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Abstract: In the fifty years since the discovery of JC polyomavirus (JCPyV), the body of research
representing our collective knowledge on this virus has grown substantially. As the causative agent
of progressive multifocal leukoencephalopathy (PML), an often fatal central nervous system disease,
JCPyV remains enigmatic in its ability to live a dual lifestyle. In most individuals, JCPyV reproduces
benignly in renal tissues, but in a subset of immunocompromised individuals, JCPyV undergoes
rearrangement and begins lytic infection of the central nervous system, subsequently becoming highly
debilitating—and in many cases, deadly. Understanding the mechanisms allowing this process to
occur is vital to the development of new and more effective diagnosis and treatment options for those
at risk of developing PML. Here, we discuss the current state of affairs with regards to JCPyV and
PML; first summarizing the history of PML as a disease and then discussing current treatment options
and the viral biology of JCPyV as we understand it. We highlight the foundational research published
in recent years on PML and JCPyV and attempt to outline which next steps are most necessary to
reduce the disease burden of PML in populations at risk.

Keywords: progressive multifocal leukoencephalopathy; JC polyomavirus; polyomavirus; HIV/AIDS;
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1. Introduction

Viruses in the family Polyomaviridae are found in a wide range of host species [1-6]. Since the first
polyomavirus was isolated in 1952 and identified as Murine K virus, 73 species have been identified,
13 of which are found in humans [7-20]. JC polyomavirus (JCPyV) and BK polyomavirus (BKPyV),
the first human polyomaviruses to be discovered, were isolated in 1971 from patients whose initials
were JC and BK, respectively [8,9]. Although epidemiological studies on JCPyV are sparse, it is clear
both viruses are highly prevalent in the worldwide population. Seroprevalence falls between 40% and
60% for JCPyV and is greater than 80% for BKPyV [6,21-25]. JCPyV seroprevalence begins at a rate
of 10-20% in childhood and increases steadily each decade, with about 50% of adults age 70 testing
positive, though some research has estimated values even higher [23,24]. For the purposes of this
review we will focus on JCPyV, which is the only human polyomavirus known to cause disease of the
nervous system [26,27].

2. JCPyV-Induced Diseases

2.1. Progressive Multifocal Leukoencephalopathy (PML)

PML was first identified as a unique pathology in 1958 as a complication of primary B
cell lymphoproliferative disorders [28-31]. All known PML cases at the time presented with
multifocal white matter lesions in the central nervous system (CNS) accompanied by a triad of
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histopathological symptoms—demyelination, abnormal astrocytic morphology and oligodendrocytic
nuclear inclusions [32]. The presence of inclusion bodies in oligodendrocytes suggested a
viral cause [28,33,34]. PML remained a very rare disease until the mid-1980s, when acquired
immunodeficiency syndrome (AIDS) reached epidemic and eventually pandemic proportions [35].
PML became an AIDS defining illness and 2-5% of HIV infected individuals would go on to develop
this uniformly fatal disease [36—40]. The introduction of highly active antiretroviral therapy (HAART),
a treatment that improves immune function through suppression of the HIV virus, led to a steep
decline in AIDS-related PML fatalities, but did not eliminate AIDS-related PML entirely [41]. While the
fatality rate of PML has been significantly reduced by restoration of immune function and most PML
patients now survive, most experience significant morbidity [42-45]. HIV-associated PML still remains
one of the most common types of PML, but no longer accounts for the overwhelming majority of
new cases due to the availability of HAART and the emergence of new risk factors for PML [46,47].
Though it is one of the only treatments available for PML, restoration of immune function needs be
carefully managed because it can lead to a fatal inflammatory reaction called immune reconstitution
inflammatory syndrome or IRIS [48-50].

