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Abstract

With the advent of immunomodulatory therapies and the HIV epidemic, the impact of JC Virus (JCV) on the public health system
has grown significantly due to the increased incidence of Progressive Multifocal Leukoencephalopathy (PML). Currently, there
are no pharmaceutical agents targeting JCV infection for the treatment and the prevention of viral reactivation leading to the
development of PML. As JCV primarily reactivates in immunocompromised patients, it is proposed that the immune system
(mainly the cellular-immunity component) plays a key role in the regulation of JCV to prevent productive infection and PML
development. However, the exact mechanism of JCV immune regulation and reactivation is not well understood. Likewise, the
impact of host factors on JCV regulation and reactivation is another understudied area. Here we discuss the current literature on
host factor-mediated and immune factor-mediated regulation of JCV gene expression with the purpose of developing a model of
the factors that are bypassed during JCV reactivation, and thus are potential targets for the development of therapeutic interven-

tions to suppress PML initiation.
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Introduction

In Progressive Multifocal Leukoencephalopathy (PML), mul-
tiple pathological changes occur affecting both glial cells and
neuronal axons. PML is caused by reactivation of the JC virus
(JCV), a polyomavirus that forms long-term latent infections
in a majority of the human population. After reactivation of
JCV, oligodendrocytes appear as the primary cells with pro-
ductive infection. Astrocytes, however, were also identified to
have functional infection by JCV (Ferenczy et al. 2012;
Astrom et al. 1958). Following reactivation, viral proteins
are expressed in both glial cell populations, leading to cellular
lysis and focal destruction of the myelin protein (Cavanaugh
etal. 1959; Brooks and Walker 1984). This widespread loss of
myelin results in axonal dysfunction and a retrograde loss of
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the neuronal cell bodies due to cellular insults on the
demyelinated axons. This neural loss is likely a permanent
result of PML (Cinque et al. 1996).

While JC virus infection is common among humans, inci-
dence of reactivation and progression of PML is quite low.
(Ferenczy et al. 2012). PML was first classified as a very rare
disease, only being associated with pre-existing oncological
conditions which impacted the immune system. This largely
remained the case until widespread use of immunomodulatory
therapies for neurological diseases such as multiple sclerosis
(MS), as well as the AIDS epidemic (Astrom et al. 1958;
Richardson Jr. 1961). Possible PML diagnoses date back in
literature to 1930, although the first officially-recorded case
wasn’t until 1958 when a patient symptomatic of chronic lym-
phocytic leukemia and Hodgkin’s lymphoma was found to
have pathologies similar to PML, including the development
of white matter plaques at various locations throughout the
brain (Astrom et al. 1958; Richardson Jr. 1961; Bateman
et al. 1945; Christensen and Fog 1955; Hallervorden 1930;
Winkleman and Moore 1941). Statistically, between 3 to 5%
of all AIDS patients may develop PML at some point during
the course of their disease. This is a significantly higher rate
compared to patients with other means of immunomodulation
therapy (Major 2010). However, HIV/AIDS is just one of the
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risk factors for PML development, as increased risk of immu-
nomodulatory therapy has resulted in PML development be-
ing a serious side effect. Recently, the use of monoclonal
antibody therapies as a pharmaceutical method of modulating
the immune response to various targets has become more
common. Unfortunately, many of these therapies have result-
ed in fatal cases of PML in patients treated with monoclonal
antibodies for the modulation of different subsets of immune
cells (Lipsky 1996). There have also been similar cases report-
ed in non-monoclonal antibody immunomodulatory therapies,
including mycophenolate mofetil, which is used to reduce the
likelihood of rejection following an organ transplant (Lipsky
1996). All of these drugs play a major role in the reactivation
of JCV by limiting the surveillance of the immune system at
major sites of reactivation, perhaps most notably the brain.

JCV Genome and Viral Genes

Similar to the other polyomaviruses, JCV is a non-enveloped
icosahedral virus with a closed, circular, double-stranded

