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Natalizumab-induced POU2AF1/Spi-B

upregulation
A possible route for PML development

ABSTRACT

Objectives: To assess messenger RNA (mRNA) expression of POU2AF1 and Spi-B and their
potential regulatory microRNAs (miRNAs) in natalizumab-treated patients with multiple sclerosis
and in therapy-associated progressive multifocal leukoencephalopathy (PML).

Methods: Expression of POU2AF1/Spi-B was analyzed by using real-time reverse transcription
PCR assays on isolated B/CD8* T lymphocytes and peripheral blood mononuclear cells (PBMCs)
from cohorts of untreated and natalizumab-treated patients with and without PML. Longitudinal
expression analysis was performed on CD4+, CD8* T and B cells from 14 patients who inter-
rupted natalizumab therapy for 8 weeks. The miRNA profiling was conducted in PBMCs from 5
untreated and 5 natalizumab-treated patients using low-density arrays followed by validation
with single miRNAs assays in untreated and natalizumab-treated patients.

Results: POU2AF1 and Spi-B mRNAs were upregulated in B and CD8* T cells from natalizumab-
treated patients, which was validated in PBMCs from different cohorts of natalizumab-treated
patients with and without PML, with a noteworthy higher expression of Spi-B in patients with
PML. In contrast, downregulation of POU2AF1/Spi-B expression was measured in B and CD8* T
cells after natalizumab discontinuation. Seventeen differentially expressed miRNAs including
miR-10b, a regulator of POU2AF1 mRNA, were identified in long-term natalizumab-treated pa-
tients compared with untreated ones.

Conclusions: Upregulation of POU2AF1 and Spi-B, known transactivators of the JC virus, the caus-
ative agent for PML, and its association with occurrence of PML in natalizumab-treated patients, cor-
roborates POU2AF1/Spi-B as potential biomarkers for PML risk, which merits further evaluation.
Neurol Neuroimmunol Neuroinflamm 2016;3:e223; doi: 10.1212/NX1.0000000000000223

GLOSSARY

JCV = JC virus; miRNA = microRNA; mRNA = messenger RNA; MS = multiple sclerosis; PBMC = peripheral blood mon-
onuclear cell; PML = progressive multifocal leukoencephalopathy; RRMS = relapsing-remitting multiple sclerosis; RT-PCR =
reverse transcription-PCR.

Multiple sclerosis (MS) is a chronic, disabling autoimmune disorder of the CNS characterized
by an inflammation-mediated demyelination leading to axonal loss and neuronal damage.’
Among the diverse disease-modifying therapies currently available for the treatment of
relapsing-remitting MS (RRMS), natalizumab is regarded as one of the most effective drugs
that reduces annualized relapse rates and disease activity.>?

A relevant side effect of natalizumab treatment is the development of progressive multifocal
leukoencephalopathy (PML), a severe opportunistic infection of the CNS caused by reactivation
of the latent JC virus (JCV).* JCV seropositivity, increased treatment duration, and a history of
immunosuppressive therapies are defined risk factors that are commonly used for guiding
therapeutic strategies.”” Additional predictive markers for individual PML risk assessment
including JCV-AI® and immunologic biomarkers such as CD62L or circulating JCV-specific
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activated effector memory T cells'® have been
proposed.'" Also, specific microRNNA (miRNA)
expression profiles have been suggested as pos-
sible biomarkers for PML risk.'?

The miRNAs are short noncoding RNA
molecules that regulate gene expression at
the posttranscriptional level.”” In a previous
study performed on CD4" T cells,'” we
uncovered an effect of natalizumab on the
expression of miR-126 and its potential target
POU2AF1,"” a critical regulator of Spi-B,'
which binds unique sequences of JCV and
drives virus activity.'™"? Here, we extend our
investigations on expression of POU2AF1/
Spi-B and potential regulating miRNAs in var-
ious lymphocyte subpopulations during nata-
lizumab treatment and in therapy-associated

PML.

