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Abstract

Introduction. The John Cunningham virus (JCPyV) causes a fatal demyelinating disease of the central nervous
system known as progressive multifocal leukoencephalopathy (PML). In healthy people, the JCPyV non-coding
control region (NCCR) is not rearranged, while NCCRs in immunocompromised patients are characterized by fre-
quent rearrangements and can be associated with PML development. Therefore, patients treated with natalizum-
ab, which decreases the migration of leukocytes and monocytes through the blood-brain barrier to inflammatory
foci, are at increased risk of developing PML.

The purpose of the study was to analyze NCCR sequences of JCPyV isolates from patients with multiple scle-
rosis (MS) treated with natalizumab.

Materials and methods. A total of 26 blood plasma samples and 8 cerebrospinal fluid samples were analyzed
using nested PCR to study the JCPyV NCCR structure in Russian MS patients treated with natalizumab. The
NCCRs present in the samples were cloned and sequenced by Sanger sequencing. All the JCPyV NCCR se-
quences were compared with the archetype sequence and mapped. The NCCR sequences were also examined
for presence of putative transcription factor binding sites.

Results. A total of 48 NCCR sequences were found. The analysis showed that up to 55% of NCCRs were iden-
tified as rearranged NCCRs, while the other were archetype-like NCCRs. All the sequences can be divided into
6 types with one dominant rearrangement pattern. This rearranged NCCR was also found in a patient with the
confirmed PML diagnosis and a poor prognosis. All the rearranged NCCRs were characterized by the presence
of additional transcription factor binding sites.

Conclusion. The study has helped identify previously unknown NCCR patterns typical of MS patients treated
with natalizumab in Russia, thus confirming the need for the further research on NCCR rearrangements in MS
patients undergoing natalizumab treatment to gain better understanding of the origin of neurovirulent JCPyV
variants.
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AHanus nocnepoBaTeNbHOCTEN HEKOANPYIOLEN KOHTPOSIbHOMN
o6nactn [1HK nsonaros Bupyca [IxxoHa KaHHMHrema y nayeHToB
C pacCeAAHHbIM CK/1epO30M, NOJTyYaBLUNX HaTaNn3ymab
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'LleHTpanbHbI HaY4YHO-UCCIefoBaTENbCKUN MHCTUTYT anugemuonorun PocnotpebHaasopa, Mocksa, Poccus;
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AHHOMauus

Beepenue. Bupyc [xoHa KaHHuHrema (JCPyV) Bbi3biBaeT hatanbHoe aemuenvHusmpyowee 3abonesaHue
LiIEHTParnbHOW HEPBHOW CUCTEMbI, M3BECTHOE KaK Mporpeccupytollas MynstudokanbHas nekosHuedganonatms
(MMI). Y 3gopoBbix nogen Hekoampytowasi KoHTponbHast obnacts (NCCR) JCPyV He nepectpauBaetcsi, B TO
Bpems kak NCCR y nauueHToB ¢ ocnabneHHsiM UMMYHUTETOM YacTO NepecTpanBaloTCcs U MOTYT ObiTb CBA3aHbI
¢ passutmem MNMJ1. B cBA3M € 3TUM y MaUMEHTOB, NOMyYalLWMX Tepanuio HaTanuaymabom, AeNCTBYOLWUM Ha
ypOBHe remaToaHuedannyeckoro 6apbepa u Bbi3bIBAKOLLMM YMEHbLUEHWNE MUTPALMN NMMMAOLMTOB M MOHOLMTOB
B BOCManuTenbHbIe o4aru, nosbilaeTcs puck passutus MNMMII.

Lenb nccnegosaHua — npoaHanuamposaTh nocnegosatensHocT NCCR mnsonatos JCPyV y naumneHToB ¢ pac-
cesiHHbIM cknepo3oMm (PC), nonyyaBlimx HatanMsymao.

Matepuanbl n metoabl. [Ins oueHkn cTpykTypbl NCCR JCPYV y poccuiickux naumeHtos ¢ PC, nonyyasLumnx
HaTanu3ymab, metogom lMLP ¢ BnoxeHHON napov NnpanmMepoB NpoaHanuanpoBaHo 26 06pas3uoB nra3Mbl KpoOBU
n 8 obpasuos LepebpocnuHaneHoln xuakoctn. NCCR, npucyTcTByowme B obpasuax, 66y KIOHMpOBaHbI U
cekBeHupoBaHbl Mo Mmetoay CaHrepa. Bce nocnegosatensHoctn JCPyV NCCR cpaBHuBanu ¢ nocriegoBatenb-
HOCTbIO apxeTuna u kaptuposanu. NocnepgosatensHocT NCCR 6binv Takke NpoaHanu3npoBaHbl Ha Hanm4uve
npegnonaraeMbix CanToB CBA3bIBaHMSA (DAKTOPOB TPaHCKPUMLUNA.

Pe3ynkraTtbl. O6HapyxeHbl 48 nocnegosatensHocTen NCCR. AHanua nokasan, uto Ao 55% NCCR vaeHTndu-
uupytotest kak nepectpoeHHble NCCR, ocTanbHble ABMSAOTCS apxeTunonofobHeIMu. Bece nonyyeHHble nocneno-
BaTENbHOCTM MOXHO pasfenntb Ha 6 TUNOB ¢ NpeobrnagaHnem O4HOro NaTTepHa NepecTporkn. ATOT NePecTpo-
eHHbIn NCCR 6bIn Takke obHapyxeH y naumeHTa ¢ noaTeepXaéHHbiM amnarHo3om MNMJT ¢ nnoxmm nporHo3om.
Bce nepectpoeHHble NCCR xapakTepusoBanucb HanmuMem OOMOfHUTENbHBIX CalToB CBA3bIBaHWS (DakTopoB
TPaHCKPUNUUW.

3akntoueHue. lNposenéHHoe nccneaoBaHne No3sonuno snepeble BolgBuTb nattepHsl NCCR, xapakTepHble ans
6onbHbIX PC, npyHumaBLumx Hatanuaymab, B Poccun, 4To noateepxaaet Heo6XoaumocTb AanbHeENLEero ncere-
poBaHus nepectpoek NCCR y nauueHToB ¢ PC, nonyyaswimx Hatannsymab, Ans paclwmpeHvs npeactaBneHnii o
BO3HMKHOBEHWN HENPOBUPYNEHTHbIX BapuaHToB JCPyV.