DNA genome. The archetype JCV genome is ~5 k base pairs
in length, although JCV is typically found in variant forms,
which contain differences in genome size resulting from mu-
tations within the non-coding control region. The genome is
split into two distinct regions (the early coding region and the
late coding region) and is separated by the viral non-coding
control region NCCR which contains the origin of viral repli-
cation (Fig. 1). The early region is transcribed prior to DNA
replication and contains the genes for the regulatory tumor
antigens (large T-antigen, small t-antigen, T’135, T°136, and
T°165). The late region is transcribed simultaneously with
DNA replication and encodes the three capsid proteins
(VP1, VP2, VP3), as well as the regulatory agnoprotein.
During JCV infection, viral proteins are able to interact with
both host and viral factors, including other proteins and DNA
during the infectious and replication cycles. The T-antigens
are involved in viral replication through several different
mechanisms, including shifting of the host cell toward S phase
for viral replication through p53 inactivation, and regulation
of both host and viral genome transcription through interac-
tions with RNA polymerase. The virus produces four proteins
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Fig. 1 Organization of JC virus (JCV) genome. JCV genome is a double-
stranded circular DNA genome which contains a bidirectional non-
coding control region (NCCR, yellow), which separates the early (red)
and late (green) coding regions. Prior to DNA replication, the early
coding region of JCV is transcribed, resulting in expression of the JCV
regulatory T-antigen proteins, including large T-antigen, small t-antigen,
and the T-prime splice variants, which are expressed following the
alternative splicing of the early viral transcript. After early coding region

@ Springer

98 bp |  oswp
163 3564

493

883

transcription, both DNA replication of the genome as well as
transcription of the late coding region of JCV occur simultaneously. The
late coding region of JCV encodes the viral capsid proteins, VP1, VP2,
and VP3, as wells as the small regulatory agnoprotein. Positions of
nucleotides on circular viral genome are numbered relative to the Mad-
1 reference strain (GenBank # NC-001699). Orange color on circular
viral genome depicts the overlapping region for early and late transcripts
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within the late region: the regulatory Agnoprotein, as well as
the viral capsid proteins VP1, VP2, and VP3. Agnoprotein
functions in multiple ways, including some ways that are still
being identified today. During JCV infection of permissive
cells, agnoprotein is found primarily in the cytoplasm, with
perinuclear localization (Okada et al. 2001; Del Valle et al.
2001). These results are confirmed within the PML brain, with
immunohistochemical staining showing similar cytoplasmic
and perinuclear localization of agnoprotein within lesion sites
(Okada et al. 2001). In terms of function, much remains to be
elucidated for agnoprotein. Currently, there are limited studies
assessing the function of agnoprotein. One study suggests that
agnoprotein works as a viroporin (Suzuki et al. 2010). This
hypothesis is bolstered by our studies showing that JCV
agnoprotein mutants release viral particles that are defective
in viral DNA (Sariyer and Khalili 2011). It is also shown that
agnoprotein interacts with JCV T-antigen to enhance T-anti-
gen’s DNA binding activity to the viral origin of replication,
resulting in enhanced viral replication (Saribas et al. 2010).
Furthermore, agnoprotein is released from infected glial cells
during viral propagation, and is present in the extracellular
matrix (Otlu et al. 2014; Craigie et al. 2018; Saribas et al.
2018). The release and detection of agnoprotein in the extra-
cellular matrix suggests a novel role of agnoprotein in the
molecular pathogenesis of JCV. The three structural proteins
are VP1, VP2, and VP3, with VP1 being the major capsid
protein. The viral capsid proteins function in cellular binding
and entry through various negatively-charged sialic-acid re-
ceptors on the cell membrane (Dugan et al. 2008; Liu et al.
1998; Neu et al. 2011).

JCV Infection and Viral Life-Cycle

JCV is an extremely wide-spread virus with studies showing
roughly 75% of the human population is serotype positive for
neutralizing antibodies against JCV. While this does indicate
prior exposure to the virus, it is important to note that the rate
of serotype positivity varies among different subpopulations
and cultures (Knowles et al. 2003; Major and Neel 1998). The
exact mechanism behind the infection is not currently known,
however, the current model involves respiratory inhalation or
oral-ingestion of virally-contaminated food or water (Berger
et al. 2006). This model, based on evidence where JCV was
found to infect tonsillar stromal cells and hematopoietic pro-
genitor cells, led to the hypothesis that the primary route of
infection is through the stromal cells or the immune cells
within the upper respiratory system (Monaco et al. 1996).
Following primary infection, JCV travels through the body
to peripheral sites, allowing for latent infection. JCV demon-
strates a highly-restricted host cell range due to various as-
pects of the viral life cycle. Studies in vivo have suggested
that JCV infection is restricted to oligodendrocytes, astrocytes,

kidney epithelial cells, tonsillar stromal cells, and bone-
marrow derived cell lineages (Monaco et al. 1996; Houff
et al. 1988; Major et al. 1992; Tornatore et al. 1992; Monaco
et al. 1996; Major et al. 1990; Atwood et al. 1992).

