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Summary

Advances in immune-mediated targeted therapies have proved to be a double-

edged sword for patients by highlighting the risk of iatrogenic infective

complications. This has been exemplified by progressive multi-focal

leucoencephalopathy (PML), a hitherto rare devastating viral infection of the brain

caused by the neurotrophic JC polyoma virus. While PML achieved prominence

during the first two decades of the HIV epidemic, effective anti-retroviral

treatment and restitution of T cell function has led to PML being less prominent in

this population. HIV infection as a predisposing factor has now been supplanted

by T cell immunodeficiency induced by a range of immune-mediated therapies as

a major cause of PML. This review focuses on PML in the context of therapeutic

immunosuppression and encompasses therapeutic monoclonal antibodies, novel

immunomodulatory agents such as Fingolimod and dimethyl fumarate, as well as

emerging data on PML in primary immune deficiency.

Keywords: cell trafficking, EAE/MS, immunodeficiency diseases, neuroim-
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Introduction

The explosive growth in therapeutic monoclonal antibodies

has propelled progressive multi-focal leucoencephalopathy

(PML) from the status of small print rarity in textbooks

and journals to an iatrogenic complication that demands

serious attention from clinicians and patients. Caused by

the neurotrophic polyoma virus named JC virus (JCV)

after its discoverer, John Cunningham, PML is a devastat-

ing infection of the central nervous system (CNS). By caus-

ing lytic infection of brain oligodendrocytes, and to a lesser

extent astrocytes, JCV is responsible for causing widespread

demyelination in the CNS. PML was first described in 1958

as a rare disorder complicating chemotherapy for patients

with lymphoma and leukaemia [1], but it was only in 1971

that JCV was linked conclusively to PML following its iso-

lation from the brain of a patient [2].

Its rarity either in the context of therapeutic immuno-

suppression or rare primary immunodeficiency disorders

[3] merited frequent case reports during the ensuing dec-

ades, punctuated by the human immunodeficiency virus

(HIV) epidemic in the 1980s, which firmly established

impaired T cell immunity as an essential prerequisite for

the development of PML. Although HIV-1 infection

remains an important predisposing condition, effective

control of the virus and consequent improvement in T

cell immunity by anti-retroviral drugs has led to PML

being less prominent in this population. It is noteworthy

that JCV-specific cellular immunity is a key determinant

of clinical outcomes in HIV-infected individuals with

PML as evidenced by the correlation between JCV-specific

cytotoxic T cell responses and survival [4]. In contrast,

the advent of powerful biologicals interfering with leuco-

cyte–endothelial interaction such as Natalizumab for mul-

tiple sclerosis and the short-lived Efalizumab for psoriasis

has led to a significant upsurge in cases of PML (Fig 1).

While the incidence of PML associated with Efalizumab

was deemed to be unacceptably high, and hence led to its

withdrawal from the market, Natalizumab remains an

important part of the therapeutic armamentarium for

relapsing–remitting multiple sclerosis (RRMS). This

review will focus on PML in the context of iatrogenic

immunosuppression encompassing conventional immu-

nosuppressive drugs, therapeutic monoclonals and novel

immunomodulatory drugs such as Fingolimod and

dimethyl fumarate, as well as emerging data on PML in

primary immune deficiency.
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Epidemiology

Exposure to JCV is widespread, with recorded seropreva-

lence rates of 30–90% in the general population, depending

on assay and geographical location (summarized in refer-

ence 5). While immunocompetent individuals are able to

contain the virus successfully, impaired T cell immunity

allows the virus to multiply and disseminate from its usual

secluded niches to the brain. Following primary infection

through the nose and mouth, JCV is believed to spread

haematogenously via peripheral blood leucocytes [6] to the

kidneys (and possibly bone marrow), where it is shed from

tubular epithelial cells into the urine (Fig. 2). Cellular entry

of JCV is mediated by initial attachment via the oligosac-

charide, lactoseries tetrasaccharide (LSTc), followed by

receptor-mediated entry using the serotonin receptor, 5-

hydroxytryptamine (5-HT2AR) [7]. Evidence for the hae-

matogenous route of spread is based on the demonstration

of JCV DNA in all peripheral blood mononuclear popula-

tions and in bone marrow [8,9], although the relevance of
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Fig. 1. Time trends in reports of progressive multifocal

leucoencephalopathy (PML) on PubMed 1960-2016.

