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Abstract
The fatal CNS demyelinating disease, progressive multifocal leukoencephalopathy (PML), is rare
and appears to occur almost always as a consequence of immune dysfunction. Thus it is associated
with HIV/AIDS and also as a side-effect of certain immunomodulatory monoclonal antibody
therapies. In contrast to the rarity of PML, the etiological agent of the disease, the polyomavirus
JC (JCV) is widespread in populations worldwide. In the forty years since JCV was first isolated,
much has been learned about the virus and the disease from laboratory and clinical observations.
However, there are many aspects of the viral life cycle and the pathogenesis of the disease that still
remain unclear and our understanding is constantly evolving. In this review, we will discuss our
current understanding of the clinical features of PML and molecular characteristics of JCV and
how they relate to each other. Clinical observations can inform molecular studies of the virus and
likewise molecular findings concerning the life cycle of the virus can guide the development of
novel therapeutic strategies.
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INTRODUCTION
Progressive multifocal leukoencephalopathy (PML) is a rare CNS demyelinating disease
that appears to occur almost exclusively in the context of severe impairment of the immune
system, such as HIV/AIDS or treatment with new immunomodulatory monoclonal antibody
therapies such as Natalizumab, Rituximab and Efalizumab [1–3]. PML was first described in
1958 [4] and the etiological agent, polyomavirus JC (JCV) isolated in 1971 [5]. Interest in
PML remains high as shown by the publication of a number of recent reviews [1–3,6–9].
Even so, PML remains an incurable and often fatal disease. The directions of molecular
studies of the virus may benefit from guidance from clinical observations from PML patients
while the results of molecular studies may yield new insights into the life cycle of the virus,
which may aid the development of novel therapeutic strategies [1,2,6–10].
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EPIDEMIOLOGY OF PML
In the pre-cART (combination antiretroviral therapy) era, the incidence (rate of new cases of
PML) varied from 0.3–8% [11–13] but wide use of antiretroviral treatments led to a
significant reduction from 0.7 cases/100 patient-years (PY) to 0.7 case per 1000/person-
years at risk [14]. Importantly, the Swiss HIV cohort study prospectively analyzed the
incidence and outcome of PML in 226 cases from 1988 through 2007 [15]. The incidence of
PML decreased from 0.24 cases/100 PY before 1996 (pre-cART) to 0.06 cases/100 PY from
1996 onward. In this study, the PML-attributable 1-year mortality rate was found to decrease
from 82.3 cases/100 PY during the pre-cART era to 37.6 cases/100 PY during the cART era
[15]. HIV infection is still the most frequent immunodeficiency setting for PML, ~80% of
cases, followed by hematologic malignancies (~8%), solid cancers (~3%), organ transplants
and autoimmune disease treated with immunomodulators [16].

DIAGNOSTIC CRITERIA FOR PML
The expanding spectrum of clinical conditions favoring PML and the frequent occurrence of
atypical cases, led to the need of diagnostic criteria reported as follows [17]. Definitive
(causative) diagnosis can only be made when PML is confirmed by histopathology. This is
known as tissue-confirmed PML where there is evidence of consistent neuropathology in
brain (biopsy or autopsy) with JCV DNA or protein detected by in situ techniques. CSF-
confirmed PML is also known as probable or laboratory-confirmed PML and has a lower
degree of diagnostic certainty given the difficulties with sensitivity and specificity of PCR
assays in different laboratories. The third and lowest level of diagnostic certainty is
presumptive or possible PML and is based on typical clinical and MRI findings consistent
with the disease diagnosis and brain biopsy and lumbar puncture either not performed or
JCV DNA not detected in CSF [17].