The initial infection of permissive host cells requires the
interaction of sialic-acid containing receptors on the cell sur-
face and the capsid proteins of JCV (Dugan et al. 2008).
Further, JCV may interact with receptor ligands to allow entry
into the cell, which is precisely the case with the oligosaccha-
ride lactoseries tetrasaccharide C (LSTc). Additionally, there
have been studies demonstrating that JCV may utilize the
serotonin receptor SHT,4R to infect permissive glial cells
(Elphick et al. 2004). In 2003, Baum et al showed that both
Chlorpromazine and Clozapine, two antipsychotic medica-
tions which act as antagonists against dopamine and serotonin
receptors, both possess antiviral activity against JCV, which
led to the hypothesis that JCV may interact with these neuro-
transmitter receptors to enter permissive cells, perhaps
explaining the high glial-tropism (Baum et al. 2003). This
hypothesis was even further supported after studies showed
that expressing the receptor on HeLa and HEK293 cells
allowed for viral entry, and that blocking the receptor with
specific antibodies prevented infection from occurring
(Elphick et al. 2004; Maginnis et al. 2010). JCV enters cells
through a clathrin-dependent endocytosis pathway (Pho et al.
2000). After initial binding, JCV is trafficked from clathrin-
coated pits to Rab5-positive early endosomes, a process which
is inhibited by dominant negative Eps15 mutants, which
blocks the assembly of clathrin coated pits (Pho et al. 2000;
Querbes et al. 2004). After initial trafficking, JCV co-localizes
with cholera toxin B in compartments which are hypothesized
to be caveolin-1-positive late endosomes (Engel et al. 2011;
Querbes et al. 2006). Once co-localization has occurred, JCV
was found to further co-localize with calregulin, which leads
to the hypothesis that productive infection of JCV requires
trafficking to the ER (Querbes et al. 2006). The importance
of ER trafficking for JCV is currently not known. Following
nuclear translocation of the JCV genome, the genome can
serve as a template for host RNA polymerase II transcriptional
machinery (Ferenczy et al. 2012). Immediate early transcrip-
tion of JCV genes can begin in the absence of viral proteins
and utilizes the host proteins only, which may have further
implications for cell type tropism of the virus. Initiation of
transcription occurs post-interaction of the viral NCCR with
host transcription factors. JCV NCCR contains various tran-
scriptional factor binding sites, allowing for interactions with
Oct-6/tst-1/SclP, Pur-«, NFI, Spi-B, SRSF1, as well as other
transcription factors within the host cell (Ferenczy et al. 2012;
Wegner et al. 1993; Chen et al. 1997; Kerr et al. 1994; Tada
and Khalili 1992; Amemiya et al. 1992; Shivakumar and Das
1994; Marshall et al. 2010; Uleri et al. 2011; Sariyer and
Khalili 2011). When the virus initially infects a permissive
cell type, it does not contain any viral transcriptional
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activating proteins, unlike many other human DNA-viruses,
resulting in viral transcription being controlled by host factors
in all facets.

JCV DNA replication is initiated following early gene tran-
scription and large T-antigen production. As with other
polyomaviruses, the JCV large T-antigen can bind to the ori-
gin of viral replication at a pentanucleotide consensus se-
quence of GAGGC, forming a tertiary structure required for
the initiation of viral genomic DNA replication (Major et al.
1992; Frisque 1983; Amirhaeri et al. 1988). In parallel, T-
antigen drives the host cell toward replication by shifting the
cell towards the S-phase through interactions with retinoblas-
toma protein (pRb) and p53 (Bollag et al. 2000; Tavis et al.
1994; White and Khalili 2006; Del Valle et al. 2001). There
are many factors that contribute to JCV DNA replication,
including T-antigen, host DNA polymerase, and many host
cellular proteins. While the exact replication process of JCV
is not fully understood, it is believed to be similar to the rep-
lication process of SV40. During SV40 DNA replication, T-
antigen forms a double hexamer structure, allowing it to func-
tion as a helicase to unwind viral DNA and form a complex
with topoisomerase I, DNA polymerase «, and replication
protein A (RPA) to initiate DNA replication (Bullock et al.
1991; Fairman and Stillman 1988; Nesper et al. 1997). Aside
from initiation of replication, T-antigen also functions during
the elongation process through interactions with DNA poly-
merase 0, PCNA, and replication factor C (Lee and Hurwitz
1990; Tsurimoto et al. 1990; Weinberg et al. 1990). Following
completion of the bi-directional replication, the JCV genome
exists as two interlinked circles, which are cleaved and re-
ligated through the function of topoisomerase I and topoisom-
erase IT (Nesper et al. 1997).

