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Abstract

Objective—Progressive multifocal leukoencephalopathy (PML), caused by JC virus (JCV), can
occur in patients receiving natalizumab for multiple sclerosis (MS). JCV detection by quantitative
polymerase chain reaction (QPCR) in cerebrospinal fluid (CSF), or brain biopsy, is required for
probable or definite diagnosis of PML. However, in some patients only low levels of JCV DNA
(<100 copies/ml) are present in CSF, making the diagnosis challenging. Our objective was to
assess the complementary value of a CSF JCV antibody index (Aljcy) in the diagnosis of
natalizumab-associated PML.

Methods—Al;cy was assessed in 37 cases of natalizumab-associated PML and 89 MS-patients
treated with natalizumab without PML. Sera and CSF were tested in a capture enzyme-linked
immunosorbent assay, using JCV-VP1 fused to glutathione S-transferase as antigen. Albumin
levels and total immunoglobulin G concentration were determined by immunonephelometry, and
the Aljcy was calculated as published.

Results—Twenty-six of 37 (70%) patients with natalizumab-associated PML exhibited an Aljcy
> 1.5, whereas this was seen in none of the controls (p < 0.0001). At time of the first positive
gPCR for JCV DNA, 11 of 20 (55%) patients with natalizumab-associated PML had an Aljcy >
1.5. JCV DNA levels of <100 copies/ml were seen in 14 (70%) of these 20 patients, of whom 8
(57%) demonstrated an Aljcy > 1.5.

Interpretation—Determination of the Al;cy could be an added tool in the diagnostic workup for
PML and should be included in the case definition of natalizumab-associated PML.

Natalizumab (NAT) is an approved therapy for relapsing multiple sclerosis (MS). However,
a substantial complication in patients treated with NAT for MS is progressive multifocal
leukoencephalopathy (NAT-PML), a demyelinating lytic central nervous system (CNS)
infection by JC virus (JCV).1=23 Variable clinical presentation and imaging features,
similarity of clinical signs of PML to MS relapse activity, and the lack of noninvasive
diagnostic tools that confirm PML in patients with lesions suspicious for PML on brain
magnetic resonance imaging (MRI) complicate the early recognition of cases of NAT-PML.
The diagnostic steps in PML workup include clinical examination, MRI, and quantitative
polymerase chain reaction (QPCR) for detection of JCV DNA in cerebrospinal fluid (CSF).
However, sensitivity of JCV DNA PCR in CSF for diagnosis of PML is variable, ranging
from 60 to 95%.46:7 Most commercial laboratories are only able to detect JCV DNA in
quantities >200 copies/ml CSF, whereas the laboratory at the NIH has a limit of 10 copies
JCV DNA/mI.® However, the significance of very low copy numbers (< 100 copies/ml) is
not entirely clear, as these have previously been noted in 2 of 515 CSF samples from
patients without apparent clinical or radiographic signs of PML.8 Despite the use of
ultrasensitive protocols and continuous efforts to improve the methodology,® patients with
NAT-PML can have repetitively undetectable JOV DNA in CSF,10-12 and frequently have a
JCV DNA level of <100 copies/ml CSF at time of diagnosis.13-14 This can lead to delayed
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diagnosis in some patients,1° or to a brain biopsy to confirm the diagnosis in others. As of
July 2011, in 9.2% of German PML cases associated with monoclonal antibody therapy,
brain biopsy has been performed to confirm the clinical suspicion of PML.4

Thus, there is a need for additional diagnostic tests that allow the diagnosis of probable or
definite PML in the setting of clinical or imaging suspicion of possible PML. The detection
of a marked rise in anti-JCV immunoglobulin G (IgG) antibodies in the CSF with evidence
for intrathecal production has been observed in cases of NAT-PML, 1011 and has previously
been reported in non-MS PML cases.16:17 The aim of our study was to assess whether the
CSF JCV antibody index (Aljcy) as a measure of intrathecal synthesis of anti-JCV
antibodies could add to the diagnosis of NAT-PML.

Subjects and Methods

Patients

Paired CSF and serum samples from patients with NAT-PML at or after diagnosis of PML
that had been sent to the Institute for Virology at Heinrich Heine University, Disseldorf,
Germany, and the Laboratory of Molecular Medicine and Neuroscience, National Institute
of Neurological Disorders and Stroke, NIH, Bethesda, Maryland for the purpose of JCV
DNA analysis were included in this study. A description of the clinical and radiographic
findings of the patients was obtained from the treating physician.