CLINICAL FEATURES OF PML
PML, as classically described in literature, is a demyelinating disease of the CNS with a
tumultuous disease course and poor prognosis within a few months [1,2]. The introduction
of cART has dramatically modified the HIV-related CNS diseases scenario, and new forms
with different clinical presentations (see below) and better prognosis [18] have been
described. The onset of the classical form of PML is usually multisymptomatic. Symptoms
largely vary depending on location and size of lesions, but most frequent clinical
presentation is characterized by motor deficits, altered consciousness, gait ataxia and visual
symptoms [1,11]. Some authors have also reported the occurrence of epileptic seizures in
18% (16/89) of patients affected with PML. Epilepsy is usually related to the presence of
lesions adjacent to the cortex and does not affect survival [19]. Atypical presentations
include pure cerebellar syndrome, reflecting a productive infection of granule cell neurons
[20], meningitis [21], meningoencephalitis [22,23], progressive myoclonic ataxia [24] and
muscle wasting associated to extrapyramidal signs [25]. Although cerebellar atrophy was
reported before in PML patients, the relationship between JCV and involvement of the
cerebellum in PML was demonstrated for the first time in 2003 [26]. The authors
demonstrated the presence of a productive infection of granule cell neurons by JCV, which
had led to tissue loss in the internal granule cell layer. Shortly after, the first case of PML
manifesting purely with cerebellar atrophy without white matter lesions was described [20],
confirming the presence of selective infection of the cerebellar granular cell layer. JCV was
also detected in CSF of a few patients presenting with clinical symptoms compatible with
the diagnosis of meningitis or meningoencephalitis. No biopsy was performed in any of
these cases, but the positivity for JCV in CSF and the absence of any other etiological agent
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seem to suggest a causative role for JCV in promoting an inflammatory process at the level
of the meninges [21–23].

JCV has also been reported in human cancers, such as gioblastomas, astrocytomas,
olygodendrogliomas and GI cancers and an extensive review of this was recently published
[27]. The oncogenic features of JCV reside in viral proteins, T-antigen, agnoprotein and t-
antigen, to disrupt cell cycle, prevent apoptosis and promote cell growth. While association
between JCV and tumors in animal models and transformation of cultured cells is
indisputable, a role of JCV in human cancers is still controversial, due to the difficulties
involved with performing epidemiological studies and technical issues [27].

IMAGING FEATURES OF PML
While histopathology is still the gold standard diagnostic criterion for high sensitivity and
specificity, imaging and laboratory tools are non-invasive, reliable and suitable in daily
clinical practice. Typically, conventional MRI shows multifocal, bilateral, asymmetrical
lesions involving subcortical white matter (WM) [28] in early stages of disease,
subsequently spreading to deep periventricular WM. An MRI of a PML patient is shown in
Figure 1. Lesions are principally located in supratentorial regions, at edge between cortex
and WM, sometimes with involvement of U-fibers [29,30]. The parieto-occipital lobe is
preferentially involved, followed by the frontal lobe [31]. Pathological processes may also
involve deep WM, with periventricular distribution and corpus callosum. Infratentorial WM
is commonly affected, with lesions located in middle cerebellar peduncles and adjacent
regions, e.g., pons and mid-cerebellum [29,32]. PML may affect the GM, usually in
association with WM involvement. Thalamus and basal ganglia are most frequently
involved [29,32].

PML lesions are well demarcated and appear as hyperintense in T2-weighted sequences and
hypointense in T1-weighted sequences. Sometimes T1-weighted hyperintensity may be seen
at the edge of the expanding lesions; the histopathological correlate is not clear, but might be
related to presence of foamy macrophages in response to myelin breakdown, which has been
frequently reported [17]. As there is very little or no inflammation, neither mass effect nor
contrast enhancement are typical features of PML lesions. With progression of disease,
lesions may coalesce and the central lesion may become necrotic with an increase of signal
hypointensity in T1-weighted sequences [33]. Advanced MRI techniques give useful
information on the pathogenetic mechanisms and allow non-invasive monitoring of disease
evolution. Diffusion imaging studies have reported an increase of the mean diffusivity of
water molecules in the center of evolving lesions and in old, inactive lesions, due to tissue
injury and loss [34]. Instead, newly forming lesions and the edges of expanding lesions
show a restriction of water mobility due to the reduction of extracellular space reflecting the
presence of cellular infiltrates, large “bizarre” astrocytes, swollen oligodendrocytes and
some infiltrating macrophages [4,34,35]. Lytic infection of oligodendrocytes results in
diffuse, profound demyelination, whose MRI correlates are increased choline peaks in MR
spectroscopy and a markedly reduced magnetization transfer ratio [36]. A decrease in N-
acetylaspartate, a marker of neuronal damage, has also been reported [37], and is more
pronounced in the older, central part of lesions [38].

