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Advances in Treatment of Progressive
Multifocal Leukoencephalopathy
Raphaël Bernard-Valnet, MD, PhD ,1 Igor J. Koralnik, MD ,2 and

Renaud Du Pasquier, MD 1

Progressive multifocal encephalopathy (PML) is a severe demyelinating disease of the central nervous system (CNS)
caused by JC virus (JCV), which occurs in immunocompromised individuals. Management of PML relies on restoration
of immunity within the CNS. However, when this restoration cannot be readily achieved, PML has a grim prognosis.
Innovative strategies have shown promise in promoting anti-JCV immune responses, and include T-cell adoptive trans-
fer or immune checkpoint inhibitor therapies. Conversely, management of immune reconstitution inflammatory syn-
drome, particularly in iatrogenic PML, remains a major challenge. In this paper, we review recent development in the
treatment of PML.
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Progressive multifocal leukoencephalopathy (PML) is a
rare and often fatal neurological disorder occurring in

immunocompromised patients. It is due to reactivation of
the polyomavirus JC (JC virus [JCV]), which causes lytic
infection of oligodendrocytes and astrocytes in the central
nervous system (CNS). Archetypic JCV transmission is
thought to occur by person-to-person contact or contami-
nated food and water. It is thought that the virus spreads
from oropharynx hematogenously to secondary sites such
as bone marrow, lymphoid tissues, or kidneys. In healthy
individuals, JCV establishes an asymptomatic persistent
infection in the kidney, leading to its intermittent excre-
tion in urine. Upon alteration of the cellular immune
response, JCV may acquire mutations and gain the ability
to infect the CNS.1,2

PML was a rare condition mainly associated with
hematological malignancies and transplant recipients until
the onset of the acquired immune deficiency syndrome
(AIDS) pandemic in the 1980s. PML occurred in 5% of
patients with AIDS.3 Although AIDS remains the most

common etiology of PML throughout the world,4,5 the
increased use of biological immunosuppressive/modulatory
agents has contributed to a progressively larger proportion
of cases. Some of those immunotherapies may trigger the
onset of PML (eg, natalizumab, efalizumab fingolimod,
dimethyl fumarate, rituximab, among others).4,6

The initial clinical presentation of PML may include
a large variety of neurological symptoms, like cognitive
dysfunction, hemianopsia, aphasia, motor or sensory dys-
function, seizures, and ataxia, often with subacute
progression.

Brain magnetic resonance imaging (MRI) typically
shows T2-hyperintense and T1-hypointense lesions in the
subcortical white matter of the brain or in cerebellar
peduncles. A demyelination front may be observed on
diffusion-weighted images. More recently, susceptibility-
weighted imaging and positron emission tomography–
computed tomography have been proposed as more
sensitive techniques to discriminate PML from alternate
diagnoses.7 Confirmation of the diagnosis is obtained by
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the detection of JCV DNA by polymerase chain reaction
in the cerebrospinal fluid (CSF) or in brain biopsy tissue.
In the latter, JCV proteins can be identified by immuno-
histochemistry and contribute to diagnosis of PML.8

In addition to classical PML, JCV infection has been
associated with other clinical presentations, including JCV
granule cell neuronopathy, JCV meningitis, and JCV
encephalopathy.6

Medications with potential antiviral properties
against JCV in vitro such as mirtazapine or mefloquine
did not show efficacy in PML patients.9 Thus, the main-
stay of therapy aims at restoring an immunity sufficient to
keep JCV in check. Such restoration of immunity is
achieved with antiretroviral therapy in the case of AIDS-
associated PML or by attempting to withdraw immuno-
suppressive therapies in PML arising in patients treated
for autoimmune diseases or cancers.

However, such improved immunity may lead to an
immune reaction known as immune reconstitution
inflammatory syndrome (IRIS). IRIS may cause a para-
doxical neurological worsening in a patient whose immune
system had started to recover.10 On MRI, PML-IRIS is
characterized by gadolinium enhancement of PML lesions,
and can be associated with edema and mass effect, which
are not features of classical PML.

