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SUMMARY
Progressive multifocal leukoencephalopathy (PML) is a devastating and often fatal demyelinating disease of the central
nervous system for which effective therapies are lacking. It is caused by the replication of polyomavirus JC (JCV) in the
oligodendrocytes and astrocytes leading to their cytolytic death and loss ofmyelin from the subcortical whitematter.While
the virus is very common in human populations worldwide, the incidence of the disease is very low and confined almost
exclusively to individuals with some form of immunological dysfunction. However, the number of people who constitute
the at-risk population is growing larger and includes individuals with HIV-1/AIDS and patients receiving immunomod-
ulatory therapies such as multiple sclerosis patients treated with natalizumab. Further adding to the public health signif-
icance of this disease are the difficulties encountered in the diagnosis of PML and the lack of useful biomarkers for PML
progression. In this review, we examine the diagnostic assays that are available for different aspects of the JCV life cycle,
their usefulness and drawbacks, and the prospects for improvements. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION
Progressive multifocal leukoencephalopathy (PML)
is a severe demyelinating disease of the central ner-
vous system (CNS) that is caused by the human
polyomavirus JC (JCV) [1,2]. JCV replication occurs
only in human glial cells, astrocytes, and oligoden-
drocytes, and PML pathogenesis is attributable to
the toxic and lytic effects of JCV on oligodendro-
cytes, which are responsible for the production of
myelin in the CNS [3]. The polyomaviruses form a
family of small, DNA tumor viruses, which have
a circular, double-stranded DNA genome of about
5kilobase pairs contained within an icosahedral
non-enveloped virion. They are common in verte-
brates with each virus possessing a narrow host
range that is usually limited to one species [4]. At
least 10 different species of polyomavirus are
known to infect humans, and each may or may
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not be associated with a pathological condition
[5]. For example, the human JCV and polyomavirus
BK (BKV) are the etiological agents of progressive
multifocal leukoencephalopathy (PML) and poly
omavirus-associated nephropathy, respectively [6,7].
On the other hand, other polyomaviruses have been
isolated by large-scale molecular virus screening
approaches to human diagnostic clinical samples
and have not been associatedwith any knownpathol-
ogy, for example, Karolinska Institute polyomavirus
was identified in nasopharyngeal aspirates [8] and
Washington University polyomavirus, which was
also identified using a high throughput DNA se-
quencing approach to a random library generated
from a nasopharyngeal aspirate [9].

A feature that is common among the human
polyomaviruses is that the incidence of virus-
associated disease in the population is very low,
and yet a large percentage of people have antibod-
ies to the virus indicating widespread infection. For
example, most people become seropositive to JCV
and BKV in childhood but very rarely virus can
be detected in the blood (viremia) and usually only
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in patients with PML and polyomavirus-associated
nephropathy, respectively. Viruria (virus in the
urine) can occur somewhat more often and tends
to be episodic and at low levels in normal people.
These observations underline that the immune sys-
tem has a powerful role in the suppression of infec-
tions by human polyomaviruses. Viruria for JCV,
BKV, and the other human polyomaviruses can be
increased by events associated with immunosup-
pression, for example, viral shedding in the urine
is increased during the third trimester pregnancy
and in the elderly, for example, although in most
cases it remains idiopathic [10,11]. Multiple sclerosis
(MS) patients being treated with natalizumab have
an increased risk of PML and increased JC viruria
has been reported in natalizumab-treated MS
patients without PML [12,13].

The life cycle of JCV is complex, and many
aspects are controversial, for example, the site and
mechanism of reactivation, the relationship be-
tween the archetypal transmitted form of the virus
to the pathogenic neurovirulent form and the roles
of different tissue compartments in the pathogene-
sis of PML: we have reviewed these issues recently
[2,14]. Moreover, the diagnosis of PML is not
always straightforward, and there is a dearth of
useful biomarkers for progression to PML. Taken
together with the lack of an effective therapy to im-
prove or reverse the course of the disease and the
expanding size and diversity of the at-risk popula-
tion, this emphasizes the need for careful and accu-
rate quantification of the different aspects of the
JCV life cycle. In this review, we will critically ex-
amine the clinical assays that are available for JCV
and PML, their advantages and drawbacks, inter-
pretation of results and opportunities for improve-
ments. The life cycle of JCVand the assays available
for the different stages that are discussed in this re-
view are shown in Figure 1.

