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Abstract Progressive multifocal leukoencephalopathy (PML)
is a severe, often fatal, opportunistic viral infection of the central
nervous system that is mainly seen in the context of AIDS and
certain monoclonal immune-suppressive therapies. The causa-
tive agent, a polyoma virus, named JC virus infects only
humans and there is no animal model for PML. This update
focuses on information gathered in recent years on the patho-
genesis of the disorder, on several clinical aspects associated
with diagnosis and therapy, and on the immune reconstitution
inflammatory syndrome (IRIS), a complication associated with
removal of immunosuppressive therapy in PML.
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Introduction

Progressivemultifocal leukoencephalopathy (PML) is a severe,
often fatal, opportunistic infection of the central nervous system
(CNS). First reported in 1958 as a white matter disorder in 3
patients with lymphoproliferative disorders [1]. Subsequent
studies revealed that the causative agent was a polyoma virus,
named JC virus from the initials of the patient fromwhose brain
it was initially isolated [2]. Despite previous reports [3], there is

no evidence that PML is caused by either the SV40 [4] or BK
virus.

The pathogen is a ubiquitous DNAvirus. Subclinical infec-
tion often takes place within the first decade of life. By
adulthood, 50 % [5•] to more than 80 % of the population is
seropositive for the virus [6, 7]. Differences in the rates of
seropositivity appear to reflect differences in methodology;
however, a consistent decade by decade increase in seroposi-
tivity has been demonstrated in most studies, though at much
lower rates than that observed during childhood and adoles-
cence. Both the mechanism of infection and clinical expres-
sion of primary infection remain undefined. As the virus can
be isolated from sewage worldwide, it was proposed that
contaminated food and water are the mode of infection [8].

PML can be classified into several epochs [9]. The earliest
epoch encompasses the times from its initial description to the
early 1980s when it was predominantly associated with lym-
phoproliferative disorders [10]. During this time, it was
regarded as a rare disorder and a comprehensive worldwide
review was able to identify only 230 cases [10]. With the
AIDS pandemic, PML became strikingly prevalent as it was
observed in 4 % to 5 % of all patients with HIV prior to the
availability of highly active anti-retroviral therapy (HAART)
[11, 12]. Despite effective HAART and reductions in the
incidence AIDS-associated PML, it still remains one of the 4
most common CNS opportunistic infections affecting AIDS
patients [13]. The third epoch of PML was heralded by the era
of monoclonal antibodies (mAbs) as therapeutic agents for
immune-mediated conditions. Several mAbs have been iden-
tified as setting the stage to PML, notably natalizumab
(Tysabri) and efalizumab (Raptiva), and there appears to be
an increased risk with other mAbs, such as, rituximab
(Maptera), as well as other therapeutic agents, such as, myco-
phenolate mofetil (CellCept).

The JC virus infects only humans and there is no animal
model for PML. Thus, the study of the disease is limited to
observation of the condition in humans or to tissue culture.
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The remarkable occurrence of PML with HIVand mAbs has
resulted in an increased accumulation of data on the expres-
sion and pathogenesis of disorder. This update will focus on
these aspects.

Monoclonal Antibodies and Putative Pathogenesis of PML

Of all mAbs, natalizumab as a predisposing agent for PML has
attracted the greatest attention. Natalizumab is an α4β1 and
α4β7 antagonist approved for the treatment of relapsing-
remitting MS and Crohn's disease. The effect of natalizumab
is attributed to its binding, among others, to integrin, inhibiting
leukocyte migration and extravasation. It might also affect T
and B lymphocytes differentiation [14]. Natalizumab was with-
drawn from the market in 2005, after 3 cases of PML had been
identified in clinical trials [15]. Two were MS patients also on
β-interferon 1a therapy [16, 17] and the third was a Crohn’s
disease patient [18]. No association betweenMS or Crohn’s had
been previously noted. After the establishment of a global risk-
management program, natalizumab was reintroduced to the
market in 2006. As of June 6, 2012, 258 cases of PML have
been observed in patients treated with natalizumab during the
postmarketing phase [19]. The risk of developing PML in the
context of natalizumab increases with several factors alone or in
combination: previous immune-suppressive therapy, duration
of therapy, and seropositivity to JC virus [20•]. The shortest
duration from the time of introduction of natalizumab to the
development of PML appears to be 8 months and the risk
clearly significantly increases at 24 months [20•].