PML and Neuroimmune Response to JCV

The reactivation of JCV from a latent or non-productive state
to a productive infection in glial cells is the etiologic cause of
PML. The pathology of PML is the infection of oligodendro-
cytes, which is characterized by the presence of inclusion
bodies in the nuclei of infected cells, as well as loss of chro-
matin structure and abnormally large nuclei. Following JCV
replication in oligodendrocytes, the cells undergo lysis,
allowing the viral particles to spread to neighboring uninfect-
ed cells. Ultimately, this results in the widespread, or focal,
destruction of myelin. Although oligodendrocytes are the pri-
mary cells infected by JCV, astrocytes are also capable of
being infected by JCV, resulting in significant morphological
changes leading to the formation of “bizarre astrocytes” found
in PML-brains (Mazl6 and Tariska 1982). These bizarre astro-
cytes are significantly larger than non-infected astrocytes and
contain irregular nuclei. Another major pathological charac-
teristic of the PML-brain is the destruction of neurons.
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However, neurons possess a very limited capacity for being
infected in a productive manner by JCV. The mechanism be-
hind neuronal loss is due to demyelination, as demyelinated
axons become vulnerable to extracellular insults, mainly due
to the release of products by glial cells. These insults result in
axonal injury which causes a loss of the neuronal cell body,
believed to be a permanent effect of PML.

Likewise, there is a peripheral response to the CNS lesions
of PML as well. The most common peripheral cells found at
sites of PML lesions are invading macrophages, which are
generally present in the centers of the lesions. The peripheral
macrophages act as scavengers to remove debris- primarily
the remnants of the myelin destroyed during the demyelin-
ation aspect of PML. Monocyte-derived cells do not appear
able to be infected by JCV, as neither peripheral or CNS mac-
rophages nor microglia have been shown to be infected
(Yadav and Collman 2009; Wiley et al. 1988). While a limited
number of monocytes are capable of infiltrating to PML le-
sions, lymphocytes are generally not seen at the sites of infec-
tion, resulting in a limited inflammatory response which is
counterintuitive to what would be expected with the high
amounts of tissue damage. However, significant lymphocytic
migration and inflammation occurs if the immune system is
restored during PML infection, leading to a condition referred
to as Immune Reconstitution Inflammatory Syndrome (PML-
IRIS). In PML-IRIS, peripheral immune cells migrate to
perivascular regions and the parenchyma in close vicinity to
JCV-infected cells, with the primary cellular population being
CD8+ T-cells (Wiithrich et al. 2006; Vendrely et al. 2005). The
rapid infiltration of immune cells following immune reconsti-
tution results in extensive inflammation within the CNS of
these PML-IRIS patients, resulting in increased cytotoxicity
and damage to the CNS (Gheuens et al. 2012; Sierra Morales
etal. 2017). IRIS has been often associated with HIV-infected
patients following the initiation of antiretroviral therapy
(ART) (Bowen et al. 2018). In HIV-positive patients, IRIS is
developed in 17-30% of the cases (Miiller et al. 2010). A
significant number of PML-IRIS cases (157 cases between
1998 and 2016) have been reported once the underlying im-
munomodulatory therapies are withdrawn or immune recon-
stitution was achieved (Fournier et al. 2017). At pathological
level, PML and PML-IRIS lesions present similar distribution
and characteristics. At neuropathological and MRI level,
PML-IRIS has different features: PML-IRIS lesions contain
increased numbers of T cells and B cells however the number
of macrophages does not vary from PML (Martin-Blondel
et al. 2013). In a cross-sectional study, it has been reported
that HIV-associated PML-IRIS presents 60 times more
CD20+ B cells, 16 times more CD8+ T cells, and 700 times
more CD138+ plasma cells (Martin-Blondel et al. 2013).
Furthermore, some studies have also shown an implication
of chemokine receptor 5 (CCRS5)-positive T cells in IRIS
(Schwab et al. 2012a, b; Martin-Blondel et al. 2015). There
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are no treatment guidelines for PML-IRIS. Therapeutic strat-
egies targeting neuroinflammation with a minimal impact on
immune system are yet to be developed.