CSF-serum pairs of non-PML patients with relapsing—remitting MS treated with NAT
(NAT controls) available from German and Swedish!®:20 pharmacovigilance studies served
as controls.

The local ethics committee (Ethics Commission of Heinrich Heine University, Disseldorf,
protocol number 3315) approved the study and waved the requirement for written informed
consent for the retrospective analysis of the stored samples at the Institute for Virology,
Diisseldorf.

Anti-JCV Antibody Detection, Calculation of CSF JCV Antibody Index, and JCV DNA

Detection

Sera and CSF were tested in a recently published species-specific capture enzyme-linked
immunosorbent assay using JCV-VP1 fused to glutathione S-transferase as antigen.2:22 For
the determination of JCV-VP1-specific 1gG antibodies, sera were tested at 1:60 and 1:180
dilutions and CSF at 1:3 and 1:9 dilutions. Highly reactive sera and CSF with an OD450 =
1.5 at the 1:180 and 1:9 dilutions, respectively, were further diluted. The antibody reactivity
was assessed in arbitrary units (AU) by the use of a standard curve obtained from a serial
dilution of human polyclonal immunoglobulin at stable concentrations as published.?2 AUs
were multiplied by the dilution factors for dilutions within the linear part of the standard
curve (OD450 < 1.5) to obtain absolute AU values. Total 1gG and albumin concentrations in
blood and CSF were determined on a BN ProSpec analyzer using commercially available
immunonephelometric assays (Siemens Health Care Diagnostics, Eschborn, Germany).
Nephelometric measurements were performed in the central laboratory of the University
Hospital Dlsseldorf according to the manufacturer’s instructions.
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The Aljcy was calculated as published.?® Briefly, Qjim, represents the blood-derived IgG
fraction in CSF, which is calculated from the individual albumin quotient (Qap =

Albosr/Albeerum) as follows:Qum=0.93 /(@ ,,)>+6 x 106 — 1.7 x 10°,
Q,,c=1gG — CSFiotal /IgG — serumyear. If
ngc <Qlim7 AIva:<AU - CSF.TCV/AU - Serum.]cv)/ngG' If

Q¢ >Qiim, AL, =(AU — CSF ., /AU — serum,, )/ Qiim. Consistent with the literature,
an Aljcy of >1.5 was considered as evidence for intrathecal antibody synthesis.16:23

gPCR for the detection of JCV DNA was performed as published,?* amplifying a 78bp
product in the large-antigen region.25:26

Statistical Analysis

Results

Prism v6.0 (Graph Pad Software, San Diego, CA) was used for statistical analysis. To
compare categorical values, chi-square test was applied; 95% confidence intervals (Cls) for
proportions were calculated by modified Wald method (http://www.graphpad.com/
quickcalcs/). To compare unpaired nonparametric measures, Mann-Whitney test was
applied. To assess the correlation between nonparametric values (JCV DNA levels and
Aljcy), Spearman r correlation coefficients were calculated. Probability values of <0.05
were considered significant.

Patient Characteristics

A total of 37 patients with NAT-PML were included in this study, comprising 30 cases from
Germany, 1 from the Netherlands, 1 from Sweden, and 5 from the United States. In 54% (20
of 37) of these cases, a CSF—serum pair at time of diagnosis of PML was available, as
generally defined by the date of the first PCR positive for JCV DNA. In the remaining 46%
(17 of 37) of the cases, only samples obtained after the initial PML diagnosis were tested.

A total of 89 NAT-treated patients without PML from Germany (n = 48) and Sweden (n =
41) served as controls. Compared to these NAT controls, our NAT-PML patients were older
(mean age = 45 vs 40 years, p = 0.012) and had a longer median duration of therapy with
NAT (44 vs 14 months, p < 0.0001; Table 1).