DIAGNOSTIC CRITERIA FOR PROGRESSIVE
MULTIFOCAL LEUKOENCEPHALOPATHY
The initial description of PML as a novel disorder
was based on brain histopathology, which was
characterized by a classic triad of features: demye-
lination, bizarre astrocytes, and oligodendrocytes
containing nuclear inclusion bodies [15]. Demon-
stration of this triad in brain tissue in biopsy or
autopsy material together with JCV DNA or pro-
tein detectable by in situ techniques permits a
definitive diagnosis of PML as described in the
Copyright © 2015 John Wiley & Sons, Ltd.
recent consensus statement on PML diagnostic
criteria from the American Academy of Neurology
Neuroinfectious Disease Section [16]. Probable or
cerebrospinal fluid (CSF)-confirmed PML is also
known as laboratory-confirmed PML and has a
lower degree of diagnostic certainty because it is
based on JCV-specific PCR because of the inherent
difficulties with sensitivity and specificity with
these assays in different laboratories [17]. Thirdly,
possible or presumptive PML has the lowest level
of diagnostic certainty and is based on typical clin-
ical and magnetic resonance imaging (MRI) find-
ings consistent with PML diagnosis, where brain
biopsy and lumbar puncture were either not per-
formed or JCV DNA was not detected in CSF [18].
Thus, it is clear that no single criterion establishes
a definitive diagnosis of PML and that multiple
lines of evidence are required, which may be clini-
cal, radiological and virological. These consider-
ations are further explored in sections on Spinal
Tap and Analysis of Cerebrospinal Fluid for JCV
and PML Risk Assessment and Magnetic Reso-
nance Imaging of PML. The three different forms
of PML based on the diagnosis are summarized in
Table 1.

TESTS INVOLVING MINIMALLY INVASIVE
ASSAYS

Assays for JC viral load
It is likely that mixtures of multiple human
polyomaviruses may be present in biological
samples from clinical sources such as blood and
urine, and so assays for JC viral load must be
highly specific. The development of quantitative
polymerase chain reaction (qPCR) assays provides
a specific, sensitive, and quantitative method to
measure JC viral load [19]. Pal et al. [19] designed
sets of primer/probes for BKV, JCV, and SV40 spe-
cific for both the early and late coding regions of
each virus. These were characterized, and it was
shown that they could detect between 1 and 10
copies of their cognate genomes while failing to re-
act with as many as 108 copies of DNA from the
other viruses [19]. Thus, qPCR assays have the
capacity to enumerate small numbers of viral ge-
nomes in the presence of large amounts of unre-
lated DNA. The reliability of any given set of
primer/probes should be evaluated by generating
standard curves at a broad range of dilutions and
in the presence and absence of other viruses. It is
Rev. Med. Virol.
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Figure 1. The life cycle of JCV and diagnostic assays for JCV and PML. (A) The following steps in the JCV life cycle are indicated with
numbers: 1—binding of JC virions to cell surface receptor; 2—endocytosis; 3—nuclear import; 4—uncoating; 5—transcription of the
early region; 6—translation of the early proteins, T-antigen and t-antigen; 7—viral DNA replication; 8—transcription of the late region;
9—translation of agnoprotein and the capsid proteins VP1, VP2, and VP3; 10—virion assembly; 11—nuclear export; 12—virion release
from the cell; 13—infectious viral particles. Assays for aspects of the JCV life cycle are indicated with letters: A—antibodies specific for
JCV can be measured by hemagglutination inhibition or enzyme-linked immunoassay (section on Assays for Serum Antibodies to JC
Viral Proteins); B—released virions can be measured by qPCR in serum, CSF or urine (section on Assays for JC Viral Load); C—detec-
tion of JCV DNA in PML autopsy or biopsy material by in situ hybridization (section on DNA: In Situ Hybridization); D—detection of
JCV RNA in PML autopsy or biopsy material by RT-PCR (Section on Assays for JC Viral RNA); E—detection of JCV miRNA by qRT-
PCR (section on Assays for JC Viral RNA); F—detection of JCV proteins in PML autopsy or biopsy material by immunohistochemistry
or western blot (section on Protein: Immunohistochemistry and Western Blotting); G—detection of JCV agnoprotein released from in-
fected cells (section on Biomarkers for JCVand PML). Adapted fromKhalili et al. [96]. (B) Hematoxylin and Eosin staining of a tissue section
from a PML brain illustrating the presence of oligodendrocytes containing large nuclear inclusion bodies, indicated by the upper arrow. Also
shown are bizarre astrocytes, indicated by the lower arrow [3]. (C)MRI of PML [T1-weightedMRI left and fluid-attenuated T2-weighted image
(FLAIR) right]. A large lesion is seen affecting the white matter of the left parieto-occipital lobe with extension across the splenium of the cor-
pus callosum to the right hemisphere. The lesion is hypointense onT1WI andhyperintense onT2WI. The cortex is spared. The lesion exhibited
no contrast enhancement