Fig. 2. Schematic flowchart of spread of JC virus in the body.
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this observation for natalizumab-induced PML has been

questioned [10]. Haematogenous spread of the virus alone

is not sufficient to explain the development of clinical dis-

ease, given the demonstration of JCV DNA in the brains of

normal individuals without PML [11]. However, the true

pathogenic significance of JCV DNA in the brain of asymp-

tomatic individuals has been questioned in the absence of

viable viral protein [12], thus emphasizing our limited

understanding of the molecular and cellular events that

lead to clinical disease. Differences in genomic structure

between JCV found in the urine of immunocompetent

individuals (highly conserved) and that isolated from the

brain suggests that neurotrophism is associated with dele-

tions, duplications and rearrangements in the non-coding,

control regions of the viral genome [13,14].

Immune response to JC virus (Fig. 3)

While containment of JCV in immunocompetent hosts tes-

tifies to the importance of the immune response, data on

virus-specific immune responses are limited. In addition to

serum, JCV-specific antibody responses can be demon-

strated in CSF in the form of intrathecal anti-VP1 (the

major structural capsid protein of JCV) and JCV-specific

oligoclonal bands [15]. Interestingly, low-affinity intrathe-

cal anti-VP1 antibodies have also been reported, in the

absence of PML, in a small proportion of patients with

other immune-mediated disorders such as MS, neuro-

psychiatric lupus, mumps meningitis and neuroborreliosis

[16,17], thus suggesting that background prevalence of

anti-JCV may extend to CSF.

Cellular immune responses during JCV infection are

characterized by both CD41 and CD81 T cell responses.

JCV-specific CD81 T cell responses in serum correlates

with favourable clinical outcomes [18,19]. This observation

has been strengthened by the demonstration of CD81 T

cells in close proximity to JCV-infected glial cells in brain

biopsies of PML patients [20]. Similarly, CD4– T cell

responses can be demonstrated in peripheral blood [21]

and in the brain, as noted in patients developing PML-

associated immune reconstitution syndrome (IRIS) in the

context of CD41 T cell restitution with the use of plasma-

pheresis to remove Natalizumab in MS [21]. The ability of

brain-infiltrating T cells to secrete both IFN-g and IL-4

strengthens anti-viral immune responses by the ability of

the former to induce human leucocyte antigen (HLA) class

II expression, thus enhancing antigen presentation of viral

peptides, while IL-4 drives B cell production of anti-viral

antibodies [22]. These observations have been extended by

Fig. 3. Schematic depiction of key aspects of the host immune response to JC virus.
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the demonstration that CD41 T cell recognition of VP1

occurs in the context of multiple HLA-DR (HLA-DR1*15)

and HLA-DQ molecules (HLA-DQw6), a phenomenon

referred to as HLA cross-restriction [23].

In addition to IFN-g-induced enhancement of anti-viral

responses, evidence from murine studies [24] and from in-

vivo studies using human glial cells [25] and renal epithelial

cells [26] suggests a protective role for IFN-b in containing

JCV infection. These laboratory observations are mirrored

by evidence of a reduction in JCV viraemia in MS patients

treated with IFN-b [27]. Additional clinical evidence

pointing to a protective role of an intact IFN pathway

comes from the development of PML in patients with pri-

mary immunodeficiency disorders associated with gain of

function (GOF) mutations in signal transducer and activa-

tor of transcription 1 (STAT-1) [28].