Anti-JCV Antibody Levels in Blood and CSF, and CSF JCV Antibody Index at Diagnosis
and during NAT-Associated PML

Anti-JCV antibodies in serum were detectable in 63 of 89 (71%, 95% CI = 61-79%) NAT
controls, and in all (100%) of the NAT-PML patients. The anti-JCV antibody levels were
higher in serum of NAT-PML patients obtained at diagnosis of PML (median absolute AU =
12,930; range = 1,290-129,420) or later during the course of PML (median absolute AU =
91,140; range = 1,260-570,600) compared with samples of the 63 antibody-positive NAT
controls (median absolute AU = 4,624, range = 1,100-38,437, p < 0.0001 for both
comparisons; Fig 1A).
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Anti-JCV antibodies in CSF were detectable in 39 of 89 (44%, 95% CI = 34-54%) NAT
controls. The anti-JCV antibody levels in CSF were higher in CSF of NAT-PML patients
obtained at diagnosis of PML (median absolute AU = 74.5, range = 0.84-3,807) or later
during the course of PML (median absolute AU = 1,232, range = 15-11,880) compared with
samples of the 39 antibody-positive NAT controls (median absolute AU = 3.4, range = 0.7-
27, p < 0.0001 for both comparisons; see Fig 1B).

Aljcy values were higher in NAT-PML patients (median Aljcy = 4.46, range = 0.09-51.04)
compared to the NAT controls (median Aljcy = 0.23, range = 0.03-1.22, p < 0.0001). This
was also true when analyzing samples of NAT-PML patients obtained at diagnosis of PML
(median Aljcy = 2.03, range = 0.09-48.78) or later in the PML course (median Aljcy =
8.40, range = 0.47-51.04) separately (see Fig 1C).

Accordingly, 26 of 37 (70%, 95% CI = 54-83%) patients with NAT-PML showed an Al;cy
> 1.5 suggestive for intrathecal anti-JCV IgG antibody synthesis, whereas this was seen in
none of the 89 NAT controls (p < 0.0001). In patients with sampling available at diagnosis,
11 of 20 (55%, 95% CI = 34-74%) NAT-PML cases showed an Aljcy > 1.5 (see Table).

JCV DNA Levels at Diagnosis of PML

As per definition, NAT-PML patients with sampling available at diagnosis had detectable
JCV DNA in their CSF by gPCR, with 1 exception repetitively showing indeterminate PCR
results (Fig 2B). However, 14 (70%, 95% CI = 48-86%) of these 20 patients had JCV DNA
levels of <100 copies/ml. Eight of these 14 (57%, 95% CI = 33-79%) demonstrated an
Aljcy > 1.5 at time of diagnosis (see Table). No correlation was observed between the
Aljcy and the molecular detection of JCV DNA by gPCR, neither when analyzing all PML
cases together (Spearman r = 0.095, 95% CI = —0.415 to 0.246, Fig 3), nor when analyzing
the cases with sampling at time of diagnosis separately (Spearman r = —0.056, 95% CI =
-0.497 to 0.408).

Individual Cases That Demonstrate Potential Role of Using CSF JCV Antibody Index in
Diagnosing PML in Patients Treated with NAT

In 1 of our cases of NAT-PML, clinical and MRI findings raised the suspicion of PML,
prompting CSF analysis for JCV DNA, which did not detect viral DNA at 2 time points.
However, in this patient definite diagnosis of PML was established 3 months later, when
120 copies/ml of JCV DNA were detected on repeat CSF testing at the Institute for Virology
in Disseldorf. Compatible with clinical suspicion of an earlier start of PML, the
retrospective analysis of stored CSF-serum pairs already displayed an elevated and
increasing Aljcy 3 and 2 months prior to the first positive detection of JCV DNA in CSF by
gPCR (see Fig 2A).

In another patient on NAT, a delayed diagnosis of PML was based on clinical and MRI
changes, 2 indeterminate positive JCV DNA PCR results from a local virology laboratory
(despite repetitive negative JCV DNA PCR results at the Institute for Virology, Disseldorf),
and evidence for pronounced intrathecal anti-JCV antibody synthesis from our study. As the
clinical deterioration was initially judged to be new MS disease activity— a diagnosis
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influenced by the inconclusive PCR results and MS-like imaging appearance of the lesion—
plasma exchange (PLEX) as escalation treatment for relapse and 1 additional infusion of
NAT therapy were given in this case prior to diagnosis of PML (see Fig 2B).

A third case was diagnosed with NAT-PML 4 months after cessation of NAT and switching
to fingolimod therapy. Whereas JCV DNA in CSF was repetitively found negative at the
Swedish reference laboratory for JCV diagnostics, 14 copies/ml of JCV DNA in CSF were
detected at the NIH at the time of the first lumbar puncture. At the same time, clear evidence
of intrathecal anti-JCV antibody synthesis was noted, which increased over time, supporting
diagnosis of NAT-PML (see Fig 2C).

