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Abstract Natalizumab is effective against multiple sclerosis
(MS), but is associated with progressive multifocal
leukoencephalopathy (PML), fatal disease caused by the
JCV polyomavirus. The SF2/ASF (splicing factor2/
alternative splicing factor) inhibits JCV in glial cells. We won-
dered about SF2/ASF modulation in the blood of
natalizumab-treated patients and if this could influence JCV
reactivation. Therefore, we performed a longitudinal study of
MS patients under natalizumab, in comparison to patients un-
der fingolimod and to healthy blood donors. Blood samples
were collected at time intervals. The expression of SF2/ASF
and the presence and expression of JCV in PBMC were ana-
lyzed. A bell-shaped regulation of SF2/ASF was observed in
patients treated with natalizumab, increased in the first year of
therapy, and reduced in the second one, while slightly
changed, if any, in patients under fingolimod. Notably, SF2/
ASF was up-regulated, during the first year, only in JCV
DNA-positive patients, or with high anti-JCV antibody re-
sponse; the expression of the JCV T-Ag protein in circulating
B cells was inversely related to SF2/ASF protein expression.
The SF2/ASF reduction, parallel to JCV activation, during the
second year of therapy with natalizumab, but not with
fingolimod, may help explain the increased risk of PML after
the second year of treatment with natalizumab, but not with
fingolimod. We propose that SF2/ASF has a protective role
against JCV reactivation in MS patients. This study suggests
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new markers of disease behavior and, possibly, help in re-
evaluations of therapy protocols.
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Introduction

Natalizumab is a therapeutic monoclonal antibody for the
treatment of relapsing—remitting multiple sclerosis (MS)
and of Crohn’s disease (CD; Craddock and Markovic-
Plese 2015; Kornek 2015; Baroncini et al. 2016). It inhibits
the odintegrin-mediated adhesion of leukocytes to their
counter-receptor(s) and the transmigration across the endo-
thelia of activated leukocytes into MS brain parenchima,
hence its effects in preventing disease progression (Kappos
etal. 2013; Vitaliti et al. 2015). Unfortunately, natalizumab
use is associated with the development of progressive mul-
tifocal leukoencephalopathy (PML), fatal demyelinating
disease due to the lytic infection of brain oligodendrocytes
by the JC polyomavirus (JCV, Padgett and Walker 1973;
De Gascun and Carr 2013; Wollebo et al. 2015). This virus
is ubiquitous, and 10-25 % of healthy individuals have
asymptomatic virus release in the urines. JCV can persist
latently in a variety of cell types, including CD34+ hema-
topoietic precursor cells and B cells (Monaco et al. 1996;
Chalkias et al. 2014). The development of PML requires a
context of immunosuppression and JCV rearrangements in
the genomic non-coding control region (NCCR), leading to
new binding sites for cellular transcription factors and en-
hanced viral gene expression (Pietropaolo et al. 2015). The
neurotropic JCV forms, or PML types, have NCCR dele-
tions, duplications, and rearrangements, with respect to the
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normal archetype strain. They have been detected also in
immunocompetent individuals, in peripheral blood leuko-
cytes, bone marrow, and also in normal brain (Chalkias
et al. 2014; White and Khalili 2011; Houff et al. 1988).
Bone marrow CD34+ hematopoietic stem cells harbor
JCV; their differentiation in CD19+/CD10+ pre-B and ma-
ture CD19+ B cells increases virus load (Frohman et al.
2014; Major 2011). In natalizumab-treated patients, pre-B
and mature B cells are mobilized from bone marrow to
periphery, possibly carrying JCV, which could spread to
blood and brain (Chalkias et al. 2014; Chapagain and
Nerurkar 2010). JCV-infected monocytes were also found
(Chalkias et al. 2014). As of June 2016,' more than 600
cases of natalizumab-associated PML (Dubey et al. 2016)
have been reported (including 3 CD cases, Van Assche
et al. 2005), with an overall incidence of 3.78/1000 pa-
tients (Kornek 2015). Currently, three major risk factors
have been identified (Bloomgren et al. 2012): (i) presence
of anti-JCV antibodies, (ii) previous immunosuppressant
therapy, (iii) natalizumab treatment duration >24 months.
In patients with all three risk factors, the chance of devel-
oping PML was estimated to be 1 in 44 (Berger and Fox
2016), or 1 in 83 (De Gascun and Carr 2013). To reduce
the risk of developing PML under natalizamab therapy, the
daily clinical practice evaluates the presence of anti-JCV
antibodies to decide for therapy discontinuation (Kornek
2015; White et al. 2016). However, several laboratories
indicate that the serologic status it is not ever representa-
tive of a prior exposure to JCV and vice versa (Koralnik
2014; Major et al. 2013; Gagne Brosseau et al. 2016), and
both viremia and cell-mediated immune response to JCV
were detected in seronegative individuals (Viscidi et al.
2011; Perkins et al. 2012).

Natalizumab alters transcriptional expression profiles of
blood cells in MS patients, and the majority of altered genes
are related to immune response, signal transduction, adhesion
and metabolism relevant for T and B lymphocytes (Lindberg
et al. 2008). The natalizumab-related regulation of NF-1X and
Spi-B transcription factors in blood cells may increase the
chance of JCV infection of the CNS (Marshall et al. 2014;
Meira et al. 2016).