From a clinical perspective, the demonstration of

increased expression of the programmed cell death receptor

(PD-1), an inhibitory immune-checkpoint molecule, on

both CD41 and CD81 T cells from both HIV-negative and

-positive patients with PML suggests that immune exhaus-

tion may play a role in the loss of T cell immunity to JCV

[29], thus raising the possibility that therapeutic blockade

of PD-1 using a checkpoint inhibitor such as Pembrolizu-

mab may be of benefit in the treatment of PML.

The combination of humoral and cellular immune

responses as summarized above underlines the importance

of the adaptive immune response to JCV. However, the

occurrence of PML in the predominant setting of impaired

cellular immunity clearly argues for a greater role for cell-

mediated immunity in viral containment.

Clinical features and diagnosis

The onset of PML is insidious, with subtle changes in cogni-

tion and loss of memory in association with a range of pro-

gressive neurological deficits. These are varied and include

cognitive defects, sensory deficits, haemianopia, aphasia, diffi-

culties in co-ordination and gait, consistent with multi-focal

cerebral pathology. A high index of suspicion is required for

early diagnosis, as these clinical features are not sufficiently

distinctive to enable a definitive clinical diagnosis. Cranial

imaging reveals characteristic multiple lesions in the subcorti-

cal hemispheric white matter or the cerebellar peduncles.

Contrary to the implication in the title that only cerebral

white matter is involved, PML lesions also occur in grey mat-

ter areas such as the basal ganglia or thalamus.

A typical patient would display the full complement of

diagnostic features, comprising radiological changes, evi-

dence of JCV infection [by detection of JCV DNA in situ

and by polymerase chain reaction (PCR) in serum and

CSF] and characteristic histology on brain biopsy. Recent

guidance from the American Academy of Neurology clari-

fies this by stipulating that definitive diagnosis requires

demonstration of the characteristic histological triad of

demyelination, bizarre astrocytes and enlarged oligoden-

droglial nuclei coupled with demonstration of in-situ JCV

DNA or proteins. An alternative pathway to definitive diag-

nosis comprising the demonstration of JCV by PCR in CSF

in combination with typical clinical and radiological fea-

tures has also been recommended, thus precluding the

need for brain biopsy [30]. The development of a standar-

dized case definition for the diagnosis of PML following

treatment with monoclonal antibodies is based on similar

principles but apportions different levels of diagnostic cer-

tainty, ranging from level 1 (highest level of certainty) to

level 4 (lowest level), with an additional category where

PML can be excluded (level 5) [31].

Role of therapeutic interventions in
predisposing to PML

Selection of drugs and therapeutic monoclonal antibodies

for discussion in this review was based on the results of a

PubMed search. Drugs and therapeutic monoclonal anti-

bodies were selected based on immunological interest and

frequency of reports, although no minimum eligibility cri-

teria were set.

Conventional immunosuppressive agents

Although sporadic case reports of PML in patients with

systemic autoimmune disease treated with azathioprine,

steroids, chlorambucil, methotrexate and cyclophospha-

mide have been documented [32], attempting to define the

precise contribution of individual drugs has been con-

founded by the use of combination therapy, and in the case

of systemic lupus erythematosus (SLE) by the possibility

that disease-related immunosuppression per se may predis-

pose to PML [33]. Equally, case reports of PML in the con-

text of haematological malignancies were likely to be

explained by dual immunosuppression induced by chemo-

therapy and underlying disease.

Therapeutic monoclonal antibodies

Natalizumab. The licensing and widespread use of Natali-

zumab has altered the epidemiology of PML dramatically.