Assays for JCV
important to note that the number of PCR cycles
can affect both the sensitivity and specificity of
the assay [19]. Another factor that needs to be con-
sidered is sequence divergence within the viral iso-
late. For example, in the case of BKV, there is
Copyright © 2015 John Wiley & Sons, Ltd.
substantial diversity of the genomes of viral iso-
lates [20,21]. Bayliss et al. [22] reported that sequence
analysis of the early region of JCV in four immuno-
suppressed patients revealed eight novel single nu-
cleotide polymorphisms. However, Dumoulin and
Rev. Med. Virol.
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Table 1. The three different forms of progressive multifocal leukoencephalopathy based on
the diagnosis

Type Diagnostic criteria

Definitive Classic triad of histopathogical features
on biopsy:
Demyelination
Bizarre astrocytes
Oligodendrocytes containing nuclear

inclusion bodies
PLUS
Detection of JCV DNA or protein

Probable Positive JCV-specific PCR in CSF
PLUS
Typical clinical and MRI findings

Possible Typical clinical and MRI findings
WITH
Brain biopsy and lumbar puncture
not performed or JCV DNA not detected in CSF
AND
No other alternative diagnosis

JCV, polyomavirus JC; CSF, cerebrospinal fluid; MRI, magnetic resonance imaging.

M. K. White et al.
Hirsch [23] reevaluated and optimized JCVand BKV
qPCR assays to detect rare sequence polymorphisms
and updated the BKV assay for the occurrence of
polymorphisms. They concluded that their original
JCV and updated BKV qPCR assays were robust
and able to detect rare variants routinely encoun-
tered in the clinic [23].

The non-coding regulatory region (NCCR) of
JCV is variable and comes in two forms, the first
of which is the archetypal form, which is shed in
the urine of normal individuals, for example, dur-
ing pregnancy [10] and may be the transmissible
form of the virus [24]. The second form of the JCV
NCCR is the neurotropic form that is associatedwith
PMLpathogenesis and hasmultiple rearrangements,
including mutations, deletions, and duplications
relative to the archetype and is typified by the
Mad-1 strain [25]. It is possible that the neurotropic
form is pathogenic because the rearranged JCV
NCCR increases virus early gene expression and rep-
lication rate [26]. While the relationship between the
archetypal and neurotropic forms of the virus is still
not fully elucidated [2], the association of the neuro-
tropic form of the virus with PML makes the devel-
opment of a qPCR assay that can differentiate
between them an important goal. Ryschkewitsch
Copyright © 2015 John Wiley & Sons, Ltd.
et al. [27] reported a multiplex qPCR assay for de-
tection of JCV DNA claiming simultaneous identi-
fication of non-virulent from virulent variants.
However, this assay simply measures the number
of viral genomes with archetypal configuration
using NCCR-specific primers relative to the total
number of viral genomes measured using T-Ag-
specific primers [27]. A true assay to measure the
pathogenic neurotropic form of JCV has not yet
been developed, presumably because it is more
difficult owing to the multitude of different rear-
rangements that can occur to yield neurotropic vi-
rus [24]. The development of an assay for the
neurotropic form of JCV would be an important
advance in JCV/PML diagnostics.
The ability to quantify JC viral load is an impor-

tant diagnostic tool. For example, in the presence of
the PML histological triad, the detection of JCV in
CSF allows a definitive diagnosis of confirmed
PML [16]. JC viremia is very rare and is not predic-
tive for the risk of PML [28–30]. JC viruria is more
common and may be persistent or episodic in
nature occurring at low levels in normal people
when present. In a longitudinal study, Delbue
et al. found that 61.9% shedding JCV did so persis-
tently [13]. An increase in JC viruria has been
Rev. Med. Virol.
DOI: 10.1002/rmv
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reported in natalizumab-treated MS patients with-
out PML [12,13], and JC viruria evaluation may
be a useful way for early identification of those
JCV-infected patients who have not already devel-
oped a humoral immune response to JCV [31].
Similarly, Berger et al. [32] found that 37% of JCV
seronegative patients receiving natalizumab in a
single-center, retrospective cohort study had JCV
viruria, that is, JCV serostatus does not identify all
patients infected with JCV and it is important not
to conflate a negative JCV antibody result with an
absence of JCV infection [13].