LABORATORY FINDINGS FOR PML
Detection of JCV DNA in CSF by PCR had a sensitivity of 72–92% and specificity of 92–
100% in the pre-cART era [39] but dropped to 58% after the introduction of cART. This is
probably related to better immune control of virus and higher CSF clearance of virus by
immune cells [40]. The problem of false PCR negatives, due to mutations in targeted
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regions, can be overcome by use of the highly conserved N-terminus of T-antigen rather
than the VP1 region [41,42].

The occurrence of PML in patients treated with novel immunomodulant therapies prompted
clinicians and scientists to look for biological markers that are more easily accessible,
reliable and detectable than CSF for the early phase of the disease [3,8–10]. So far, no blood
biomarkers of JCV activity have been identified; JCV DNA was detected in plasma of 0.3–
0.6% of multiple sclerosis patients treated with natalizumab, similar to general population
[43,44], in PBMCs of 40–60% of PML cases and in 40% of HIV infected patients with no
PML [45]. The biological meaning of these findings is still unknown.

MOLECULAR BIOLOGY OF JCV
JCV is a member of the polyomavirus family of small non-enveloped DNA tumor viruses,
which have small, circular, double-stranded DNA genomes [46]. JCV is one of the first two
human polyomaviruses to be discovered in 1971 [5], the other being polyomavirus BK [47],
which can cause BKV-associated nephropathy in kidney transplant recipients who receive
highly immunosuppressive drugs and is a leading cause of allograft failure [46]. JCV was
first isolated from PML brain by Padgett et al [5] and was the first direct evidence for a
neurotropic virus associated with PML. JCV is now the proven causative agent of PML [1–
3]. Recently, 7 more human polyomaviruses were isolated that are not as closely related to
each other as is the case for JCV and BKV. This has prompted the subdivision of the family
Polyomaviridae into three genera: Orthopolyomavirus (including JCV, BKV and SV40),
Wukipolyomavirus (the new human viruses) and Avipolyomavirus, which infect birds [48].

The JCV genome is divided into two protein-coding regions (early and late) transcribed in
opposite directions starting from a common non-coding control region (NCCR). The NCCR
is a bidirectional regulatory element containing promoter/enhancer elements for viral early
and late genes and also the origin of viral DNA replication [46,49]. In cell culture, growth of
JCV is largely restricted to primary human fetal glial cells. After infection and translocation
of viral DNA to the nucleus, expression of JCV early mRNA occurs and this requires both
on tissue-specific factors found only in glial cells and general transcription factors with
ubiquitous tissue distribution [49,50]. During early phase, T-antigen accumulates and directs
initiation of viral DNA replication and late transcription. Replicated DNA is packaged by
viral capsid proteins to give mature virions, which are released from the cell [46,49,50]. In
principle, any of the events that are part of the viral life cycle could provide a molecular
target for therapeutic intervention. The events of the viral life cycle are illustrated in Figure
2 together with annotations of the targets where therapeutic drug intervention has been
attempted.

The life cycle of JCV in the human body is considerably more complex and incompletely
understood. Since antibodies to JCV can be detected in most people starting in childhood, it
is generally held infection occurs early in life resulting in a primary viremia whereafter virus
enters a “latent” state [2,49]. The events involved in primary infection, including the mode
of viral transmission, route of entry and conversion to a latent state remain unknown since
the primary infection is subclinical [2]. In most people, nothing more happens and the virus
remains latent. However, in a few rare cases of individuals undergoing severe
immunosuppression, JCV emerges from latency (reactivation) and multiplies in glial cells of
CNS to cause PML [2]. There has been much debate on the nature of latency and its site(s)
within the body. We have discussed this debate in detail in a recent review [2]. In summary,
there are two main hypotheses.