Immune Checkpoint Inhibitors and PML

Among more recent developments with regard to potential
therapeutics, immune checkpoint Inhibitors such as
Nivolumab and Pembrolizumab have been considered as a
possible treatment for PML (Cortese et al. 2019; Rauer et al.
2019), but it is important to note that these can also lead to
potential triggering factors. Both of these drugs are monoclo-
nal antibodies (MABSs) that target programmed cell death pro-
tein 1 (PD-1), which is an inhibitory T cell surface receptor
that prevents one’s immune system from attacking their
body’s own organs and tissues. The drugs work by blocking
PD-1’s ability to bind its ligand, preventing inhibition of T cell
proliferation and production of cytokines. The two drugs are
very similar, despite the fact that they target different parts of
the PD-1 protein. Both are IgG4 molecules that are capable of
crossing the Blood-Brain Barrier (BBB), with a half-life of
26 days. In the study cited above by Koralnik 2019, treatment
using Nivolumab and Pembrolizumab resulted in a decrease
of PD-1-binding CD4+ and CD8+ T cells in blood. Among
six patients with PML that had data available, four of six
patients with PML who had a low but detectable number of
JC virus—specific CD4+ T cells at baseline had an increase in
the number of these cells after treatment. These patients also
presented better clinical outcomes, whereas the two other pa-
tients with an undetectable number of JC virus-specific cells at
baseline did not have a response and died from PML. It should
be noted, however, that no data was presented on the effect of
PD-1 on JC virus—specific CD8+ cytotoxic T lymphocytes,
which are the most important effectors of the cellular immune
response (Gheuens et al. 2011). After Pembrolizumab treat-
ment in two patients with CLL and a remote history of
Hodgkin’s Lymphoma (respectively), the JC viral load detect-
ed in the CSF of two patients decreased to levels just above
detectable within one month after treatment. Another patient,
who was HIV positive, had evidence of in vitro reinvigoration
of anti-JCV T cell response within 1 month after initial infu-
sion of pembrolizumab. The reactivity against JC viral peptide
LT was more than 2x as high as the baseline level, and the
reactivity against JC viral peptide VP1 was over 10x as high
as the baseline level.

In a recent case report published by Cortese et al., eight
adults who were symptomatic for PML were enrolled in the
NIH Natural History Study of PML (ClinicalTrials.gov num-
ber, NCT01730131) and also the Inflammatory and Infectious
Diseases of the Nervous System study (NCT02435810).
Pembrolizumab was given by IV at a dose of 2 mg per kg of
body weight, every 4 to 6 weeks with a maximum of three

doses per patient. By using ultra-sensitive multiplex quantita-
tive PCR, researchers were able to detect JC virus genomic
DNA in patient CSF samples. Among the eight patients, the
JC viral load in the CSF at the initial NIH evaluation ranged
from 63 to 28,350 copies per milliliter. The immune condi-
tions underlying PML were human immunodeficiency virus
(HIV) infection in two patients, chronic lymphocytic leukemia
(CLL) in two patients, remote history of Hodgkin’s lymphoma
in one patient, non-Hodgkin’s lymphoma in one patient, and
idiopathic lymphopenia in two patients (Cortese et al. 2019).
Five of these eight patients experienced a reduction in JCV
viral load in the CSF which was temporally associated with
reinvigoration of in vitro anti-JC virus cellular immune re-
sponses. Four of these five patients continued to display re-
duction in JCV viral load, including no recurrence of PML up
to 26 months after their final dose of Pembrolizumab. In an-
other study by Rauer et al., a patient was treated with
Pembrolizumab at the same dosage but a total of five infu-
sions. Conditions improved and JCV was not detectable in the
CSF. In the case reported above, the authors’ results support
the idea that blocking PD-1 or its ligands (PD-L1 and PD-L2)
can help JCV infection. The complete mechanisms behind the
PD-1 blockade and the use of ongoing infusions in patients
with PML are still unclear. Moving forward, larger clinical
trials and more mechanistic studies are needed in order to gain
a better insight in to the effect of immune checkpoint Inhibitor
treatments.

Risk Factors Associated with JCV Reactivation
and Development of PML

While the rates of JCV infection are significantly high in terms
of the serotype positive population, the incidence of JCV re-
activation and PML remain extremely low in comparison, and
only occurs following a significant change in immunological
function. Therefore, it follows that there must be a strong
negative regulation of JCV by host factors, including cellular
factors and the host immune system, in controlling the infec-
tion. With the advent of monoclonal antibodies and other im-
munomodulatory therapies to treat a wide-range of diseases, it
is not surprising that PML is associated with some of these
pharmacological agents (Table 1). Typically, these therapies
are used to treat autoimmune diseases (such as Multiple
Sclerosis or Rheumatoid Arthritis), or lymphoproliferative
diseases (such as Lymphomas or Leukemias). However, these
therapies carry a substantial risk for the development of PML
due to changes in the immune system function of these pa-
tients. One example of an immunomodulatory therapy which
carries a high risk for PML development is natalizumab, a
humanized monoclonal antibody mainly used to treat relaps-
ing multiple sclerosis. Natalizumab functions by binding to
the a4 chain of very late antigen-4 (VLA-4), which mediates
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Table 1 Examples of monoclonal antibody therapies associated with PML risk

Drug/Antibody  Target Application PML risk  References

Natalizumab Alpha-4 integrin ~ Crohns Disease, .0035% Langer-Gould et al. 2005; Van Assche et al. 2005;

(Tysabri) Multiple Sclerosis Linda et al., 2009; Phan-Ba et al. 2012; Gheuens

et al. 2012; Havla et al. 2013; Fabis-Pedrini et al. 2016;
Gagne Brosseau et al. 2016; Bacchetta et al. 2017,
Himedan et al. 2017.