Assays for JC viral RNA
Because JCV reactivation and onset of PML in-
volves the activation of transcription of the viral ge-
nome [2], the measurement of viral RNA is, in
principle, a possible assay for viral activity. While
a few studies have looked at JC viral mRNAs in
PML using reverse transcriptase PCR [33], most as-
says for JCV gene expression involve measurement
of JC protein (described in the succeeding discus-
sions). However, the discovery that micro-RNAs
(miRNAs) are expressed by JCV [34] has made
new assays possible. Seo et al. [34] first reported that
both JCVand BKVencode miRNAs and that the JCV
miRNAs are readily detectable in brain tissues of
PML patients. The function of these miRNAs
appears to be to downregulate T-antigen expression
late in infection, which may be involved in immune
evasion by polyomaviruses [35]. In addition, the
JCV miRNA downregulates the cellular stress-
induced ligand ULBP3, which is recognized by the
killer cell receptor NKG2D, and thus JCV miRNA
reduces NKG2D-mediated killing of JCV-infected
cells by natural killer cells [36]. Lagatie et al. [37] in-
vestigated if JCV miRNA could be detected in
plasma or urine by qRT-PCR in 50 healthy subjects
and found that JCV miRNA was detected in 86%
(12/14) and 57% (8/14) of plasma and urine sam-
ples, respectively, for JCV-VP1 seronegative subjects.
Thus, these data indicate that analysis of circulating
viral miRNAs divulged the presence of latent JCV
infection. Rocca et al. [38] investigated the presence
of JCV DNA and expression of JCV miRNA in clini-
cal specimens from patients at risk for PML and
found that JCV viral load was inversely correlated
with the levels of JCV miRNA expression in blood
and cerebrospinal fluid of patients at risk of PML in-
dicating a potential clinical relevance for JCV
miRNA in PML risk assessment. The field of viral
Copyright © 2015 John Wiley & Sons, Ltd.
miRNA is a fairly new one, and it is probable that ex-
citing new advances will be made in the future.
Assays for serum antibodies to JC viral
proteins
Infection by JCV is very common in populations
worldwide, and a review of the published
seroepidemiological studies show that primary in-
fection first occurs in childhood and the percentage
of seropositivity measured in different studies show-
ing estimated rates that vary between 33% and 91%
[14]. There are a number of ways to measure serum
antibodies to JCV. Hemagglutination inhibition (HI)
was the first assay developed, and it applies the pro-
cess of hemagglutination, in which sialic acid recep-
tors on the surface of red blood cells bind to JC
virion glycoprotein and its inhibition by antibodies
specific for the virus. More recent assays to measure
antibodies to viral proteins utilize enzyme-linked
immunoassay (ELISA) techniques because they have
greater sensitivity and precision relative to HI. In a
side-by-side comparison study, it was reported that
antibody titers to JCV determined by ELISA were
higher than those determined by HI [39]. Nonethe-
less, as ELISA titers increased so did HI titers, that
is, there is highly significant correlation between
ELISA and HI titers. The ELISA for JCV can be fur-
ther improved by using JCV VP1 virus-like particle-
based ELISAs normalized to a laboratory reference
serum [40]. A schematic representation of the ELISA
and HI assays for JCV are shown in Figure 2.

