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Abstract Progressive multifocal leukoencephalopathy

(PML) is a rare and potentially fatal condition caused by a

brain infection with JC polyomavirus (JCV). PML devel-

ops almost exclusively in immunocompromised patients

and has recently been associated with use of fumaric acid

esters (FAEs), or fumarates. We reviewed the literature and

the Dutch and European pharmacovigilance databases in

order to identify all available FAE-associated PML cases

and distinguish possible common features among these

patients. A total of 19 PML cases associated with FAE use

were identified. Five cases were associated with FAE use

for multiple sclerosis and 14 for psoriasis. Ten patients

were male and nine were female. The median age at PML

diagnosis was 59 years. The median duration of FAE

therapy to PML symptom onset or appearance of first PML

lesion on brain imaging was 31 months (range 6–110). In

all cases a certain degree of lymphocytopenia was reported.

The median duration of lymphocytopenia to PML symp-

tom onset was 23 months (range 6–72). The median lym-

phocyte count at PML diagnosis was 414 cells/lL. CD4
and CD8 counts were reported in ten cases, with median

cell count of 137 and 39 cells/lL, respectively. Three

patients died (16% mortality). The association between

occurrence of PML in patients with low CD4 and CD8

counts is reminiscent of PML cases in the HIV population

and suggests that loss of T cells is the most important risk

factor.

Keywords Progressive multifocal leukoencephalopathy �
JC virus � Fumaric acid esters � Multiple sclerosis �
Psoriasis

Introduction

Progressive multifocal leukoencephalopathy (PML) is a

rare and potentially fatal disease involving white matter

and neuronal cells and is caused by an opportunistic

infection with JC polyomavirus (JCV) [1, 2]. Infection with

this virus is common in the general population worldwide

with seroprevalence rates of about 50% in adulthood [3].

Infection with JCV leads to a lifelong infection that is

regarded as harmless in immunocompetent hosts. In

immunocompromised patients, such as patients with HIV/
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AIDS, certain haematological malignancies, transplant

recipients and patients using several immunomodulatory

drugs, most notably natalizumab [1, 2, 4], PML can

develop as a consequence of immune escape and viral

evolution. The diagnosis of PML, if not biopsy proven, is

based on the presence of three key features: symptoms

suggestive of PML, lesions on brain magnetic resonance

imaging (MRI) suspicious for PML and the detection of

JCV DNA in the cerebrospinal fluid (CSF) by polymerase

chain reaction (PCR) [5].

In 2013, the first PML cases associated with treatment

with fumaric acid esters (FAEs) were published [6–10].

Three PML patients were reported in Germany and one in

the Netherlands. In these countries, dimethyl fumarate

(DMF) alone or FAE formulations that contain a mixture of

monoethyl fumarate (MEF) salts and DMF are used to treat

psoriasis. Since 2013 DMF has also been used as treatment

for relapsing–remitting multiple sclerosis (MS) [11, 12]. In

2015 four PML cases were reported of patients with MS

that were treated with DMF [13, 14].

After uptake in the body, DMF is rapidly metabolized to

S-(1,2-dimethoxycarbonylethyl) glutathione and the

bioactive metabolite monomethyl fumarate (MMF). MMF

has a wide range of immunomodulatory effects (reviewed

by Dubey et al.) [15]. This includes a reduction of about

50% of peripheral blood lymphocyte counts after one year

of treatment [16], which might be the result of its anti-

proliferative and pro-apoptotic effects, and a shift towards

Th2-like cytokine secretion. FAEs also influence the CD4/

CD8 ratio because the number of CD8 cells decreases more

than the number of CD4 cells. In one study, after one year

of therapy with FAEs the majority of recipients developed

CD8 counts below the lower limit of normal in peripheral

blood [16]. Finally, FAEs reduce the number of T memory

cells and inhibit antigen presentation and expression of a4
integrin in T cells [17, 18]. Studies with Tecfidera (DMF)

indicate that grade 3 lymphocytopenia (lymphocytes

between 200 and 500 cells/lL) develops in at least 5% of

the patients; however, this number may increase up to 20%

in patients above 55 years of age [19–21]. Despite these

observations, little is understood about how DMF and MEF

modify disease course and affect the immune system [22].

It is still uncertain why the association between FAE use

and PML has been recognized only very recently. Perhaps

cases have passed unrecognized, or maybe expanding

treatment indications, increased long-term usage or con-

founding factors are responsible for this newly recognized

side-effect. Since the number of patients with relapsing–

remitting MS who are treated with FAEs is rapidly

increasing ([170,000 patient treatment years), awareness

of risk of PML is of utmost importance for treating

physicians. To identify possible common features in the

PML patients associated with FAE use and to increase

awareness among physicians that prescribe FAEs, we

reviewed the characteristics of all cases we could find in

the literature and Dutch and European pharmacovigilance

databases.