By binding to the a chains of both a4b1 and a4b7 integ-

rins (Fig. 4), which are expressed on the cell surface of a

range of haematopoietic cells (lymphocytes, monocytes,

eosinophils), Natalizumab blocks lymphocyte interaction

with its ligand, endothelial vascular cell adhesion protein 1

(VCAM-1), thus interrupting lymphocyte trafficking into

areas of neural inflammation. This was demonstrated ele-

gantly in proof-of-principle studies in the murine model of

experimental allergic encephalomyelitis (EAE), where in-

vivo injection of antibodies to a4b1 integrin 48 h after

injection of pathogenic T cell clones ameliorated paralysis

significantly [34]. The prediction in this paper that ‘therapy

based on inhibiting a4b1 integrin, or the ligand for this
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receptor on brain endothelium, may prove effective in

treating inflammatory disorders of the CNS’ was shown to

be prescient in phase III trials of Natalizumab in MS, lead-

ing to its accelerated approval by the US Food and Drugs

Administration agency (FDA) in 2004 and by the European

Medicines Agency (EMA) in 2006. Tellingly, however,

within months of FDA approval PML was diagnosed in two

patients from one of the pivotal phase III trials [35,36]

leading to voluntary marketing suspension. Following

detailed analysis of all patients exposed to Natalizumab, a

PML risk-estimate of 1 : 1000 [95% confidence interval

(CI) 5 0�2–2�8 per 1000] [37] was felt to be acceptable for

regulatory authorities to allow the reintroduction of Natali-

zumab for MS patients, albeit with enhanced pharmacovi-

gilance measures.

Sadly, these risk estimates have proved to be substantially

inaccurate. Based on systematic collection of data, three key

risk factors for Natalizumab-induced PML have been identi-

fied: (1) duration of treatment of at least or greater than 24

months, (2) JC virus seropositivity and (3) prior immuno-

suppressive therapy preceding commencement of natalizu-

mab. For patients having all three risk factors, the risk of

PML was revised to 1 : 90, followed more recently by an esti-

mated risk of 1 : 44 [38]. In contrast, the risk of PML in

JCV-seronegative patients is estimated at 0�1 in 1000 [39]. In

the context of MS, impaired T cell trafficking by Natalizu-

mab appears to be a double-edged sword responsible for dis-

ease amelioration as well as increasing the risk of PML.

Based on changes in integrin and selectin expression, a

number of immunological biomarkers have been proposed

to monitor treatment efficacy and improve current risk

stratification in patients receiving Natalizumab. Sustained

down-regulation of a4 (CD49d) and, to a lesser extent, b1

(CD29) integrin expression is a feature of Natalizumab

therapy [40]. A reduction in the proportion of T cells

expressing CD62L (L-selectin) in long-term recipients of

Natalizumab has been proposed as an additional marker of

PML risk [41,42], but this test requires the use of frozen

mononuclear cells, and hence raises the possibility that

reduction in CD62L represents assay artefact. For this rea-

son, the validity of this assay has been questioned [43].

The striking risk of PML associated with Natalizumab is

in contrast to that with Vedolizumab, a gut-selective a4 b7

integrin inhibitor, which has a licence in Crohn’s disease

and specifically interrupts lymphocyte trafficking into sites

of bowel inflammation [44]. In more than 2800 patients

treated to date, PML has not been reported to date with

Vedolizumab [44], thus emphasizing the importance of a4

b1 inhibition as a mechanistic risk factor.

Efalizumab. Efalizumab is a humanized therapeutic mono-

clonal antibody directed against CD11a (expressed on all

leucocytes), the a-subunit of the b2-integrin leucocyte

functional antigen-1 (LFA-1). By binding to CD11a, it

inhibits T cell interaction with its cognate endothelial

ligand, intercellular adhesion molecule-1 (ICAM-1), thus

Fig. 4. Schematic depiction of antigenic target(s) of Efalizumab, Natalizumab and Vedolizumab.
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inhibiting leucocyte trafficking through the vasculature to

areas of tissue inflammation (Fig. 4). Alongside its inhibi-

tory effects on T cell activation and proliferation, Efalizu-

mab’s efficacy in psoriasis was underpinned by its ability to

inhibit T cell trafficking, leading to its approval by the FDA

in 2003, and by the EMEA in 2004 for moderate to severe

plaque psoriasis. However, the occurrence of PML in four

psoriasis patients in 2008 [45–47] receiving Efalizumab

monotherapy led to its voluntary withdrawal by the manu-

facturer in 2009.