Interest in the serum titre for JCV antibody has
been enkindled recently by the recognition that
the risk for development of PML in MS patients
taking natalizumab is linked to duration of therapy,
the prior use of immunosuppressive agents and JC
virus seropositivity [41,42]. This prompted the
development and validation of a novel two-step
ELISA assay to detect JCV antibodies in human se-
rum, which has demonstrated potential clinical
utility in identifying patients at increased risk of
developing PML. The assay is robust and performs
consistently and reproducibly in multiple laborato-
ries [43–45]. More recently has seen the develop-
ment and validation of a second-generation
ELISA known as STRATIFY JCVTM DxSelectTM by
Lee et al. [46]. Focus Diagnostics, a subsidiary of
Quest Diagnostics, provides STRATIFY JCV testing
service to aid in risk stratification for PML in MS
patients using technology licensed exclusively from
Rev. Med. Virol.
DOI: 10.1002/rmv



Figure 2. Assays for JCV-specific antibodies. (A) ELISA assay: (1) A microtiter plate is coated with antigen, for example, JCV or JCV VP1
virus-like particles; (2) the sample is added, for example, serum and any antibody binds to the antigen; (3) an enzyme (E)-linked secondary
antibody is added, for example, rabbit anti-human-HRP and binds to antibody; (5) the substrate (S), for example, luminol, is added and is
converted by enzyme to the detectable product (P), for example, 3-aminophthalate. (B) Hemagglutination inhibition assay: The HI test
involves the interaction of red blood cells (RBCs), antibody, and JC virus: Row 1 shows that in the absence of virus, RBCs in a solution
will sink to the bottom of a microtiter plate well and look like a red dot; row 2 shows that JC virus will bind to RBCs when placed in
the same solution, that is, hemagglutination and is represented by the formation of the lattice structure, depicted in the center and right-hand
columns of row 2; row 3 shows how antibodies that are antigenically similar to a virus being tested will recognize and bind to that influenza
virus. This prevents the virus and RBCs from binding, and therefore, hemagglutination does not occur, that is, hemagglutination inhibition
occurs instead. Adapted from http://www.cdc.gov/flu/professionals/laboratory/antigenic.htm

M. K. White et al.
Biogen. Many cohort studies of JCVantibodies have
analyzed MS patients receiving natalizumab and se-
ropositivity found to be 57.1–69.5% with no depen-
dence on prior immunosuppressant use or duration
of natalizumab treatment [47–50]. However, unlike
these cross-sectional studies, a longitudinal study
has reported a significant and substantial increase
in anti-JCV index over time [51]. In another study,
Warnke et al. [52] reported that the onset of PML in
Copyright © 2015 John Wiley & Sons, Ltd.
five cases was accompanied by increasing anti-JCV
antibodies in serum.

Assays for cell-mediated immunity to JCV
The occurrence of PML is restricted almost exclu-
sively to persons who have some form of abnormal-
ity or impairment in the function of the immune
system, especially JCV-specific cellular immunity
[53,54]. The JCV-specific cellular immune response
Rev. Med. Virol.
DOI: 10.1002/rmv
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in patients with HIV-1/PML correlates with out-
come [55] suggesting that JCV-specific cellular im-
munity is involved in restraining JCV infection and
the development of PML. JCV-specific cytotoxic T
cells (CTL) are associated with early control of PML
[56,57], and the presence of JCV-specific CTL is associ-
ated with a trend toward longer survival times in pa-
tients with PML [58]. These data highlight the
importance of JCV-specific CTL in containing viral
replication and hence explain the role of immunosup-
pression in PML pathogenesis. The activity of the
JCV-specific cellular immune response can be mea-
sured by two assays [59,60]. Firstly, JCV VP1-specific
CTL can be measured by a functional lysis assay
involving 51Cr release [61]. Secondly, binding to tetra-
mericHLA*0201/VP1 complex by specific CD8+ cells
can be analyzed by flow cytometric analysis [59,60].
Because JCV-specific cellular immunity is inversely
related to PML risk and disease outcome, the devel-
opment of assays available for the clinic would be
useful.