Rituximab CD20 Non-Hodgkins Lymphoma, n/a Freim Wahl et al. 2007; Yokoyama et al. 2008;

(Rituxan) CLL, Rheumatoid Arthritis Fleischmann 2009; D'Souza et al. 2010;
Paues and Vrethem 2010; Warsch et al. 2012;
Sikkema et al. 2013; Felli et al. 2014;
Al-Tawfiq et al. 2015; Sano et al. 2015;
Windpessl et al. 2018.

Alemtuzumab CD52 CLL n/a Waggoner et al. 2009; Isidoro et al. 2014;

(Campath) Uphaus et al. 2017.

Efalizumab CDlla Psoriasis .002% Gadzia and Turner 2010; Kothary et al. 2011;

(Raptiva) Schwab et al. 2012a, b; Stoppe et al. 2014

Daclizumab CD25 Multiple Sclerosis, n/a Uphaus et al. 2017, Berger 2017

(Zinbryta) Prevention of Graft Rejection

Infliximab TNF-x Crohn’s disease, n/a Kumar et al. 2010; Kothary et al. 2011

(Remicade) Ulcerative colitis, Psoriatic Arthritis

Vedolizumab x4p7 Ulcerative colitis, Crohn’s disease n/a Parikh et al. 2018

(Entyvio)

cell migration and infiltration in immune signaling through its
binding to the vascular cell adhesion molecule (VCAM),
allowing leukocytes to bind to the endothelial cells of blood
vessels for extravasation out of circulation to sites of inflam-
mation (Engelhardt and Kappos 2008; Rice et al. 2005). The
hallmark of Multiple Sclerosis is chronic leukocytic infiltra-
tion into the brain, which is potently blocked by treatment
with Natalizumab. Another effect of Natalizumab treatment
is to impact the B cell population, functioning to increase
CD34+ progenitor cells in the blood and bone marrow, in-
creasing circulating pre-B and B cells in the periphery, and
increasing the expression of factors involved in the differenti-
ation of B cells from their progenitors (Jing et al. 2010;
Krumbholz et al. 2008; Lindberg et al. 2008). Importantly,
one factor upregulated by Natalizumab treatment is Spi-B, a
factor involved in promoting the differentiation of B cells
which has also been found to increase JCV transcription, thus
functioning as a possible mechanism for increased PML risk
following Natalizumab therapy (Marshall et al. 2010).
Currently, it has been approximated that 3.5 per 1000 patients
undergoing therapy with Natalizumab may develop PML-
however, the true incidence still remains to be determined.
There are many other immunomodulatory therapies that
significantly increase the risk of developing PML over the
course of the therapy. Rituximab is a humanized monoclonal
antibody that targets CD20 and is used to treat hematological
cancers, such as non-Hodgkin’s Lymphoma, as well as auto-
immune diseases such as Rheumatoid Arthritis. Treatment
with Rituximab results in the destruction of peripheral B cells,
as binding of the antibody to CD20 results in NK-cell
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mediated killing of B-cells, as well as inducing apoptosis in
these cells (Rudnicka et al. 2013). Destruction of B-cells
serves to remove malignant or auto-reactive B-cells from the
periphery, resulting in replacement by pre-B cells in the bone
marrow. However, as JCV is suggested to infect hematopoietic
progenitors in the bone marrow, this treatment may serve to
increase the population of JCV positive B-cells in the body
(Major 2010; Reff et al. 1994; McLaughlin et al. 1998).
Efalizumab is another humanized monoclonal antibody that
targets CD11b and was used to treat Psoriasis. Treatment with
Efalizumab resulted in disruption of leukocyte function-
associated antigen type 1 (LFA-1) binding to intercellular ad-
hesion molecular 1 (ICAM-1), which served to prevent the
migration of T lymphocytes to sites of inflammation
(Lebwoh et al. 2003). However, in 2009, Efalizumab was
withdrawn from the market by Genentech, Inc. due to the
occurrence of PML following treatment, which affected 1 in
500 patients treated with the drug. It appears that the mecha-
nism behind the increased risk of PML following immuno-
modulatory therapy is multifaceted, with the over-arching
theme being a significant decrease in immune surveillance
as well as the differentiation of progenitor cells into terminally
differentiated lymphocytes, potentially serving as a mecha-
nism for dissemination of latent JCV into the CNS. While
immunomodulatory therapies increase the risk of developing
PML, the cohort with the most significant risk for developing
PML remains AIDS patients, as PML occurs at significantly
higher rates in this cohort than in cohorts with other causes of
immunosuppression. Currently, PML is reported to be the
cause of death in 3 to 5% of AIDS patients, which represents
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a significant population (Major 2010). As a disease, AIDS has
a very widespread negative impact on the immune system and
immunological function, as it presents chronic immunosup-
pression, impacts cytokine release and shifts towards a more
“pro-viral” cytokine profile, and increases the permeability of
the Blood-Brain Barrier (BBB) to allow infected cells to enter
the brain (Houff and Berger 2008). Studies have suggested
that HIV and JCV interact in a synergistic manner, resulting
in PML occurrence in these patients. Both HIV and JCV can
remain latent in CD34+ progenitor cells, which, following
expansion of these cells into B-cells, both viruses appear to
possess reactivation capabilities (Monaco et al. 1996; Houff
and Berger 2008; Carter et al. 2010). Likewise, HIV Tat pro-
tein has been shown to interact with JCV, primarily through
increasing the transcription of both early and late regions of
JCV, and increases JCV propagation when infected cells ex-
press Tat (Chowdhury et al. 1990, 1992, 1993; Nukuzuma
et al. 2010; Stettner et al. 2009; Tada et al. 1990). In vitro
studies have demonstrated that Tat secreted from infected cells
and oligodendrocytes were able to uptake the protein, which
leads to the hypothesis that uptake of extracellular Tat by
oligodendrocytes could be one of the initial mechanisms for
JCV reactivation in AIDS patients (Ensoli et al. 1993; Daniel
et al. 2004; Taylor et al. 1992; Enam et al. 2004). Infection
with HIV also significantly increases the permeability of the
Blood-Brain Barrier (BBB) and increases peripheral lympho-
cyte migration into the brain- two mechanisms which may
result in increased JCV in the brain and eventual reactivation
and PML development, primarily through Tat protein-
mediated activation of CCL2 (Puri et al. 2010; Ault 1997,
Ikegaya and Iwase 2004; Berger et al. 2001; Petito and Cash
1992). There is some semblance of a relationship between
JCV and HIV in which HIV changes the host conditions sig-
nificantly enough to allow for reactivation of JCV, however,
the exact mechanisms in this relationship still need to be fur-
ther investigated.