METHODS Participants. Five different cohorts were used for
the study (table 1). The blood samples were collected during
routine visits of the study patients, years 2010-2014 and years
2008-2012 (PML cases). For B cell analysis, 12 untreated and 23
natalizumab-treated (n = 12 treated up to 2 years, and n = 11
treated longer than 2 years) patients with RRMS were included.
For CD8" T cell analysis, 20 untreated and 37 natalizumab-
treated (n = 18 treated up to 2 years, and n = 19 treated

longer than 2 years) patients with RRMS were included. For
peripheral blood mononuclear cell (PBMC) analysis, 21
untreated and a total of 44 natalizumab-treated (n = 21
treated up to 24 months and n = 23 treated longer than 24
months) patients with RRMS were included. A group of 20
natalizumab-treated patients who developed PML was also
included in this cohort. The JCV serostatus was available from
almost all (62/64) natalizumab-treated patients of the PBMC
cohort. Patients with PML were all JCV seropositive (20/20);
10 short-term—treated patients without PML (1-24 months,
10/21) and 10 long-term—treated patients without PML (>24
months, 10/23) were JCV seropositive. In 14 patients who
discontinued natalizumab therapy, PBMCs were available from
their last day of natalizumab infusion (baseline) and after an 8-
week washout period. An additional cohort of 5 untreated and 5
long-term natalizumab-treated patients with RRMS was used
for miRNA  profiling. No

immunomodulatory or other MS-specific treatments in the 6

untreated  patients  had

months before or during the study. Patient characteristics are

presented in table 1.

Standard protocol approvals, registrations, and patient
consents. Written informed consent was obtained from all pa-
tients. The study was approved by the Cantonal Institutional
Review Board of Basel City and Basel Country.

Cell separation. For PBMC isolation and CD4" T/CD8" T/B
cell subset separations, we used the same methodologies as the
ones employed in our previous reports.'*?*=* Briefly, PBMCs
were isolated by density gradient centrifugation (Lymphoprep;
Axon Lab, Baden-Dittwil, Switzerland). CD4* T/CD8" T and
B cell subpopulations were separated from PBMCs using MACS
technology (CD4 and CD8 MicroBeads, human, B cell negative

[ Table 1 Characteristics of patients

Group No. Sex, FIM
Cohort for B cell analysis

Untreated 12 9/3

Nat 1-24 mo 12 6/6

Nat >24 mo 11 714
Cohort for CD8* T cell analysis

Untreated 20 13/7

Nat 1-24 mo 18 12/6

Nat >24 mo 19 15/4
Cohort for PBMC analysis

Untreated 21 15/6

Nat 1-24 mo 21 16/5

Nat >24 mo 23 18/5

PML 20 14/6
Cohort for longitudinal analysis 14 12/2
Cohort for array analysis

Untreated 5 1/4

Nat >24 mo 5 2/3

No. of natalizumab

Age, y, mean = SEM infusions, mean + SEM

455 = 2.90 NA
43.1 = 3.00 11.7 + 0.68
420 +1.85 38.8 = 1.44
455 = 243 NA
406 + 293 10.7 + 2.07
415 + 243 57.3 = 3.92
51.4 = 1.89° NA
40.0 = 2.79 14.0 +1.74
410+ 214 497 = 3.54
454 =172 33.6 £ 2.69
39.2 * 253 40.5 = 482
444 = 474 NA
38.8 = 2.36 428 = 4.28

Abbreviations: NA = not applicable; Nat = natalizumab; PBMC = peripheral blood mononuclear cell; PML = progressive

multifocal leukoencephalopathy.

2Untreated patients with relapsing-remitting multiple sclerosis are older than natalizumab-treated patients (p < 0.005 for
Nat 1-24 mo and for Nat >24 mo) and patients with PML (p < 0.05).
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enrichment kit II; Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany) according to manufacturer’s protocol. Purity of iso-
lated CD4* T, CD8" T, and B cells was analyzed with Attune
Focusing Flow Cytometer (Applied Biosystems, Darmstadt,

Germany).

RNA isolation. PBMCs and isolated cell subpopulations
were lysed in QIAzol (QIAGEN AG, Hombrechtikon,
Switzerland). Total RNA (including miRNA) was extracted
using miRNeasy Mini Kit (QIAGEN) according to manufac-

turer’s instructions.

miRNA profiling. The TagMan Human MicroRNA Panel A
(Life Technologies, Zug, Switzerland), which contains 377 as-
says and 4 controls, was used for miRNA profiling in PBMCs
from untreated and long-term—treated patients with RRMS.
Expression suite (Life Technologies), Partek Genomic Suite
(Partek, St. Louis, MO), and Ingenuity Pathway Analysis
(QIAGEN) software were used for expression and pathway

analysis.