Biomarkers for JCV and PML
The diagnosis of PML usually occurs at the time of
presentation with neurological symptoms such as
motor deficits, cognitive and behavioral changes,
gait and limb ataxia, and visual symptoms [62].
However, the disorder may be detected before it
has become clinically apparent in “at risk” patients,
an entity referred to as “radiographically isolated
PML” [41]. Therefore, the development of symp-
toms may be regarded as a late stage of disease pro-
gression. Few patients are at sufficiently high risk
of PML, such as natalizumab-treated patients, to
warrant periodic screening MRIs. This highlights
the urgent need to identify sensitive biomarkers that
are detectable in the early phase of the disease. There
are few potential biomarkers for early stage PML at
this time. Recently, L-selectin (CD62L) has emerged
as a possible biomarker [63]. Schwab et al. [64] exam-
ined 289 patients with MS, 224 of whom had been
treated with natalizumab (18–80months). The per-
centage of L-selectin-expressing CD4+ T cells was
significantly lower in patients treated long-termwith
natalizumab (40.2%) when compared with patients
not receiving natalizumab treatment (47.2%) or
healthy controls (61.0%). An unusually low percent-
age (4.6%) was highly correlated with the risk of
developing PML in the patient group with available
pre-PML samples when compared with non-PML
natalizumab-treated patients. Spadaro et al. [65]
Copyright © 2015 John Wiley & Sons, Ltd.
confirmed that natalizumab specifically decreased
CD62LCD4+ cells. Basnyat et al. [66] reported a sig-
nificant correlation between JCV serostatus and level
of soluble L-selectin, while Schwab et al. [67] have
confirmed that both anti-JCV antibodies and
CD62L levels have merit for risk stratification and
could be developed into a risk algorithm that could
reduce PML incidence. There is also a report that
CD62L might be a biomarker for HIV+ PML [68].

Another suggested biomarker for PML is C-
reactive protein. Lanzillo et al. [69] retrospectively
analyzed natalizumab-treated MS patients who
underwent the JCV STRATIFY antibody test to
measure serum ultrasensitive C-reactive protein
(usCRP) levels and to perform blood and urine
JCV PCR. The level of usCRP was higher in urinary
JCV DNA-positive patients and correlated to the
number of DNA copies in urine (p=0.028). They
found that JC viruria was significantly correlated
with a high JCV antibody index and high serum
usCRP levels and suggested that usCRP might be
useful as a marker of JCV reactivation.

Recently, it was found that the JCV late regula-
tory protein, agnoprotein, is able to be released
from JCV-infected cells [70]. Because agnoprotein
is only expressed by cells that are actively replicat-
ing the virus and is released into the extracellular
matrix, it is possible that detection of agnoprotein
in clinical samples could serve as a biomarker for
JCV reactivation.
Spinal tap and analysis of cerebrospinal fluid
for JCV and PML risk assessment
The main property of PCR is its extraordinary
sensitivity and specificity allowing the detection
of JCV at low copy number in CSF [71]. Biopsy
and histopathology is the gold standard for diagno-
sis of PML and finding of the characteristic triad of
histopathological features and JCV DNA allows a
definitive diagnosis of PML [16]. Because biopsy
of the brain is a hazardous procedure, there has
been an increased reliance on MRI and CSF PCR.
In the absence of biopsy, which is often not
deemed necessary today, a widely employed ap-
proach to diagnosis relies upon (i) the demonstra-
tion of JCV in the CSF by PCR; (ii) compatible
clinical presentation; (iii) MRI finding consistent
with PML (see next section); and (iv) no other al-
ternative diagnosis [62]. However, virus detection
by PCR is not infallible, and there are many
Rev. Med. Virol.
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reported cases of PML with false-negative CSF
PCR despite progressive clinical course and radio-
logical findings indicative of PML [72]. There are a
number of factors that influence this. For example,
in the age of combination antiretroviral therapy,
JCV titers in CSF tend to be lower, and this is also
especially the case for PML seen in the context of
natalizumab therapy [16]. Also, virus is harder to
detect in the presence of immune reconstitution in-
flammatory syndrome or in the early stages of
PML [73,74]. Thus, the absence of detection of
JCV DNA by PCR in the CSF does not exclude a
diagnosis of PML because the CSF compartment
may not reflect the infection status of the brain
parenchyma.

In a recent study of natalizumab-treated MS
patients with PML, decreased lipid-specific IgM
bands in the CSF correlated with a higher risk of
PML, whereas increased IgM bands were associ-
ated with highly inflammatory MS and increased
numbers of CSF B cells [75]. The investigators
suggest that the risk of PML in individuals who
are JCV seropositive and are negative for CSF IgM
bands is high [75].