Since JCV is ubiquitous and PML occurs rarely, multi-
ple barriers must exist to disease development. Several
transcription factors were identified, based on their ability
to regulate JCV replication (Wollebo et al. 2016). None of
them was restricted to glial cells, and their overexpression
in non-glial cells failed to induce JCV expression in vitro,
suggesting that a combination of ubiquitous negative and

1 685 cases (682 MS, 3 CD), as of September 7, 2016 (http://chefarztfrau.
de/?page_id=716, accessed October 19, 2016). At the time of writing,
three PML cases were reported in Natalizumab-naive Fingolimod-
treated patients, with doubts for diagnosis and/or treatments (Faulkner
2015).

inducible positive regulators of viral transcription regulates
viral gene expression in glial and non-glial cells (Uleri
et al. 2011; Sariyer and Khalili 2011).

The SF2/ASF (splicing factor 2/alternative splicing factor)
is an ubiquitous member of the arginine/serine splicing factor
family, regulator of alternative splicing, involved in nonsense-
mediated mRNA decay, protein translation, and mRNA ex-
port (Sinha et al. 2010; Manley and Tacke 1996; Shimoni-
Sebag et al. 2013; Zhao et al. 2015).

Recent studies, including ours, found that the SF2/ASF
inhibits JCV replication in glial cells, through binding to
JCV DNA, within the viral promoter. This blocks the expres-
sion of JCV large T antigen (T-Ag), multifunctional protein
that directs initiation of viral DNA replication, and the tran-
scriptional switch from early to late gene expression (Uleri
et al. 2011; Sariyer and Khalili 2011; Uleri et al. 2013).
Conversely, T-Ag promotes JCV expression by suppressing
SF2/ASF transcription in glial cells, revealing a molecular
interplay between SF2/ASF and T-Ag in JCV control. This
suggests a novel mechanism of JCV reactivation in patients at
risk of PML (Craigie et al. 2015). Of note, SF2/ASF immune-
reactivity was found lower than in normal brain in a post-
mortem PML brain (Sariyer and Khalili 2011). SF2/ASF is
present in oligodendrocyte nuclear inclusion bodies, which
are the pathological hallmark of PML and the sites of JCV
replication, and is antagonized by the pur-alpha cellular pro-
tein, which is a potent inducer of JCV replication in glial cells
(Sariyer et al. 2016a).

We wondered about a SF2/ASF modulation in the blood of
MS patients during natalizumab therapy and if this regulation
could influence JCV reactivation in blood. Therefore, we per-
formed a longitudinal study of MS patients under
natalizumab, in comparison to patients under fingolimod and
to healthy blood donors.

Materials and methods

Study participants Forty-one MS patients with clinically de-
fined RRMS, consecutively referred to the Centre for MS
Diagnosis and Treatment, Department of Clinical and
Experimental Medicine, University Hospital of Sassari, Italy
were enrolled. Twenty-five patients were under natalizumab
treatment and received the standard 300 mg dose every
4 weeks. The remaining 16 patients were under fingolimod
therapy, given as next choice after discontinuation of previous
therapies, and received daily the standard dose of 0.5 mg oral-
ly. After discontinuation of natalizumab, the patients had
3 months of washout, before the treatment with fingolimod.
Before initiation of therapies (T0) and after 3 (T3), 6 (T6), 12
(T12), 18 (T18), and 24 (T24) months, peripheral venous
blood was collected as well as the clinical data, including
expanded disability status scale (EDSS), anti-JCV
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seropositivity, new MR lesions, side effects, years of disease,
previous treatments, etc. The study was approved by the
Sassari ASL 1 Ethics Committee, and all participating subjects
gave informed consent. In Table 1, the demographic and an-
amnestic data of the MS patients under study, as well as those
of 22 healthy control blood donors (HD) are reported, present-
ing themselves voluntarily to the Immunohematology and
Transfusion Unit, Asll Sassari. All patients remained stable
during therapy and adverse effects were not reported.

Blood samples The PBMC were isolated by Ficoll-Hypaque
density gradient centrifugation from 20 ml of heparinized blood
of enrolled subjects. The cells were divided in three aliquots to
be used for: (i) mRNA extraction and evaluation of the SF2/
ASF transcripts, (i) DNA extraction, (iii) flow cytometry. The
latter aliquot was suspended in bovine fetal serum, 10 % of
dimethyl-sulfoxide and stored alive in liquid nitrogen.

JCV-related methods 7/e DNA extraction was carried out by
the QIAamp DNA Blood Mini Kit (QIAGEN, Hilden,
Germany). Real time PCR: In order to detect and to quantify
the presence of JCV DNA, 100 ng of each DNA sample was
amplified with primers and probe specific for T-Ag sequences
(forward primer: 5'-GAGTGTTGGGATCCTGTGTTTT-3';
reverse primer 5-AGAAGTGGGAT GAAGACCTGTTT-3"
probe 5'-FAM TCATCACTGGCAAA CATTTCTT
CATGGC-BHQ-3'(Wittmann et al. 2015). For each sample,
the Ct (cycle threshold) values of JCV-T-Ag were compared to
the Ct of the glyceraldehyde-3-phosphate dehydrogenase