2.2. Drug-Induced PML

AIDS and lymphoproliferative disease are no longer the only major risk factors for PML. The relatively
recent development of powerful immunomodulatory drugs for treating multiple sclerosis and other
autoimmune disorders have led to a new population of PML-susceptible individuals. This group is
primarily composed of individuals taking immunosuppressants like natalizumab, a monoclonal antibody
designed to reduce trafficking of leukocytes into inflamed tissue [46,51-53]. Although this group has
historically been smaller than those affected by HIV or cancers affecting the immune system, an expansion
of immunosuppressive drugs in the last 15 years has led to a rapid increase in individuals affected
with autoimmune treatment-associated PML. Certain immunosuppressants (most notably natalizumab,
rituximab and dimethyl fumarate) still pose a significant risk for development of PML, depending on
patient history and seropositivity for JCPyV [46,48,54-57].

Overall, PML associated with lymphoproliferative disorders, AIDS and immunomodulatory
therapies make up an overwhelming majority of PML cases. PML is nearly universally associated with
compromised cellular immunity. As such, other classifications of PML are exceedingly rare [58,59].
The prevalence of PML worldwide is often estimated to be about two cases per 100,000 individuals,
though this number varies by population [47,60].

2.3. PML Symptoms and Treatment Options

For those individuals who develop PML, the effect is devastating. Once activated, JCPyV causes a
lytic infection in oligodendrocytes and astrocytes in the CNS, affecting cells that are vital for neuronal
stability [32]. Infection of oligodendrocytes leads to extensive demyelination resulting in neuronal
dysfunction and death. Because demyelination occurs at distinct points, physical symptoms can
mirror several different diagnoses, including multiple sclerosis and stroke. Such physical symptoms
of PML are diverse and include motor dysfunction, visual defects and speech impairment [28,30,34].
Some individuals with PML may develop seizures as well [61]. While earlier diagnosis leads to better
outcomes for patients, it is difficult to identify early stages of PML, meaning diagnosis often only occurs
once symptoms are already severe [61,62]. A diagnosis of PML is made using initial presentation of
neurological symptoms, magnetic resonance imaging (MRI) identification of contrast-enhanced viral
lesions and confirmation of the presence of JCPyV DNA in the cerebrospinal fluid (CSF) of symptomatic
patients [32,63]. PML lesions associated with different underlying disorders may present differently
in MRI scans, and while diagnostic criteria for use in differentiating PML lesions from those caused
by other diseases (such as multiple sclerosis (MS)) have been published, lesions remain difficult to
diagnose particularly for individuals who are initially asymptomatic [32,64-66].
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Immunosuppression is the major risk factor for development of PML [67]. More specifically,
low CD4+ T cell response correlates with higher disease severity in HIV-positive individuals as
well as in individuals with other immunosuppressive conditions [42,68-71]. CD8+ T cell response
additionally appears to be important for recovery from PML; JCPyV-specific CD8+ T cells were found
frequently in survivors of PML but were almost absent in patients with severe progressing PML [71,72].
This correlation between CD8+ T cells and a better recovery may be useful in treatment and prognosis,
as it appears CD4+ T cells may primarily target more variable VP1 protein epitopes, while CD8+ T cells
target those regions of JCPyV which are more conserved [73]. Evidence suggests that the availability
of JCPyV-specific cytotoxic T cells leads to effective recovery from PML [73-77]. Indeed, generating
JCPyV antigen-specific cytotoxic T cells and introducing them to one PML patient via adoptive transfer
in conjunction with a serotonin reuptake inhibitor and another antiviral led to an improvement in
symptoms and clearance of JCPyV from cerebrospinal fluid [78].

There is currently no specific antiviral drug against JCPyV but use of antiretroviral drugs in
HIV patients and early detection and monitoring have played a significant role in reducing PML
mortality [30,79]. Numerous drugs have been tested for efficacy against JCPyV, but none have been
consistently successful thus far [80]. One candidate called Retro-2.1 (a retrograde transport inhibitor)
was able to reduce in vivo murine polyomavirus infection in mice and has in the past inhibited JCPyV
in vitro, but this method has yet to be translated to human treatments [81,82]. Instead, what is currently
considered the best option for slowing the effects of PML is restoration of the immune system, although
as stated above this increases the risk of IRIS.