Firstly, JCV latency and reactivation chiefly involves immune cells [3], especially B-
lymphocytes in bone marrow, which act as a source of latent virus and allow virus to

Tavazzi et al. Page 4

Rev Med Virol. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



circulate around the body and enter brain. For example, natalizumab, which is associated
with PML, may mobilize JCV-infected bone marrow cells leading to PML [51]. However,
assessment of JCV DNA in blood and urine is not useful for predicting PML risk [44].
Further, JCV DNA was not detectable in PBMCs or magnetically separated CD34+
hematopoietic progenitor cells from the blood of 67 natalizumab-treated patients with MS
and six PML patients, which does not support this hypothesis [52].

Secondly, JCV DNA may be present in brain prior to PML and that event(s) related to
immunosuppression or HIV-1/AIDS initiates viral replication, i.e., brain is site of JCV
latency and reactivation. As reviewed recently [2], our laboratory and four others published
finding JCV DNA in normal brain. Since this review, two other laboratories have made
similar reports [53,54].

While no clear consensus has emerged about the nature and site of JCV latency, these two
hypotheses are not mutually exclusive [2]. Nevertheless, it is likely that transcriptional
regulatory events that activate JCV early gene expression in glial cells are important in the
JCV life cycle regardless of the time frame of their occurrence in relation to viral entry.
Since this is crucial in the pathway from inactive viral DNA and the initiation of
transcriptional activation and subsequently replication, this represents a fundamental
interface of viral reactivation and commencement of PML [2,49,50]. Thus, it may be an
important therapeutic target.

As indicated above in the section on the epidemiology of PML, it is a very rare disease.
However, serological studies indicate that exposure to the virus is very common in the
human population. Surveys in many countries found that antibody prevalence to JCV in
adults can range from 66–92% indicating that exposure to the virus has a widespread
geographic distribution [55]. Seroconversion begins in childhood and acquisition of
antibody against JCV continues into middle age. We have recently reviewed
seroepidemiological studies of JCV distribution within populations [2].

The high prevalence of JCV infection and yet the rarity of PML raises the possibility that
rare variants or mutants of the virus are involved. In this regard, two regions of the JCV
genome are of importance: (i) the NCCR, which as a bidirectional regulatory element
controls both viral transcription and replication; (ii) the VP1 genotyping region, which is on
the surface of the virions, binds to host cell surface receptors, confers the viral
hemagglutination activity and is a target for host cell-mediated immune responses [46].

With regard to the NCCR, two genetic forms of the virus are recognized: the archetype and
PML-type [2]. The archetypical form of the virus is found in kidney, urine and sewage. It is
typified by the CY strain of JCV and may represent the transmissible form of the virus [56].
The PML-type form of JCV, also called prototypical, is always associated with PML and is
typified by the Mad-1 strain of JCV [57]. Relative to archetype NCCR, prototypical Mad-1
JCV is characterized by two deletions and a duplication. It is thought that these deletion and
duplication events yield higher rates viral DNA replication and infectivity in glial cells [58].
Indeed, Gosert et al [59] compared the activity of PML-type JCV NCCRs found in the CSF
of eight HIV/AIDS patients to archetype NCCR using a bidirectional reporter vector and
found that they confer increased early gene expression and higher replication rates compared
to archetype. Thus the prototypical configuration of the JCV NCCR is likely important in
the pathogenesis of PML. We have recently reviewed in detail the relationship between
archetype and PML-type JCV [2].