Table1l Demographic and anamnestic data of MS patients and healthy
controls
Natalizumab Fingolimod HD"
No of subjects 25 14 22
Male/female 7:17 59 11:9
Mean age + SD 39.0+14.3 39.1+£10.5 40.7+11.7
Median age 38 36 40
Mean of years of disease + SD 12.1+9.9  11.6+7.9
Median of years of disease 11 11.5
Mean EDSS + SD 3717 41+1.5
Median EDSS 35 4.0
Mean PI 05+04 04+0.3
Median PI 0.37 0.44
Pre-therapy
Interferon-f3 9 2
Natalizumab 0 11
Glatiramer acetate 6 1
Azathioprine 1 0
Unknown 9 0

HD healthy donors, SD standard deviation, EDSS expanded disability
status scale, P/ progression index
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(GAPDH) housekeeping gene (Serra et al. 2008). The data
were expressed according to the 272" method (Mameli
et al. 2013), applying the following formula:

GI relative amounts = 24

where GI is the gene of interest, and ACt = [Ct GI - Ct
GAPDH]. Nested PCR: The presence of JCV genomes was
investigated by amplifying the NCCR by nested-PCR, with
primers as in (Boldorini et al. 1998). Sequencing: PCR ampli-
fication products were cloned using TA cloning kit for se-
quencing (Life Technologies, Eugene, OR), as in (Elsner
and Dorries 1998). Ligation products were used to transform
competent cells. DNA was extracted from colonies by a
miniprep kit (Qiagen, Hilden, Germany). From each sample,
ten colonies were sequenced. Anti-JCV antibody index: The
anti-JCV antibody serological status and the anti-JCV anti-
body index were determined by the ELISA (STRATIFY
JCV™ DxSelect™) assay (Unilabs-Copenaghen, Denmark),
according to the manufacturer’s instructions. An antibody in-
dex >0.40 denotes anti-JCV antibody positivity, and an index
<0.20 denotes anti-JCV antibody negativity. The 0.9 value is
the cutoff between low and high anti-JCV antibody values
(Plavina et al. 2014).

SF2/ASF-related methods: mRNA extraction and retro-
transcription The mRNAs were extracted from 50,000 cells,
using the Dynabeads® mRNA kit (Dynal Biotech, Oslo,
Norway); for each sample, 1 pug was retro-transcribed with
the M-MLYV retro-transcription kit (Life Technology,
Carlsbad, CA, USA). Real-time RT-PCR: The selective am-
plification of the SF2/ASF mRNA, after retro-transcription
into cDNA, was obtained by a real-time PCR (forward primer:
5'- GACATCGACCTCAAGAATCGC-3'; reverse primer: 5'-
GACCATACACCGCGTCTTCC-3'; TagMan probe: 5'-
TCCTGTGTGTCTGCACCAGAGGCT-3'). The TagMan
SF2/ASF probe was designed by the Beacon Designer soft-
ware (PREMIER Biosoft International, Corina Way Palo Alto,
CA, USA). To verify the proper mRNA extraction and retro-
transcription outcomes, a positive cell sample was submitted
in parallel to the extraction and reverse transcription proce-
dures, and the cDNA was amplified in duplicate. An addition-
al positive DNA sample was amplified in duplicate, as a con-
trol for the amplification reaction. Parallel RNA samples were
also exposed to PCR amplification without the RT step, to
detect contaminant DNA. For each sample, the Ct values of
SF2/ASF were compared to the Ct of the GAPDH housekeep-
ing gene. The data were expressed according to the 272!
method (Mameli et al. 2013).

Cells and transfection The human Namalwa B cell line
was cultured in RPMI supplemented with 2 mM L-gluta-
mine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose,
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10 mM HEPES, 1 mM sodium pyruvate, 10 % fetal bo-
vine serum, and antibiotics. Cells were maintained at
37 °C in a humidified atmosphere with 5 % CO,. To be
used as a JCV-T-Ag-positive control, Namalwa cells were
transiently transfected with an expression plasmid
(pcDNA3.1zeo + JCV-Early, kindly provided by K.
Khalili, Philadelphia, PA), carrying the JCV early DNA
sequence, under the control of the CMV-promoter, or
transfected with the empty plasmid (negative control).
Transfection was performed with Lipofectamine 3000
(Life Technologies, Carlsbad-CA). Aliquots of 10° cells
were transfected with 3 pug of the above plasmids, accord-
ing to the manufacturer’s instructions. Since Namalwa
cells grow in suspension to improve the efficiency of
transfection, the incubation with the transfection mixture
was carried out in a rotating vessel. After 4 h at 37 °C,
cells were washed and cultured for 48 h, then stopped for
flow cytometry analysis.

Flow cytometry The detection of the proteins of interest was
performed as described (Mameli et al. 2013). Antibodies: anti-
SF2/ASF rabbit polyclonal antibody (Abcam, Cambridge,
UK) and secondary FITC-conjugated goat anti-rabbit IgG
(Sigma-Aldrich, S. Louis, MO); preimmune rabbit serum
(isotype control, Santa Cruz Biotechnology Inc). Anti-T-Ag
mAb (Calbiochem, CA, USA) and secondary APC-
conjugated goat anti-mouse antibody (Life Technology,
Eugene, OR); APC-conjugated IgGlk mouse antibody, as
isotype control; PE-conjugated mouse anti-CD19 mAb and
PE-IgG1 isotype (BD Biosciences, S. Jose, CA). Stained cells
were analyzed in a Flow Cytometer (Accuri, BD), using the
C6 Accuri software. The area of positivity was determined
using isotype-matched antibodies. A total of 50,000 events
for each sample were acquired.

