommendations from an expert group. J. Neurol. Neurosurg. Psychiatry 2016, 

87, 117–125, doi:10.1136/jnnp-2015-311100. 

145. Plavina, T.; Subramanyam, M.; Bloomgren, G.; Richman, S.; Pace, A.; Lee, S.; Schlain, B.; Campagnolo, D.; 

Belachew, S.; Ticho, B. Anti-JC virus antibody levels in serum or plasma further define risk of natalizumab-

associated progressive multifocal leukoencephalopathy. Ann. Neurol. 2014, 76, 802–812, 

doi:10.1002/ana.24286. 

146. Ståhlberg, A.; Krzyzanowski, P.M.; Jackson, J.B.; Egyud, M.; Stein, L.; Godfrey, T.E. Simple, multiplexed, 

PCR-based barcoding of DNA enables sensitive mutation detection in liquid biopsies using sequencing. 

Nucleic Acids Res. 2016, 44, doi:10.1093/nar/gkw224. 

  



Viruses 2020, 12, 1156 20 of 20 

 

147. Hoang, E.; Bartlett, N.L.; Goyal, M.S.; Schmidt, R.E.; Clifford, D.B. Progressive multifocal 

leukoencephalopathy treated with nivolumab. J. Neurovirol. 2019, 25, 284–287, doi:10.1007/s13365-019-

00738-x.91 

148. Cortese, I.; Muranski, P.; Enose-Akahata, Y.; Ha, S.-K.; Smith, B.; Monaco, M.; Ryschkewitsch, C.; Major, 

E.O.; Ohayon, J.; Schindler, M.K.; et al. Pembrolizumab treatment for progressive multifocal 

leukoencephalopathy. N. Engl. J. Med. 2019, 380, 1597–1605, doi:10.1056/NEJMoa1815039. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