In another patient, clinical and MRI suspicion led to JCV DNA testing in CSF, resulting in

probable PML based on an indeterminate positive PCR result (repetitively positive probe in
1 of 2 duplicates; tested at the Institute for Virology, Dusseldorf). The definite diagnosis of
PML was based on the detection of 25 copies/ml of JCV DNA in CSF at the NIH, and clear
evidence for intrathecal anti-JCV 1gG production from our study (see Fig 2D).

In a fifth case, diagnosis of definite PML was based on the detection of 75 copies of JCV-
DNA in CSF. The Al-JCV of 1.37 was just below the cut-off at 1.5, but increased in follow-
up samples, supporting the diagnosis of natalizumab-associated PML (see Fig 2E).

Discussion

This is a unique study that addresses the potential value of the intrathecal anti-JCV IgG
antibody synthesis for diagnosis of NAT-PML. Here we demonstrate that a vast majority of
NAT-PML patients (92%, 95% CI = 78— 98%) reveal anti-JCV antibody levels in CSF with
values outside the 95% CI of antibody-positive NAT controls (see Fig 1). These elevated
anti-JCV antibody levels in CSF could be explained by intrathecal antibody synthesis, a
disturbance of the blood—CSF barrier at or after onset of PML, or by diffusion of antibodies
across the blood—CSF barrier in consequence of high serological responses.

To exclude pure diffusion and disturbance of blood—CSF barrier function as a putative
explanation of increased levels of anti-JCV antibodies in CSF in cases of PML, the JCV-
specific CSF antibody index (Al;cy) was calculated. In the first samples available from our
NAT-PML patients, 26 of 37 (70%, 95% CI = 54-83%) had an Alcy > 1.5 as clear
evidence for intrathecal synthesis. A key question with regard to the potential diagnostic
value of the Aljcy is how early this intrathecal immune response against JCV can be
detected, and how specific it is. Within our study, we observed a specificity of 100% (95%
Cl = 95-100%) in diagnosis of PML in MS patients treated with NAT, as none of the 89
NAT controls from 2 different cohorts (Germany, Sweden) displayed an Al;cy > 1.5.
Sensitivity at time of first positive qPCR was around 55% (95% CI = 34-74%), with 11 of
20 NAT-PML patients showing a pathological Aljcy. In 19 of these 20 patients, samples
were obtained prior to PLEX or immune adsorption (I1A), whereas only 1 patient (shown in
Fig 2B) had received PLEX for a suspected MS relapse 8 weeks before and a second cycle
the day before diagnosis of PML. This is crucial, because PLEX may impact antibody
levels, including JCV-specific antibodies, with unknown effects on the Al;jcy. Immediately
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following PLEX or IA, anti-JCV antibodies in blood have been shown to be decreased,?’

and in the subsequent weeks anti-JCV antibodies in blood may increasel4. Hence, until its
effects on the Aljcy are better understood, it would be desirable to obtain blood and CSF

samples prior to PLEX.

Diagnosis of NAT-PML can be complicated by clinical and/or imaging findings that are
mistaken for MS relapse activity. The lack of detection of JCV DNA can be attributed to
lower levels of sensitivity of a gPCR assay and sample integrity. Around 70% of the NAT-
PML cases reported in this article showed JCV DNA copy numbers of <100/ml CSF at the
time of diagnosis. The retrospective design of our study and a potential sampling bias may
have contributed to these numbers. Nevertheless, for these cases additional confirmatory
diagnostic tools appear to be required to ascertain the diagnosis of PML, and not to miss
NAT-PML cases, or delay appropriate management of possible PML. Notably, no
correlation was noted between DNA copy numbers in CSF and the Al;cy. Hence, at around
57% (95% CI = 33-79%) the sensitivity of the Al;cy at diagnosis of PML remained
unchanged in the subgroup of patients with JCV DNA copy numbers of <100/ml, arguing
for an additional diagnostic value of this test.