KnroueBble cnoBa: JCPyV, HekoOupytowasi koHmporibHas obnacme (NCCR), paccesiHHbIU CKepo3, Hamaru-
3ymab

Bmuyeckoe ymeepxdeHue. ViccnenosaHve npoBoannoch Npu Ao6pOBOSIbHOM MHPOPMMPOBAHHOM COrflacum nauw-
eHToB. [1poTokon uccnegoBaHWsa ogobpeH JTuyecknm KoMmuTeToM HayyHoro LeHTpa HeBpororun (mpoTtokon Ne 1-2/22
ot 19.01.2022).

UcmoyHuk (pUHaHCUpOSBHUﬂ. ABTOpr 3asaBNs0T 00 OTCYTCTBUU BHELLHEro CbI/IHaHCVIpOBaHVIﬂ npun nposegeHUn nc-
cnegoBaHuA.

KoHgbnnukm uHmepecoe. ABTOpbl AeKNapUpyOT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSI-
3aHHbIX C NyGnuKaLmeit HacTosILLe CTaTbu.

Ans yumupoeaHus: TiomeHueBa M.A., TiomeHueB A.U., 3axaposa M.H., Ackaposa Jl.W., Cumanus T.O., MNupa-
noB M.A., AkumkunH B.I. AHanu3 nocrnenoBaTenbHOCTEN HEKOAUpYoLLel KOHTponbHon obnactn AHK n3onatos Bupyca
[xoHa KaHHMHreMa y nauueHToB C paccesiHHbIM CKMepo3oM, nonyyaBlunx Hatanusymab. XKypHan mukpobuonoauu,
anudemuornoauu u ummyHobuonoauu. 2023;100(1):7-5.
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Introduction

Human polyomavirus 2, commonly referred to
as the JC virus or John Cunningham virus (JCPyV),
is a representative of genus Betapolyomavirus, family
Polyomaviridae. JCPyV is a non-enveloped virus with
double-stranded DNA genome comprised of approxi-
mately 5,100 bp. The JCPyV genome can be divided
into three parts: the non-coding control region (NCCR),
the early viral gene region, and the late viral gene re-
gion [1].

NCCR is a hypervariable JCPyV promoter/en-
hancer region approximately 400 bp long; it contains
most of the elements required for initiation of early and
late transcription and viral gene expression, including
TATA boxes and transcription factor binding sites [2].
The early viral gene region is located leftward to the
replication origin and encodes the small T-antigen, large
T-antigen, and truncated version of the large T-antigen.
These proteins are responsible for virus replication and
late gene expression [3, 4]. The late viral gene region is
located rightward to the replication origin and encodes
three structural proteins: major capsid protein VP1 and
minor capsid proteins VP2 and VP3. Each JCPyV viri-
on contains a total of 72 pentameric capsomeres of VP1
with T=7 icosahedral symmetry. Inside the capsid, one
molecule — VP2 or VP3 — is attached to each capsomere
of VP1 [5].

JCPyV is an etiological agent causing a rare, rap-
idly progressing, often fatal, demyelinating disease of
the central nervous system known as progressive multi-
focal leukoencephalopathy (PML) observed in patients
with impaired humoral and cell-mediated immuni-
ty [6]. JCPyV can cross the blood-brain barrier and get
into the central nervous system where it infects oligo-
dendrocytes and astrocytes [7, 8]. Based on some data,
70-90% of people are infected with JCPyV [9, 10]. The
non-rearranged archetypal form of JCPyV that can be
found in healthy people is seen as harmless, while the
rearranged form known as the prototype is found in the
central nervous system of PML patients. The prototype
nearly always has differences in NCCR compared to
the JCPyV sequence found in healthy people [11, 12].
These differences in NCCR can alter JCPyV tropism by
changing DNA binding sites for cellular transcription
factors in cells permissive for infection [2, 13]. It is also
assumed that these differences activate virus replication
and gene transcription in glial cells, eventually launch-
ing the lytic cycle [14, 15].

Immunodeficiency or immunosuppression leads to
JCPyV reactivation and switchover from the archetype
to the prototype. There are known cases when JCPyV
changed into an aggressive PML-inducing form during
treatment with such agents as natalizumab, rituximab,
dimethyl fumarate, fingolimod, efalizumab, brentux-
imab vedotin and other immunosuppressants [16-21].

Natalizumab is a humanized monoclonal anti-
body selectively binding to a4-integrin; it is used for

treatment of relapsing forms of MS. Natalizumab is
administered to patients with highly active disease.
On average, PML is diagnosed in 4.19 cases per 1,000
patients treated with natalizumab (95% CI, 3.89-4.49)
[22, 23].

There are three main risk factors associated with
development of PML during the natalizumab therapy:

* the presence of anti-JCPyV antibodies (seropo-

sitive patients with anti-JCPyV);

* the duration of therapy, especially beyond 2

years;

* the prior treatment with immunosuppressants

before the natalizumab therapy [24].

Special guidelines for management of patients
with multiple sclerosis (MS) treated with natalizum-
ab have been developed to prevent development of
PML. Clinical practice incorporates risk management
plans including regular monitoring of the anti-JCPyV
antibody index values and potential seroconversion as
well as brain MRI (for detection of any changes typical
of PML) [25-29]. If PML is suspected, the PCR test
is used to detect JCPyV DNA in cerebrospinal fluid
(CSF) [24].

A diagnosis of probable PML is made in the
presence of typical clinical and radiological findings,
in the absence of positive detection of JCPyV in CSF
and brain tissue by PCR; a diagnosis of laboratory con-
firmed PML is made when JCPyV DNA is detected in
CSF of the patient. Histologically confirmed PML is
diagnosed by isolation of JCPyV using PCR from the
patient’s brain biopsy material. JCPyV DNA detection
and NCCR sequence analysis are highly recommend-
ed to accurately identify JCPyV-infected MS patients
treated with natalizumab and to identify NCCR rear-
rangements that can correlate with the emergence of
neurovirulent variants [30].