Methods

Search strategy and inclusion criteria of PML cases

To identify FAE-associated PML cases, we searched the

PubMed database and Google Scholar for: ‘‘Dimethyl

Fumarate neurological disorders’’, ‘‘Dimethyl Fumarate

PML’’, ‘‘PML, DMF’’, ‘‘DMF Progressive Multifocal

Leukoencephalopathy’’, ‘‘Monomethyl Fumarate PML’’,

‘‘Monomethyl Fumarate progressive multifocal leukoen-

cephalopathy’’, ‘‘BG-12 PML’’, ‘‘Tecfidera PML’’, ‘‘Tec-

fidera Progressive Multifocal Leukoencephalopathy’’,

‘‘Multiple Sclerosis lymphocytopenia’’, ‘‘PML case

report’’, ‘‘Monomethyl Fumarate’’, ‘‘Fumaric Acid Esters

PML’’, and ‘‘Fumarates PML’’. This search was performed

in the last week of November 2016. From the case reports,

we distilled age, sex, comorbidities, medication, FAE

treatment duration, presence of lymphocytopenia, CD4/

CD8 ratio, subset deficiency, onset of PML and the method

of laboratory confirmation of PML. In addition, we

reviewed the available imaging data on these cases. Only

cases with laboratory confirmation of PML were included

in the case series.

In addition to cases described in the literature, reports

from the Dutch and European pharmacovigilance databases

concerning FAEs and PML were analysed [23, 24]. This

search was performed in December 2016. These pharma-

covigilance databases (Eudravigilance and Lareb database)

contain information concerning possible adverse drug

reactions reported by patients, health care professionals,

manufacturers or others. It is important to realize that in

general the likelihood of a causal relationship can differ

between cases.

Results

Demographic and epidemiological features

We identified 14 PML cases associated with FAE treatment

in the published literature and five additional cases in the

Eudravigilance or Lareb database (Table 1)

[6–10, 13, 14, 23–31]. Fourteen patients were treated with

FAEs for psoriasis and five for MS. The patients were

treated with different FAE preparations: 11 patients used

Fumaderm� (tablets containing a mixture of DMF and

MEF salts), three patients used Psorinovo� (DMF,
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compounded pharmacy) and five patients used Tecfidera�

(DMF).

Ten patients were male and nine were female. The

median age (years) at PML diagnosis was 59 for all

patients with known age, 54 for women and 64 for men.

The median age at PML diagnosis was 60 years in psoriasis

patients and 59 years in MS patients.

Clinical characteristics

The most notable comorbidities were sarcoidosis in one

patient, SLE in one patient and a history of malignancy in

three patients. One of the patients with a history of

malignancy had a superficial spreading melanoma (Clark-

level II, excision in sano), which was removed surgically.

The second patient had a rectal carcinoma (pT2 pN1 cM0

L0 V0) 8 years before PML diagnosis; it was treated with

surgery followed by radiotherapy and chemotherapy. The

third patient was diagnosed with breast cancer (cT2 cN0

cM0) 10 years before, for which she received chemother-

apy (including cyclophosphamide), surgery and

radiotherapy.

In three patients, no medication history was available. In

seven cases, the medication history included additional

systemic immunosuppressive drugs: steroids (3 patients),

5-fluorouracil (1 patient), cyclophosphamide (2 patients),

glatiramer acetate (1 patient), efalizumab (1 patient) and

natalizumab (1 patient). Efalizumab, natalizumab and

glatiramer acetate were, respectively, stopped 34, 24 and

54 months before PML diagnosis. For two patients who

had used systemic steroids the stop date was known. In

both cases, steroid treatment had been stopped at least

36 months before PML diagnosis. The use of topical ster-

oids was reported in four psoriasis patients (see Table 1).

The patient with psoriasis and SLE (case 10) had switched

from DMF to cyclophosphamide about 5 months before

PML diagnosis.

The median duration of FAE therapy to PML diagnosis

or appearance of first PML-related lesion on brain imaging

was 31 months (range 6–110). In all cases, a certain degree

of lymphocytopenia was reported. Total leukocyte counts

were normal or almost normal in at least 6 of 17 patients

(29%). The average lymphocyte count at PML diagnosis

was 538 cells/lL (normal value 1000–4000 cells/lL), the
median count was 414 cells/lL. The average and median

duration of lymphocytopenia to PML symptom onset were,

respectively, 29 and 23 months. Only moderate lympho-

cytopenia (grade 1 or 2) was noted in at least five PML

cases (26%) in the months before PML development

[14, 25–28]. CD4 and CD8 counts were reported in ten

cases. The median CD4 and CD8 counts at PML diagnosis

were, respectively, 137 (range 13–391) and 39 (range

14–130) cells/lL. The average CD4 and CD8 counts atT
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PML diagnosis were, respectively, 155 and 52 cells/lL.
Normal values lie between 460 and 1600 cells/lL for CD4

cells and between 150 and 1000 cells/lL for CD8.