The other polymorphic part of the JCV genome is the VP1 genotyping region, which was
first recognized by serology and restriction fragment length polymorphisms and then defined
by sequencing of different isolates and strains by sequencing with at least 8 subtypes having
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now been described [60]. Several reports indicate the importance of these polymorphisms in
the pathogenesis of PML. Agostini et al [61] reported that Type 2B is more frequently found
in PML brain than expected based on its prevalence in urine samples from a control normal
population. Cloning and sequencing of whole JCV genomes from 3 PML patients revealed
the occurrence of amino acid substitutions in VP1, many of which were located in the
surface loops [62]. Further analysis of CSF from 20 PML patients revealed VP1 outer loop
mutations to be widespread, the mutations at most polymorphic locations showing a trend
toward a change to specific amino acids and VP1 loop mutations being associated with the
progression of PML [63]. Differences in the type of VP1 loop substitution have also been
reported between fast- and slow- progressing PML patients [64]. Recently, an extensive
analysis of VP1 sequences provided evidence for the adaptive evolution of certain amino
acids in JCV from PML patients but not in normal urine. These amino acids were located
within the sialic acid binding site predicted by 3-D modeling [65]. Indeed, it has been shown
using virus-like particles that VP1 mutations associated with PML can alter sialic acid
binding, hemagglutination activity and receptor specificity [66]. Thus changes in the VP1
coding sequence are likely important in the pathogenesis of PML. Investigating the effects
of these mutations is important not only for the understanding of PML but also in the design
of therapeutic agents that block the association of JC virions with host cell surface receptors
as described in the next section.

TREATMENT OF PML
A number of treatment options have been employed for PML, largely without success.
These have targeted various points in viral life cycle such as entry and replication (Table 1).
It was reported interaction between JCV and the serotonin 2A receptor (5-HT2AR) is
necessary for viral entry. 5HT2AR antagonists inhibited JCV infection and monoclonal
antibodies to 5HT2AR blocked infection of glial cells by JCV [67]. Nukuzuma et al [68]
also reported the 5HT2AR antagonists ketanserin and ritanserin inhibited JCV infection and
propagation. However, Chapagain et al [69] found risperidone, an antipsychotic that tightly
binds 5HT2AR, had no effect on JCV infection of primary glial cells. A clinical report [70]
on non-HIV-related PML showed beneficial effect the clinical and MRI picture.
Mirtazapine, which is approved for treatment of major depression, is a selective serotonin
reuptake inhibitor. There are several case reports on HIV [71] and non-HIV [72–74] PML
demonstrating good tolerability and efficacy of this treatment, with neurological and MRI
improvement. In most of these patients, however, other therapies were initiated (i.e., cART,
cidofovir, cytarabine) in combination with mirtazapine, making assessment of mirtazapine
efficacy difficult. Chlorpromazine inhibits clathrin-dependent endocytosis, and this is
required for JCV infection [75]. Baum et al [76] found clozapine and chlorpromazine can
inhibit JCV infection of glial cells in culture and low-dose combinations of both acted
synergistically. The only clinical report describing a non-HIV PML case treated with
chlorpromazine and cidofovir did not show any significant beneficial effect [77].

Another class of possible therapeutic agents employed for PML inhibits viral replication.
Cidofovir (CDV) is a nucleoside analogue commonly used for CMV- and HPV− related
diseases. Due to its inhibitory action on DNA polymerase, its effect on JCV has been tested
in vitro and in vivo with contradictory results. Andrei et al [78] demonstrated inhibition of
mouse polyomavirus and SV40 replication in fibroblasts. However, a later study employing
JCV and a human neuroglial cell line [79] showed no significant effect on replication. Since
then, many case reports indicate efficacy of this drug on HIV− and non-HIV related PML. A
recent study on 6 international cohorts of HIV+ patients affected by PML showed no
significant impact of cidofovir on overall survival [80, confirming a previously reported
pilot study [81] and other studies [82,83] and case reports [84]. Moreover, De Luca et al [80]
reported an increased risk of neurological disability in patients treated with CDV. On the

Tavazzi et al. Page 6

Rev Med Virol. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



other hand, some studies suggest a role for CDV in prolonging survival in PML, although
without significant effect on neurological outcome [85,86]. There are anecdotal reports on
CDV efficacy in PML with different immune compromised states [87–93]. However, all
clinical studies conducted so far are retrospective, observational and thus exposed to several
biases, while the only pilot study was not randomized. To achieve a definite conclusion, a
randomized clinical trial should be planned.