The purpose of the study is to analyze multiple
NCCR variants in plasma and CSF of natalizumab-
treated patients from Russia.

Materials and methods

Samples

Plasma and CSF samples were collected from na-
talizumab-treated MS patients having the anti-JCPyV
antibody index > 1.5. Each patient was duly informed
and signed their informed consent for participation
in the study. The study protocol was approved by the
Ethics Committee of the Research Center of Neurology
(protocol No. 1-2/22, January 19, 2022).

All samples were stored frozen and thawed on ice
prior to being used for viral DNA extraction.

Extraction of viral DNA

JCPyV DNA was extracted from a total of 26 plas-
ma samples and 8 CSF samples. Blood samples were
collected in VACUETTE® 4 ml LH Lithium Heparin
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tubes (Greiner Bio-One) and centrifuged at 3500 rpm
for 10 min. DNA was extracted from 200 ul of plas-
ma and/or CSF using the DNeasy® Blood & Tissue Kit
(Qiagen Inc.); DNA was eluted using 75 pl elution buf-
fer. JCPyV DNA concentration was measured with a
NanoDrop 2000c spectrophotometer (Thermo Fisher
Scientific). All the extracted DNA samples were stored
frozen prior to their further use.

Quantification of JCPyV DNA

JCPyV DNA was quantified with an AmpliSens®
JCV-BKV screen/monitor-FRT PCR kit (Central Re-
search Institute of Epidemiology of Rospotrebnadzor)
with the detection limit of 5 x 10? gEg/ml, in accor-
dance with the manufacturer’s recommendations.

Amplification of JCPyV NCCR sequences

For amplification of NCCR sequences from vi-
ral DNA by nested PCR, we used two pairs of primers
[31]. A pair of outer primers was used for the first round
of PCR:

* 1 — forward primer

5'-GATTCCTCCCTATTCAGCACTTTG-3";

* 1 — reverse primer

5'-CACCTGTGCAAAAGTCCAGC-3'.

This pair of primers is used to amplify archetype
JCPyV genome fragments (GenBank accession number
AB038249 [32]) 540 bp long. A pair of inner primers
was used for the second round of amplification:

» 2 — forward primer

5'-GGCCTCCTAAAAAGCC-3';

* 2 — reverse primer

5'-TCCACTCCAGGTTTTACTAA-3'.

These primers were used for amplification of a
386 bp fragment of archetype JCPyV (GenBank acces-
sion number AB038249).

Phusion™ High-Fidelity DNA polymerase (Ther-
mo Fisher Scientific) was used in the first round of am-
plification. The thermal profile is as follows:

* initial denaturation: 98°C for 30 sec;

* 35 cycles: 98°C for 10 sec, 55°C for 45 sec,

72°C for 30 sec;

» final elongation: 72°C for 5 min.

3 ul of the amplicon from the first round of PCR
were used for the second round of PCR using Taq poly-
merase (the 2x PCR Blue Mix, Central Research Insti-
tute of Epidemiology of Rospotrebnadzor).

The thermal profile of amplification:

* initial denaturation: 95°C for 3 min;

* 40 cycles: 95°C for 15 sec, 55°C for 45 sec,

72°C for 30 sec;

» final elongation: 72°C for 5 min.

The PCR products received after the second round
of amplification were analyzed by 1% agarose gel elec-
trophoresis and staining with ethidium bromide. The
PCR products were used for direct Sanger sequencing
and for cloning.

ORIGINAL RESEARCHES

Cloning of JCPyV NCCR sequences

JCPyV NCCRs present in plasma and/or CSF
samples were amplified using nested PCR [31] and
then were cloned into the pGEM-T vector (Promega®).
The plasmids obtained from cloning were transformed
into chemically competent cells XL10-Gold E. coli.
Transformed E. coli were grown at 37°C in Luria-Ber-
tani agar plates with ampicillin (100 pg/ml), X-gal (80
pg/ml), and IPTG (0.5 mM). The obtained clones were
screened using M13forward and M13reverse primers.
After the screening, 10-20 clones obtained from each
plasma and/or CSF sample were sequenced.

Sequencing JCPyV NCCR sequences

Prior to sequencing, the PCR products correspond-
ing to JCPyV NCCRs were purified using a QIAquick
PCR purification kit (Qiagen Inc.) in accordance with
the manufacturer’s protocol. The DNA sequencing was
performed with the Applied Biosystems 3500xL genet-
ic analyzer.

Amplification of JCPyV VP1 sequences

To identify a JCPyV genotype of the isolates from
plasma and/or CSF samples, a fragment of the viral pro-
tein 1 (VP1) gene 215 bp long was amplified using one
pair of primers: JLP-15 (5'-ACAGTGTGGCCAGAAT-
TCCACTACC-3') and JLP-16 (5'-TAAAGCCTC-
CCCCCCAACAGAAA-3") [33]. PCR was performed
using Taq polymerase (the 2x PCR Blue Mix, Central
Research Institute of Epidemiology of Rospotreb-
nadzor) in accordance with the following procedure:

* initial denaturation: 95°C for 3 min;

* 40 cycles: 95°C for 15 sec, 55°C for 45 sec,

72°C for 30 sec;

« final elongation: 72°C for 5 min.

The PCR products were analyzed by 1% agarose
gel electrophoresis and staining with ethidium bromide,
followed by direct Sanger DNA sequencing.

Sequencing DNA JCPyV NCCR
and VP1 sequences

The PCR products corresponding to the NCCR
and VP1 JCPyV regions were purified using a QlAquick
PCR purification kit (Qiagen Inc.) in accordance with
the manufacturer’s protocol. The DNA sequencing was
performed with the Applied Biosystems 3500xL gene-
tic analyzer.

All NCCR sequences were compared with the
CY archetype sequence (GenBank accession number
AB038249) [32]. All NCCR sequences were mapped
using the SnapGene Viewer software and divided into
segments A, B, C, D, E, and F composed of 25, 23, 55,
66, 18, and 69 base pairs, respectively [11].