Statistical analyses Descriptive analyses included the com-
putation of means, standard deviations (SD), and ¢ test or
ANOVA, as appropriate, for independent samples for contin-
uous variables. Linear regression tests (Pearson’s test—
Spearman’s test) were performed to quantify the strength of
the relationship between SF2/ASF and the X variable (JCV
seronegativity, JCV DNA positivity, gender, age, disease
years, previously therapy). Statistics were performed using
SOFA Statistics version 1.4.6 (Paton-Simpson & Associates
Ltd., Auckland, New Zealand). Possible misstated outliers
were checked and excluded from the survey. To reduce spuri-
ous association outcomes, the SF2/ASF RNA data were ad-
justed for confounders, to have the same range of values and
to reach a more robust linear relationship (Kowalski 1972).
All SF2/ASF mRNA values were normalized to zero mean
and unit variance, according to the following formula:

Xpom = (X—mean(X))/Standard Deviation(X)

because of the adjustment, all values are between the —1/+1
interval. Therefore, some of the data of Fig. 4 appear as neg-
ative values (Kowalski 1972).

Results

SF2/ASF transcription is up-regulated in the first year
of natalizumab therapy

Blood samples from MS patients under natalizumab and
under fingolimod were collected at time intervals, during
1 year of therapy, and compared to samples from healthy
blood donors (HD). The PBMC were isolated, and their
SF2/ASF transcripts were quantified by real-time RT-
PCR analysis, as described in Methods. The data of the
first year of therapy are reported in Fig. 1 and indicate that
the mean levels of SF2/ASF mRNAs were significantly
increased in MS patients during the therapy with
natalizumab (Fig. 1a). The increase was apparent particu-
larly after 3 and 6 months of therapy and remained elevated
in the second semester of therapy, with a strong statistical
significance (Time 0, TO, versus T6: p = 0.001; TO versus
T12: p = 0.005, by independent Student’s ¢ test). In the
fingolimod cohort, instead, the mean levels of SF2/ASF
mRNAs remained unchanged during the year of therapy
(Fig. 1b). On the whole, MS patients under fingolimod
exhibit lower SF2/ASF levels compared to those under
natalizumab. A direct comparison of the data of the two
cohorts and its statistical significance at each time point are
reported in Fig. 1d. The levels of SF2/ASF expression of
HD were intermediate between those of TO samples of the
natalizumab and of the fingolimod cohorts (Fig. 1c).

We noticed that the increase of SF2/ASF expression in
PBMC of the Natalizumab cohort during time was
paralleled by an increased spreading of the individual
values (Fig. 1a). To give insights on this finding, the data
were stratified by different variables, as gender, age, pre-
vious years of MS disease, progression index, and pre-
therapy treatments. No statistically significant differences
were observed with respect to gender, age, previous MS
years, and progression index (data not shown).

In patients pre-treated with interferonf3, the levels
of SF2/ASF transcripts correlate inversely with MS years

One of the three recognized PML risk factors for
natalizumab-treated patients is the pre-treatment with im-
munosuppressive drugs (De Gascun and Carr 2013).
Therefore, we stratified the values of SF2/ASF transcripts
of the TO samples of all patients, with respect to the pre-
vious therapies. A strong statistical significance was
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Fig. 1 Levels of SF2/ASF A
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found only in those patients that have been treated previ-
ously with interferon3 (IFNf3), in which SF2/ASF levels
were inversely related to the previous years of MS dura-
tion (Fig. 2, Pearson’s R correlation test, R = —0.82,
p = 0.007).

The increase of SF2/ASF in natalizumab-treated patients
is related to the presence of JCV DNA and of anti-JCV
antibody

As known, the ascertained scientific evidence related to the risk
of Natalizumab-associated PML lies in JCV viremia, presence
of JCV antibodies and anti-JCV cell-mediated immunity
(Bloomgren et al. 2012). Therefore, DNA was extracted from
PBMC of all the MS patients, and exposed to both NCCR-
specific nested PCR, and T-Ag-specific real-time PCR.

By nested PCR, the NCCR of JCV was selectively
identified in DNA extracts from PBMC of 70 % of the
Natalizumab-treated patients,2 and three of them became

2 For two patients the JCV DNA could not be evaluated, for scarcity of
the samples.
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Months

DNA-positive during the therapy. The NCCR amplicons
from all the JCV-positive patients were of the expected
size. As reported on Fig. 3, the sequencing of NCCR
amplicons from TO and T12 samples of two representative
Natalizumab-treated MS patients revealed a PML-associ-
ated, Mad-1 NCCR structure, which presents two SF2/
ASF-binding sequences, instead of the one of the arche-
type structure (Uleri et al. 2011), without differences be-
tween TO and T12 samples.

By real-time PCR, all the DNA samples positive for
the NCCR, were found positive also for the T-Ag domain.
The JCV DNA copies showed an increase after 3 months
of therapy, followed by a significant decrease at 12 months
(p = 0.001), as reported in Fig. 4, panel d.