Considering the invasive nature of CSF diagnostics required for determining the Aljcy, this
technique, like the detection of JCV DNA in CSF, will be unsuitable for PML risk
prediction. Future strategies in this respect might include MRI screening,28-30 assessment of
JCV-specific T-cell responses,31-33 JCV DNA in serum or peripheral blood cells,25:26:34.35
or cellular surface phenotyping.36 However, none of these tools has yet been prospectively
validated. The only currently established risk factors for PML development during therapy
with NAT are treatment duration with NAT for >2 years, prior immunosuppressive therapy,
and the presence of anti-JCV antibodies in blood.3 Our data obtained in the present study on
anti-JCV antibody levels in blood are in line with previous publications on high and
increasing levels prior to, at, and after diagnosis of PML (see Figs 1A, 2).1%37 Nine of 20
(45%, 95% CI = 26-66%) of our patients at diagnosis of PML had absolute AU values in
blood outside the 95% CI of our anti-JCV antibody-positive control group. This might
support efforts to further stratify patients at risk of PML by considering the level of the anti-
JCV antibody response. “Index values”—not to be confused with the CSF antibody index
(Aljcy) presented in this study—from a commercially available protocol to quantify anti-
JCV antibodies in blood are currently being evaluated for this purpose38. However, until
such strategies have been further validated, vigorous clinical monitoring, determination of
the anti-JCV antibody status, and regular MRI scanning are mandatory during NAT therapy
for MS to minimize the risk.

As a clinical consequence of the results of our study, we propose the determination of CSF
Aljcy in addition to JCV DNA PCR in CSF in cases of possible or probable PML (based on
clinical, MRI, and/or JCV DNA PCR findings) in patients at risk.8 For the Aljcy, no
additional invasive procedure is required, and the Aljcy can be determined from patient
material (CSF, peripheral blood) routinely acquired at the time of lumbar puncture for the
purpose of JCV DNA detection. Prerequisite only is the availability of a serological method
to reliably quantify anti-JCV IgG antibodies in serum and CSF.22 By assessing the
intrathecally synthesized JCV-specific 1gG fraction, the compartmentalized humoral
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immune response to the causative agent of PML is studied. Interestingly, cases of NAT-
PML at diagnosis vary with regard to MRI lesion extension (unilobar, multilobar,
widespread) and signs of inflammation on MRI (contrast enhancement).39 Also, viral JCV
DNA turnover and the level of the adaptive immune response in the CNS appear to be
variable, as noted previously in patients with HIV-associated PML,%C and in our study for
NAT-PML cases; although a proportion of our cases already show a strong intrathecal
immune response at diagnosis but low viral copy humbers, a fraction of patients show high
copy numbers while lacking a measurable intrathecal antibody response. It is tempting to
speculate that in some cases of PML during therapy with a selective immunosuppressant
such as NAT—possibly influenced by viral and host factors and/or the PML lesion location
relative to the CSF drainage—strong adaptive immunity partly controls JCV replication,
resulting in high Aljcy values despite the lack of JCV DNA in CSF, whereas in other cases
the lack of a strong adaptive immunity results in high viral copy numbers. As such, an
approach in the diagnostic workup that covers both the molecular detection of JCV DNA by
gPCR and a measure of the adaptive immune response against JCV in the CNS appears
rational. Based on our present data, it may seem plausible to determine the Aljcy
simultaneously with the detection of JCV DNA by PCR in CSF in all cases of possible
NAT-PML based on clinical and MRI suspicion. Patients with no JCV DNA in the CSF, but
an Aljcy of >1.5, may be classified as probable NAT-PML. This may allow earlier therapy
for PML in a proportion of patients, and avoidance of brain biopsy in some of the initially
PCR-negative cases of NAT-PML. Clearly, further independent prospective confirmation is
warranted to better define the diagnostic value of the Aljcy in patients treated with NAT.
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FIGURE 1.