PML was initially misdiagnosed as ischemic stroke in

four cases (21%). Laboratory confirmation of PML by

detection of JCV in the central nervous system was

obtained by detection of JCV DNA in CSF in nine patients

(47%), in eight patients a brain biopsy was performed

(42%) and in two cases the method of laboratory confir-

mation was not specified. In seven cases, PML was com-

plicated by immune reconstitution inflammatory syndrome

(IRIS), which occurred 4–12 weeks after discontinuation of

FAEs. Eventually, three patients (16%) died due to PML or

PML–IRIS related complications.

Imaging findings

The appearance and evolution of PML lesions were

heterogeneous; ranging from multiple smaller PML lesions

slowly increasing in number over the course of 2 years

(case 7), up to a very rapid and fatal confluent spread

throughout a whole cerebral hemisphere in just a few

months (case 6). Most of the presented PML lesions

showed a classical sub-cortical white matter involvement

in the cerebral hemispheres, some of which showed cortical

grey matter involvement as well (Fig. 1). However, at least

three patients also had cerebellar involvement (cases 4, 7,

9) and at least one patient primarily showed a deep grey

matter PML lesion (case 7). At least five cases displayed

Fig. 1 Brain MRI scan of FAE

PML case 1. Axial fluid

attenuation inversion recovery

(FLAIR; column a), T2-

weighted (column b) and T1-

weighted images with contrast

administration (column c) of

FAE-associated PML case 1.7

The top row shows the initial

MRI which displays a T2 and

FLAIR hyperintense lesion in

the sub-cortical white matter of

the left frontal lobe (open arrow

heads) suspicious for PML. The

lesion appears hypointense on

T1-weighted images and shows

some microcysts on T2-

weighted images. On follow-up

MRI 2 months later (middle

row), the PML lesion had

progressed to the adjacent white

matter. At that time the

diagnosis of PML was

confirmed by positive JC virus

PCR in CSF and treatment with

Psorinovo was discontinued. 1

month later, the lesion clearly

shows contrast enhancement on

the T1-weighted sequence

(bottom row), consistent with

the development of PML

immune reconstitution

inflammatory syndrome (PML–

IRIS)
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small punctate lesions, an imaging sign which has recently

been shown to be very specific for PML (cases 2, 4, 5, 7, 8)

[32, 33]. In addition, at least four cases already showed

contrast enhancement prior to the cessation of FAE treat-

ment, which is deemed a sign of inflammation in these

patients (cases 4, 7, 8, 18) [34].

Discussion

Here we summarized the characteristics of 19 cases of

PML associated with FAE use, of which 14 were previ-

ously reported in the medical literature and five were col-

lected from the Dutch and European pharmacovigilance

database.

Several observations are noteworthy. First, all FAE-as-

sociated PML patients of which data were available, had

very low CD4 and CD8 counts at the time of diagnosis. In

HIV patients, the risk for PML is strongly increased when

the CD4 count is\200 cells/lL, although in one cases

series 13% of PML cases had a CD4 count[200 cells/lL
[35]. It is striking that the average and median CD4 count

in the FAE-associated PML cases are also below such a

‘threshold’ value. The reduction of CD8 counts was gen-

erally more pronounced than reduction of CD4 counts,

which is reflected by an increased CD4/CD8 ratio. This

effect of FAE use on the CD4/CD8 ratio has been descri-

bed before [16]. In our case series, CD8 counts were all

below 140 cells/lL. Low CD8 counts may also increase the

risk for PML, because PML containment and survival

appears to be more strongly correlated with CD8 cells than

CD4 cells [36]. The mortality rate of 16% in the patients in

our study is relatively low compared to HIV-associated

PML, where survival in a group of patients with PML from

1996 to 2011 ranged from 50 to 80%, and depended on

CD4 counts [35]. It is important to note that the low CD4

and CD8 counts were not always accompanied by low total

leukocyte counts and can be more profound than the

decrease in lymphocytes would suggest. In our case series,

the observed median time to lymphocytopenia after start

with FAEs was 9 months. This rate of development of

lymphocytopenia appears to be in line with observations in

non-PML patients that develop lymphocytopenia after FAE

use [16, 17]. Additional research is necessary to validate

this conclusion.

A second noteworthy observation is that the average age

of FAE-associated PML diagnosis at 59 years is much

higher than the average age of PML diagnosis in natal-

izumab-treated patients and AIDS patients, which is about

40–45 years [35, 37]. In a recent study, Longbrake et al.

identified older age as a risk factor for development of

FAE-associated lymphocytopenia. The authors found

that[40% of patients above 55 years of age develop grade

2 or 3 lymphocytopenia [38]. In the DEFINE and CON-

FIRM phase three studies with Tecfidera only about 5%

developed this degree of lymphocytopenia, but in these

studies the average age was 37 and 38 years, respectively

[19–21]. The reason for the apparently age-related

increased vulnerability for FAE-elicited lymphocytopenia

is unknown, but may be related to immunosenescence. If

lymphocytopenia is a major risk factor for development of

PML in FAE-treated patients, it is not surprising that FAE-

associated PML cases are older than natalizumab-associ-

ated PML cases.