Efalizumab is an anti-CD11a IgG1 antibody in use for
psoriasis [21]. Efalizumab inhibits T-cell activation in
lymph nodes and blocks trafficking of T-cells from the
circulation into the psoriatic skin [22]. It was removed from
the market in 2009 following a confirmed diagnosis of PML
in 3 patients and suspected PML in a fourth. All were on
treatment for more than 3 years. As with natalizumab, PML
had not previously been reported with psoriasis.

These 2mAbs, natalizumab and efalizumab, appear to have
a unique ability to predispose to PML and have been consid-
ered as Class I agents in this regard [9]. In addition to the fact
that MS, Crohn’s, and psoriasis have not been associated with
a risk for PML. In addition, there is a latency from the time of
introduction of the mAb to the time of development of PML
suggesting that this is not simply a stochastic event. Lastly, the
incidence of PML with these 2 agents exceeds by orders of
magnitude the risk with other agents that have been identified
as increasing the risk of PML.

Rituximab, an anti-CD20 compound aimed at B-
lymphocytes in use mainly for lymphoproliferative diseases,
but also for other conditions of putative immune-mediated
pathogenesis. Between 1997 and 2008, 52 patients with lym-
phoproliferative disorders (generally B cell malignancies), 2
with SLE, 1 with rheumatoid arthritis, and 1 with autoimmune

pancytopenia have been reported with PML while under ritux-
imab therapy [23]. However, all were also on other immuno-
suppressive protocols and B-cell malignancies are the second
most common predisposing factor for PML, after HIV/AIDS.
PML has been reported both in SLE and rheumatoid arthritis in
the absence of rituximab therapy. Thus, the causative role of
rituximab in inducing PML is not established. It was even
argued that the use of rituximab after high dose therapy and
hematopoietic stem cell transplantation delays the onset of PML
[24]. Nonetheless, there does appear to be a slight increased
risk. Rituximab is regarded as a Class II drug for PML since in
that the conditions that it is used for, typically predisposed to
PML, there is no latent period to the development of PML, and
the increased risk for the disorder is low [9].

These 3 agents have different mechanisms of actions, but
they all are associated with PML. What can be learned from
this cause and effect relationship on the possible pathogen-
esis of PML in the human brain?

As PML is an isolated CNS disease and the majority of the
population is JC virus infected, the healthy human nervous
system most probably possesses effective means to prevent
PML. Intervention and damage to these barriers is the context
that leads to the ability of the virus to effectively propagate in
oligodendrocytes and cause the disorder [25].

Several prerequisites have to be met at first. These
include both viral and host requirements.

1. Primary infection has to take place. The portal of entry
and site of primary infection is probably the orophar-
yngeal pathway.

2. Following first cycle of replication the virus has to dis-
seminate and to establish latent or persistent infection.
The sites of latent or persistent infection have not been
systematically studied, but appear to be widespread and
include the kidney and lymphoproliferative tissues (bone
marrow, spleen, tonsils, lymph nodes) [26].

3. Mutation in the JC virus genome is necessary. The virus
that is ubiquitously present is referred to as the arche-
type virus and is the virus that likely causes primary
infection. The archetype JC virus is incapable of effec-
tive replication in glial cells and must mutate into a
neurotropic strain to cause disease. The mutation
responsible for this has been mapped to the non-
coding control region of the JC virus [27]. This muta-
tedvirus is found not only in PML brains but also in the
tissue of healthy individuals. Gene rearrangement
within the viral genome enables binding to the NF-1X
binding protein found in the nuclei of glial cells, a
protein shared by B-cells [28, 29]. The mechanism by
which this gene rearrangement occurs remains unclear.
It has been proposed that infected cells of B-cell lineage
might be responsible for this genetic rearrangement
using the same machinery involved in immunoglobulin
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synthesis [30]. Another genetic rearrangement, amino
acid substitutions in the VP1 capsid protein of the virus
may also play a role in virulence [31].