It is noteworthy that at the time of market withdrawal in

2009, no other cases of PML had been reported in psoriasis

patients. This was to change with subsequent reports of

PML in 2015 in association with dimethyl fumarate treat-

ment in patients with psoriasis [48,49] (dimethyl fumarate

is discussed later in this review). The estimated risk of PML

with Efalizumab in 2009 was 1 : 400, in contrast to the 1 :

1000 risk of PML associated with Natalizumab at this time

[45]. Given that both Efalizumab and Natalizumab’s pro-

pensity to trigger PML is likely to be based on inhibition of

T cell trafficking, coupled with the documented increasing

risk of Natalizumab with continued use in MS, it is likely

that market withdrawal of Efalizumab in 2009 has pre-

vented many more cases of PML.

Rituximab. Concerns about rituximab-associated PML

(RAP) first emerged in 2006 within a decade of its licensing

for B cell lymphoma (1997), when the US FDA issued a

safety alert to highlight the development of PML in two

patients with SLE who had received rituximab alongside

other immunosuppressive therapy [50]. This prompted the

inclusion of PML as a risk in the summary of product char-

acteristics (SPC) for rituximab. A further safety alert from

the FDA in October 2009, accompanied by a letter to

health-care professionals, highlighted the development of

PML in a patient with rheumatoid arthritis (RA), who had

not received prior treatment with a tumour necrosis factor

(TNF) antagonist [51].

Current estimates of the risk of RAP vary with the

underlying disease indication. In patients with B cell lym-

phoproliferative disease, the incidence of RAP is substan-

tially higher that that associated with the use of rituximab

in RA and SLE [52]. This difference is plausible in the con-

text of disease-related immunodeficiency associated with B

cell lymphoproliferative disease compounded by the use of

rituximab-based chemotherapy regimens. Analysis of a

large US health insurer database for the period January

2000–June 2008 involving 138 469 patients with auto-

immune diseases and 25 706 patients with non-Hodgkin

lymphoma (NHL) or chronic lymphocytic leukaemia

(CLL) revealed an incidence rate of PML of 8�3 (95%

CI 5 1�7–24�2) and 11�1 (95% CI 5 0�28–61�7) per

100 000 person-years for NHL and CLL, respectively. In

contrast, there were no cases of PML in a cohort of 72 494

patients with RA (95% CI 5 0.0–2.2) [52]. More definitive

data on the risk of RAP in RA have emerged from an inter-

national study based on analysis of 129 000 patients treated

with rituximab, four of whom developed PML. Based on

this, and the inclusion of a fifth patient, the risk of RAP in

RA is estimated at 1 : 25 000 [53]. For patients with SLE,

the risk of RAP has been estimated at 1 : 4000 which, in

part, is likely to reflect the higher risk of PML associated

with lupus per se [45].

While the mechanism of rituximab-associated PML is

unclear, it is unlikely to be attributable to B cell depletion

alone given the ability of rituximab to deplete circulating T

cells [54], including T helper type 17 (Th17) cells produc-

ing IL-17 [55]. Whether the risk of PML associated with

rituximab extends to other anti-CD20 therapeutic antibod-

ies is unclear, but it is noteworthy that PML is an emerging

signal for ofatumumab (fully human anti-CD20 with more

pronounced complement-mediated cytotoxicity) and obi-

nutuzumab (humanized, glycoengineered anti-CD20) in

the FDA’s adverse event reporting database [56].

Brentuximab–vedotin. Brentuximab–vedotin (BV) is an

antibody drug conjugate composed of a chimeric immuno-

globulin (Ig)G monoclonal antibody directed against CD30

conjugated to a cytotoxic agent, monomethyl auristan E.

CD30 is a member of the TNF receptor (TNFR) superfam-

ily and is expressed on activated T and B lymphocytes. It

was granted accelerated approval in 2011 by the FDA and

EMEA for the treatment of recurrent or refractory anaplas-

tic large cell lymphoma and Hodgkin lymphoma.