A third observation is that PML symptoms or first PML

lesions on imaging appeared at a median of 31 months

after start with FAEs. In PML cases associated with

natalizumab, the median treatment duration until PML

symptoms is 25 months [37]. Thus, long duration of FAE

exposure appears to be necessary for PML to develop or

become manifest.

An important difference between natalizumab and FAEs

is that, in contrast to FAE-treated patients, natalizumab-

treated patients are subject to strict pharmacovigilance via

MRI screening programmes for high-risk patients [39, 40].

Therefore, natalizumab-associated PML is frequently

detected early in the disease course, when PML lesion

volume is still limited and patients can even be asymp-

tomatic for PML. Hence, clinical and radiological findings

of natalizumab and FAE-associated PML patients are dif-

ficult to compare. Although pending formal investigation,

we hypothesize that asymptomatic FAE-associated PML

cases in the context of strict pharmacovigilance would

follow a similar pattern and outcome as observed in

natalizumab-associated PML [41, 42]. In addition, as with

natalizumab-treated and HIV-infected patients, other JCV-

associated diseases such as granule cell neuronopathy

might develop in FAE-treated patients [43, 44]. However,

this has not yet been reported.

In our series of 19 patients, several FAE-treated patients

had other risk factors that may have contributed to devel-

opment of PML. Patient 4 had been treated with efal-

izumab for about 18 months, before FAE therapy was

started. Although PML became manifest after about

32 months of treatment with FAE, it cannot be excluded

that efalizumab contributed to PML development. The

same applies to patient 12, who had been pre-treated with

natalizumab. Pre-treatment with natalizumab appears to be

a risk factor for development of FAE-induced lymphocy-

topenia [38]. In patient 10, FAE therapy appears to have

been stopped 5 months before PML became manifest. In

the following months the patient was treated with

cyclophosphamide, a drug that is also known to increase

the risk for PML [45]. Patient 19 received chemotherapy

with cyclophosphamide for breast cancer 10 years before.

2 years later, her psoriasis was treated with Fumaderm for
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one year and continued with topical steroids. Fumaderm

was resumed 6 months before PML symptoms became

manifest. An infection with HIV was excluded in this

patient. Even if these cases are excluded from analysis, the

general picture remains unaltered.

Why have FAE-associated PML cases only recently

surfaced, even though FAEs have been used for such a long

time and in so many patients? We see three possible

explanations. First, only long-term use appears to be

associated with PML development and the number of

patients that have been treated with FAEs for long periods

appears to be limited. There are only two studies that

evaluate the long-term effects of FAE use in which patients

are included with[2 years FAE therapy. Hoeffnagel et al.

published a study that included 34 patients and Reich et al.

published a study that included 984 patients [46, 47].

Numbers of MS patients with more than 2 years of treat-

ment with DMF are also small at this moment. Second, the

age of the majority of patients on long-term treatment may

have been below 55 years and thus have had a compara-

tively low risk to develop lymphocytopenia. In Reich’s

study [47], the mean age of patients on long-term treatment

was 50 years. As previously mentioned, the average age in

the DEFINE and CONFIRM studies was below 40 years.

Finally, the diagnosis of PML may have been missed

because PML lesions on brain imaging can be misinter-

preted (for instance as an ischemic stroke or multiple

sclerosis lesions) [48], and JC virus PCR in CSF can be

false negative in PML patients, as was the case in eight

patients reported here, where a brain biopsy was performed

following an initial negative CSF JCV PCR.

In conclusion, in our case series the occurrence of PML

appears to be related to FAE-induced CD4 and CD8 cell

cytopenia. The comparatively high age of FAE-associated

PML patients may be related to the increased risk to

develop FAE-induced lymphocytopenia at older age. The

clear association between occurrence of PML in patients

with low CD4 and CD8 counts is reminiscent of PML cases

in the HIV population and suggests that low T-cell counts

are the most important risk factor. Prospective studies are

needed to confirm this association. Physicians should be

aware that normal or mildly decreased total lymphocyte

counts do not imply that CD4 and CD8 counts are in the

normal range. Yearly monitoring of CD4 and CD8 counts

in patients above 40 years of age may be considered until

further monitoring guidelines, based on systematic studies,

become available. Review of our case series suggests the

risk for PML is increased when CD8 counts are below 140

cells/lL.
In 2015, the European Medicines Agency (EMA) issued

advices to minimalize the risk of PML associated with

Tecfidera [49]. These recommendations included perfor-

mance of a complete blood count prior to treatment with

Tecfidera and every 3 months during treatment, and

availability of a baseline MRI as reference. Related rec-

ommendations were also issued for Fumaderm and Psori-

novo. For a complete overview of current

recommendations from EMA, we refer to the EMA website

(http://www.ema.europa.eu/ema/).