Despite improvements in the prognosis, treatment
of PML remains a challenge. Here, we will review innova-
tive therapies that have been tested recently. We will cover
the recent literature related to the management of PML
and PML-IRIS with a special focus on treatments and pre-
vention strategies (Fig).

Search Strategy and Selection Criteria
Articles for this review were identified by search on PubMed
and Web of Science for all references in English published
from January 1, 2010, to June 28, 2021, using the terms
(or combinations of these terms) “PML”, “progressive
multifocal leukoencephalopathy”, “JCV”, “human poly-
omavirus”, “IRIS”, “immune reconstitution inflammatory
syndrome”, “inflammatory PML”, “nivolumab PML”,
“pembrolizumab PML”, “checkpoint inhibitors PML”,
“interleukin-7 PML”, and “maraviroc PML”. Older papers
were also selected from authors’ personal files. The final ref-
erence list was generated based on relevance for this review
topic and to provide readership a comprehensive overview.

Immunological Mechanisms Underlying PML
Infection
Potential therapies for PML are predicated on the fine
interplay between JCV and the immune system. JCV
infection cycle has been described in detail previously.1,2

Because a majority of healthy individuals harbor JCV
in their kidneys and remain asymptomatic throughout
their lives, the containment of JCV seems to rest mostly on
the cellular immune response, mediated by T lymphocytes.
PML occurs in patients with AIDS who have CD4+ T cells
lymphopenia, as well as in patients with idiopathic CD4+ or
CD8+ T cells lymphopenia. PML may also be caused by the
reduction of immune surveillance within the CNS, which
takes place in natalizumab-treated patients.11,12 Natalizumab
is a monoclonal antibody directed against α4 integrin,
resulting in prevention of transmigration of nucleated blood
cells, especially CD4+ T cells, into the CNS. Yet, CD4+ T
cells are important in the clearance of JCV from PML lesions,
where they produce interferon-γ (IFNγ) and interleukin (IL)-
4, cytokines that may play a crucial role for viral clearance.13

Thus, absence of clearance of JCV in some patients is linked
to impaired CD4+ T-cell responses in the CNS and a lack of
IFNγ production.14 Furthermore, even if the CD4+ T-cell
responses are increased in natalizumab-treated patients15, this
response seems to be dysfunctional with the production of
the anti-inflammatory cytokine IL-10.16 Further supporting
the importance of JCV-specific CD4+ T cells in containing
PML, the presence of those cells correlates with a favorable
outcome in AIDS-PML patients.17

CD8+ T cells are the major effectors of cellular
immune response against viruses.18,19 Most cells of the
CNS are able to express class I major histocompatibility
complex, and thus may present viral antigens to cytotoxic
CD8+ T cells. Healthy individuals harbor JCV-specific
CD8+ T cells that may control the latent form of the
infection.20 Furthermore, the presence of JCV-specific
CD8+ cytotoxic T cells in peripheral blood has been asso-
ciated with a better outcome of PML.21,22 Similarly to
CD4+ T cells, CD8+ T-cell migration into the CNS is
blocked by natalizumab.23 Brain biopsies of PML and
PML-IRIS patients show a prominent CD8+ T-cell infil-
tration at the edges of lesions.24,25 CD8+ T cells in close
contact with JCV-infected CNS cells exhibit granzyme B
polarization, suggesting cytotoxic activity against the virus.
Most of these CD8+ T cells harbor the tissue homing
marker CCR5, which is a key chemokine receptor
involved in viral responses within the CNS.18,26

Another aspect of the cellular immune response that
is a factor in the immunopathogenesis of PML is T-cell
exhaustion. Exhaustion is a state of T-cell dysfunction that
can develop during chronic infections, sepsis, and cancer.
Exhausted T cells are characterized by upregulation of
immune checkpoint molecules (Programmed cell Death
protein 1 [PD-1], cytotoxic T-lymphocyte-associated pro-
tein 4 [CTLA-4]) and reduced immune responses to path-
ogens.27 A high expression of PD-1 on T cells, especially
at the surface of JCV-specific CD8+ T cells, can be seen
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in PML patients, suggesting that T-cell exhaustion may
play a role in the development of PML.28 Consistent with
this observation, a multiple sclerosis (MS) patient on
dimethyl fumarate developed PML despite a normal T-cell
count, albeit with evidence of T-cell exhaustion.29