While the SPC for BV included a warning of PML, its

actual development in five patients with lymphoid malig-

nancies (three with Hodgkin lymphoma, one patient with

cutaneous T cell lymphoma, one patient with mycosis fun-

goides) reinforced this risk [57]. The absence of data on BV

prescriptions does not enable precise risk estimates to be

calculated, although the risk of PML has also been flagged

up recently in the FDA’s adverse event reporting database

[56]. A particularly noteworthy feature of BV-induced

PML was the rapidity of onset of symptoms within weeks

of treatment in contrast to a median of 63 weeks after rit-

uximab, a median of 26 months after treatment with Nata-

lizumab [58] and more than 3 years for Efalizumab [59].

While preceding chemotherapy in four of these patients

are potential confounding factors in assessing the precise

contributory role of BV, the rapidity of onset of disease,

coupled with the development of an immune reconstitu-

tion inflammatory syndrome (IRIS) on drug discontinua-

tion, point to a causal relationship [57].

Alemtuzumab. As a potent humanized monoclonal anti-

body targeted at the CD52 antigen (expressed on lympho-

cytes and monocytes), Alemtuzumab induces pronounced

sustained immunosuppression characterized by global lym-

phopenia. It is licensed for use in resistant CLL and for

RRMS. Given its pronounced immunosuppressive effects

on T cells, it is surprising that PML has not been reported
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more frequently. Currently, reports of PML have been con-

fined to case reports in patients with CLL and a lung trans-

plant recipient [60–62], but not in patients with MS [63].

One possible explanation for the lack of PML to date in

MS patients may be the use of Alemtuzumab in a less

immunosuppressed patient population in contrast to CLL

patients, who are likely to have been heavily pretreated

with other chemo-immunotherapeutic regimens. More

prominent than opportunistic infections has been the

occurrence of systemic autoimmune diseases such as thyro-

toxicosis, immune thrombocytopenic purpura and Good-

pasture’s syndrome in approximately 47% of patients with

MS treated with Alemtuzumab [64]. The propensity of

Alemtuzumab to trigger autoimmunity has been attributed

to the generation of oligoclonal, chronically activated

(CD28–, CD571) T cells with a proliferative phenotype

(Ki671) [65].

Eculizumab. PML in association with Eculizumab (human-

ized monoclonal anti-C5 antibody) has been reported in a

patient who had undergone a double intestinal-kidney

transplant for atypical haemolytic–uraemic syndrome [66].

While there are difficulties in attributing causality because

of the confounding effects of concomitant immunosup-

pressive therapy and the lack of evidence for a role for com-

plement in host defence against the JC virus, it would be

important not to rule out this possibility.

Anti-tumour necrosis factor biologicals. Cases of PML have

been reported in three patients with RA treated with inflixi-

mab [67,68] and adalimumab [69], but the strength of evi-

dence regarding causality is confounded by the use of

concomitant treatment with methotrexate in at least two of

these cases. A single case of PML associated with the use of

etanercept in a patient with lupus and erosive polyarthritis

has been reported [70]. These reports have not prompted

the inclusion of PML as a possible risk in the summary of

product characteristics for any anti-TNF agent. Coupled

with this, the rarity of PML in millions of patients treated

with anti-TNF biologicals to date casts further doubt on

the strength of this association.

Dimethylfumarate and fumaric acid esters. While fumaric

acid esters (FAE) have been long established as a treatment

for psoriasis, dimethyl fumarate (DMF) was licensed for

RRMS in 2013. DMF has wide-ranging immunological

effects, including induction of apoptosis [71], accentuation

of Th2 immune responses [72], inhibition of nuclear factor

j-B signalling [73] and inhibition of lymphocyte traffick-

ing [74]. Both these drugs have now been associated with

PML in patients in both disease groups, prompting

updated safety advice from the UK Medicines and Health-

care Products Regulatory Agency in 2016. To date, there

are at least six published cases of PML in recipients of FAE

and DMF [48,49,75–78], which does not enable precise

risk-estimate calculations in the absence of a reliable

denominator.