Host-Genes and JC Virus Regulation

While the immune system is primarily implicated in control-
ling JCV infection, other non-immunological factors also play
a major role in the regulation of JCV and inhibiting viral re-
activation. One such factor is the alternative splicing factor
Serine/Arginine-Rich Splicing Factor 1 (SRSF1), which is
involved in the alternative splicing of human pre-mRNA.
While playing a constitutive role in the host cell, SRSF1 also
possesses antiviral capabilities by impacting viral splicing in
infected cells. Originally, SRSF1 was identified as a negative
regulator of Simian Virus 40 (SV40), which is another viral
member of the polyomaviridae family, where SRSF1 was
found to impact early gene splicing, which suppressed expres-
sion of large and small T antigens (Ge and Manley 1990).

Similar to its function against SV40, SRSF1 negatively regu-
lates JCV, however the exact mechanism behind this suppres-
sion was different from SV40. For JCV, SRSF1 primarily
suppressed viral transcription and replication in glial cells,
mainly through interaction with the JCV promoter DNA se-
quence (Sariyer and Khalili 2011). Likewise, when astrocytes
were treated with shRNA against SRSF1 and then infected
with JCV, there was a significant increase in viral protein
production, suggesting that JCV replication is suppressed by
SRSF1 expression. SRSF1 also impacts the expression of all
JCV proteins, most likely as a consequence of transcriptional
suppression, and the suppression of the viral proteins inhibits
the transforming properties of the T-antigens (Uleri et al.
2011). While SRSF1 possesses a strong negative regulatory
impact of JCV, the viral proteins also possess the capability to
rescue this suppressive mechanism. The expression of large T
antigen in cells was sufficient to rescue transcriptional sup-
pression mediated by the over-expression of SRSF1. Further
studies revealed that large T antigen could suppress the ex-
pression of SRSF1 in glial cells via interaction with the
SRSF1 promoter to inhibit SRSF1 transcription (Craigie
et al. 2015). This interaction between viral proteins and host
cellular factors represents a novel finding into the mechanisms
underlying the reactivation of JCV from a latent state to a
productive infection. Likewise, there appears to be an interac-
tion between SRSF1 and the immune suppression of JCV,
with soluble immune factors possibly mediating SRSF1 ex-
pression as an antiviral mechanism. The treatment of glial
cells with conditioned media from induced peripheral blood
mononuclear cells resulted in a strong negative suppression of
early and late gene transcription of JCV. Likewise, it was
found that this treatment resulted in increased expression of
SRSF1 through an unknown mechanism. These data suggest a
novel pathway for indirect immunological suppression of
JCV, with the immune system functioning to control JCV
gene expression through the induction of the expression of
cellular negative regulators of the virus, such as SRSF1
(Sariyer et al. 2016).