Magnetic resonance imaging of PML
Magnetic resonance imaging is much more sensi-
tive than computed tomography for the detection
of demyelinated lesions in patients with PML [62].
The occurrence of PML in MS patients receiving
Natalizumab represents a diagnostic challenge in
that PML demyelinated plaques must be differenti-
ated from MS plaques. MRI scans of PML brain are
described as bilateral, asymmetric, predominantly
subcortical lesions appearing hyperintense on T2-
weighted and FLAIR sequences and hypointense
on T1-weighted sequences [76]. Mass effect is usu-
ally absent or mild, but not always and when it is
observed, it is generally indicative of immune
reconstitution inflammatory syndrome. Large,
confluent, and granular hyperintense T2-weighted
lesions and deep gray matter lesions are more com-
mon in patients with PML than patients with MS,
and crescent-shaped lesions in the cerebellar hemi-
spheres suggest PML. Periventricular white matter
lesions and Dawson fingers are both common in
MS but unexpected in PML [76]. The regular use
of MRI in MS patients may be able to detect the on-
set of PML at a very early stage before patients be-
come clinically symptomatic [77,78]. MRI is the
most powerful method to detect natalizumab-
Copyright © 2015 John Wiley & Sons, Ltd.
associated PML and generally but not invariably
allowing differentiation between PML and MS le-
sions. Early, preferably asymptomatic, detection of
PML may lead to more favorable outcomes with re-
spect to survival and functional outcome [79].

TESTS INVOLVING ASSAYS ON BIOPSY OR
AUTOPSY MATERIALS

Histopathology
The recognition and characterization of PML as the
disease as a distinct clinical and neuropathological
entity first occurred in 1958 by Åström and
Richardson [15] who reported the clinical and
histopathological aspects of the first three well-
documented cases of PML, which was of unknown
etiology at the time. The infectious nature of PML
was later shown by electron microscopy studies per-
formed by ZuRhein and Rubinstein, who showed vi-
ral particles in the nuclei of oligodendrocytes in PML
[80]. Gross examination of the brain from PML pa-
tients reveals characteristic demyelinated plaques
typically affecting the subcortical white matter.
These lesions appear soft in consistency, discolored
to a brownish-yellow and are irregular in shape with
inconspicuous borders. Usually but not always, the
lesions are multifocal, and they may become conflu-
ent and coalescent in advanced cases leading to cav-
itation. In severe cases, demyelinated lesions may
also be found in the cerebellum, basal ganglia, and
brainstem, always affecting white matter [81,82].
Progressive multifocal leukoencephalopathy is

uniquely characterized by three prominent histo-
logical features: plaques of demyelination, enlarged
oligodendrocytes harboring intranuclear inclusion
bodies, and giant bizarre astrocytes. JCV-infected
oligodendrocytes are about two to three times
larger than normal oligodendrocytes and show
intranuclear eosinophilic inclusion bodies. The
inclusion bodies are the sites of active viral replica-
tion, and characteristic icosahedral JC virion parti-
cles are visible by electron microscopy. Later stage
demyelinated plaques contain foamy macrophages,
which function in the phagocytosis of myelin break-
down products resulting from oligodendrocyte lysis.
In larger demyelinated lesions, the enlarged oligo-
dendrocytes with inclusion bodies are located
mainly in the margins of the plaques. Bizarre
astrocyte are present throughout the plaques and ex-
hibit characteristic atypical, hyperchromatic nuclei
and are often multinucleated with pleomorphic
Rev. Med. Virol.
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cytoplasm, which confers on them their atypical and
bizarre appearance.
Protein: immunohistochemistry and western
blotting
By immunohistochemistry, viral proteins can be
detected in both types of cells infected by JCV, en-
larged oligodendrocytes and bizarre astrocytes.
The early gene product T-antigen is found in the
nucleus. The capsid protein VP1, an indicator of
the occurrence of active viral replication, is found
in both the cytoplasm and the nuclei of infected
cells, but predominantly the latter. The late acces-
sory regulatory product agnoprotein is located
almost exclusively in the cytoplasm of both cell
types with a characteristic prominence in the
perinuclear region and a small amount present in
the nucleus [71,83,84]. Comparative studies show
that there are no significant differences between
AIDS and non-AIDS associated PML but perhaps
Table 2. Available diagnostic assays for JCV and

Assay Outco

Brain biopsy histopathology
and/or/In situ hybridization

Classic triad of f

Demyelination
Immunohistoche
Bizarre astrocyte
Oligodendrocyte
nuclear inclusion

Brain biopsy
Immunohistochemistry
/In situ hybridization

Detection of JCV
or proteins

qPCR for JCV DNA Positive in blood
Positive in urine
Positive in CSF

qRT-PCR for JCV miRNA or urine Positive in plasm

HI or ELISA/STRATIFY Antibodies to JC
JCV VP1-specific CTL
(51Cr release or tetramer assays)

Cellular immuni

L-selectin (CD62L) Positive
C-reactive protein Positive

Agnoprotein Positive
MRI Findings consist

JCV, polyomavirus JC; PML, progressive multifocal leukoen
enzyme-linked immunoassay; CTL, cytotoxic T cells; CSF, cer

Copyright © 2015 John Wiley & Sons, Ltd.
a slight tendency towards more severe demyelin-
ation and a higher rate of infected cells in the
AIDS-related cases reported [85].