Then, the amounts of SF2/ASF mRNAs present in
PBMC of MS patients under natalizumab were evaluated
by real-time RT PCR and stratified with respect to the
presence/absence of JCV DNA sequences. As reported
in Fig. 4a—c, the mean values of the two groups were
similar in the first trimester of therapy; a different trend
of SF2/ASF expression in JCV DNA-negative and JCV
DNA-positive individuals started after 6 months and
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Fig. 2 Inverse correlation among 354
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continued in the second semester of therapy. In fact, in
JCV DNA-positive individuals, the mean SF2/ASF levels
steadily increased up to the 12th month, while in JCV
DNA-negative ones the mean SF2/ASF increase started
to ease off at the 6th month, and declined thereafter. The
SF2/ASF mRNA values have been adjusted for con-
founders (Kowalski 1972), as explained in Methods; be-
cause of the adjustment, some of the data of Fig. 4a—c
appear as negative values. The SF2/ASF values of indi-
vidual samples are reported in Fig. 4b, ¢ (JCV DNA-
negative and JCV DNA-positive individuals, respective-
ly). Correlation analyses were performed (x> Pearson’s R
correlation test), and a statistically significant correlation

MS years

was observed only in samples from JCV DNA-positive
patients (R = 0.62 and p = 0.005; Fig. 4c).

Since the anti-JCV antibody blood levels have been pro-
posed as another predictor of PML-risk (Plavina et al.
2014), natalizumab-treated patients were stratified also ac-
cording to the anti-JCV antibody index (Figs. 4e—3F). The
anti-JCV-positive patients with an anti-JCV antibody index
<0.9 (Fig. 4d) showed a reduction of SF2/ASF transcripts
at T6 and T12, while patients with an anti-JCV antibody
index >0.9 showed a constant increase in the transcription
of SF2/ASF up to 12 months (p < 0.05).

For 23 of the 25 patients, both JCV DNA and anti-JCV
antibody evaluations were available throughout the first
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Fig. 3 Structure of the NCCR regions amplified from PBMCs of two
representative natalizumab-treated MS patients at TO and T12 of therapy,
in comparison to the archetype and Mad-1 JCV strains. The asterisks
indicate point mutations. Ori: origin of DNA replication; segment length
is given in bp. The arrow indicates the initiation codon for the agnogene.

The filled circle indicates the binding site for the SF2/ASF protein. NCBI
accession numbers: PML-type JCV NCCR: AF044714; archetype JCV
NCCR: AB008765.1. The sequences from the patients matched the
PML-type structure
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Fig. 4 SF2/ASF transcription levels of PBMC from natalizumab-treated
patients according to JCV DNA and anti-JCV antibody status along
12 months of therapy. a SF2/ASF mean values of JCV DNA+ patients
(black rectangle, black line, n = 13—16 patients per time point) compared
to JCV DNA patients (grey diamond, gray line, n = 7-10 patients per time
point). Plots of the SF2/ASF values of each of the patients of panel (a) are
reported in (b) for the JCV DNA patients, and in (c) for the JCV DNA+
patients: a linear correlation is observed only in the JCV DNA+ patients.

12 months of therapy.” Only two of them were doubly
negative (8.7 %), seven were doubly positive (30.4 %),
five were Ab-positive/DNA-negative (13.2 %), and eight
were Ab-negative/DNA-positive (34.8 %).

In the second year of natalizumab therapy, SF2/ASF
expression is downregulated preferentially in CD19+ B
cells

During the course of the study, 17 patients completed the
second year of therapy (ten subjects under natalizumab
and seven under fingolimod); their behavior in the 2 years

3 The other two patients were anti-JCV antibody-negative, but the JCV
DNA could not be evaluated.
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d Quantification of JCV DNA copies by real-time PCR for the T-Ag gene,
in PBMC samples that were found positive by nested PCR for the NCCR
region (see the text for details). e, f SF2/ASF transcription values of JCV-
antibody-positive samples, stratified according to the JCV antibody index
(Ab index <0.9 n = 4 and Ab index >0.9, n = 8). The statistical signifi-
cance was calculated by the two tailed Student’s ¢ test (p) and the
Pearson’s correlation test (R). The data are expressed according to the
272C method (Mameli et al. 2013)

of therapy was studied and compared to HD. The SF2/
ASF mRNA levels were analyzed by real-time RT-PCR.
As reported in Fig. 5, the data indicate that in the second
year of natalizumab treatment, the levels of SF2/ASF
mRNA decrease down to those in the range of TO. The
SF2/ASF mRNA levels of fingolimod-treated patients
showed a modest increase.

Several studies reported the presence of JCV DNA in
bone marrow CD34+ lymphocyte precursors (Chalkias
et al. 2014; Monaco and Major 2015; Frohman et al.
2014; Tan et al. 2009) and in B cells and monocytes from
MS patients under Natalizumab therapy (Chalkias et al.
2014). Therefore, to test the hypothesis that SF2/ASF is
involved in the control of JCV, by intracellular flow cy-
tometry, we measured SF2/ASF protein levels during
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Fig. 5 Levels of SF2/ASF transcripts in PBMC from natalizumab-
treated and fingolimod-treated MS patients along 2 years of therapy.
Ten patients of the natalizumab cohort (filled circle) and seven patients
of the fingolimod cohort (filled triangle) were analyzed by real-time RT-
PCR. A bell-shaped SF2/ASF regulation is observed only in natalizumab-
treated patients. The data are expressed according to the 22 method
(Mameli et al. 2013). The statistical significance was calculated by the
two-tailed Student’s ¢ test (p)

time, in total PBMCs and in the B cell subpopulation.
Seven patients of each cohort, for which alive PBMC
were available throughout the 24 months of treatment,
were analyzed, in parallel with seven HD (Fig. 6).