Because few options are available beyond immune reconstitution, treatment of PML associated
with HIV or lymphoproliferative disease—for which immune restoration may not be immediately
feasible—is challenging, to say the least. One strategy involves boosting specific antiviral responses
temporarily until the immune system is restored, such as through checkpoint inhibitors [83,84].
One target with generally favorable results has been the cell surface receptor programmed cell death 1
(PD-1) and associated ligand PD-L1 which function to promote CD8+ T cell exhaustion. By blocking
receptor/ligand binding using monoclonal antibodies pembrolizumab or nivolumab, several patients
responded with improvements—although fewer than two dozen patients in total have been treated
with PD-1 inhibitors thus far [84-92]. One disadvantage to some types of checkpoint therapy is
worsening of condition due to resultant inflammation; while this does not seem to be the case with
HIV- or lymphoproliferative-associated PML, vigilance is important [84].

T cell immunotherapy has been a highly effective treatment for many cancers and offers a unique
opportunity for treating viral infection as well. A creative approach to PML treatment takes advantage
of the fact that JCPyV and BKPyV share about 75% of their genomic sequence—as a result, reactivity
to one could potentially facilitate reactivity to the other [93,94]. While T cell immunotherapy can be
expensive, a new therapeutic concept—virus-specific T cells sourced from donors and cryopreserved
in a bank—partially offsets this cost and is faster than custom T cell design [95]. Using bank-sourced
cytotoxic T cells specific for BKPyV in patients with PML, researchers were able to see cross-reactivity
against JCPyV such that two of the three patients treated experienced clinical improvement, although
evidence of IRIS (potentially linked to the treatment) was also seen in two of the three patients [96].
The use of BKPyV specific T cells sourced from outside the patient without significant adverse
effects would be significant considering the high prevalence of BKPyV and its prior use in T cell
immunotherapy, though the data available is currently too limited to draw concrete conclusions [95].
With further refinement use of off-the-shelf T cells may provide a potentially accessible option for
suppression of PML [96,97].

2.4. Other |CPyV-Associated Diseases

PML is not the only disease caused by JCPyV. The virus can in rare cases lead to JCPyV granule cell
neuronopathy (GCN), JCPyV encephalitis, JCPyV meningitis and JCPyV-associated nephropathy [98].
GCN is similar to PML in that it is caused by JCPyV infection of the brain, although in GCN the virus
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infects the granule cells of the cerebellum instead of oligodendrocytes or astrocytes [99]. Because the
infections both occur in the CNS, the comorbidity of PML and GCN is likely high [100]. JC virus
encephalitis and meningitis are very rare but seem to be related to the immunocompromised state of
the individual and in the kidney, JCPyV-associated nephropathy is also rare, with milder symptoms
than other forms of viral nephropathy [101-103].

3. Mechanisms of Disease

3.1. Initial Infection

Initial asymptomatic infection with JCPyV likely occurs via a fecal-oral route; the virus is
routinely shed in the urine and possibly in the stool [104-109]. Initial infection via tonsillar tissue
has also been described, though is relatively rare [110-114].
possibility of mother-to-child transmission [115]. The transmitted form of JCPyV found in urine
and in kidney tissues is not generally pathogenic, although it is the most common strain of
JCPyV. This form of the virus, termed the archetype strain, establishes an asymptomatic state of
persistent infection for life [116]. The pathogenic form of the virus, termed the PML-type, arises
following extensive genomic rearrangement of the viruses non-coding control region (NCCR) via
duplications or deletions—particularly deletions within the ‘d” block of the NCCR [117-119] (Figure 1).
These rearrangements lead to a virus capable of high level replication in glial cells and are the only