Restoration of Immunity as a Treatment
for PML
The best way to control JCV infection is to restore the
cellular immune response. In AIDS-related PML, introduc-
tion of antiretroviral therapy (ART) is instrumental in rec-
onstituting the cellular immune response and thus

improving PML prognosis. However, in several other
PML-predisposing conditions, such as hematological malig-
nancies, organ transplant recipients, and idiopathic immune
deficits, an immune reconstitution cannot be achieved read-
ily. Unsurprisingly, these conditions are associated with a
poor prognosis. Nevertheless, many strategies aiming at
reinvigorating the cellular immune response have been
recently developed.30,31

Immune Checkpoint Inhibitors
Immune checkpoint inhibitors (ICIs), usually restricted to
cancer treatment, have been used to strengthen JCV-

FIGURE: Mode of action of progressive multifocal encephalopathy (PML) and immune reconstitution inflammatory syndrome (IRIS)
treatments. Left panel: In a patient with immunocompromised condition, JC virus (JCV)-specific T-cell pool is reduced and their
level of exhaustion (characterized by Programmed cell Death protein 1 [PD-1] upregulation) is increased (1). Immune checkpoint
inhibitors (ICIs) or recombinant human interleukin 7 (rh-IL-7) are used to foster JCV-specific T-cell proliferation and effector
function (2). Alternatively, JCV-specific T cells may be purified from human leukocyte antigen–matched healthy donors (3) and
expanded in vitro with JCV or BK virus (BKV) peptides before adoptive transfer (4). This increase of competent JCV-specific T-cell
pool allows a reconstitution of the immune surveillance of the central nervous system (CNS; 5). Right panel: In natalizumab-
associated PML, the blockade of α4 integrin expressed by T cells prevents those cells from entering the CNS, as they are unable
to bind vascular cell adhesion molecule 1 (VCAM-1) at the surface of the blood–brain barrier (1). Upon natalizumab withdrawal
(including prompt removal through plasma exchange), abrupt restoration of anti-JCV immunity occurs. This massive infiltration by
JCV-specific T cells triggers an unregulated and potentially harmful immune response within CNS parenchyma, called IRIS (2). This
infiltration is dominated by CD8+ T cells harboring the CCR5 tissue homing marker (represented by a red receptor at cell surface).
Thus, CCR5 agonist may theoretically be used to prevent massive influx of T cells and IRIS (3). Alternatively, granulocyte-colony–
stimulating factor (G-CSF) has been proposed to induce immune reconstitution and CNS migration through pathways
independent of α4/VCAM-1 interaction (4). [Color figure can be viewed at www.annalsofneurology.org]
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specific cellular immune responses in the hope of improv-
ing PML outcome. The indication for such treatment is
to shift JCV-specific T cells from an exhausted phenotype
to an activated one, and thus stimulate expansion of effec-
tor lymphocytes. The rationale rests on data showing a
high expression of immune checkpoint molecules at the
surface of CD4+ and CD8+ T cells in the blood and CSF
of PML patients and the possibility to increase, in vitro,
the cellular immune response against JCV by PD-1
blocking.28,32

Table (detailed in Supplementary Table 1) summa-
rizes published studies using the anti-PD-1 antibodies
nivolumab and pembrolizumab in PML patients.32–50

Anti-PD-1 therapies have shown promising results
in some cases, with documented clinical and radiologi-
cal benefit. In these patients, nivolumab or
pembrolizumab seem to have triggered an effector
response mediated by JCV-specific CD4+ and CD8+

T cells,32,34 as well as immune reconstitution demon-
strable on brain biopsy36 and clearance of the virus in
the CSF.32,34,35

However, PD-1 blockers have a mixed track record in
the treatment of PML in patients with refractory immuno-
suppression. In 48% of the patients (11/31), those drugs

showed no or minimal benefit. In such cases, it seems that
the immunosuppression was too severe, with very low num-
bers of JCV-specific CD4+ T cells and limited expansion of
this population despite effective PD-1 downregulation on
their surface.32,39 Thus, the amount of JCV-specific CD4+