Compliance with ethical standards

Conflicts of interest On behalf of all authors, the corresponding

author states that there is no conflict of interest.

Funding No funding was received.

Ethical standards All procedures performed were in accordance

with the ethical standards stated in the Declaration of Helsinki.

References

1. Monaco MC, Major EO (2015) Immune system involvement in

the pathogenesis of JC virus induced PML: what is learned from

studies of patients with underlying diseases and therapies as risk

factors. Front Immunol 6:159. doi:10.3389/fimmu.2015.00159

2. Tan CS, Koralnik IJ (2010) Progressive multifocal leukoen-

cephalopathy and other disorders caused by JC virus: clinical

features and pathogenesis. Lancet Neurol 9:425–437

3. Hirsch HH, Kardas P, Kranz D, Leboeuf C (2013) The human JC

polyomavirus (JCPyV): virological background and clinical

implications. APMIS 121(8):685–727

4. Maas RP, Muller-Hansma AH, Esselink RA, Murk JL, Warnke C,

Killestein J et al (2016) Drug-associated progressive multifocal

leukoencephalopathy: a clinical, radiological, and cerebrospinal

fluid analysis of 326 cases. J Neurol 263(10):2004–2021. doi:10.

1007/s00415-016-8217-x

5. Berger JR, Aksamit AJ, Clifford DB, Davis L, Koralnik IJ, Sejvar JJ

et al (2013) PML diagnostic criteria: consensus statement from the

AAN neuroinfectious disease section. Neurology 80(15):1430–1438

6. Ermis U, Weis J, Schulz JB (2013) PML in a patient treated with

fumaric acid. N Engl J Med 368(17):1657–1658. doi:10.1056/

NEJMc1211805

7. Van Oosten BW, Killestein J, Barkhof F, Polman CH, Wattjes

MP (2013) PML in a patient treated with dimethyl fumarate from

a compounding pharmacy. N Engl J Med 368(17):1658–1659

8. Sweetser MT, Dawson KT, Bozic C (2013) Manufacturer’s

response to case reports of PML. N Engl J Med

368(17):1659–1661. doi:10.1056/NEJMc1300283

9. Buttmann M, Stoll G (2013) Case reports of PML in patients

treated for psoriasis. N Engl J Med 369(11):1081. doi:10.1056/

NEJMc1307680#SA2

10. Stoppe M, Thoma E, Liebert UG, Major EO, Hoffmann KT,

Classen J et al (2014) Cerebellar manifestation of PML under

fumarate and after efalizumab treatment of psoriasis. J Neurol

261(5):1021–1024

11. US Food & Drug Administration (2013) FDA approves new

multiple sclerosis treatment: Tecfidera. https://www.fda.gov/

newsevents/newsroom/pressannouncements/ucm345528.htm

12. European Medicines Agency (2014) Tecfidera: EPAR—Public

assessment report. http://www.ema.europa.eu/docs/en_GB/docu

ment_library/EPAR_-_Public_assessment_report/human/002601/

WC500162070.pdf

13. Rosenkranz T, Novas M, Terborg C (2015) PML in a patient with

lymphocytopenia treated with dimethyl fumarate. N Engl J Med

372(15):1476–1478. doi:10.1056/NEJMc1415408

1162 J Neurol (2017) 264:1155–1164

123

http://www.ema.europa.eu/ema/
http://dx.doi.org/10.3389/fimmu.2015.00159
http://dx.doi.org/10.1007/s00415-016-8217-x
http://dx.doi.org/10.1007/s00415-016-8217-x
http://dx.doi.org/10.1056/NEJMc1211805
http://dx.doi.org/10.1056/NEJMc1211805
http://dx.doi.org/10.1056/NEJMc1300283
http://dx.doi.org/10.1056/NEJMc1307680#SA2
http://dx.doi.org/10.1056/NEJMc1307680#SA2
https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm345528.htm
https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm345528.htm
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Public_assessment_report/human/002601/WC500162070.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Public_assessment_report/human/002601/WC500162070.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Public_assessment_report/human/002601/WC500162070.pdf
http://dx.doi.org/10.1056/NEJMc1415408


14. Hughes S (2015) Fourth PML case with Tecfidera in MS calls for

vigilance. Medscape. http://www.medscape.com/viewarticle/

856148#vp_2. Accessed 21 February 2017

15. Dubey D, Kieseier BC, Hartung HP, Hemmer B, Warnke C,

Menge T et al (2015) Dimethyl fumarate in relapsing-remitting

multiple sclerosis: rationale, mechanisms of action, pharma-

cokinetics, efficacy and safety. Expert Rev Neurother

15(4):339–346. doi:10.1586/14737175.2015.1025755

16. Spencer CM, Crabtree-Hartman EC, Lehmann-Horn K, Cree BA,

Zamvil SS (2015) Reduction of CD8(?) T lymphocytes in mul-

tiple sclerosis patients treated with dimethyl fumarate. Neurol

Neuroimmunol Neuroinflamm 2(3):e76. doi:10.1212/nxi.