The anti-JC virus (JCV) antibody levels in absolute arbitrary units (AU) are shown in (A)
blood and (B) cerebrospinal fluid (CSF). (C) The CSF;cy antibody index (Aljcy) values of
89 non-progressive multifocal leukoencephalopathy (PML) patients with relapsing-remitting
multiple sclerosis treated with natalizumab (NAT controls) from Germany (n = 48, soild
circles) and Sweden (n = 41, open circles) are compared with the Al;cy values of 37 cases
of NAT-associated PML (NAT-PML) at diagnosis (Dx) of PML (n = 20, prior to plasma
exchange) or in samples obtained thereafter (n = 17). For all NAT-PML cases, the first
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available CSF-serum pair relative to the time of Dx of PML is shown. Black dashed lines
indicate 95% CI of antibody-positive NAT controls (A, B) or the Al;cy cutoff at 1.5 (C);
continuous lines indicate NAT controls that tested negative; gray dashed lines indicate
median of patients with detectable anti-JCV antibodies.
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Five cases of natalizumab-associated progressive multifocal leukoencephalopathy (PML)
with high CSFJC virus (JCV) antibody index (Aljcy) values prior to or at diagnosis of PML
are shown in an x-y diagram, plotting the absolute arbitrary unit (AU) values in blood and
cerebrospinal fluid (CSF; left) and the Aljcy values (right) over time. PLEX marks the start
with plasma exchange or immune adsorption. I* indicates indeterminate polymerase chain
reaction (PCR) result at a local virology laboratory, negative at the Institute for Virology,
Diisseldorf. 14% indicates 14 copies/ml CSF at the NIH, negative at the Swedish reference
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laboratory for JCV testing. 25%# indicates 25 copies/ml CSF at the NIH, indeterminate result
(1 probe positive in 2 duplicates and repeated testing) at the Institute for Virology,
Dusseldorf. Dashed lines indicate 95% confidence interval of antibody-positive natalizumab
controls in blood (upper line) or CSF (lower line); continuous lines indicate Aljcy cutoff at
1.5. FTY = fingolimod.
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FIGURE 3.
The CSFJC virus (JCV) antibody index (Aljcy) values and the JCV DNA results by

polymerase chain reaction of all 37 natalizumab-progressive multifocal
leukoencephalopathy cases are shown in an x-y diagram. Al;cy values and JCV DNA level
did not correlate (Spearman r = 0.095, 95% confidence interval = —0.415 to 0.246). CSF =
cerebrospinal fluid.
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TABLE 1
Patient Characteristics
Patient No. of Mean Age, Median Gender,
Groups Patients yr (range) No. of Female/Male [%]
Infusions (range)
NAT controls 89 40 (22-61) 14 (6-50) 53/85 [62%]
German 48 40 (24-61) 24 (19-50) 30/44 [68%]
Swedish 41 41 (22-61) 12 (6-14) 23/41 [56%]
NAT-PML 37 45 (28-63) 44 (19-75) 25/37 [68%]
After Dx 17 46 (30-63) 43 (23-66) 12/17 [71%)]
At Dx 20 44 (28-51) 45 (19-75) 13/20 [65%)]
NAT-PML Group JCVDNAInCSF, Al Comment
Cases at Dx Copies/ml
Case 12 gPCR > 100 copies/ 120 5.63 Negative PCR but Alycy = 3.60
ml, Alycy > 1.5 at 3 months prior to DX, Fig 2A
Case 8 444 48.78
Case 20 69,716 7.29
Case 19 gPCR > 100 copies/ 306 0.58
ml, Alycy < 1.5
Case 4 6,930 0.52
Case 9 11,900 0.71
Case 17 gPCR <100 copies  Indeterminate 35.90 Indeterminate * PCR result
ml, Alycy > 1.5 2 months prior to Dx, Fig 2B
Case 16 14 13.66 Negative in local reference
laboratory, 14 copies/ml at
NIH, Fig 2C
Case 18 91 11.33
Case 13 56 4.46
Case 11 25 3.72 Indeterminate* PCR result in local
reference laboratory, 25 copies/
ml at NIH, Fig 2D
Case 3 1 3.04
Case 6 20 1.76
Case 5 31 2.29
Case 1 gPCR < 100 copies/ 75 1.37
ml, Alycy < 1.5
Case 2 9 1.30
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Patient No. of Mean Age, Median Gender,
Groups Patients yr (range) No. of Female/Male[%]
Infusions (range)

Case 7 37 0.09

Case 10 52 1.03

Case 14 30 0.39 MRI suspicion, negative PCR at
local laboratory, 30 copies/ml
at NIH

Case 15 24 0.37

Page 17

Aljcv = CSFjcV antibody index; CSF = cerebrospinal fluid; Dx = diagnosis; JCV = JC virus; MRI = magnetic resonance imaging; NAT =
natalizumab; PML = progressive multifocal leukoencephalopathy; gPCR = quantitative polymerase chain reaction.
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