T cells may serve as predictor of an effective response to
anti-PD-1. These results are in line with AIDS-related
PML, where JCV-specific CD4+ T-lymphocyte response is
associated with prolonged survival.17

In addition to the number of JCV-specific T cells, their
level of exhaustion may also predict the response to ICIs. In
one case of PML with fatal outcome despite ICI treatment,
most JCV CD8+ T cells exhibited “terminally exhausted”
phenotype.39 Interestingly, such “terminally exhausted”
CD8+ T cells have been shown not to respond to anti-PD-1
therapy inmelanoma.51

ICIs are frequently associated with immune-related
adverse events such as colitis or pneumonitis.52 How-
ever, in ICI-treated PML patients, adverse events were
rare and mostly mild. Furthermore, clinical worsening
caused by IRIS occurred in only 2 of 37 cases.36 This
low rate of immune-related adverse events could proba-
bly be explained by the severe immunodeficiency of
PML patients.

TABLE. Outcome of treatments aiming at restoring anti-JC virus immunity.

Treatment
Reported
cases

Associated
condition(s) Protocol Outcome

Adverse
events

Immune
checkpoint
inhibitors
(ICI)

37 20 hematological
malignancies (54%)
8 immune deficits

(21,6%)
3 autoimmune diseases

(8%)
3 solid organ transplant

(8%)
2 HIV (5%)
1 none (3%)

Pembrolizumab: 25
(67%)

Nivolumab:
12 (33%)

Favorable: 10 (27%)
Stable: 10 (27%)

Worsening: 17 (46%),
including 14 (38%) who

died of PML

2 IRIS
2 myositis
2 colitis

1 polymyositis
flare

1 psoriasic rash

JCV/BKV
specific T
cells
Transfer

28 1 GVHD (3.6%)
16 hematological

malignancies (57%)
1 HIV (3.6%)

7 immune deficits (25 %)
1 solid organ transplant

(3.6%)
2 autoimmune diseases

(7%)

JCV specific T cells:
23 (82%)

BKV specific T cells:
5 (18 %)

Favorable: 10 (36%)
Stable: 9 (32%)

Worsening: 9 (32%),
Including 8 (29%) who

died of PML

1 IRIS

BKV = BK virus, GVHD = Graft versus host disease, HIV = human immunodeficiency virus, IRIS = immune reconstitution inflammatory syn-
drome, JCV = JC virus, PML = progressive multifocal leukoencephalopathy.
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To date, data on treatment of PML patients with
PD-1 blockers are limited to case reports or small case
series. Large multicenter studies using clinical, biological,
and radiological endpoints are needed to assess treatment
efficacy and to better identify responders.

Given the limited efficacy and the potential immune-
related adverse events, the use of ICIs should not be consid-
ered a first-line therapy in PML cases where immune recon-
stitution may be readily achieved through ART in human
immunodeficiency virus (HIV)-infected patients or discon-
tinuation of immunotherapies in patients with MS.

Interleukins
Human recombinant cytokines have been used to boost
effector T-cell responses against JCV. First attempts used
IL-2 to foster the reconstitution of CD4+ T cells. How-
ever, this strategy showed no clinical or biological
efficacy.53

IL-7 is a pivotal cytokine in T-cell biology. IL-7
stimulates thymic differentiation and homeostatic expan-
sion of naïve peripheral T cells. It also plays a role in
memory T-cell survival and proliferation and decreases the
expression of PD1 inhibitory molecule on T cells. Finally,
IL-7 has been shown to increase the antigen-specific
responses (mainly CD8+ T cell mediated) after viral infec-
tion or vaccination.54

Recombinant human IL-7 (rhIL-7) has been used in
a limited number of patients suffering from immune
deficit–related PML, with encouraging outcomes.55–58

rhIL-7 increased the number of CD4+ T cells and JCV-
specific T-cell responses. However, rhIL-7 therapy was
also associated with severe IRIS.57,58

Finally, IL-15, a superagonist known to stimulate
natural killer cells and CD8+ T cells, may favor viral clear-
ance and improve PML prognosis.59

Polyomavirus-Specific Allogenic T-Cell
Transplantation
Another strategy consists of adoptive transfer of human
leukocyte antigen (HLA)-matched JCV-specific T cells in
PML patients. Such JCV- or BK virus (BKV)-specific T
cells (BKV shares several immunogenic peptides with
JCV) are drawn from healthy donors, expanded in vitro,
and stimulated in the presence of JCV (or BKV) peptides.
These expanded cells, which are then transferred in HLA-
matched PML patients, are found in the CSF and able to
control JCV replication.