Some recent research suggests the

viruses found in brain parenchyma and cerebral spinal fluid of patients with active disease [20,120-126].
A screen of JCPyV isolated from the neural tissue of 29 individuals with PML showed the samples to
be highly unique within the NCCR indicating that viral rearrangement and subsequent pathogenicity
occurred after primary infection, not before [127]. These genomic rearrangements are thought to be
driven by profound immunosuppression (e.g., AIDS) or by an absence of normal immune surveillance
of CNS tissue (e.g., autoimmune diseases treated with immunomodulatory drugs) [119].
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Figure 1. JCPyV genome undergoes rearrangement in progressive multifocal leukoencephalopathy
(PML). Left panel: Archetype JCPyV develops a persistent infection in the kidneys and is generally
asymptomatic. PML-type JCPyV is a rearranged form with one or more deletions or duplications of
genomic block sequence in the non-coding control region (NCCR) (shown above in expanded form as a
deletion of blocks b and d and a duplication of blocks a, ¢ and e) and is found in the brain, cerebrospinal
fluid (CSF) and blood. Right panel: Early genes include large T and small t antigens and are transcribed
first. Late genes include structural proteins and additional regulatory proteins. Early and late genes
are separated by the NCCR and are transcribed in opposite directions. ORI—origin of replication;
NCCR—non-coding control region; T—T antigen and splice variants. Agno: JCPyV agnoprotein.
Adapted from [30] and [126].
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3.2. Neuroinvasion

The mode of viral trafficking from the periphery to the nervous system is not well understood,
but several potential routes have been suggested. One hypothesis suggests that the virus enters the
bone marrow and undergoes genomic rearrangement in cells expressing high levels of recombination
enzymes, such as B cells, which then leads to viral infection of the CNS [71,128]. This would partially
explain the restriction of JCPyV infection to glial cells in the brain, as many transcription factors
important for infection in glial cells are also found in B cells [129-131]. In addition, recent work
provides strong evidence that JCPyV may enter neural tissue more directly by way of the choroid plexus.
Typically, the blood-brain barrier and blood—cerebrospinal fluid barrier work together to prevent
everything except essential molecules from passing into neural tissue. The choroid plexus is the complex
membranous structure forming the protective barrier between peripheral blood and cerebrospinal
fluid (CSF) and is made up of a core (called the stroma) and a thin layer of epithelial cells [132].
Interestingly, primary choroid plexus epithelial cells express all the receptors necessary for JCPyV
infection, show susceptibility to JCPyV infection in vitro and are infected in patient tissue samples
in vivo, all of which suggest cells of the choroid plexus support the JCPyV viral life cycle [133-135].
As JCPyV enters the CNS, the virus may also directly spread from cell-to-cell along myelin sheaths [136].
An alternative hypothesis is that a small minority of individuals harbor persistent virus in brain
parenchyma or choroid plexus, and it is this virus that gives rise to disease following loss of normal
immune surveillance of the CNS. While one research group did report finding JCPyV genomes in the
CNS of older patients without predisposing conditions, as of yet there is little data supporting this
alternative hypothesis [137].

3.3. Animal Models

Complete animal models of JCPyV are not available which makes identifying the biologic route
of infection of the virus challenging. The difficulty in generating a JCPyV animal model lies in the
need for host-specific factors for viral replication; without these human-specific replication proteins,
JCPyV remains highly host-restricted and unable to sustain an infection in any animal model tested to
date [138-141]. Even in human cell cultures, propagation of JCPyV is an arduous task—accordingly,
animal models present an even larger barrier to overcome [142]. One promising mouse model was
developed by engrafting human glial progenitor cells into immunodeficient neonatal mice [141].
While this humanized chimeric model presents a significant step forward, it remains limited in
providing a full understanding of the viral life cycle of JCPyV.