The sequences obtained after the amplification
of the VP1 region were compared with the respective
sequences of JCPyV isolates of different genotypes/
subtypes with accession numbers GenBank AF015526
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(genotype 1A), AF281599 (genotype 1B), AF030085
(genotype 2A), AF015532 (genotype 2B), AF015534
(genotype 2C), AF015536 (genotype 2D), AF295731
(genotype 3A), U73501 (genotype 3B), AF015528
(genotype 4), AF015537 (genotype 6), AF295737 (gen-
otype 7) and AF281623 (genotype 8). The sequence
alignment and phylogenetic analysis were carried out
using the MEGA 7 software [34].

Analysis of NCCR nucleotide sequences

The NCCR sequences were analyzed for the pres-
ence of putative transcription factor binding sites using
the PROMO virtual laboratory resource! [35, 36].

Accession numbers of sequences

All the NCCR sequences were deposited to the
GenBank NCBI database, with assigned accession
numbers OM479515-0M479562.

Statistical analysis of the data

The statistical analysis (Student’s t-test) was per-
formed using the unpaired t-test built-in module of
GraphPad Prism™ 9 software.

Results

DNA quantification
and JCPyV genotypes

A total of 26 plasma samples and 8 CSF samples
collected from MS patients treated with natalizumab,
having anti-JCPyV antibody index > 1.5, were used for
quantification of JCPyV DNA (Table 1). JCPyV DNA
wasdetectedinplasmaand CSFofonly 1 patient(NAT-1).
The patient was diagnosed with PML, and samples
were collected when he was in the vegetative state.
Most of the studied samples contained JCPyV DNA
at the levels lower than the detection limit set for the
PCR kit used for quantification of JCPyV DNA (lower
than 5x102 gEq/ml). It correlates with the low number
of JCPyV copies observed in most confirmed cases of
PML [24].

All the detected JCPyV isolates belonged to type
1 (genotypes 1A and 1B, Table 1) widely occurring
in Europe [37]. The most frequently observed gen-
otype was type 1B, being found in 75% of patients.
Note that JCPyV of different genotypes (9/7/2019 —
1B, 3/10/2019 — 1A) was detected in patient NAT-10
in plasma collected during different periods of time,
while JCPyV of genotype 1B was detected in the pa-
tient’s CSF collected on 21/10/2019. In patient NAT-15,
JCPyV of genotype 1A was detected in the plasma col-
lected on 1/11/2019, while JCPyV of genotype 1B was
detected in CSF collected on 6/2/2020.

' URL: http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/
promoinit.cgi?dirDB = TF 8.3

Types of JCPyV NCCR sequences in MS patients
treated with natalizumab

JCPyV NCCRs were found in 21 MS patients
treated with natalizumab: 37 independent JCPyV NC-
CR sequences were obtained from 26 plasma samples
and 10 independent JCPyV NCCR sequences were ob-
tained from 8 CSF samples. One case of primary immu-
nodeficiency ID-1, where JCPyV NCCR was detected
in plasma, was analyzed additionally.

Based on the NCCR classification [31], more
than 50% of NCCRs obtained from plasma of MS pa-
tients treated with natalizumab belong to rearranged
NCCRs of subtype 1I-R (52.63%; 20 of 38 JCPyV
NCCR sequences). Nearly half (48.65%; 18 of 38) of
JCPyV NCCRs found in plasma of MS patients treat-
ed with natalizumab belong to archetype-like NCCRs
of subtype II-S. Similarly, 60% (6 of 10) of NCCRs
obtained from CSF of MS patients treated with natal-
izumab belong to rearranged NCCRs of subtype II-R,
while the other NCCRs belong to archetype-like sub-
type 11-S (40%, 4 of 10).

Note that JCPyV NCCRs obtained from 1 pa-
tient with the confirmed diagnosis of PML and a poor
prognosis (samples were collected when he was in
the vegetative state) and detectable JCPyV DNA be-
longed to rearranged JCPyV NCCRs of subtype I1-R.
On the other hand, NCCRs from another MS patient
treated with natalizumab, having the confirmed di-
agnosis of PML with the favorable outcome and un-
detectable JCPyV DNA, belonged to archetype-like
subtype II-S.

In addition, the NCCR sequence obtained from
the plasma of a patient with primary immunodeficiency
(ID-1; GenBank accession number OM479515), who
did not take natalizumab, is 99% homologous to the
published archetype NCCR, except for 1 point muta-
tion in segment F, and belongs to archetype NCCR sub-
type II-S.

All the retrieved JCPyV NCCR sequences were
divided into 6 different types (without regard to point
mutations): types I[-IV belong to rearranged NCCRs
of subtype II-R (a total of 26 NCCRs, 20 from plasma
and 6 from CSF, respectively); types V and VI belong
to archetype-like subtype II-S (a total of 22 NCCRs,
18 from plasma and 4 from CSF, respectively); the se-
quences structures are shown in Table 2. The detected
types of JCPyV NCCR sequences are schematically
presented in Fig. 1.

Type 1 is represented by NCCR of type II-R, in
which the fragment composed of segments B, C, D, and
E (BCDE), tandemly repeated for 3 times. NCCR of
type I was detected in a plasma sample from patient
NAT-3 (5%; 1 of 20 rearranged NCCRs) and in a CSF
sample from patient NAT-18 (16.7%, 1 of 6 rearranged
NCCRs). Like NCCR of type I, type II is represented
by NCCR of type II-R, but BCDE-fragment is tandemly
repeated twice. NCCR of type II, most frequently found
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Table 1. Characteristics of samples obtained from MS patients treated with natalizumab
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Number of natalizumab