4. Reactivation of JC virus. Like with other viruses, such as
herpes simplex virus [32], the question arises whether the
brain infection is the outcome of primary infection or reac-
tivation. The preponderance of evidence indicates that PML
is always or almost always the result of JC virus reactivation
from latent or persistent infection. This evidence includes the
following: immunoglobulins against JC virus during PML
are almost always from the IgG type [33]; PML is rare in
children [34]; the presence in blood [35]; or tissues [36]
obtained up to 4 years earlier of JC virus with similar genetic
sequences to that seen in the brain; and the detection of JC
virus antibody 6 to 187 months before the development of
PML in all 75 natalizumab patients with PML for whom
samples were tested [19].

5. Systemic immune-suppression, or the inability (present
under normal immune surveillance), to keep the virus at
bay. JC virus is present in peripheral blood of normal
healthy controls ranging from 0 % to more than 10 %,
and the likelihood of detecting circulating JC virus in PML
patients increases with immunosuppression [37, 38].

6. An incapacitated CNS immune response [39, 40]. An
effective CNS immune surveillance can clear the virus
from the brain even after established glial infection. The
immune reconstitution inflammatory syndrome (IRIS) in
HIV-infected individuals with PML treated with HAART
and following discontinuation of natalizumab in MS
patients is evidence of the importance of an effective
CNS immunosurveillance in controlling the infection.
JC virus-specific cytotoxic T lymphocytes appear to play
a crucial role in this regard [41].

These observations lead to the following proposed course
of events required to produce PML; however, the absence of
an animal model makes it very difficult to be certain that this
hypothesis regarding PML pathogenesis is correct and addi-
tional information may cause it to be substantially modified.
Following primary infection and establishment of latent JC
virus infection the virus might undergo a mutation that
renders it neurotropic. In the context of chronic failed
peripheral immune surveillance, JC virus will reactivate
and replicate at peripheral sites including peripheral blood
mononuclear cells (PBMC) and with these cells be trans-
ported to the CNS and establish productive infection in glial
cells. In the absence of effective CNS immunosurveillance,
PML develops. Does the risk of PML increase with pro-
longed exposure to immune-suppression? That PML gener-
ally occurs only after prolonged severe immunosuppression
in HIV infection and that there is a latency to its develop-
ment with the mAbs, natalizumab and efalizumab, certainly
suggests that this is the case.

The monoclonal antibodies set the immunological stage for the
development of PML both at the periphery and in the brain and
maybe also have an effect, albeit indirect, on the virus as well.

1. Natalizumab, by binding of the of α4β1 integrin leads
to the release of lymphocytes from the bone marrow and
significantly elevates circulating B cells [42]. If these
cells are latently infected with JC virus, this may lead to
the expression of JC virus in peripheral blood. Infection
with other pathogens such as HHV-6 may transactivate
the virus in the very cells that contain the genetic
machinery to rearrange the virus’ transcriptional control
region converting it to a neurotropic strain. Natalizumab
also blocks CNS entry by lymphocytes, including JC
virus-specific cytotoxic lymphocytes that correlate with
PML survival [43, 44]. Moreover, dendritic cells have
been demonstrated to be instrumental in the expansion
of the JC virus-CTL response [45]. In 1 patient with
natalizumab-associated PML, autopsy revealed a signif-
icant decrease in CD209+ dendritic cells in cerebral
perivascular spaces and no CD4+ T cells were detected
in the brain tissue [46]. Therefore, there appears to be
multiple insults to the immune system that predispose to
the development of PML under natalizumab.

2. Efalizumab affects the immune system in a fashion
similar to natalizumab. It inhibits T cell activation,
migration, and reactivation [47, 48], and reduces the
chemotactic properties of monocytes and neutrophils
and downregulates VLA4 [49]. Dendritic cells in the
skin are significantly decreased after efalizumab treat-
ment [50]. Reduced transendothelial migration by
peripheral T cells in vitro and peripheral and CSF T-
cell spectratyping showed CD8 T-cell clonal expansion
but blunted activation in 2 patients with efalizumab-
associated PML [51•]. This suggests that inhibition of
peripheral and intrathecal T-cell activation and suppres-
sion of CNS effector-phase migration both characterize
efalizumab-associated PML.