4. Hijacking the Host Genome for Replication

4.1. Viral Genome

JCPyV is a non-enveloped virus with a circular, dsDNA genome typically 5130 bp in size, enclosed
by an icosahedral capsid [93]. The viral capsid is composed of 72 pentamers of viral protein 1 (VP1),
each bound to either a single viral protein 2 (VP2) or viral protein 3 (VP3) [143]. The viral genome
is well characterized and is composed of an early gene segment and a late gene segment (Figure 1).
Additionally, separating the two is a non-coding control region (NCCR) containing the origin of
replication as well as promoter and enhancer elements [126,144]. The early genes are transcribed first
on one strand and produce large T antigen, small t antigen and three T antigen splice variants. On the
complementary strand, the late genes are transcribed into three structural proteins (VP1, VP2 and VP3)
as well as an agnoprotein and two micro-RNAs (miRNAs) acting to downregulate large T antigen in a
negative feedback loop [145,146]. The NCCR defines the character of the virus, as rearrangement of
this region is associated with increased viral replication and subsequent disease. The transmitted form
of JCPyV is known as ‘archetype’ JCPyV, which refers to a specific sequence in the NCCR and which is
found in the kidney, but rarely in the brain of PML patients. In contrast, a “rearranged” NCCR carries
one of several altered genetic sequences that confer a growth advantage for the virus in human glia
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making it more likely to cause PML [116,121-123,126] (Figure 1). Like all viruses, JCPyV requires host
cell machinery to replicate. JCPyV does this primarily through the large T antigen protein, which once
transcribed interacts with a series of cellular proteins to induce viral replication and assembly [126,147].

4.2. Viral Entry

Before the virus can coopt host replication machinery, it must enter the cell (Figure 2).
JCPyV initially binds to the target cell via «2,6-linked glycan lactoseries tetrasaccharide c (LSTc),
a receptor motif which has both a necessary «2,6-linked sialic acid and a distinctive L-shape [148,149].
At this early stage, JCPyV may also interact with adipocyte plasma membrane associated protein
(APMAP), a surface protein found in glial cells and throughout the body which appears to be important
for productive viral infection [150]. JCPyV also transiently interacts with 5-hydroxytryptamine 2
receptors (5-HT2R) before clathrin-mediated endocytosis into the cell and subsequent trafficking into
Rab-5 positive early endosomes [151-154]. Next, although one may expect JCPyV to traffic through
Rab7-positive late endosomes, the virus instead transitions to caveolin-1 positive late endosomes [155].
This shift in endocytic pathway could be caused by several mechanisms, including those involving
5-HT2Rs, as 5-HT2Rs are also known to be recycled through clathrin-mediated endocytosis [156].
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Figure 2. JCPyV cellular entry may occur through multiple pathways. JCPyV initially binds to LSTc

receptors before transient interaction with 5-HT, receptors which facilitate internalization through
clathrin-mediated endocytosis. JCPyV then switches from a Rab5+ early endosome to a caveolin-1+
late endosome before entering the endoplasmic reticulum (ER) where the virus is uncoated. JCPyV exits
the ER into the cytosol before entering the nucleus for replication. Alternatively, JCPyV may bind to
the cell within an extracellular vesicle. Here, the vesicle is internalized through micropinocytosis or
clathrin-mediated endocytosis before trafficking to the ER. Adapted from [30] and [126].

After cellular entry, JCPyV likely uses microtubules or microfilaments to traffic through the cell to
the endoplasmic reticulum (ER), where the viral capsid proceeds to degrade due to resident proteins
in the ER. The virus then uses the ER-associated degradation pathway to shuttle from the ER to the
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cytoplasm before entering the nucleus. Here, JCPyV finally releases its internal DNA and begins
replication [157-159].

4.3. Viral Replication

The similarities between JCPyV and other polyomaviruses like BKPyV and simian virus 40 (5V40)
again becomes useful when examining the details of the viral replication process. The replication
mechanisms of SV40 have been extensively studied and likely overlap significantly with those of
JCPyV [160]. Once viral DNA is present in the nucleus, regulatory proteins stall the cell cycle in S
phase, providing access to cellular replication machinery and promoting an optimal environment
for high-yield viral production. Like other polyomaviruses, JCPyV depends heavily on the action
of large T antigen [161]. In SV40, large T antigen is made up of two phosphorylation domains and
several regulatory domains, including the N-terminal DnaJ and LxCxE domains which work together
to inhibit cell cycle progression and aid in DNA replication through interaction with the tumor
suppressor retinoblastoma-associated protein (RB) [147,162,163]. Other regulatory regions include
a threonine—proline—proline-lysine (TPPK) domain, a nuclear localization signal (NLS), an origin
binding domain (OBD) and a helicase domain [164,165]. Large T antigen interacts with viral DNA
as a pair of hexamers, unwinding DNA to prepare for DNA polymerase binding as well as effecting
functions through interaction with proteins like p53, which contributes to cell cycle arrest [166-170].
Although there is significant sequence similarity between SV40 and JCPyV, there are distinct differences
in biologic phenotype between the two—due in part to viral transcriptional control—so using SV40 to
model viral replication mechanisms of JCPyV is helpful, but not absolute [138,171].