To date, 28 patients with hematological neoplasia,
immune deficit, or organ transplant were treated with this
approach (Table). Among those, 19 of 28 (68%) achieved
containment of PML and had long-term survival. Some
patients had rapid and marked reduction of JCV load in

the CSF and lack of radiological progression of the disease.
Only one patient experienced mild IRIS, and none had
transplantation-related adverse events.60–65 Thus, allogenic
T-cell transfer appears to be a promising therapeutic strat-
egy in PML related to refractory immunosuppression.
However, virus-specific T-cell allogenic transfer requires
an infrastructure and a technical expertise that are avail-
able at only few centers.

Neutralizing Antibodies/Vaccination against JCV
The identification of neutralizing JCV-specific antibodies
in the CSF of patients who recovered from PML may
pave the way for a humoral-based therapy. However, pas-
sive immunization strategies have not been tested in
patients. Intravenous immunoglobulin administration
early in the course of PML could be considered,66 as
healthy individuals display JCV-neutralizing antibodies.67

Active immunization with JCV VP1-virus–like parti-
cles, associated with rhIL-7 and topically administered
Toll-like receptor 7 agonist (imiquimod) as adjuvant, was
tested in 3 patients who were severely immunocompro-
mised and led to PML stabilization and decrease in JC
viral load in the CSF. This clinical outcome was related to
inflammatory signs on MRI and expansion of both T cells
and humoral responses.55,67

Risk Mitigation and Treatment Strategies in
Iatrogenic PML
Numerous and highly efficacious immunomodulatory
therapies have recently become available for treatment of a
variety of autoimmune conditions. However, these thera-
pies can significantly impair antiviral immune surveillance.
Several of them have been associated with an increased
occurrence of PML. Those include natalizumab,
efalizumab, fingolimod, and dimethyl fumarate.

Risk Mitigation with Natalizumab
As of February 1, 2021, natalizumab has been associated
with 853 cases of PML since 2006 and has an overall inci-
dence of PML of 3.86/1,000 patients. However, risk miti-
gation strategies have been implemented using JCV
serological testing (JCV index).1 This risk stratification
strategy helped lower the incidence of natalizumab-
associated PML by 23%.68

Extended interval dosing (EID) is another strategy
recently developed to reduce the incidence of natalizumab-
related PML. This approach relies on the observation, in a
large Natalizumab-treated patient registry, that infusions
every 5 to 6 weeks instead of every 4 weeks (standard regi-
men) was leading to a reduction of about 90% of PML inci-
dence.69 Retrospective studies and prospective data on small
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sample sizes suggest that EID does not impact MS treatment
efficacy.70–72

The mechanisms underlying this reduction remain
unclear. However, we suggest that reduction of α4 satura-
tion may increase immune surveillance in the CNS.

Interestingly, a recent series of 4 cases suggests that
PML occurring despite EID is less severe, characterized by
a long minimally symptomatic phase and a low JCV CSF
viral load at diagnosis.73

Plasma Exchanges
Despite risk mitigation strategies, natalizumab-associated
PML remains a therapeutic challenge. In the early days of
natalizumab-associated PML, plasma exchange (PLEX)
has been advocated with the goal of removing natalizumab
from the bloodstream and allowing the CNS migration of
activated lymphocytes, thus hastening immune reconstitu-
tion. However, this method caused a massive and sudden
influx of lymphocytes into the brain and was associated
with the occurrence of IRIS in most cases.74 Thus, PLEX
could accelerate and worsen the onset of IRIS. In 2 retro-
spective Italian studies, PLEX was not associated with
increased survival or better clinical outcome of PML, but
with longer IRIS duration.75,76 These results were con-
firmed by a larger retrospective study (>700 cases), based
on the Biogen safety database.77

Granulocyte-Colony–Stimulating Factor
In an attempt to boost the JCV-specific immune response
within the CNS in natalizumab-associated PML, a pilot
study tested an approach using granulocyte-colony–
stimulating factor (G-CSF).78 G-CSF is a growth factor
widely used after chemotherapy that prompts neutrophil
and lymphocyte recovery. G-CSF increases CNS migra-
tion properties of T cells through pathways that are not
impacted by natalizumab. Thus, G-CSF may prompt
effector T-cell responses in the CNS and achieve faster
immune recovery.