During JCV infection and subsequent replication, the cel-
lular tropism of JCV is thought to be primarily regulated at the
transcriptional level. Some of the transcriptional factors that
have been described to interact with the JCV promoter region
include NF-kB, Tst-1, Y-box binding protein 1, c-Jun, nuclear
factor 1x (NF-1) and Purax (Wegner et al. 1993; Kerr et al.
1994; Ranganathan and Khalili 1993; Chen et al. 1995;
Ravichandran et al. 2006). It is important to note that tran-
scriptional factor expression varies among cell types that ap-
pear to be one of the major contributors to viral tissue tropism
(Ravichandran et al. 2006). An example of one transcriptional
factor that appears to play a major role in JCV gene expression
is NF-1X, a member of the NF-1 family of transcriptional
factors which is highly expressed in cell types which support
JCVexpression, including glial cells, B-lymphocytes, tonsillar
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stromal cells, and cells of an astrocytic lineage (Ravichandran
et al. 2006). Following NF-1X binding to the JCV promoter
region, there is a significant increase in the expression of ma-
jor capsid protein 1 (VP1), which is indicative of increased
viral gene expression (Ravichandran et al. 2006).

However, while some transcriptional-factors appear to in-
crease JCV gene expression, other transcriptional factors ap-
pear to act as negative regulators of JCV gene expression
through various mechanisms, including binding directly to
the JCV promoter sequence or by interacting with positive-
regulatory factors of JCV gene expression. A transcriptional
factor which utilizes both of these mechanisms to negatively
regulate JCV gene expression is c-Jun, a member of the AP-1
family of transcriptional factors. The binding of c-Jun to the
JCV promoter region prevents the binding of NF-1X to the
promoter, most likely in part with masking the NF-1X binding
site, resulting in decreased JCV activity and replication
(Ravichandran et al. 2006). While c-Jun is able to directly
interact with the JCV promoter itself to negatively regulate
JCV gene expression, it is also able to interact in a protein-
protein function with positive regulators of JCV gene expres-
sion in order to suppress their ability to interact with the JCV
promoter region. An example of this is that c-Jun is able to
bind to NF-1X protein within the cell, preventing interaction
of NF-1X with the JCV promoter region (Ravichandran et al.
2006). This function serves to eliminate free NF-1X from
infected cells as a method to suppress JCV infection within
the cells in which NF-1X is highly expressed. This multilevel
interaction between c-Jun, NF-1X, and JCV demonstrates the
complexity involving the regulation of JCV by host factors. In
addition to the expected transcriptional factor binding to the
JCV promoter to either positively or negatively regulate JCV
gene expression, there also exists protein-protein interactions
between host factors to suppress or induce the binding of
various transcriptional factors to the JCV promoter sequence.

Conclusions

While PML at one point was an extremely rare disease, the
onset of the AIDS epidemic as well as the increased usage of
immunomodulatory therapies to treat diseases has resulted in a
significant increase in the number of PML diagnoses.
Currently, it is hypothesized that there are four changes which
must occur for a patient to develop PML: there must be sig-
nificant immunosuppression or alteration of the host immune
state, the viral promoter must undergo recombination events
allowing for increased viral transcription and replication in
permissible cells, permissive cells must have tissue specific
expression of various transcription factors which interact with
the viral promoter, and the virus must cross the blood-brain
barrier to infect oligodendrocytes. If all of these factors are
met, it is hypothesized that the patient may ultimately develop
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PML. Since the discovery of JCV as the etiologic agent for
PML, most research has focused upon analyzing the immuno-
logical deficits allowing for the reactivation of JCV. While
immune suppression is required for the development of
PML, this research generally excluded non-immunological
control of the virus in cells. Discovery of host factors which
act in an anti-viral manner against JCV may offer possible
therapeutic potential in the treatment of PML.
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