It is becoming clear that the smaller proteins involved in viral replication are far from insignificant.
SV40 small t antigen consists of an N-terminal DnaJ domain which overlaps with the large T antigen
DnaJ domain sequence and binds to the protein phosphatase PP2A to stimulate viral DNA replication.
Though important, small t antigen is not necessary for SV40 replication to occur [172,173]. In JCPyV,
small t antigen also interacts with PP2A and in addition to the DnaJ domain it carries two unexpected
LxCxE domains at the C-terminal which likely have similar function to those found in SV40 large T
antigen [174]. When JCPyV small t antigen is removed, replication efficiency originally is comparable
to how 5V40 would behave, but later was significantly inhibited, suggesting JCPyV may depend more
heavily on its version of the small t antigen [174,175]. The three T’ spliced variants found in the JCPyV
early genome additionally contribute to replication activity [176]. Together, these proteins function to
arrest cell cycle progression and prepare the cell for viral replication.

New evidence suggests that JCPyV may utilize structures called “viral assembly factories” in
the nucleus, which are regions where both viral DNA replication and viral packaging occur [177,178].
In BKPyV and SV40, active viral synthesis was linked to structures called promyelocytic nuclear bodies
(PML-NBs) which are associated with transcriptional regulation and the DNA damage response in the
cell [179]. A study of murine polyomavirus found similar results and was able to show that large T
antigen, viral DNA and a host DNA repair protein could be found in these PML-NBs [177]. In the same
study, tubular structures in the nucleus of infected cells were identified and postulated to be part of the
viral assembly factory. Encouragingly, JCPyV seems to operate under similar mechanisms. JCPyV
not only recruits cellular DNA damage-response proteins to sites of viral replication; it also replicates
its DNA within similar tubular structures composed of VP1 [178,180,181]. These VP1 structures are
similar to those identified in the brain tissue of individuals with PML in earlier histological studies,
suggesting they are a factor in pathologic JCPyV replication [178,182,183].

Together, these data give clarity to the process of JCPyV virion assembly in the nucleus.
After reaching the nucleus, JCPyV expresses its early genes which work in concert to halt the
cell in S phase and recruit cell DNA damage-response proteins to a localized area adjacent to cell
PML-NBs termed the viral assembly factory. As JCPyV late genes are transcribed, VP1 tubules begin to
form within the nucleus, and JCPyV agnoprotein is produced to assist in DNA replication and promote
viral release through mechanisms similar to other viroporins [184-186]. Agnoprotein may also play
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a role in modulating host immune response, as its release from infected cells leads to a reduction
of activating cytokine from neighboring cells as well as potentially inhibiting the response of local
immune cells, which could explain the lack of generalized inflammation in the CNS of patients with
PML [187].