0000000000000076

17. Longbrake EE, Ramsbottom MJ, Cantoni C, Ghezzi L, Cross AH,

Piccio L (2016) Dimethyl fumarate selectively reduces memory T

cells in multiple sclerosis patients. Mult Scler 22(8):1061–1070.

doi:10.1177/1352458515608961

18. Kihara Y, Groves A, Rivera RR, Chun J (2015) Dimethyl fumarate

inhibits integrin alpha4 expression in multiple sclerosis models. Ann

Clin Transl Neurol 2(10):978–983. doi:10.1002/acn3.251

19. Fox RJ, Miller DH, Phillips JT, Hutchinson M, Havrdova E, Kita

M et al (2012) Placebo-controlled phase 3 study of oral BG-12 or

glatiramer in multiple sclerosis. N Engl J Med

367(12):1087–1097. doi:10.1056/NEJMoa1206328

20. Gold R, Kappos L, Arnold DL, Bar-Or A, Giovannoni G, Selmaj

K et al (2012) Placebo-controlled phase 3 study of oral BG-12 for

relapsing multiple sclerosis. N Engl J Med 367(12):1098–1107.

doi:10.1056/NEJMoa1114287

21. Havrdova E, Hutchinson M, Kurukulasuriya NC, Raghupathi K,

Sweetser MT, Dawson KT et al (2013) Oral BG-12 (dimethyl

fumarate) for relapsing-remitting multiple sclerosis: a review of

DEFINE and CONFIRM. Evaluation of: Gold R, Kappos L,

Arnold D, et al. Placebo-controlled phase 3 study of oral BG-12

for relapsing multiple sclerosis. N Engl J Med 2012;367:1098-

107; and Fox RJ, Miller DH, Phillips JT, et al. Placebo-controlled

phase 3 study of oral BG-12 or glatiramer in multiple sclerosis.

N Engl J Med 2012;367:1087-97. Expert Opin Pharmacother

14(15):2145–2156. doi:10.1517/14656566.2013.826190

22. Brennan MS, Matos MF, Li B, Hronowski X, Gao B, Juhasz P

et al (2015) Dimethyl fumarate and monoethyl fumarate exhibit

differential effects on KEAP1, NRF2 activation, and glutathione

depletion in vitro. PLoS One 10(3):e0120254. doi:10.1371/jour

nal.pone.0120254

23. Lareb (2016) Netherlands Pharmacovigilance Centre Lareb

Databse. http://www.lareb.nl. Accessed 6 December 2016

24. Eudravigilance (2016) Eudravigilance Database. http://bi.eudra.

org. Accessed 6 December 2016

25. Nieuwkamp DJ, Murk JL, van Oosten BW, Cremers CH, Kill-

estein J, Viveen MC et al (2015) PML in a patient without severe

lymphocytopenia receiving dimethyl fumarate. N Engl J Med

372(15):1474–1476. doi:10.1056/NEJMc1413724

26. Bartsch T, Rempe T, Wrede A, Leypoldt F, Bruck W, Adams O

et al (2015) Progressive neurologic dysfunction in a psoriasis

patient treated with dimethyl fumarate. Ann Neurol

78(4):501–514. doi:10.1002/ana.24471

27. Dammeier N, Schubert V, Hauser TK, Bornemann A, Bischof F

(2015) Case report of a patient with progressive multifocal

leukoencephalopathy under treatment with dimethyl fumarate.

BMC Neurol 15:108. doi:10.1186/s12883-015-0363-8

28. Hoepner R, Faissner S, Klasing A, Schneider R, Metz I, Bel-

lenberg B et al (2015) Progressive multifocal leukoen-

cephalopathy during fumarate monotherapy of psoriasis. Neurol

Neuroimmunol Neuroinflamm 2(3):e85. doi:10.1212/nxi.