The low efficacy of CDV may reflect poor penetration and severe side effects (i.e., ocular
and renal toxicity) limit use of this compound. Recently, a lipid derivative of CDV
(CMX001) was found to reduce JCV replication up to 60% with no significant toxicity in a
human cell line [93] suggesting it could be a promising candidate for the treatment of PML.
Further evidence of the potential usefulness of this compound has recently been reported in
a study that showed a significant inhibitory effect of CMX001 on JCV replication in primary
human astrocytes, together with a very favorable toxicity profile [93,94].

Cytosine arabinoside (Ara-c) is another nucleoside analogue but was effective in decreasing
JCV replication in cultured human neuroglial cells [79]. Different case reports show positive
[72,95–97] and negative [98] results. The only randomized clinical trial on Ara-C
administered either intravenously or intrathecally showed no efficacy in prolonging the
survival [99]. An observational study on 13 HIV-PML patients showed poor prognosis but a
non-significant trend toward longer survival was shown in patients treated with Ara-C [100].
Limitations of Ara-C could be short half-life, poor ability to cross the blood brain barrier
(BBB) and bone marrow toxicity.

Other drugs that inhibit viral DNA replication act on DNA topoisomerase. Topotecan
blocked JCV DNA replication with no effect on host transcription and translation [101].
Results of a phase II clinical trial on 11 patients with HIV-related PML showed response
with prolonged survival in 27.2% (3/11) cases (Table 1).

Mefloquine is an anti-malarial agent effective in inhibiting JCV infection and replication in
cell culture. The target of mefloquine is unknown but it may directly inhibit T-antigen [102].
Mefloquine has good penetration of the BBB. A randomized, clinical trial with mefloquine
is currently under way (sponsored by Biogen Idec, NCT00746941). Some data on its
efficacy come from two clinical reports on non-HIV PML [103,104] demonstrating
neurological improvement and prolonged survival in both patients.

Since PML is associated with severe immunosuppression, other therapies aim to restore
immune function. Recombinant IL-2 was anecdotally reported to give favorable outcomes in
PML presenting with myelodysplastic syndromes [105] or after bone marrow transplantation
[106,107]. The beneficial effect of IL-2 could be related to restoration of the immune
system, as shown by an increase in the number of CD4+ cells [106,107].

T-cell therapy is another possible therapeutic option. A single case of PML was reported
where the patient had received prolonged immunosuppression to treat severe graft versus
host disease. The patient was infused with adoptive cytotoxic T lymphocytes from a donor
after stimulation in vitro with 15-mer peptides derived from VP1 and large T viral proteins.
Neurological improvement after cell therapy was reported [108].

In vitro,α- and β-interferons (IFN) were reported to inhibiting JCV replication and
neutralizing anti-IFN antibody rescued the inhibitory effect of IFN [109]. Furthermore, β-
IFN enhances expression of promyelocytic leukemia domains, which are nuclear bodies
normally involved in gene expression and leads to inhibition of viral infection [110].
Supporting these experimental findings, an open-label non randomized study [111] reported
longer survival and neurological improvement of PML, while other studies [112–114] failed
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to demonstrate any efficacy of IFN. These discrepancies may be due to systemic
administration of IFN leading to poor CNS availability and hence IFN could be acting only
as an immunomodulant rather than an antiviral.

In summary, all drugs tested generally show no significant impact on survival or
neurological improvement (Table 2). The reasons are several, and include low ability to
cross BBB and penetrate the CNS, variability of viral structure and complex virus/host
interactions including the presence of more than one receptor for viral entry. The only
regimen that seems to be effective is cART, which restores immune function rather than
having a specific anti-JC viral activity.

FUTURE PERSPECTIVES
So far, the only therapeutic approach with some efficacy is restoration of the immune
function, i.e., cART in HIV patients and rapid interruption of the immunosuppressant drug
in non-HIV PML, e.g., patients receiving natalizumab. To identify effective therapies,
unanswered questions remain such as where JCV rearranges and reactivates, the site of
latency virus and the nature of specific humoral and cellular components involved in
immune system response. The first issue is crucial, since the correct diagnostic assessment
in an early phase of the disease, with the identification of the specific viral strain involved in
the pathogenetic process, would help to tailor therapeutic regimen. Although in most cases
the prototype virus is found in CSF and brain of PML patients, there are reports of archetype
in the CSF of long-survivors PML [115]. Also, there is no direct evidence that prototype
virus derived from archetype sequence in the patient and thus, the possibility of a second
later infection by another type of JCV cannot be excluded [2].