4.4. Serotonin Receptors and JCPyV

Serotonin type 2 receptors (5-HT2Rs) have the potential to play a role in multiple stages of JCPyV
infection, from immediately after LSTc binding (viral attachment) to later trafficking within endosomes.
5-HT2Rs are one of seven 5-HT receptor families, each with a variety of lettered subtypes (2A,
B and C, for example). There are a total of 14 distinct 5-HT receptors. All 5-HT receptors are G-protein
coupled receptors (GPCRs) excepting the 5-HT3A receptor, which is an ion-gated channel [154,156,188].
GPCRs are known for having widespread effects in the cell and within body systems and 5-HT2Rs
in particular are expressed in a variety of cell types, including astrocytes, oligodendrocytes, neurons,
kidney epithelial cells and choroid plexus epithelial cells [133]. The presence of 5-HT2Rs on so many
cell types does not indicate viral permissivity; it is thought that 5-HT2Rs are used only after JCPyV
has already bound to an LSTc motif or has otherwise bound itself to the cell surface. Due to the
multitude of points at which 5-HT2Rs may play a role in JCPyV infection, it is possible that targeting
viral spread through inhibition of these receptors may be one route to therapy or treatment for PML,
though additional research is necessary to determine the effectiveness of this approach [189].

JCPyV uses the three subtypes of 5-HT2R (5-HT2AR, 5-HT2BR and 5-HT2CR) to infect cells
and these three receptors may fulfill complementary roles [153,154,189,190]. CRISPR-Cas9 knockout
mutations of the receptor proteins showed that removal of the second intracellular loop of the receptor
inhibits infection, potentially through disruption of receptor internalization through a p-arrestin
pathway [190,191]. Because it is unclear what type of interaction JCPyV has with 5-HT2Rs, it is likely
that understanding the way 5-HT2Rs interact with each other will shed light on the process of JCPyV
cellular entry.

4.5. Extracellular Vesicles and JCPyV

A central paradox regarding JCPyV infection is that although the LSTc receptor was shown to be
necessary for viral binding to the cell surface, glial cells in the brain (oligodendrocytes and astrocytes)
do not express LSTc receptors and do not bind virus [133,134]. In addition, rearranged variants of
JCPyV from the CNS of PML patients were found to contain mutations in the LSTc-binding pocket
of VP1, which renders them incapable of binding to the sialic acid containing attachment receptor
LSTc [122,123,149,192]. These mutations are thought to allow the virus to evade the host immune
response, but this would not be beneficial for JCPyV if it prevented viral propagation altogether [125].
Some research suggests that these mutants may use non-sialylated glycosaminoglycans (GAG) as
an alternative entry receptor, although it is unclear which specific part of the GAG structure is
utilized [193].

An alternative hypothesis involves the virus’ ability to exploit receptor-independent modes
of infection. In this case, maintaining receptor function as such would not be necessary for
the virus, and mutations accumulated in the viral receptor binding sites would not affect viral
propagation [134,194]. Extracellular vesicles (EVs) are known to play important roles in cell
communication and more recently for their role in transmitting viruses like JCPyV [194-198]. EVs are
secreted vesicles that may travel between cell types in an organ or be excreted. These vesicles can
contain anything from protein to RNA to lipids and assist greatly in modulating homeostasis [198].
Several viruses, including HIV-1, HSV-1, HepA virus and norovirus, use EVs as a “transportation
highway”, delivering infectious viral particles in a highly efficient manner between cells [199-205].

JCPyV is among those viruses which make use of EVs and may explain much of the mystery
around JCPyV infection of cells in the CNS (Figure 3). JCPyV was found to associate both with the
exterior of EVs and also packaged inside EVs, and these virus-associated EVs were highly infectious
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to cultured glial cells in a receptor-independent manner. In addition, viral packaging within the
EVs protected JCPyV from neutralizing antisera [205,206]. EVs containing archetype-form JCPyV
were recently isolated from human plasma, which also lends credence to the importance of EVs for
JCPyV infection [197]. The presence of EV-mediated viral infection is a promising explanation for how
oligodendrocytes and astrocytes are infected by JCPyV without the presence of attachment receptors
and may even explain how the virus enters the CNS originally.

Choroid Plexus Brain Parenchyma

Fenestrated
Capillary CPE Cells Ependymal Cells

Oligodendrocyte

'S

(‘ Tight - 9 Gap

ACPyV Junction Vesicle Traffic Junction

Figure 3. Model of JCPyV CNS entry by choroid plexus. Evidence suggests JCPyV may utilize
extracellular vesicles (EVs) in entry of the CNS. A model proposed by O’Hara et al. theorizes JCPyV
may pass into the stroma from the bloodstream as either free virions or enclosed in capsules. JCPyV is
then able to infect choroid plexus epithelial (CPE) cells which package and release the virions in EVs
into the CSF. JCPyV-containing EVs then enter the brain parenchyma and infect glial cells without
necessitating the use of the LSTc cellular entry receptor. Adapted from [194].