miRNA/messenger RNA expression analysis. Analyses of
miRNA/messenger RNA (mRNA) expression were assessed as
previously described.'*?! Briefly, for miRNA studies, single miR-
NA assays for real-time reverse transcription—-PCR (RT-PCR)
(Applied Biosystems, Zug, Switzerland) were used. Megaplex
Primer Pool A v2.1 (Applied Biosystems) was used for RT-
PCR  according to
Expressions of POU2AF1 and Spi-B were analyzed with
quantitative real-time RT-PCR by using Assay-On-Demand

manufacturer’s  recommendations.

reagents  (Applied Biosystems). As previously validated,*
RNU44 miRNA and PUM1 mRNA were used as references
for normalization and relative expression analyses. The
comparative cycle threshold method (Applied Biosystems) was
used for calculations of relative quantitation of targets.
Quantitative PCR probe sequences for miRNAs and mRNAs

are presented in table e-1 at Neurology.org/nn.

Target prediction. The microRNA.org (http://www.microrna.
org/) and TargetScan (http://www.targetscan.org/) sources were
used to search putative targets of various miRNAs. In addition,
the microRNA target filtering tool of Ingenuity Pathway Analysis

software was applied.

Data and statistical analysis. Statistical analyses were per-
formed on GraphPad Prism software (La Jolla, CA). Normality
of the datasets was tested with the D’Agostino-Pearson omni-
bus normality test. For the various group comparisons, non-
parametric Kruskal-Wallis test with the Dunn multiple
comparison test was applied. A p value <0.05 was considered

significant.

RESULTS Natalizumab-induced upregulation of
POU2AF1 and Spi-B expression in B and CD8" T
cells. Our previous analysis of gene expression in
CD4* T cells revealed upregulation of POU2AF1
and Spi-B in natalizumab-treated patients.'* In the
current study using different cohorts of patients, we
examined POU2AF1 and Spi-B expression in other
lymphocyte subsets, namely, B and CD8" T cells.
POU2AF1 and Spi-B relative expressions were
upregulated in B cells upon natalizumab treatment
(figure 1A) (¥+%p < 0.001, **p < 0.01, *p <
0.05). A slight, but nonsignificant, decrease in the
expression of Spi-B over time in B cells in

natalizumab-treated patients was found. Similar
upregulation of both targets was found in CD8* T
cells from both groups (Nat 1-24 and Nat >24) of
natalizumab-treated compared to untreated patients
(figure 1B).

Differential expression of POU2AF1 and Spi-B in
PBMCs
patients with and without PML. We further expanded

from untreated and natalizumab-treated
our investigation on POU2AF1 and Spi-B expression
to samples from patients with natalizumab-associated
PML. The analysis was performed on PBMCs
because of the limitation of sample volume. A total
of 20 patents with PML whose natalizumab
treatment duration varied from 17 to 62 months
were included in the study. We divided our cohort
of non-PML, natalizumab-treated patients into 2
groups, namely, treatment duration of 1-24 months
and longer than 24 months. In accordance with the
results obtained on the different lymphocyte subsets
(current study and reference 14), POU2AF1 and
Spi-B were upregulated upon  natalizumab
treatment in PBMCs from both groups of patients
without PML (***p < 0.001, **p < 0.01, *p <
0.05) (figure 2). Of note, higher expression of
POU2AF1 was detected in patients treated longer
than 24 months with natalizumab (¥p < 0.05)
(figure 2). Similar expression of POU2AF1 was
found in patients with and without PML treated
with long-term natalizumab. It is important to
note that high levels of Spi-B expression were
found in patients with PML (figure 2B). In
addition, no difference was found between patients
with PML treated short term (1-24 months) and

long term (>25 months).

Downregulated POU2AF1 and Spi-B expression upon
natalizumab discontinuation. To further validate the
effect of natalizumab on POU2AF1 and Spi-B
expression, we analyzed relative expression levels of
both genes in longitudinal samples from patients
who stopped natalizumab treatment, at their last
infusion day (baseline) and after 8 weeks’
discontinuation (figure 3). POU2AF1 and Spi-B
expression decreased in CD8" T (figure 3A) and B
(figure 3B) cells, whereas no change was measured in

CD4*" T cells (figure 3C).