3. Rituximab causes profound B cell depletion. Many of the
mechanisms operant with natalizumab that predispose to
PML also appear to be present with rituximab. For exam-
ple, the migration of pre-B cells into the peripheral circu-
lation in response to B cell depletion. However,
rituximab-associated PML was reported only in patients
who received other immunosuppressive drugs and had,
with rare exception, underlying disorders that predispose
to PML [23]. Furthermore, rituximab also reduces CD3 T
cells in the CSF [52], but the temporal profile and func-
tional consequences of a reduction in T cells in patients
treated with rituximab is unknown.

These 3 mAbs highlight the potential importance of B
lymphocytes in the life cycle of JC virus [53]. Regulatory
region sequences from JC virus DNA in peripheral blood of
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PML patients are not related to the archetype, but are closely
related to sequences found in the PML brain [38]. In a report of
19 PML patients, over 90 % had JC virus DNA in peripheral
blood lymphocytes as compared with 30 % of renal transplant
recipients, and approximately 5% of normal, healthy volunteers
[54]. In relatively immunologically healthy HIV-infected per-
sons on HAART, the likelihood of finding JC virus DNA in
circulating lymphocytes appears to parallel that of the normal
population [55]. Other lines of evidence pointing to the impor-
tance of the B-cell in the pathogenesis of PML are the high
frequency with which the disorder is observed in B-cell malig-
nancies, such as, chronic lymphocytic leukemia and Hodgkins
disease, and therapies that affect B-cell function, such as, nata-
lizumab, or rituximab.

Although not universally accepted, it appears that JC virus
may reside in the brain in an inactive or latent form. (reviewed
inWhite and Khalili [56]). JC virus DNA has been detected in
the brain tissue of normal individuals [57], but its significance
is uncertain and the full cycle of active viral replication occurs
without other factors supervening.

Immune Reconstitution Inflammatory Syndrome (IRIS)

HAART has a significant beneficial impact upon the prognosis
of PML in HIV patients [39]. The introduction of HAART led
to the recognition of the immune reconstitution inflammatory
syndrome (IRIS), an entity that is not unique to PML. IRIS is
the consequence of rapid entry of immune cells into the brain at
the time of immune restoration [58]. The likelihood of its
appearance is increased with preexisting opportunistic infec-
tion, initiation of HAART, a low CD4 count, and a considerable
decline in HIV viral load following HAART [59, 60]. Genetic
factors may also contribute [61]. As many as 23 % AIDS
patients with PML who recently started HAART will develop
PML-IRIS [40, 62]. IRIS has also occurred in the majority of
natalizumab-associated PML patients following withdrawal of
the mAb and plasma exchange [63, 64]. The diagnosis of CNS-
IRIS in MS patients with natalizumab-associated PML can be
challenging since the deterioration might also be attributed to
PML, MS or some other opportunistic infection, and there are
no currently widely accepted criteria to establish the diagnosis
[65•]. CNS-IRIS is defined as the paradoxical worsening of the
neurological condition during immune recovery in an individ-
ual with a CNS infection. It is mainly determined by the severity
of the immune suppression (in HIV-infected patients, it is the
CD4 nadir [57] and the speed of immune reconstitution. IRIS
may occur in 2 different settings: (1) The “paradoxical” form
that takes place when an opportunistic infection initially
responds to treatment but then deteriorates following HAART
initiation; (2) The “unmasking” form occurs when an oppor-
tunistic infection remains undiagnosed and immune recovery
following HAART initiation triggers deterioration with unusual
inflammatory features. IRIS is associated with a wide spectrum

of pathogens including mycobacterial diseases, leprosy, fungal
infections, herpes viruses, and PML [66].

An essential feature of CNS-IRIS is the infiltration of the
brain with activated T cells in an attempt to control an
underlying CNS opportunistic infection. While IRIS is usu-
ally characterized by contrast-enhancing lesions on MRI
imaging [65•] patients with PML may develop IRIS with
only mild contrast enhancement .[67].