The percentage of CD19+ B cells of natalizumab pa-
tients was slightly higher than that of controls since study
entry (12.8 vs 8.6 %) and increased during time (Fig. 6a,
d). The natalizumab-treated patients that completed the
second year of therapy (Fig. 6d) had a 50 % increase at
12 months of therapy (p < 0.01 versus TO) and a 170 %
increase at the end of the second year of therapy (T12:
15.8 % and T24: 21.8 %, p < 0.05 versus T12, p < 0.01
versus T0), in line with published data, including ours
(Arru et al. 2014; Koudriavtseva et al. 2014).

At TO and T12, the percent values of SF2/ASF positivity of
B cells from natalizumab-treated patients were higher than
those of controls, with a sharp decline of SF2/ASF positivity
of B cells at the end of the second year of therapy (controls:
60.8 %; TO: 67.2 %; T12: 78.5 %; T24: 49.5 %, Fig. 6b, e).
The above differences in the expression of the SF2/ASF pro-
tein were barely detectable in overall PBMC, since the B cell
subpopulation is a minority of PBMC, and the SF2/ASF dif-
ferences in whole PBMC during time were not statistically
significant (Fig. 6F). During the follow-up of the patients,
the SF2/ASF-positive B cells were approximately 1/5 of over-
all SF2/ASF-positive PBMC (18.9, 19.0, and 19.8 % at TO,
T12, and T24, respectively), with a relative enrichment of

SF2/ASF-negative B cells (7.0, 10.3, and 24.2 % of SF2/
ASF-negative PBMC at T0, T12, and T24, respectively).

The Fingolimod cohort did not show statistically sig-
nificant differences during the follow-up (Fig. 6g—i). The
patients had reduced levels of circulating B cells during
the follow-up (32 % at T24 with respect to TO values,
Fig. 6g). The SF2/ASF positivity of B cells was increased
of ~20 %, although the differences did not reach the sta-
tistical significance (66.9, 80.2, and 79.3 % at TO, T12,
and T24, respectively, Fig. 6h). The SF2/ASF-positive B
cells were 8.7, 7.1, and 6.3 % of overall SF2/ASF-positive
PBMC at TO, T12 and T24, respectively, with a relative
depletion of SF2/ASF-negative B cells (T24 values: 53 %
of the TO values of overall SF2/ASF-negative PBMC).

As expected, also the intensity of anti-SF2/ASF stain-
ing fluorescence was decreased in patients treated with
natalizumab for 24 months. At T24, the SF2/ASF fluores-
cence intensity in CD19+ B cells of the natalizumab-
treated patients was 3—4-fold lower than that of the same
cells at T12, while the SF2/ASF fluorescence intensity in
CD19+ B cells of the fingolimod-treated patients; instead,
it did not vary significantly (not shown).

Natalizumab therapy increases JCV T-Ag expression
mostly in B cells, in which SF2/ASF is downregulated

The capability of JCV to replicate in B cells is a debated
issue: production or presence of intact JCV virions in
CD34+ cells and B cells has been reported (Atwood
et al. 1992; Monaco et al. 1996; Tan et al. 2009; Wei
et al. 2000), while other studies reported negative results
(Saure et al. 2011; Warnke et al. 2011). Thus, by intracel-
lular flow cytometry, cell samples were analyzed simulta-
neously for T-Ag and SF2/ASF proteins. Of the seven
patients tested, four were positive for T-Ag, both in total
PBMC and in B cells, with an increasing trend during the
24 months of therapy. In Fig. 7, the mean values of per-
cent positivity to SF2/ASF and T-Ag stainings, and a dot-
plot of a single individual are reported.

The differences between the data of T12 and T24 were
more apparent in the B cell subpopulation than on whole
PBMC (Fig. 7a). At T24, the mean percentage of SF2/
ASF-positive B cells was reduced by ~3-fold, with respect
to that of T12, even though this could not be appreciated
in whole PBMC, where only a 14 % reduction was de-
tected (Fig. 7a, left). In the same cells, a sharp increase of
T-Ag expression occurred (~2.5-fold increase in T-Ag+
PBMC, and 5.6-fold in CD19+/T-Ag+ B cells, respective-
ly, from T12 to T24 of therapy (Fig. 7a, right). Moreover,
the relative percentage of B cells expressing T-Ag was 1
Log higher than those measured in PBMC (not shown). A
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Fig. 6 CD19+ B cells and SF2/ASF protein expression in PBMC from
HD and MS patients treated with natalizumab or fingolimod for 2 years.
Flow cytometry was performed simultaneously on PBMC stored alive
(n =7 for each group) (see Methods for details); 50,000 events for each
sample were acquired. a, d, g Percentage of CD19+ B cells in overall

dot-plot of cells from a single patient is reported in
Fig. 7b. As shown, in PBMC, the percentage of T-Ag-
positive B cells was 0.6 % at T12 and 2.5 % at T24.
Parallel PBMC samples were processed for DNA extrac-
tion and evaluation by nested PCR of DNA sequences
specific for JCV-NCCR. The PCR data confirmed the
flow cytometry data (not shown). As a positive control
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PBMC. b, e, h Percentage of SF2/ASF+/CD19+ cells in overall PBMC.
¢, f, i Percentage of SF2/ASF+ cells in overall PBMC. The statistical
significance of the observed differences was calculated by the two-
tailed Student’s ¢ test (p)