Differential miR-126
natalizumab treatment and PML. A miR-126 expression
of peripheral blood
natalizumab-treated vs untreated patients with RRMS

expression in PBMCs upon

analysis lymphocytes  in
revealed downregulation of miRNA-126 expression in
CD4* T cells.” In the current study, we confirm
downregulation of miR-126 expression in PBMCs
from natalizumab-treated compared to untreated
patients (**p < 0.01). Of note, miR-126 expression
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Transcriptional expression of POU2AF1 (A and B, left panels) and Spi-B (A and B, right panels) were analyzed with real-time
reverse transcription PCR in B cells (A) and CD8* T cells (B) from untreated patients with relapsing-remitting multiple sclerosis
and those who received natalizumab treatment for either less than 24 months or more than 24 months. Relative expression
levels (median with interquartile range) are depicted. ***p < 0.001, **p < 0.01, *p < 0.05. Nat = natalizumab.

was reversely upregulated in patents under PML
disease (¥**p < 0.001, *p < 0.05) (figure 4A).

miRNA profiling in PBMCs from long-term natalizumab-
treated vs untreated patients with RRMS. The principal
component analysis was applied to assess the quality
of the samples used for miRNA profiling with low-
density arrays. Uniformity of samples and datasets
was confirmed (figure 4B); no outliers were
identified. Transcriptional expression analysis of
377 miRNAs revealed a set of 17 differentially
expressed miRNAs
treated vs untreated patients (figure 4C). The miR-

in long-term natalizumab-

126 expression was also downregulated in patients
under natalizumab treatment (1.3-fold); however,
statistical significance was not reached in these
datasets (data not shown). Of interest, one of the
most downregulated miRNAs was miR-10b, which
has a predicted targeting site in POU2AF1 sequence
(microRNA.org The
validation of miR-10b expression in PBMCs with

comprehensive  resource).
different cohorts of untreated and natalizumab-
treated patients revealed concordant results with
with a trend for

low-density

array  data,
downregulation in treated patients (figure 4D).

Neurology: Neuroimmunology & Neuroinflammation

Expression levels of miR-10b were relatively low or
even undetectable in some samples from all groups.
Of note, expression of miR-10b was detectable in
only 2 of 20 patients with PML, suggesting a
decreased expression in PBMCs from patients with
PML compared to untreated and natalizumab-treated
patients without PML (figure 4D). Pathway analysis
of putative miR-10b targets revealed several potential
affected signaling pathways, including, e.g., “virus
endocytic and “NF-«kB

entry via pathways”

activation by viruses” (figure e-1).

DISCUSSION Besides its appearance in patients with
HIV, PML has been associated with the use of immu-
nomodulatory therapies for the treatment of autoim-
mune diseases.”” In MS, incidence of PML in patients
treated with natalizumab, an a4f3;, 7 integrin block-
ing monoclonal antibody,**** has raised an urgent
need to identify potential biomarkers for a PML risk
assessment.

In a previous study conducted on CD4* T cells, '
we showed that natalizumab induces upregulation of
POU2AF1, also known as OBF-1/OCA-B/BOB.1, an
originally described B cell-specific transcriptional coac-
tivator that stimulates immunoglobulin promoter


http://microRNA.org

Figure 2 Differential expression of POU2AF1 and Spi-B mRNA in PBMCs upon
natalizumab treatment and PML
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Transcriptional expression of POU2AF1 (A) and Spi-B (B) were analyzed with real-time
reverse transcription PCR in PBMCs from untreated patients, natalizumab-treated patients
with relapsing-remitting multiple sclerosis (1-24 mo, >24 mo), and patients with natalizu-
mab-associated PML. Relative expression levels (median with interquartile range) are de-
picted. ***p < 0.001, **p < 0.01, *p < 0.05. Nat = natalizumab; PBMC = peripheral
blood mononuclear cell; PML = progressive multifocal leukoencephalopathy.

activity through its interaction with the octamer-
binding transcription factors Oct-1 and Oct-2.%¢ Induc-
ible POU2AF1 expression and phosphorylation has
also been reported to be in T cells,” where it was fur-
ther shown to regulate T helper cell function.” In the
present study, we expanded our analysis of POU2AF1
mRNA expression to B and CD8* T cells and also
found upregulation of POU2AF1 expression in both
lymphocyte subsets upon natalizumab treatment. To
note, in our previous study, higher expression of
POU2AF1 was found in CD4" T cells from patients
treated longer than 2 years, whereas in the present
study, no treatment duration effect on the upregulation
of POU2AF1 was found in B and CD8* T cells.