0000000000000085

29. Dubois E, Ruschil C, Bischof F (2015) Low frequencies of

central memory CD4 T cells in progressive multifocal

leukoencephalopathy. Neurol Neuroimmunol Neuroinflamm

2(6):e177. doi:10.1212/nxi.0000000000000177

30. Lehmann-Horn K, Penkert H, Grein P, Leppmeier U, Teuber-

HanselmannS,HemmerBet al (2016)PMLduringdimethyl fumarate

treatment of multiple sclerosis: how does lymphopenia matter? Neu-

rology 87(4):440–441. doi:10.1212/wnl.0000000000002900

31. Baharnoori M, Lyons J, Dastagir A, Koralnik I, Stankiewicz JM

(2016) Nonfatal PML in a patient with multiple sclerosis treated

with dimethyl fumarate. Neurol Neuroimmunol Neuroinflamm

3(5):e274. doi:10.1212/nxi.0000000000000274

32. Hodel J, Darchis C, Outteryck O, Verclytte S, Deramecourt V,

Lacour A et al (2016) Punctate pattern: a promising imaging

marker for the diagnosis of natalizumab-associated PML. Neu-

rology 86(16):1516–1523

33. Wijburg MT, Witte BI, Vennegoor A, Roosendaal SD, Sanchez

E, Liu Y et al (2016) MRI criteria differentiating asymptomatic

PML from new MS lesions during natalizumab pharmacovigi-

lance. J Neurol Neurosurg Psychiatry 87(10):1138–1145. doi:10.