Although the precise mechanism(s) by which these

drugs predispose patients to PML are unclear, both FAE

and DMF cause significant lymphopenia. In an integrated

analysis of 2513 MS patients enrolled in longitudinal stud-

ies of DMF, mean absolute lymphocyte counts (ALC) fell

by 30% during the first year, with 2�2% of patients develop-

ing lymphocyte counts below 0�5 3 109/l [79]. Lymphocyte

subset analysis reveals a disproportionate fall in CD81 T

cells [80], a finding of particular interest in the context of

PML, where JCV-specific CD81 T cell responses influence

clinical outcomes [18]. This observation has been sup-

ported by reports of PML associated with CD41 and CD81

lymphopenia, despite absolute lymphocyte counts between

0�5 and 1�0 3 109/l [49]. Consequently, monitoring of lym-

phocyte counts is crucial as a risk-mitigation strategy in

patients receiving FAE and DMF.

Fingolimod. Fingolimod was the first oral immunomodula-

tory agent to be licensed for RRMS in 2010 by the FDA. Its

novel mechanism of action in preventing lymphocyte

egress from lymph nodes by binding and blocking sphingo-

sine 1-phosphate receptors (S1P) underlies its immuno-

suppressive effects [81].

By December 2015, three confirmed cases of PML asso-

ciated with Fingolimod treatment in patients who had not

been exposed to Natalizumab had been reported to regula-

tory authorities [82]. In contrast, 17 cases of PML have

been reported in approximately 20 000 patients who

switched to Fingolimod following previous treatment with

Natalizumab [82]. Notwithstanding the washout period of

2–3 months between cessation of Natalizumab and com-

mencement of Fingolimod, the totality of available evi-

dence suggests that Fingolimod per se increases the risk of

PML. In determining the duration of pharmacodynamic

effects of Natalizumab, it is pertinent to note that changes

in circulating T and B lymphocyte numbers had normal-

ized at 14 months following cessation of therapy in a group

of MS patients [83].

Ibrutinib. Reports of PML in patients with CLL treated

with Ibrutinib, a Bruton tyrosine kinase inhibitor, have

emerged recently [84,85]. Because many of these patients

had been treated with Ibrutinib as part of a broader

chemo-immunotherapeutic regimen (including rituxi-

mab), there is insufficient evidence to implicate Ibrutinib

as the definitive causal trigger. However, from a mechanis-

tic point of view, impaired T cell function through inhibi-

tion of IL-2 kinase (ITK) [86], coupled with recent reports

of Pneumocystis jirovecii pneumonia in treatment-naive

CLL patients treated with Ibrutinib [87], lends credence to

the possibility that Ibrutinib predisposes to PML.

Other drugs. There is a single report of PML in a patient

with myelofibrosis receiving Ruxolitinib, an inhibitor of
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Janus kinase (JAK)-1 and JAK-2 kinases [88], while recent

analysis of the World Health Organization’s adverse drug

reaction database reveals a newly emergent signal for PML

in association with muromonab (anti-CD3) and basilixi-

mab (anti-CD25) [89]. Because inhibition of the therapeu-

tic targets of these agents suggests some biological

plausibility for the development of opportunistic infection,

the results of enhanced pharmacovigilance initiatives will

be required in order to assess the risk of PML with these

drugs.

PML and primary immunodeficiency

To date, 26 cases of PML have been described in patients

with primary immunodeficiency disorders (PID), of whom

only 54% were characterized molecularly [28]. The identi-

fication of GOF mutations in STAT-1 in four of these

patients raises the possibility that STAT-1-mediated IFN

(types I, II and III) responses are a key part of the genetic

pathway controlling JCV in immunocompetent patients. In

support of this hypothesis, three of the four patients with

STAT-1 GOF developed PML unassociated with immuno-

suppressive therapeutic intervention on a background of

recurrent infections with candida and other pathogens.