for the specificity of the anti-T-Ag antibody, the
Namalwa cell line, which is negative for JCV expression,
has been transiently transfected with an expression plas-
mid with/without the JCV-T-Ag sequence. After 48 h, the
presence of the T-Ag protein was evaluated, by intracel-
lular flow cytometry, and detected only in cells
transfected with the T-Ag-plasmid, as reported in Fig. 7c.
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Fig. 7 Opposite trends of SF2/
ASF and T-Ag protein expression
in CD19+ B cells from
natalizumab-treated patients. a
Fold increase of expression of
SF2/ASF and T-Ag proteins over
the pre-therapy TO values by flow
cytometry of five samples. In
whole PBMCs and in the CD19+
B subpopulation. b Dot plots of
SF2/ASF and T-Ag protein
expression in total PBMCs and
CD19+ B subpopulation, in a
representative natalizumab-
treated patient. ¢ T-Ag protein
expression in Namalwa cells,
either transfected with the empty
plasmid (upper panel, negative B
control) or transfected with
pcDNA3.1Zeo + JCV-Early
(lower panel). Light gray:
staining with the isotype control
antibody; dark gray: staining with
the anti-T-Ag antibody. Data are
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Discussion

Natalizumab is the most effective therapy for MS avail-
able over the last 10 years (Craddock and Markovic-Plese
2015; Kornek 2015), but is associated with increased risk
of PML, fatal demyelinating disease caused by JCV, esti-
mated to be up to 1:44 (Berger and Fox 2016), or 1:83
(De Gascun and Carr 2013).

Since JCV is ubiquitous, multiple barriers must exist
against PML development. We hypothesized that one could
be the SF2/ASF regulator of alternative splicing (Manley and
Tacke 1996), since it inhibits JCV replication in glial cells,
through binding to JCV promoter, and blocking the expres-
sion of JCV T-Ag (Uleri et al. 2011; Sariyer and Khalili 2011,
Uleri et al. 2013, Craigie et al. 2015).

We wondered about a JCV containment by SF2/ASF in
MS patients, that might be altered during Natalizumab thera-
py, and if SF2/ASF regulation could influence JCV reactiva-
tion in the blood. Therefore, we performed a longitudinal
study of MS patients under natalizumab, in comparison to
patients under Fingolimod and to healthy donors.
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This study documents the novel finding of the regulation of
SF2/ASF in MS patients under therapy with natalizumab, but
not with Fingolimod. The SF2/ASF mRNA levels changed
during the natalizumab therapy (Figs. 1 and 5), with a bell-
shaped pattern: a sharp rise in the first 6 months (up to levels
around three times those of HD, Fig. 1), stability for subse-
quent 12 months, and a decline thereafter, to levels twice those
of HD. In fingolimod-treated patients, instead, the SF2/ASF
levels were always in the range of those of HD.

Since SF2/ASF plays a key role in JCV control, its decrease
in the second year of natalizumab therapy (Fig. 5) could account
for the increased risk of PML associated with a treatment dura-
tion longer than 24 months, that is one of the three major risk
factors for natalizumab-associated PML: Natalizumab treatment
duration >24 months, previous immunosuppressant therapy,
presence of anti-JCV antibodies (Bloomgren et al. 2012;
Plavina et al. 2014). As for previous use of immunosuppressants
(De Gascun and Carr 2013), only one of the patients received an
immunosuppressant drug. However, in patients pre-treated with
IFN, the levels of SF2/ASF transcripts correlated inversely
with the years of disease (p = 0.007, Fig. 2), while no correlations

@ Springer



236

J. Neurovirol. (2017) 23:226-238

were found with other prior therapies. Though IFN3 is not con-
sidered an immunosuppressant, de facto it is immunosuppres-
sive, when given for prolonged time intervals, and/or at high
doses, as those reached in the site of injection, since IFNf3 does
not spread out (Capobianchi et al. 2015).

The most relevant link between Natalizumab therapy and
PML is JCV, the etiological agent of PML. When SF2/ASF
mRNA values of the first year of natalizumab treatment were
stratified according to the presence of JCV DNA, in JCV
DNA-positive patients, the mean SF2/ASF levels steadily in-
creased up to T12, while in JCV DNA-negative patients the
mean SF2/ASF increase started to ease off at T6, and declined
thereafter (Fig. 4a—c). Alongside to SF2/ASF increase, in JCV
DNA-positive patients, there was a concomitant decrease of
circulating JCV DNA copies, which at T12 were below de-
tection limits in 77 % of the patients. These findings suggest
that the increased expression of SF2/ASF in blood cells is
related to the reactivation of JCV during natalizumab treat-
ment, with a protective role against virus replication. This
possibility is reinforced by the finding that SF2/ASF expres-
sion increased in a statistical significant manner only in pa-
tients with high anti-JCV antibody index (Fig. 4e, f). When
both JCV DNA and anti-JCV antibody evaluations were avail-
able, 34.8 % of the patients were Ab-negative/DNA-positive,
thus confirming previous studies, which reported both viremia
and cell-mediated immune response to JCV in seronegative
individuals (Viscidi et al. 2011; Perkins et al. 2012).

Altogether, the data provide a strong evidence of specific
links between SF2/ASF expression and presence of JCV and
of anti-JCV response, during natalizumab treatment. In the
patients, JCV and JCV-specific response could trigger indirect
mechanisms of SF2/ASF regulation (Sariyer et al. 2016b), or,
alternatively, increased degradation of the SF2/ASF protein,
that, by feedback mechanism, might activate the transcription
of its own gene.