Anti-JCPyV

Quantification of JCPyV DNA,

No. Patient ID infusions, pcs antibody index gEg/ml JCPyV genotype
Blood plasma
1 NAT-1/1 H.a.|N.d. H.a.|N.d. 6,88 x 102 1A
2 NAT-1/2 H.a.|N.d. H.a.|N.d. <1x10° 1A
3 NAT-2 36 2,14 H. o. | N. def. H. o. | N. def.
4 NAT-3 22 2,127 H. 0. | N. def. 1B
5 NAT-4/1 16 2,43 H. o. | N. def. 1B
6 NAT-4/2 16 2,43 H. 0. | N. def. 1B
7 NAT-5 9 2,64 H. 0. | N. def. 1B
8 NAT-6 1 H.a.|N.d. H. 0. | N. def. 1B
9 NAT-7 32 2,63 H. o. | N. def. H. o. | N. def.
10 NAT-8/1 24 2,11 H. 0. | N. def. 1B
1 NAT-8/2 24 2,64 H. 0. | N. def. 1B
12 NAT-9 18 2,194 H. 0. | N. def. 1A
13 NAT-10/1 25 1,529 H. 0. | N. def. 1B
14 NAT-10/2 25 1,529 H. 0. | N. def. 1A
15 NAT-11 20 0,259 H. 0. | N. def. H. 0. | N. def.
16 NAT-12 26 2,582 H. o.| N. def. 1B
17 NAT-13 28 2,38 H. 0. | N. def. 1B
18 NAT-14 35 2,179 H. o.| N. def. 1A
19 NAT-15/1 27 2,353 H. 0. | N. def. 1A
20 NAT-16 12 2,773 H. o.| N. def. Type 1
21 NAT-17 40 34 H. 0. | N. def. 1B
22 NAT-18 24 H.a.|N.d. H. o.| N. def. H. o.| N. def.
23 NAT-19 H.a.|N.d. H.a. | N.d. H. 0. | N. def. 1B
24 NAT-20 H.a.|N.d. H.a.|N.d. H. o.| N. def. 1B
25 NAT-21 H.a.|N.d. H.a. | N.d. H. 0. | N. def. 1B
26 NAT-22 H.a.|N.d. 2,7 H. o.| N. def. 1B
Cerebrospinal fluid
1 NAT-1/1 H.a.|N.d. - 1,45 x 108 1A
2 NAT-2 36 - H. o. | N. def. H. o.| N. def.
3 NAT-3 22 - H. 0. | N. def. 1B
4 NAT-4 16 - H. o. | N. def. 1B
5 NAT-5 9 - H. 0. | N. def. 1B
6 NAT-10/3 25 - H. o. | N. def. 1B
7 NAT-15/2 27 - H. 0. | N. def. 1B
8 NAT-18 24 H.a.|N.d. H. o. | N. def. H. o. | N. def.

Note. N. d. — no data; N. def. — not defined.
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Table 2. Characterization of NCCR sequences identified in MS patients treated with natalizumab

GenBank
No. | sccession number Sequence formula
Blood plasma
Type | (II-R, (BCDE)a)
1
OM479519 A1-2sB1-23C1-55D1-39D4s-66E1-1s'F1-2'A25'B1-23C1-55D1-39D46-66E1-15'F1-2'A25'B1-2sc1-5501-3904s-ssE1-13F1.69
Type Il (II-R, (BCDE),)
2 OM479520 A1-25B1-23c1-55D1-39D46-66E1-1s'F1-2‘A25'B1-23C1-55D1-39D4s-esE1-1sF1-69
3 OM479516 A 25B125C 15501390 a6.66F 1187 15-P257B1.2:C 155D 130D 6. 66E 118 160
4 OM479517 A172531_23C1_45-CCTAACCTCCTA-D3_39D46_56E1_1B-F172-A25-B1_23C1_45

CCTAACCTCCTA-D, . D

3-39~ 46-66 —1-18 ' 1-69

5 OM479526 A, B, 2:C 15501590 6.66E 145 F 15251 2:C .60 30D a0 coEr.1aF

1-2571-23 7 1-55 1-39 "~ 46-66  1-18 1-23 7 1-557 1-39 46-66  1-18° 1-69

6 OM479528 A, 5B, 5:C 155D 130D 46.66E 118 1.07P%57B123C 1.55P1.30P s6.66E 118 169
7 OM479534 A, 5B1.2:C1.55D 130D a6.66E 118" 127257 B1.23C 155D 1.30D 46.66E 118" 1.60
8 OM479538 A, 5B, 5:C 155D 130D 46.66E 118 1.07A257B123C 1.55P1.30P s6.66E 118 169
9 OM479531 A, 5B1.2:C1.55D1.30Pa6.66E 118" 127257 B1.23C 155D 1.30D 46.66E 118" 1.60
10 OM479523 A, 5B, 5:C 155D 1.30D 46.66E 1187 1.07A57B123C 1.55P1.30P s6.66E 118 169
1" OM479542 A, 55B1.2:C1.55D1.30Ps6.66E 1157 127257 B1.23C 155D 1.30D 46.66E 118 1.60
12 OM479545 A, 5B, 5:C 155D 130D 46.66E 118 1.07A%57B125C 1.55P 130D s6.66E 118 169
13 OM479552 A, 55B1.2:C1.55D1.30Ps6.66E 118" 127P257B1.23C 155D 1.30D 46.66E 118" 1.60
14 OM479557 A, 5B, 5:C 155D 1.20D 46.66E 118 1.07A257B125C 155D 130D a6.66E 118 169

Type Il (II-R, BCDEBC)

15 OM479550 A, B 5:Cr 55D a0Dus s ErrsF 15 A By 2:CrssF

1-251-2371-55 1-39 46-66  1-18 1-2371-55" 40-69

C.F

1-2371-55" 40-69

16 OM479558 A, 6B, 2:C: 5D 30Dus e E 11 F 1 5AssB

1-2561-2371-565 1-39 46-66  1-18

17 OM479561 A, 5B 5:CrssDs a0Dus s ErnsF 15 A By 2:CrssF

1-251-2371-55 1-39~ 46-66  1-18 1-2371-55" 40-69

18 OM479555 A, 55B125C1 55D1.30Du6.66E 1487 F 1.5 B125C 1 55T

1-2561-23 7 1-55 1-39~ 46-66  1-18 1-2371-55" 40-69

Type IV (II-R, C,,,C, )

19 OM479529 A_B. ,.C .C..D .D,.E .F

1-251-23 7 1-34 75-55 1-39 46-66 1-18" 1-69

20 OM479535 A _,B.,.C.C. D .D,E .F

1-251-23 7 1-34 7 5-55 1-39 46-66 1-18" 1-69

Type V (II-S, ABCD,, and other truncated NCCR)