As discussed earlier, the attachment receptor for JCPyV (LSTc) is not found on oligodendrocytes
or astrocytes, but is found abundantly in choroid plexus epithelial cells, as well as in microglia and
brain microvascular endothelial cells [133]. Choroid plexus epithelial cells were found to be susceptible
to JCPyV infection in vitro, are also permissible to in vivo infection and may mediate JCPyV transfer
across the blood—cerebrospinal fluid barrier [134,207]. In addition, EVs released by JCPyV-infected
immortalized choroid plexus epithelial cells contained complete JCPyV particles. These EVs were
consistently capable of infecting in vitro glial cells in a receptor-independent manner—instead, entering
the cell via clathrin-mediated endocytosis and macropinocytosis [194]. The hypothesis that JCPyV
infection of the CNS is largely mediated by EVs is supported by other findings that choroid plexus
epithelial cells release EVs into the cerebrospinal fluid, particularly in inflammatory environments and
have the capability to transmit the contents of these released EVs to astrocytes [208]. Although this
method of vesicular communication may normally be used to convey information to brain tissue in
times of peripheral stress, it is possible that JCPyV uses this same system to enter the CNS without
detection from the host immune system.

Application of drugs that inhibit neutral sphingomyelinase (GW4869 and cambinol) reduce the
release of EVs from choroid plexus epithelial cells in vitro and more generally reduced EVs in the
brain and serum in vivo, but this may not be applicable in reducing pathogenic viral spread, as EVs
have also been shown to have a protective effect for neighboring cells in viral infection [203,208-210].
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Further examination of the role EVs play in mediating JCPyV spread in PML may lead to potential
clinical interventions to reduce the likelihood of developing PML for those individuals at risk.

5. Conclusions

Soon, viral-like particles (VLPs) may be used to develop a vaccine against pathogenic JCPyV,
eliminating the risk of developing PML altogether. Examination of sera from healthy and PML-affected
individuals suggest that PML may arise when humoral immunity is unable to identify JCPyV pathogenic
variants; subsequent generation of a vaccine using VLPs and administration in mice and one human
patient led to heightened antibody titers against the strain of pathogenic JCPyV [20,125]. Specific VLPs
used as a vaccine before the risk of development of PML may therefore have a protective effect
against the disease, however more work needs to be done in developing the antibodies to be used
for preventative treatment [211]. Additionally, modifying JCPyV into another type of VLP takes
advantage of the limited infectious range of the virus and opens the door to its use as a vector in
gene therapy [212]. Excitingly, this method was used more recently with success in the treatment of
glioblastoma multiforme and even prostate cancer in mice [213,214]. As JCPyV is better understood as
a virus and as a vector, the scientific community may see its transition from being the causative agent
in disease to a contributing factor in treatment.

JCPyV often uses LSTc as an attachment receptor before associating with 5-HT2 receptors during
cellular entry, but whether LSTc is on a lipid, a protein or both is not known and alternative receptors
or EVs may be used to assist viral spread. Understanding these alternative infection pathways in the
context of PML may hold the key to targeting and preventing pathogenic JCPyV spread.

Although in most cases JCPyV infection is asymptomatic, when it does become pathogenic,
the virus can be extremely deadly. It is critical we continue striving to understand the biology of
JCPyV so that the risk of developing PML and other JCPyV-associated diseases can be effectively
reduced or eliminated. Because pathogenic JCPyV takes advantage of an immunosuppressed state in
an individual, determining a method to reduce the likelihood of developing PML will both reduce the
risk of death from HIV-associated or hematological disease and make the use of immunosuppressive
drugs to treat diseases like multiple sclerosis far safer.
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