Upon G-CSF treatment, 15 of 17 natalizumab-PML
patients developed IRIS within a mean of 57.4 days after
the last natalizumab infusion. Seven patients (41%) recov-
ered to or near baseline. There were no PML/IRIS–related
fatalities, and PLEX had no impact on PML outcome.78

Thus, G-CSF may be a new strategy to treat natalizumab-
associated PML, but further prospective studies including
a control group are needed to better appraise its benefit.

Prevention and Treatment of IRIS
Although restoring immunity is a major goal of PML
treatment, IRIS may be a harmful side effect and lead to
sustained disability. Thus, the management of PML con-
sists of a fine balance between restoring CNS T-cell

responses and preventing deleterious inflammation within
the brain.

Corticosteroids have been widely used to treat IRIS
and achieve control of excessive immune response and
edema that develop around PML lesions.79 However, one
recent study suggested that corticosteroids may play a det-
rimental role in treatment of natalizumab-associated
IRIS.76 The timing of use of corticosteroids may explain
some of these discrepancies.

Corticosteroids should be reserved for patients pre-
senting a marked neurologic worsening caused by PML-
IRIS, and those who have clinical or radiological signs
suggesting brain/cerebellum herniation.

CCR5 Agonists
Given the questionable impact of steroids in PML-IRIS,
the CCR5 chemokine receptor antagonist maraviroc has
been used as a potential alternative/additional treatment.
CCR5 is a key homing molecule for T cells and, in the
context of PML-IRIS, favors their migration into
the CNS.80 Maraviroc has initially been developed to
block HIV entrance into CD4+ T cells.80 Two case
reports, one in AIDS-PML and the other in natalizumab-
PML, suggested that maraviroc was efficient at limiting
IRIS.81,82 However, these data have not been confirmed
by case series of iatrogenic PML.83,84 A larger retrospec-
tive study is ongoing and may contribute to better under-
standing of the role of maraviroc in PML-IRIS.

In HIV-infected patients, ART including maraviroc
was not efficient at preventing PML-IRIS.85 Furthermore,
in 2 randomized studies, maraviroc failed to prevent IRIS
observed in the context of ART introduction.86,87 Further
studies are needed to determine the role of maraviroc in
PML-IRIS.

Conclusions
In the past 2 decades, there has been an increased inci-
dence of PML occurring in the context of a wider use of
immunotherapies.4 Despite a better understanding of the
mechanisms underlying JCV infection, the management
of PML remains a major challenge for clinicians.

Treatment of PML relies on a fine balance between
enhancement of JCV-specific effector T-cell responses and
prevention of deleterious IRIS. Over the past 20 years,
several potential antiviral treatments, including
mirtazapine, mefloquine, cytarabine, and cidofovir, were
tested, with disappointing results. The past 2 years have
been marked by the development of innovative and
targeted therapies aimed at restoring JCV-specific immu-
nity or preventing/treating IRIS. However, due to the
infrequent occurrence of PML, and the various etiologies
of this disease, it has remained difficult to determine the
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exact contribution of these emerging treatments. Most
evaluations consist of limited case reports/series. If these
limitations are inherent to orphan diseases, combined
efforts in international initiatives are needed to evaluate
these treatments on larger cohorts of patients.9

Furthermore, prevention and early detection of PML
are important measures to reduce PML-associated morbidity
and mortality. In this regard, natalizumab-associated PML is
a model where implementation of several risk-lowering strate-
gies proved efficient.68

Successful management and research on PML will
require continuous multidisciplinary effort, including neu-
rologists, infectious disease, hematology, and transplanta-
tion specialists, and basic scientists, to establish standard
of care for PML and PML-IRIS.
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