21 OM479522 A B .C D

125B1.25C1.5801.30
22 OM479530 A 5B 2CresD.s0
23 OM479541 A B, ,:CreD.a0
24 OM479544 A 5B 2Cr D0
25 OM479559 A B, :CoeD.a
26 OM479562 A 5B 2CresD.s0
27 OM479533 A 25B12C155D;.3D

1-251-23 7 1-565~ 1-39 46-66

Type VI (lI-S, archetype-like with Box D typical deletion)

28 OM479518 A B, .C. D, DBl

1-251-2371-55 1-39 46-66 _1-18" 1-69
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End of the Table 2

No. Ge_nBank Sequence formula
accession number
29 OM479532 DAV = S O b S 0 JN =S
30 OM479539 A, 5B 5:C. 6501 36Pus 66118 160
31 OM479536 A, ,:B,5:C. 55D, 5Pus6sE 116 160
32 OM479540 DAV - J G b JU 0 SN S
33 OM479543 A, 5:B,5:C. 55D. 5P 66E 116 160
34 OM479560 A, 5B.5:C ssD;26Pus 66116 160
35 OM479549 A, ,:B,5:C. 55D 5Pus66E 116 160
36 OM479551 DAV - S G b U 0 JN S
37 OM479556 A, 56B,5:C. 55D, 56Pus66E 116 160
Archetype
38 OM479515 DAV = S G b L = S
Cerebrospinal fluid
Type | (II-R, (BCDE),)
1 OM479554 A, 5B, 2:C15:D1 20D u666E 116 15P 5B 25C 155D 130D a6.66E 1157 127P25B1.23C 155D 136D a6.66E 118 160
Type Il (II-R, (BCDE),)
2 OM479525 A, 55B,2:C 155D 30D u6.66E 11577 1.5 B1.23C 1.565D 130D s6.66E 118 1260
3 OM479527 A, 6B, 5:C, 55D 20D 16.66E 145 15057 B1.25C 1.55D1.30D 6.66E 118  1.60
4 OM479553 A, 55B1.23C.55D1.30D 46.66E 145" 1.07A257B1.25C 155D 130D s6.66E 118" 1-69
Type lll (II-R, BCDEBC)
5 OM479521 A, 5B, 5:C. 55D1 30D 6.66E 115 F 1005 B 25C 1 55 4060
6 OM479546 A, 5B, 5:C, 5D, 20D, 66E1.1sCGGGAAT-B, , -ATG-C, ,-CCCCA-F, .
Type V (II-S, ABCD,, and other truncated NCCR)
7 OM479547 PV - S G b
Type VI (1I-S, archetype-like with Box D typical deletion)
8 OM479524 A ,:B,,:C.55D. 50Pus66E 116 160
9 OM479537 DAV - S @ b U 0 JN S
10 OM479548 A_,B C D D, E F

1-251-23 7 1-551-39 46-66 1-18" 1-69

in NCCR samples, was detected in 13 plasma samples
(65%; 13 of 20 rearranged NCCRs) and 3 CSF (50%; 3
of 6 rearranged NCCRs).

NCCR of type I is a new, unique, rearranged NC-
CR variant that has no homology with the NCCR se-
quences published previously in NCBI GenBank (con-
firmed by the nucleotide BLAST analysis). NCCR of
type Il is also a rare rearranged NCCR variant that has
homology with the NIID11-68 NCCR sequence (Gen-
Bank accession number LC164353), which was depos-

ited to the NCBI GenBank. The NCCR variant of type
IT was identified for the first time in plasma and CSF of
a patient with the confirmed diagnosis of PML, a poor
prognosis and detectable JCPyV DNA.

NCCR of type III belongs to type 1I-R that has an
additional copy of the BC-fragment, which is integrated
between segments E and F. NCCR of type I1I was found
in 4 plasma samples (20%; 4 of 20 rearranged NCCRs)
and in 2 CSF samples (33.3%; 2 of 6 rearranged NC-
CRs).
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Fig. 1. Schematic representation of the structure of JCPyV NCCR sequences identified in MS patients treated
with natalizumab.

Type IV is represented by II-R NCCR, where seg-
ment C is repeated tandemly. This NCCR variant was
found only in plasma from 2 MS patients treated with
natalizumab, NAT-8 and NAT-10 (10%; 2 of 20 rear-
ranged NCCRs).

NCCRs of types V and VI are archetype-like
NCCRs of subtype 1I-S. Type V is a shortened NCCR
variant, which lacks segments E and F (8 of 9 non-re-
arranged NCCRs) or segments A, B, and C (1 of 9
non-rearranged NCCRs). NCCRs of type V were most
frequently detected in plasma (8 of 9 non-rearranged
NCCRs), and 1 time in the CSF sample from patient
NAT-15.

Type VI is represented by NCCR of type II-S
having more than 98% homology with the published
archetype CY NCCR (GenBank accession number
AB038249), except for the 6-bp nucleotide deletion
in segment D. More than half (55.5%) of NCCRs of
type VI were detected in plasma samples (10 of 18
II-S NCCRs) and 75% (3 of 4 II-S NCCRs) — in CSF
samples. It should be noted that NCCR of type VI was
detected in plasma and CSF of the patient with the
PML diagnosis, favorable outcome, and unquantifi-
able JCPyV DNA.

Comparative analysis of occurrence of putative
transcription factor binding sites in JCPyV NCCR
in MS patients treated with natalizumab

The comparative analysis of the occurrence of
putative transcription factor binding sites included se-
quences of archetype NCCR (as a reference sequence)
and sequences of NCCR prototypes: Mad-1 [12, 38],
Mad-4 [39, 40], Mad-8 [40], and PML HL [41]. The
analysis showed that all types of NCCRs contain the
number of binding sites of transcription factors com-
parable with archetypal NCCR, including Pentamut,
L3 (Spi-B), L6 (Spi-B), L18 (Spi-B), L8 (Spi-B), Pseu-
do-NF-1 site, pS3, AP-1-like site, AP-4, PEA3, GABP,
GABP-alpha, TATA box, TFIID, and TBP. At the same
time, the number of transcription factor binding sites
such as GA box (SP-1 site), c-Jun, NF-1 motif, NF-1,
c-Fos, HMG I(Y), MEF-2A, C/EBPalpha, TEF-1, and
GF1 in rearranged NCCRs of types I-IV was larger
compared to archetype-like NCCRs (archetype, type V,
and type VI) (Table 3).