1136/jnnp-2016-313772

34. Wattjes MP, Wijburg MT, Vennegoor A, Witte BI, de Vos M,

Richert ND et al (2015) MRI characteristics of early PML–IRIS

after natalizumab treatment in patients with MS. J Neurol Neu-

rosurg Psychiatry 87(8):879–884. doi:10.1136/jnnp-2015-311411

35. Casado JL, Corral I, Garcia J, Martinez-San Millan J, Navas E,

Moreno A et al (2014) Continued declining incidence and

improved survival of progressive multifocal leukoencephalopathy

in HIV/AIDS patients in the current era. Eur J Clin Microbiol

Infect Dis 33(2):179–187. doi:10.1007/s10096-013-1941-6

36. Gheuens S, Bord E, Kesari S, Simpson DM, Gandhi RT, Clifford

DB et al (2011) Role of CD4? and CD8? T-cell responses

against JC virus in the outcome of patients with progressive

multifocal leukoencephalopathy (PML) and PML with immune

reconstitution inflammatory syndrome. J Virol

85(14):7256–7263. doi:10.1128/jvi.02506-10

37. Clifford DB, De Luca A, Simpson DM, Arendt G, Giovannoni G,

Nath A (2010) Natalizumab-associated progressive multifocal

leukoencephalopathy in patients with multiple sclerosis: lessons

from 28 cases. Lancet Neurol 9(4):438–446. doi:10.1016/S1474-

4422(10)70028-4

38. Longbrake EE, Naismith RT, Parks BJ, Wu GF, Cross AH (2015)

Dimethyl fumarate-associated lymphopenia: risk factors and

clinical significance. Mult Scler J Exp Transl Clin. doi:10.1177/

2055217315596994

39. Wattjes MP, Rovira A, Miller D, Yousry TA, Sormani MP, De

Stefano N et al (2015) Evidence-based guidelines: MAGNIMS

consensus guidelines on the use of MRI in multiple sclerosis—

establishing disease prognosis and monitoring patients. Nat Rev

Neurol 11(10):597–606

40. McGuigan C, Craner M, Guadagno J, Kapoor R, Mazibrada G,

Molyneux P et al (2016) Stratification and monitoring of natal-

izumab-associated progressive multifocal leukoencephalopathy

risk: recommendations from an expert group. J Neurol Neurosurg

Psychiatry 87(2):117–125. doi:10.1136/jnnp-2015-311100

41. Dong-Si T, Richman S, Wattjes MP, Wenten M, Gheuens S,

Philip J et al (2014) Outcome and survival of asymptomatic PML

in natalizumab-treated MS patients. Ann Clin Transl Neurol

1(10):755–764. doi:10.1002/acn3.114

42. Wattjes MP, Vennegoor A, Steenwijk MD, de Vos M, Killestein

J, van Oosten BW et al (2015) MRI pattern in asymptomatic

natalizumab-associated PML. J Neurol Neurosurg Psychiatry

86(7):793–798. doi:10.1136/jnnp-2014-308630

43. Wijburg MT, van Oosten BW, Murk J-L, Karimi O, Killestein J,

Wattjes MP (2015) Heterogeneous imaging characteristics of JC

virus granule cell neuronopathy (GCN): a case series and review

of the literature. J Neurol 262(1):65–73. doi:10.1007/s00415-014-

7530-5

J Neurol (2017) 264:1155–1164 1163

123

http://www.medscape.com/viewarticle/856148%23vp_2
http://www.medscape.com/viewarticle/856148%23vp_2
http://dx.doi.org/10.1586/14737175.2015.1025755
http://dx.doi.org/10.1212/nxi.0000000000000076
http://dx.doi.org/10.1212/nxi.0000000000000076
http://dx.doi.org/10.1177/1352458515608961
http://dx.doi.org/10.1002/acn3.251
http://dx.doi.org/10.1056/NEJMoa1206328
http://dx.doi.org/10.1056/NEJMoa1114287
http://dx.doi.org/10.1517/14656566.2013.826190
http://dx.doi.org/10.1371/journal.pone.0120254
http://dx.doi.org/10.1371/journal.pone.0120254
http://www.lareb.nl
http://bi.eudra.org
http://bi.eudra.org
http://dx.doi.org/10.1056/NEJMc1413724
http://dx.doi.org/10.1002/ana.24471
http://dx.doi.org/10.1186/s12883-015-0363-8
http://dx.doi.org/10.1212/nxi.0000000000000085
http://dx.doi.org/10.1212/nxi.0000000000000085
http://dx.doi.org/10.1212/nxi.0000000000000177
http://dx.doi.org/10.1212/wnl.0000000000002900
http://dx.doi.org/10.1212/nxi.0000000000000274
http://dx.doi.org/10.1136/jnnp-2016-313772
http://dx.doi.org/10.1136/jnnp-2016-313772
http://dx.doi.org/10.1136/jnnp-2015-311411
http://dx.doi.org/10.1007/s10096-013-1941-6
http://dx.doi.org/10.1128/jvi.02506-10
http://dx.doi.org/10.1016/S1474-4422(10)70028-4
http://dx.doi.org/10.1016/S1474-4422(10)70028-4
http://dx.doi.org/10.1177/2055217315596994
http://dx.doi.org/10.1177/2055217315596994
http://dx.doi.org/10.1136/jnnp-2015-311100
http://dx.doi.org/10.1002/acn3.114
http://dx.doi.org/10.1136/jnnp-2014-308630
http://dx.doi.org/10.1007/s00415-014-7530-5
http://dx.doi.org/10.1007/s00415-014-7530-5


44. Wijburg MT, Siepman D, van Eijk JJ, Killestein J, Wattjes MP

(2016) Concomitant granule cell neuronopathy in patients with

natalizumab-associated PML. J Neurol 263(4):649–656. doi:10.

1007/s00415-015-8001-3

45. Calabrese LH, Molloy E, Berger J (2015) Sorting out the risks in

progressive multifocal leukoencephalopathy. Nat Rev Rheumatol

11(2):119–123. doi:10.1038/nrrheum.2014.167

46. Hoefnagel JJ, Thio HB, Willemze R, Bouwes Bavinck JN (2003)

Long-term safety aspects of systemic therapy with fumaric acid

esters in severe psoriasis. Br J Dermatol 149(2):363–369

47. Reich K, Thaci D, Mrowietz U, Kamps A, Neureither M, Luger T

(2009) Efficacy and safety of fumaric acid esters in the long-term

treatment of psoriasis—a retrospective study (FUTURE). J Dtsch

Dermatol Ges 7(7):603–611. doi:10.1111/j.1610-0387.2009.

07120.x

48. Wattjes MP, Wijburg MT, Vennegoor A, Witte BI, Roosendaal

SD, Sanchez E et al (2015) Diagnostic performance of brain MRI

in pharmacovigilance of natalizumab-treated MS patients. Mult

Scler 22(9):1174–1183. doi:10.1177/1352458515615225

49. European Medicines Agency (2015) Updated recommendations

to minimise the risk of the rare brain infection PML with Tec-

fidera. http://www.ema.europa.eu/ema/index.jsp?curl=pages/

news_and_events/news/2015/10/news_detail_002423.jsp&mid=

WC0b01ac058004d5c1

1164 J Neurol (2017) 264:1155–1164

123

http://dx.doi.org/10.1007/s00415-015-8001-3
http://dx.doi.org/10.1007/s00415-015-8001-3
http://dx.doi.org/10.1038/nrrheum.2014.167
http://dx.doi.org/10.1111/j.1610-0387.2009.07120.x
http://dx.doi.org/10.1111/j.1610-0387.2009.07120.x
http://dx.doi.org/10.1177/1352458515615225
http://www.ema.europa.eu/ema/index.jsp%3fcurl%3dpages/news_and_events/news/2015/10/news_detail_002423.jsp%26mid%3dWC0b01ac058004d5c1
http://www.ema.europa.eu/ema/index.jsp%3fcurl%3dpages/news_and_events/news/2015/10/news_detail_002423.jsp%26mid%3dWC0b01ac058004d5c1
http://www.ema.europa.eu/ema/index.jsp%3fcurl%3dpages/news_and_events/news/2015/10/news_detail_002423.jsp%26mid%3dWC0b01ac058004d5c1

	Progressive multifocal leukoencephalopathy in patients treated with fumaric acid esters: a review of 19 cases
	Abstract
	Introduction
	Methods
	Search strategy and inclusion criteria of PML cases

	Results
	Demographic and epidemiological features
	Clinical characteristics
	Imaging findings

	Discussion
	References