While IFN-g is an important regulator of JCV replication

in vitro [90], the clinical features of patients with STAT-1

GOF mutations appear to be more in keeping with a

blunted IFN-g response. Among other PIDs, the occur-

rence of PML in patients with dedicator of cytokinesis 8

(DOCK-8) deficiency [91] and hyper-IgE syndrome [92]

raises the possibility that control of JCV may also require

an intact IL-17 pathway.

Lessons learnt from drug-induced PML

It is noteworthy that PML had not been described in MS

until the advent of Natalizumab, thus highlighting the mod-

est immune-modulatory effects of previous therapies such as

IFN-b and the trade-off between clinical improvement asso-

ciated with potent immune-mediated treatment and the risk

of PML. Given the different mechanisms of action of the

various biologicals and drugs discussed in this review, it is

not possible to develop a single unifying explanation for

drug-induced PML, apart from impaired T cell immunity.

Interestingly, if the strength of T cell inhibition was the

major contributory factor it would have been reasonable to

expect an increased risk of PML in recipients of abatacept, a

cytotoxic T lymphocyte-associated protein 4 (CTLA-4)–Ig

fusion receptor licensed for the use of rheumatoid arthritis.

However, there are no reports to date of abatacept-

associated PML, and this accords with the absence of a signal

in the FDA’s adverse drug reporting system for PML [56].

The differential risk between integrin inhibitors depend-

ing on specificity, as exemplified by the absence of PML to

date in patients treated with Vedolizumab, a gut-specific

a4b7 integrin inhibitor [44], contrasts with the high risk

associated with Natalizumab as a pan-a4 integrin inhibitor

(Fig. 4), suggesting that interruption of leucocyte endothe-

lial trafficking within the central nervous system is a key

predisposing factor.

Management

Because of the lack of effective treatments and associated

dismal prognosis, risk mitigation and early recognition of

disease is vital to reduce mortality and minimize neurologi-

cal disability. The principles of treatment of PML are based

on attempts to restore the host immune response, blocking

viral entry into cells, treatment of underlying disease (e.g.

HIV infection) and/or removal of the iatrogenic trigger.

The latter is exemplified by the use of plasma exchange in

patients with Natalizumab-associated PML [93], which

suggests that disease amelioration is possible, but this is

associated frequently with an immune reconstitution

inflammatory syndrome (IRIS) [93]. The use of IL-7 [94]

and Maraviroc, a CCR5 blocker, are examples of attempts

to restore T cell immunity [95] while Mirtazapine has been

used to block cellular entry of JCV via the 5-HT2 receptor

(Fig. 2) [96]. Another approach to treatment has been

based on drugs with anti-viral activity against JCV. These

have included Cytarabine (chemotherapeutic agent), Cido-

fovir (anti-viral agent used to treat cytomegalovirus infec-

tion), Mefloquine (anti-malarial) and Topotecan, a

topoisomerase inhibitor used in oncology [97–100].

Despite these different therapeutic approaches, the fatal-

ity rate in PML remains worryingly high, with only 52–

58% surviving at 1 year [101]. For patients with underlying

HIV-negative lymphoproliferative disease, median survival

has been reported to be 3 months, with only five of 42

patients surviving beyond 10 months [102].

Concluding remarks

The challenge of PML as an iatrogenic complication begs

the question: is it possible to develop effective, targeted

immune-mediated treatments without incurring a signifi-

cant risk of serious infection? Given that the raison d’être of

the immune system is prevention of infection, designing

effective immunological interventions without increasing

the risk of opportunistic infections may well be an insur-

mountable challenge. If this is the case, better understand-

ing of the immunopathogenesis, patient selection based on

careful risk–benefit analysis and the development of effec-

tive treatments for infective complications will help to alle-

viate the iatrogenic burden of targeted immunotherapy for

patients.
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