It has also been found that in NCCR sequences,
which belong to type II-R (type I, 11, III, IV, Mad-8,
and PML HL), putative transcription factor binding
sites NF-1, GF1, and AP-1 occur significantly more fre-
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Table 3. Putative binding sites of transcription factors in JCPyV NCCR in MS patients treated with natalizumab

Archetype
(1-S)

Type V
(1n-s)

Type VI
(1-8)

Type
(II-R)

Type Il
(I-R)

Mad-8
(II-R)

PML HL
(I-R)

Mad-1
(I-R)

Mad-4
(-R)

Type lll
(I-R)

Type IV
(I-R)

Pentamut 1 1 1 1

L3 (Spi-B) 1

-

1 1
L6 (Spi-B)

L18 (Spi-B)

L8 (Spi-B)
Pseudo-NF-1 site
p53

AP-1-like site
AP-4

PEA3

GABP

o O O o o o o o o o

GABP-alpha
TATA box

-

TFIID

NN

TBP
GA box (SP-1 site)

N

c-Jun

NF-1 motif

>~ N

NF-1

c-Fos

HMG I(Y)
MEF-2A
C/EBPalpha
TEF-1

GF1
CRE-TAR
AP-1 motif

1
1

1 1

1 1

o O o o o

N

2
0
0
0

Note. White indicates putative transcription factor binding sites that have not changed in number compared to the archetype sequence;
light grey indicates putative transcription factor binding sites that have decreased in number compared to the archetype sequence;
dark grey indicates putative transcription factor binding sites that have increased in number compared to the archetype sequence.

quently (p < 0.0001) than in NCCR sequences, which
belong to type II-S (the archetype of types V and VI)
(Fig. 2).

Heterogeneity of JCPyV NCCR populations
in MS patients treated with natalizumab

The performed analysis showed that 12 MS pa-
tients treated with natalizumab had several circulating
variants of the virus (Table 4). Two NCCR variants
were detected in 6 patients, 3 variants were found in 4

patients, 2 patients had 4 variants (Table 4). NCCRs of
type I and type IV (2 of 12) were detected most rarely in
combinations of virus variants; NCCR of type Il was
detected 5 times in the found combinations; NCCRs of
types Il and V were detected 7 times. Archetype-like
NCCR of type VI was the most frequently occurring
NCCR in combinations of virus variants (9 of 12).
Note that different variants of the virus were found
in different body compartments (plasma and CSF). How-
ever, no significant differences in the frequency of oc-
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Fig. 2. Comparative analysis of the occurrence of putative binding sites for transcription factors NF-1, GF1, and AP-1
in JCPyV NCCR in MS patients treated with natalizumab.

22 |I-S archetype-like NCCR samples and 26 II-R rearranged NCCR samples were analyzed. ****p < 0.0001.

currence between rearranged and archetype-like NCCR
variants in different body compartments were found.

The analysis of NCCR variants detected in paired
plasma and CSF samples (8 patients) also showed that
one NCCR variant was in 3 cases in plasma and CSF
(type II in 2 cases, type VI — in 1 case), while in the
other cases, there were different (multiple) variants of
the virus (Table 5).

Discussion

Development of PML in MS patients treated with
immunosuppressive agents such as natalizumab re-

quires search for biological factors (predictors) contrib-
uting to the risk of development of this serious brain
infection [42]. Studying of the structure of the JCPyV
NCCR sequence is one of the promising approaches.
During this study, for the first time in Russia, JCPyV
NCCR sequences were analyzed and the unique pattern
of duplications of NCCR segments was identified, hav-
ing no homology with NCCR sequences, which were
described earlier.

NCCR is a hypervariable regulatory JCPyV re-
gion approximately 400 bp long, containing most of
the elements required for initiation of early and late

Table 4. Multiple NCCR variants found in MS patients treated with natalizumab

No. Patient ID Blood plasma, NCCR type Cerebrospinal fluid, NCCR type
1 NAT-3 I, 1

2 NAT-4 I, v I, VI

3 NAT-8 I, 1v, v H. A |N.d.
4 NAT-9 V, VI H.a.|N.d.
5 NAT-10 I, 1V, VI \

6 NAT-13 V, Vi H.a. | N.d.
7 NAT-14 I, VI H.a. | N.d.
8 NAT-15 I, v 11, V, VI
9 NAT-18 I, 11, VI I,

10 NAT-19 I, vi H.a. | N.d.
1 NAT-21 V, Vi H.Aa. | N.d.
12 NAT-22 i, v H.a.|N.d.

Note. N. d. — no data.
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Table 5. NCCR variants detected in paired plasma and cerebrospinal fluid samples from MS patients treated with natalizumab

No. Patient ID Blood plasma, NCCR type Cerebrospinal fluid, NCCR type
1 NAT-1 I I

2 NAT-2 \Y Vi

3 NAT-3 I, 1

4 NAT-4 I, v I, VI

5 NAT-5 I I

6 NAT-10 I, 1V, VI Vi

7 NAT-15 I, v I, v, VI

8 NAT-18 I, 1, vi (]

transcription and viral gene expression, including TA-
TA boxes and transcription factor binding sites [2]. The
archetype NCCR JCPyV is divided into 6 segments —
A, B, C, D, E, and F composed of 25, 23, 55, 66, 18,
and 69 bp, respectively [11]. Neurovirulent JCPyV NC-
CRs are rearranged. For example, the prototype JCPyV
NCCR sequence, known as Mad-1, which was first
isolated from a PML patient [12, 38], has deletions in
segment D and consists only of segments A, C, and E
represented by 98-bp tandem repeats followed by seg-
ment F [43—45]. There are multiple rearranged JCPyV
isolates [46], including other Mad-isolates, which were
obtained from tissues of PML patients [47], for exam-
ple, Mad-8, which is identical to Mad-1 in its segmental
composition, but contains part of segment B as well as
single insertions. At the same time, the Mad-8 variant
is more common among NCCRs found in PML patients
than Mad-1 [43, 47, 48].