In the context of PML research, these are impor-
tant findings regarding the regulatory function of
POU2AF1 on the transcription factor Spi-B,' which
is involved in early JCV gene expression and has a
critical role in JCV activity.'”'® Spi-B is a transcrip-
tion factor of the Ets family that is reported to be
mainly expressed in B and T lymphocytes and is
essential for B cell function and T cell-dependent
humoral immune responses.” In the present study,
Spi-B mRNA expression was detected in PBMCs and

isolated CD4" T, CD8" T, and B cells. Of note, as
previously reported in CD4" T cells'* and in line
with measured natalizumab-induced POU2AF1 up-
regulation, Spi-B expression was found to be upregu-
lated in both B and CD8" T cell subsets upon
treatment. These results are in accordance with a
recent study'? that showed that Spi-B gene expression
is upregulated in response to long-term treatment
with natalizumab in CD34" hematopoietic precur-
sors but also in CD19" B cells.

A specific effect of natalizumab on expression of
POU2AF1 and Spi-B mRNAs was further confirmed
by longitudinal expression analysis in CD8" T and B
cells from patients discontinuing treatment for 8
weeks. However, in contrast to the target downregu-
lation observed in these cell subsets, CD4" T cells
displayed rather similar expression levels of
POU2AF1 and Spi-B after therapy cessation, suggest-
ing that a longer washout period is likely needed to
remove the treatment effect. Of note, several PML
cases after natalizumab withdrawal were recently
reported.®

While it is commonly accepted that cells from the
immune system have a critical role in the clearance of
JCV infection, the mechanism by which immune
cells could also participate in the pathogenesis of
PML remains a matter of debate.®! So far, there is
no evidence that JCV productively infects and repli-
cates in lymphocytes. However, several lines of evi-
dence suggest a role for B cells as a reservoir carrying

JCvV the  blood-brain 32,33
POU2AF1-mediated increased Spi-B expression in

barrier.

through

B cells may therefore contribute to JCV infection of
the CNS.

Regarding CD8* T cells, a link between better
prognosis of PML and the presence of JCV-specific
cytotoxic CD8" T cell response was reported.***
However, one cannot rule out the hypothesis of a
contribution of CD8" T cells to PML development.
A direct transport of the JCV by CD8" T cells is
unlikely since the virus is reported to bind to primary
human glial cells, tonsillar stromal cells, and B lym-
phocytes, but not to T cells.> However, as suggested
in our previous study on CD4" T cells,' transfer of
genetic material, e.g., mRNAs, can occur between
cells via small microvesicles also known as exo-
somes.””*® Exosomal Spi-B mRNA, derived from
CD8" T cells, could therefore be transferred into
recipient cells, e.g., CD4™ T or B lymphocytes, where
it would promote JCV activity. Natalizumab treat-
ment has been shown to induce a reduction in the
CSF CD4*/CD8" T cell ratio, suggesting a prom-
inent incidence of CD8* T cells over CD4" T cells.

Compared to isolated cell subsets, whole blood or
PBMCs would be an easier source for biomarker

research discovery, diagnosis, and disease monitoring.

Neurology: Neuroimmunology & Neuroinflammation 5



[ Figure 3 Effect of natalizumab discontinuation on expression of POU2AF1 and Spi-B messenger RNA ]
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Transcriptional expression of POU2AF1 and Spi-B were longitudinally analyzed with real-time reverse transcription PCR in
CD8" T cells (A), B cells (B), and CD4* T cells (C) from 14 patients at the time of last infusion and 8 weeks after discon-
tinuation of natalizumab therapy. Relative expression levels are depicted. **p < 0.01, *p < 0.05. 8 w WO = 8 weeks without

natalizumab.

We already reported upregulation of POU2AF1 and
Spi-B in our previous longitudinal gene expression
profile analysis conducted in peripheral blood
from patients with MS treated long term with
natalizumab.”’ In the current study, we confirmed
upregulation of both genes in PBMCs from
natalizumab-treated patients. Noteworthy, higher
expression of Spi-B mRNA was detected in samples
from patients with PML, therefore strengthening the
potential use of Spi-B as a biomarker of PML risk.
Furthermore, the differential expression of Spi-B in
our PBMC cohorts of patients with and without
PML was concordant with the JCV serostatus, a
known risk factor for PML. Extended investigations
on longitudinal samples from patients before PML
diagnosis and at PML are needed to evaluate Spi-B
as a predictive marker for PML.