To define the actual effects of natalizumab therapy on the
SF2/ASF protein, flow cytometry was performed on PBMC
from natalizumab- and fingolimod-treated MS patients,
throughout the 2 years of therapy and on HD. We focused
on CDI19+ B cells, since JCV is detected mainly in CD34+,
pre-B and mature B cells (Frohman et al. 2014; Chalkias et al.
2014). Moreover, natalizumab promotes mobilization of he-
matopoietic stem cells and CD19+ cells from the bone mar-
row (Frohman et al. 2014). Overall data, as reported in Fig. 6,
indicate that, with respect to pre-therapy values and healthy
controls, natalizumab-treated MS patients had higher numbers
of circulating B cells, which were almost doubled at T24, in
line with published data, including ours (Arru et al. 2014;
Koudriavtseva et al. 2014).

The SF2/ASF-positive B cells were approximately 1/5 of
overall SF2/ASF-positive PBMC during all the follow-up.
Conversely, a relative >3-fold enrichment of SF2/ASF-
negative B cells was observed at T24, with respect to the
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SF2/ASF-negative PBMC (TO0: 7.0 %, T24: 24.2 %).
Therefore, if natalizumab-treated MS patients have circulating
JCV, the virus has more chances to find SF2/ASF-negative
target cells, and to escape the SF2/ASF control, in keeping
with the increased risk of natalizumab-associated PML, after
2 years of therapy (Kornek 2015; Bloomgren et al. 2012;
Warnke et al. 2011; Faulkner 2015).

The PBMC samples from the fingolimod cohort did not show
statistically significant differences during the follow-up (Fig. 6g—
i). The patients had reduced levels of circulating B cells, likely
due to the effect of the drug in preventing the egress from lym-
phoid tissues (Chun and Hartung 2010), in keeping with previ-
ous reports (Claes et al. 2014; Chiarini et al. 2015). The SF2/
ASF positivity of B cells was found ~20 % increased, with an
additional relative depletion of SF2/ASF-negative B cells. These
new findings imply that circulating JCV would have more
chances of finding SF2/ASF-positive target cells, and to be
inhibited by SF2/ASF, in keeping with the nearly absence of
PML risk associated with Fingolimod treatment (Monaco and
Major 2015; Faulkner 2015; Van Schependom et al. 2015).

The capability of JCV to replicate in B cells is debated
(Monaco and Major 2015; Atwood et al. 1992; Wei et al.
2000; Warnke et al. 2011; Van Schependom et al. 2015;
Chapagain and Nerurkar 2010; Houff and Berger 2010). It is
generally accepted that B cells, either supporting JCV replica-
tion, or hosting JCV, carry the virus into the brain, like “Trojan
horses”, and that local B cell death results in JCV release,
infection of oligodendrocytes and demyelination (Houff and
Berger 2010). Therefore, PBMC samples of natalizumab-
treated MS patients were analyzed simultaneously by flow cy-
tometry for T-Ag and SF2/ASF proteins (Fig. 7). Of the seven
patients tested, four produced the T-Ag protein (a finding never
reported previously), both in total PBMCs and in CD19+ B
cells, with a sharp increase of T-Ag expression from T12 to
T24 (5.6-fold in B cells). In addition, the relative percentage
of T-Ag-positive cells was 1 Log higher in the B cell subset than
in whole PBMC. The above flow cytometry data were con-
firmed by PCR evaluation of DNA sequences specific for
JCV-NCCR. Concomitant to the T-Ag increase at T24 in
natalizumab-treated patients, a mean ~3-fold reduction of
SF2/ASF-positive cells was observed, indicating again the neg-
ative correlation between SF2/ASF and JCV expression. Even
though the presence of T-Ag does not mean necessarily viral
replication, the reduction of SF2/ASF might explain the JCV
reactivation at the blood level. Conversely, JCV was shown to
reduce SF2/ASF expression, through binding to the SF2/ASF
promoter (Craigie et al. 2015). The detection of the T-Ag pro-
tein in B cells is a finding not reported previously; it confirms
that B cells are the most important JCV reservoir in blood cells
(Wollebo et al. 2015) and gives further support to the active role
of circulating B cells for JCV transport to the brain.

This study presents some novel findings: (a) the evaluation
of the JCV inhibitor SF2/ASF in MS patients under therapy
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with natalizumab or with fingolimod, in a 2-year follow up;
(b) the bell-shaped regulation of SF2/ASF levels in MS pa-
tients under therapy with natalizumab, increased in the first
year of therapy, and reduced in the second one, while slightly
changed, if any, by fingolimod; (c) SF2/ASF up-regulation,
during the first year, only in natalizumab-treated patients that
are JCV DNA-positive, or have high anti-JCV antibody re-
sponse; (d) inverse correlation between SF2/ASF mRNA
levels and the years of disease, in patients previously treated
with IFNf; (e) differential SF2/ASF protein expression by B
cells from patients treated with natalizumab or fingolimod,
with enrichment, only in natalizumab-treated patients, of the
SF2/ASF-negative B cell subset, likely more susceptible to
JCV than the SF2/ASF-positive ones; (f) expression of the
T-Ag protein of JCV in circulating B cells, inversely related
to SF2/ASF protein expression.

‘We propose that SF2/ASF has a protective role against JCV
reactivation in MS patients. The SF2/ASF reduction during
the second year of therapy with natalizumab, but not with
fingolimod, may help explaining the increased risk of PML
after the second year of treatment with natalizumab.
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