Treatment of MS with natalizumab prevents T cell traf-
ficking with resultant systemic and compartmental immune
suppression. Active T cells reside in the peripheral blood
where there is no immune suppression. When natalizumab is
withdrawn in patients with PML, the T cells transport to the

Fig. 1 1.5 T MRI in patient with HIV-associated PML. a, T2 weighted
image shows extensive hyperintense signal abnormality involving the
white matter of the left frontal lobe with extension into the anterior
limb of the internal capsule. A smaller lesion is evident in the medial
right frontal lobe. b, Corresponding contrast enhanced T1 weighted
shows hypointense lesion in right frontal lobe white matter extending
to the gray white margin. A small area of signal hypointensity is
evident in the medial right frontal lobe
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site of the PML lesion in the brain with ensuing enhanced
inflammation. Therefore, CNS-IRIS is a virtually universal
phenomenon in this context.

Treatment of CNS-IRIS is mainly empirical. As of today
there is only a single study that suggested the benefit of
steroids in systemic IRIS associated with pulmonary tuber-
culosis [68]. and no information on CNS-IRIS. Steroids
have been recommended for PML-IRIS [69], but there have
been no randomized controlled trials to support their use
which may have unintended consequences [70]. In any case,
the prognosis of PML in natalizumab-treated patients is poor
with mortality rates of about 20 % and moderate to severe
disability reported in more than 80 % of survivors [19, 63].

PML: Clinical Diagnosis and Therapy

Recent reviews on the clinical aspects of PML are available.
[67, 71]. Several points merit comment.

Although PML is almost always a disorder of the pro-
foundly immune-suppressed host, it has also been diagnosed
without initial apparent immunosuppression. Therefore,
PML should be considered in the differential diagnosis of
new-onset CNS neurological white matter-related symp-
toms, even without immunosuppressive risk factors.

PML is mainly due to infection of oligodendrocytes and,
to a lesser extent, astrocytes. Neurological deficits are there-
fore related to demyelination in the brain. Neuroimaging
identifies affected white matter brain regions that do not
correspond to vascular territories (Fig. 1). Historically,
PML lesions have been described as being largely devoid
of edema, mass effect, or contrast enhancement on imaging
[72], but contrast enhancement has been seen in 10 % to
15 % of HIV-associated PML [73] and is frequently
observed with natalizumab-associated PML [19, 63].

The diagnosis of PML is established by detection of JC virus in
the CSF by PCR in the appropriate clinical setting or by brain
biopsy positive for DNA and viral antigens in the tissue combined
with the typical histopathology of enlarged oligodendroglial nuclei,
bizarre astrocytes, and demyelination.

There is no effective specific antiviral drug against the JC
virus. Despite initial claims, no survival benefit was seen for
patients who received cidofovir and cidofovir treatment did
not improve PML-related residual disability by 12 months
[74, 75]. Likewise, there was no improvement of survival with
cytosine arabinoside by systemic or intrathecal administration
[76, 77]. The finding that JC virus infects cells in culture via
the 5-HT2a receptor prompted the clinical use of mirtazapine,
a serotonin receptor blocker [78]. Unfortunately, the impact
does not reach statistical significance in the clinical setting
[79]. A screen of chemical compounds indicated that meflo-
quine, an antimalarial drug, could inhibit JC virus replication
in a cell culture system [80]. Despite isolated case reports of
the efficacy of mefloquine [81, 82] a multicenter worldwide

clinical trial investigating the use of mefloquine demonstrated
no effect on CSF JC viral titers.

Without an effective antiviral agent, the treatment goal in
PML should be to restore the host adaptive immune response
to the JC virus. In HIV-positive patients, this is accomplished
by HAART. In HIV-negative patients, the main therapeutic
objective is to reduce, if possible, immunosuppressive drugs,
enabling the adaptive immune system to control the infection.

Conclusion

There are still many questions that are related to the biology of
PML that remain unanswered or incompletely understood.
For instance, is PML always the result of reactivated JC virus
infection or can it happen within the context of primary
infection? What are the sites of viral latency or persistence
and when does it enter the brain? Is the presence of JC virus in
peripheral blood or a rising JC virus antibody titer predicative
of the development of PML? Would determining whether a
person harbors a neurotropic strain of JC virus be a better
predictor of PML? Answering these and other questions will
prove enormously helpful in addressing the risks for PML
following treatment with the expanding array of newer immu-
nomodulatory drugs. It will also provide possible strategies
for prevention and treatment of PML.
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