The naturally following question that arises is the
mechanism by which natalizumab effects expression
of POU2AF1 and Spi-B. In our previous study per-
formed on CD4" T cells,' we identified miR-126

Neurology: Neuroimmunology & Neuroinflammation

as a potential POU2AF1 regulator whose expression
was downregulated under natalizumab therapy. In
the present study, we verified miR-126 downregula-
tion in PBMCs from natalizumab-treated patients.
However, miR-126 expression was upregulated in
PBMC:s from patients with PML, probably reflecting
major deregulated mechanisms occurring under the
disease process. Furthermore, no change of miR-126
expression was detected in CD8* T and B cells (data
not shown), suggesting a different mechanism of tar-
get regulation in these cells. Also, analysis of miR-126
expression in NK (natural killer) cells and monocytes
could be informative.

By further performing a miRNA expression profil-
ing in PBMC:s from long-term natalizumab-treated vs
untreated patients with RRMS, we uncovered and
then validated differential expression of miR-10b, a
potential regulator of POU2AF1 expression. Of note,
in contrast to miR-126 expression, miR-10b re-
mained downregulated in samples from patients with
PML, suggesting its sustained regulatory effect on



[ Figure 4 Differential miRNA expression profile during natalizumab treatment and PML ]
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tients, natalizumab-treated patients with RRMS (1-24 mo, >24 mo), and patients with natalizumab-associated PML (A).
Low-density array analysis of transcriptional miRNA expression in PBMCs from untreated patients with RRMS (blue circles)
compared with patients treated with long-term natalizumab (red circles) is illustrated as 3-dimensional PCA score plot of
miRNA expression data (B). List of differentially expressed miRNAs in PBMCs analyzed with low-density arrays. The pre-
dicted regulator of POU2AF1, hsa-miR-10b, which was validated with other cohorts, is highlighted in yellow (C). Transcrip-
tional expression of miR-10b was analyzed with real-time reverse transcription PCR in PBMCs from untreated patients,
natalizumab-treated patients with RRMS (1-24 mo, >24 mo), and patients with natalizumab-associated PML (D). Relative
expression levels (median with interquartile range) are depicted. ***p < 0.001, **p < 0.01, *p < 0.05. MiRNA = microRNA;
Nat = natalizumab; PBMC = peripheral blood mononuclear cell; PCA = principal component analysis; PML = progressive
multifocal leukoencephalopathy; RRMS = relapsing-remitting multiple sclerosis; UT = untreated.
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expression of POU2AF1 and subsequently Spi-B in
these cells. Canonical pathway analysis of all putative
target mRNAs of miR-10b indicated several affected
biological processes, involving viral contributions,
further supporting the importance of gene deregula-
tion by natalizumab in PML disease pathophysiology.
Additional studies are needed to evaluate whether
these pathways are activated in patients with PML
and thus confirm the potential link with strong
downregulation of miR-10b. Longitudinal pre- and
onset-PML samples of the same individuals are also
needed to validate the significance of the expression
of miR-10b as a predictive marker for PML risk.
Another study suggested the differential expression
of miR-320, -320b, and -629 as predictive markers
already at 12 months for a PML risk in 2 patients,
who developed PML after 28 and 49 infusions.'”

Taken together, we have shown that natalizumab
treatment has an effect on expression of POU2AF1
and Spi-B and regulating miRNAs, miR-126, and
miR-10b in various immune cells of patients with
MS. In particular, our results revealed a sustained pat-
tern of gene expression, which is treatment duration
dependent and more pronounced in patients treated
long term (>2 years). Furthermore, these gene
expression changes are consistent in patients with
PML. The pathway analysis revealed complex physi-
ologic processes, involving also activated viral func-
tions, suggesting that natalizumab has various effects
on cellular and viral activities. Our results provide
more insights into the development and pathophysi-
ology of PML. More studies on longitudinal “pre-”
and post-PML samples are needed to confirm the link
between deregulated genes and activated viral path-
ways and to evaluate them as potential predictive
markers for PML.
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