There are a variety reasons why compounds have failed to show efficacy. These might be
related to the properties of the drug itself such as low CNS penetration, toxicity or other
factors. Also important may be properties of the virus or virus-host interactions. As
discussed above, different JCV genotypes may vary in their receptor specificity. Also factors
related to the host such as pharmacodynamics cannot be excluded. To overcome these
limitations and optimize the efficacy of the treatment, we believe that a combination of
different therapies targeting both virus and host immune system should be administered
early in disease. Treatments against virus should interfere with both entry and replication.
These targets are likely to be important regardless of the site of viral latency. Block of viral
entry might be achieved with antagonists of proposed JCV receptors, 5-HT2AR and N-
linked glycoprotein with α(2–6)-linked sialic acids. Compounds interacting with 5-HT2AR
showed some efficacy, but more studies are needed. Recently, features of the N-linked
glycoprotein have delineated a linear sialylated pentasaccharide present on host
glycoproteins and glycolipids as specifically binding VP1 pentamers and may mediate the
viral entry. Experimental data show that mutations in this oligosaccharide prevent cell
attachment and viral spread [116]. The simultaneous administration of therapies interfering
with both JCV receptors might thus increase overall efficacy. As noted above, one recent
report has suggested that the generation of mutations in the VP1 genotyping region during
the development of PML can alter the receptor specificity of JCV [62]. If this is confirmed
to be the case, this may necessitate modifications to the design strategies employed for
therapeutic entry inhibitors.

Other therapeutic strategies may interfere with viral DNA replication and transcription, but
their main limitations are toxicity and low CNS penetration. These problems may be solved
with an adjustment of structure such as addition of a hydrophobic moiety [93,94]. A possible
further target is represented by proteins involved in the regulation of gene expression and
viral replication, such as T-antigen and agnoprotein. Experimental data show that siRNA
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against T-antigen and agnoprotein inhibit JCV replication in culture [117,118] and treatment
with siRNA against agnoprotein inhibited virus in JCV-infected human cells inoculated into
nude mice brains [119].

The other main therapeutic target is the immune system. The Swiss HIV Cohort Study
reported that PML survivors showed significant increases in JCV-specific T-cells and IgG
responses and that IgG responses in survivors positively correlated with CD4+ count and
negatively with HIV load [15]. The humoral immune response, i.e., virus-specific IgG in the
blood or intrathecal synthesis of IgG in the CSF, is unable to contain the progression of
PML, while T-CD4+ and B cells might be implicated to some extent and T-CD8+ cells seem
to be the main effectors of the cellular response, eliminating infected cells and preventing
viral spread [120]. Thus, boosting the immune system is considered a valuable therapeutic
approach although a rapid restoration of immune response can lead to a severe progression
of symptoms due to immune reconstitution inflammatory syndrome (IRIS), which is
predominantly related to an exaggerated reaction of T-CD8+ cells [121]. Therefore, the ideal
approach should specifically target the population of cells activated by PML, rather than
promote a broad-spectrum recruitment of the immune system. For example, it was recently
reported that JCV-specific T-CD8+ cells expansion can be elicited by dendritic cells
stimulation even during the early stage of the disease and may impact on survival and
neurological improvement [122]. A better comprehension of immune response against JCV
infection is needed to identify strategies with a high efficacy and low iatrogenic
complications.