Other histochemical features of PML offer inter-
esting insights on cellular changes involved in the
pathogenesis of the disease. For example, while
expression of Rad51 is absent in normal astrocytes
in non-PML brain tissue, glial fibrillary acidic
protein-positive bizarre astrocytes in PML show ro-
bust and abundant nuclear foci of the DNA repair
protein Rad51 as do JCV-VP1-positive enlarged
oligodendrocytes. This is indicative of the induc-
tion of the DNA damage response in these cells
[86]. In another study, evaluation of HIV-1/PML
clinical samples and non-PML controls for expres-
sion of TNF-α and its receptor TNFR1 showed an in-
crease in overall expression in PML as measured by
western blot and specific induction in bizarre
astrocytes and enlarged oligodendrocytes measured
by immunohistochemistry as well as a redistribution
of the transcription factors NF-κB and NFAT4 to
PML

me Conclusion

eatures: Gold standard for PML diagnosis

mistry
s
s with
s

DNA Definitive PML

Viremia
Viruria
Probable/possible PML

a Latent JCV infection

V protein Latent JCV infection
ty to JCV Correlated to favorable outcome

Possible PML biomarker
Possible PML biomarker

Possible PML biomarker
ent with PML Probable/possible PML

cephalopathy; HI, hemagglutination inhibition; ELISA,
ebrospinal fluid; MRI, magnetic resonance imaging.
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preferential localization to the nucleus. This is consis-
tent with the activation of this cytokine/transcription
factor pathway in PML [87].

DNA: in situ hybridization
Finally, it is possible to detect JCV DNA in the
oligodendrocytes and astrocytes in PML brain
using in situ hybridization with a JCV-specific
nucleic acid probe-labeled radioactively or with bi-
otin, and this is as sensitive and specific as immu-
nohistochemistry for diagnosis on formalin-fixed
tissue [88–90]. The available diagnostic assays for
JCV and PML are summarized in Table 2.

CONCLUSIONS AND FUTURE DIRECTIONS
Progressive multifocal leukoencephalopathy is a de-
bilitating disease for which there is no convincingly
effective therapy. The size of the at-risk population
is growing larger and includes individuals with
HIV-1/AIDS and patients receiving immunomodu-
latory therapies, for example, MS patients being
treated with natalizumab. The clinical manifesta-
tions of PML can be extremely diverse, and there-
fore, it should be considered in the differential
diagnosis of any immunosuppressed person pre-
senting with neurological disease. The most com-
mon symptoms are cognitive and behavioral
disturbances and weakness [91]. Other common
symptoms included headaches, gait disorders, vi-
sual problems, and sensory loss. The frequency with
which abnormalities are detected by physical exam-
ination typically parallels the symptoms reported.
Among the common signs are cognitive impairment,
motor abnormalities, speech and language disor-
ders, and visual disturbances including visual field
defects due to retrochiasmal lesions and diplopia
due to brainstem involvement [91]. Optic nerve dis-
ease has not been reported nor has clinically evident
Copyright © 2015 John Wiley & Sons, Ltd.
myelopathy, although spinal cord disease has been
observed both at autopsy [92] and premortem by
MRI [93]. Subtle differences in the frequency with
which these symptoms and signs are observed may
exist depending on the nature of the underlying
disorder predisposing to PML as has been observed
with HIV/AIDS-associated PML [94] and natalizumab-
associated PML [95].
Adding to the problematic nature of this disease

are the difficulties encountered in the diagnosis of
PML and the lack of useful biomarkers for PML
progression as we have discussed. Key areas for
future research and development are building a
better understanding of the virology and life cycle
of JCV and the pathogenesis and immunopathol-
ogy of PML. New and better assays and bio-
markers for PML need to be developed, and key
areas are risk stratification and better understand-
ing of the biology of the emergence and monitoring
of the neurotropic rearranged form of JCV that is
responsible for PML. New developments in these
areas may pave the way for the development of
new treatments for PML.
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