In conclusion, although elements of JCV pathogenesis remain to be elucidated, several
possible therapeutic targets have been identified. A combined approach with multiple
compounds both interfering with different phases of the viral cycle and boosting specific
components of the immune system involved in the response to JCV infection should be
used. The advantages of this combined treatment are several, including the possibility to
administer lower dosages of each single therapy. This may reduce drug-related toxicity and
the risk of side effects while increasing overall therapeutic efficacy. We would also like to
highlight the importance of a correct diagnostic assessment of the viral strain involved in the
pathogenesis of PML, and the urgent need to identify possible risk factors and sensitive
biomarkers detectable in the early phase of the disease.
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Figure 1. MRI of a case of PML
Shown is an axial T2 weighted sequence showing multiple hyperintese lesions involving
both the superficial and the deep white and the grey matter (arrows).
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Figure 2. Life cycle of JCV and therapeutic targets
The steps in the life cycle of JCV are indicated by numbers in black as follow: 1 - adsorption
of virus to cell surface receptors; 2 -entry by clathrin-dependent endocytosis; 3 - transport to
the nucleus; 4 - uncoating; 5 -transcription of the early coding region; 6 - translation of early
mRNAs to produce the early regulatory proteins, large T-antigen, small t-antigen and the
alternatively spliced T′-antigens: T′135, T′136 and T′165; 7 - Nuclear localization of large
T-antigen; 8 - replication of viral genomes; 9 - transcription of the viral late genes; 10 -
translation of viral late transcript to produce agnoprotein and the capsid proteins (VP1, VP2
and VP3); 11 - nuclear localization of capsids; 12 - assembly of viral progeny in the nucleus;
13 - release of virions by an unknown mechanism; 14 - released virions. Targets for drug
intervention are indicated by letters in red as follows: A - virus/receptor interaction; B - viral
entry; C - viral replication; D - viral transcription.
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TABLE 1

Summary of agents tested for activity against JCV and PMLa

AGENT TYPE TARGET LABORATORY CLINIC

AraC (Cytarabine, Cytosine arabinoside) Nucleoside Analog Viral DNA +b −c

Cidofovir Nucleoside Analog Viral DNA −b −d

Topotecan/Camptothecin Topoisomerase Inhibitor Viral DNA +e +/−f

Antipsychotics 5HT2A Agonists Viral Entry +/−g +/−h

IL-2 Immunostimulator T-cells N/A (+)i

Interferon α Antiviral Replication +j −k

Interferon β Antiviral Replication +j −l

CMX001m Derivatized Nucleoside Analog Viral DNA +n (+)o

Mefloquine Unknown Unknown +p In Progressq

HAART Anti-HIV-1 HIV-1 N/A +r

LSTcs Pentasaccharide Viral Entry +t ND

C/EBPβ LIP Transcription Factor Viral Transcription +u ND

SF2/ASF Factor Transcription Viral Transcription +v ND

siRNA RNAi Viral mRNAs +w ND

a
adapted and extended from [6,123].

b
[79].

c
AIDS Clinical Trials Group 243 Team reported no benefit for HIV/PML patients on HAART [99]. Levy et al [124] have suggested that

convection-enhanced intraparenchymal delivery (CEID) of cytosine arabinoside is effective based on a case report. In a retrospective study [100],
no significant effect was reported. Aksamit [97] reported some success in treating non-AIDS PML.

d
De Luca et al [80] reported that cidofovir in addition to antiretroviral treatment is not effective for AIDS-associated PML. Epker et al [84]

reported ineffectiveness for both HIV+ and non-HIV PML. Yagi et al [91] reported a case study of successful treatment of PML developed in
incomplete Heerfordt syndrome.

e
[101]

f
Topotecan is poorly tolerated but Royal et al [125] reported some success with a small group of patients.

g
Conflicting positive [68,77] and negative [69] reports.

h
[70–74].

i
Three case reports [105–107].

j
[109]

k
[111–113]

l
[114]

m
1-O-hexadecyloxypropyl cidofovir

n
[93,94]

o
One case report [126].
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p
[102]

q
http://clinicaltrials.gov/ct2/show/NCT00746941

r
[97]

s
NeuNAc-α2,6-Gal-β1,4-GlcNAc-β1,3-Gal-β1,4-Glc

t
[116]

u
[127]

v
[128]

w
[117–119]
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