As is known, JCPyV NCCRs are classified into
four groups [49]: I-S, I-R (like Mad-1 and Mad-4), II-S
and II-R (like Mad-7 and Mad-8). NCCRs of type I do
not contain insertions, while NCCRs of type II contain
an insertion of at least a portion of the sequence from
one of the sections B or D. Subtypes S (for singular) do
not contain segments, while subtypes R (for repeat) have
them. NCCRs of type 1I-S are referred to as archetypes or
archetype-like if they contain deletions. NCCRs of type
II-R are generally referred to as rearranged NCCRs [49].

Our study has revealed that up to 55% of JCPyV
NCCRs in MS patients treated with natalizumab be-
long to rearranged NCCRs of subtype II-R, while the
other represent archetype-like subtypes II-S. Our find-
ings slightly differ from the previously published da-
ta, where up to 80-100% of NCCRs identified in CSF
samples and/or plasma/serum samples from patients
having PML or treated with natalizumab belong to re-
arranged NCCRs of subtype II-R [31, 50, 51]. In addi-
tion, the analysis of NCCR sequences in MS patients
treated with natalizumab revealed only 4 NCCR rear-
rangement patterns (types [-IV) and 2 archetype-like
patterns (types V and IV; Table 2). These findings differ

from those reported earlier by Reid et al., showing that
each PML patient had a unique set of deletions and du-
plications within NCCR [50]. Types I and I1I are unique
rearranged NCCRs, which were detected for the first
time. NCCR variants of type IV were described earlier
for patients with primary immunodeficiency syndrome,
PML and MS patients treated with natalizumab [50-
53]. Shortened NCCRs were also described earlier in
MS patients treated with natalizumab [50].

NCCR of type II is most common among samples
of rearranged NCCRs, having been detected in more
than 30% of cases (16 of 48); it is considered rare and
has been found only in 1.7% (17 of 989) of the studied
cases worldwide [46]. Previously, such NCCRs were
found only in CSF [46], while in our study, more than
80% of such NCCRs were found in plasma from MS
patients treated with natalizumab.

Mutations in rearranged NCCRs are complex and,
most likely, owe their existence to homologous recom-
bination, which leads to large deletions and tandem
duplications of segments in NCCR [43], like it was ob-
served in NCCRs detected during our study.

The comparative analysis has shown that flanking
segments A and F have never been affected during the
rearrangement, except for NCCR of type I1I, where part
of segment F was removed. These findings correlate
with NCCR rearrangements found in PML patients
treated with natalizumab [50].

Duplicated segment B is often detected as a por-
tion of relatively long tandem or single repeats (BCDE
or BC in our study) in rearranged JCPyV NCCRs in MS
patients treated with natalizumab. The similar duplica-
tions of segment B (partial or full-length) were detected
in Mad-8 JCPyV NCCR sequences found in brain tis-
sues from PML patients [47], in Mad-8 JCPyV NCCR
sequences from tonsil tissues of children [40] and in
some NCCRs in PML patients treated with natalizumab
[50, 51, 55]. Only NCCR of type IV contained the only
copy of segment B.

Note that segment C was always duplicated in re-
arranged JCPyV NCCRs of the studied cohorts treated
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with natalizumab, as a portion of relatively long repeats
(BCDE or BC) in NCCR of type I-type Il or as a single
duplication in NCCR of type IV. Duplications of seg-
ment C are typical of many NCCRs found in patients
with primary immunodeficiency syndrome, PML and
MS patients treated with natalizumab [50-53].

Note that segment D was present in all NCCRs
from MS patients treated with natalizumab. This ob-
servation differs from the previous reports describing
its complete or partial absence in NCCRs from plas-
ma and/or CSF of PML patients treated with natali-
zumab [46, 50]. Most of the NCCRs detected during
the study had an identical unique deletion 6 bp long
(AAACCA) in segment D. This deletion was detected
in 41 of 48 NCCR sequences obtained from plasma
and CSF samples in all types of NCCRs (rearranged
and archetype-like), except for shortened NCCRs (7 of
48), which belonged to type V. It should be noted that
when this deletion was present in the repeated fragment
BCDE, it was common for all copies, thus leading to
the assumption that the deletion occurred prior to the
duplication, as it was assumed previously [50, 55]. Ap-
parently, this unique deletion is caused by natalizumab
in the studied cohort (the result of the selective pres-
sure caused by natalizumab treatment), as it was found
in most of the analyzed NCCR sequences; however, it
was absent in NCCRs from plasma and CSF from the
patient with primary immunodeficiency.

Segment E was present in all NCCRs in MS pa-
tients treated with natalizumab. In NCCRs of types I
and 11, it was duplicated as part of relatively long re-
peat BCDE. This observation correlates with the pre-
viously described NCCR structures in PML patients
[47, 50, 51, 54]. NCCRs of type III had the only copy
of segment E.

High frequency of repeats in NCCR sequences
results in the increasing number of enhancer elements,
which presumably are of critical importance for vi-
ral pathogenesis [46]. Each BCDE-fragment contains
several enhancer elements, including binding sites
of transcription factors NF1, CRE-TAR, GA-domain
(the binding site of the SP-1 transcription factor),
GF-1, AP-1, etc. (Table 3). It is known that these en-
hancer elements modulate transcription, expression,
and replication of JCPyV as well as its tropism [13,
44, 56-61].

Our analysis has shown that segment D contains
several enhancer elements, including 4 binding sites,
TFIID, TBP, TEF-1, and c-Fos, which were predicted
by the PROMO tool [35, 36]. The unique 6-bp deletion
(AAACCA) detected in segment D caused the loss of the
predicted c-Fos binding site (the prediction was made for
the human factor and viral sites) compared to the arche-
type sequence. c-Fos is a nuclear phosphoprotein, which
forms a tight, but not covalently linked complex with
the JUN/AP-1 transcription factor [62, 63]. c-Fos is ex-
pressed with low tissue specificity and is found almost in

all body compartments?. It is known that c-Fos activates
JCPyV early and late promoters [64]; therefore, the loss
of this putative binding site in segment D may not result
in switchover to the neurovirulent variant; however,
this circumstance requires further research.

It should be noted that multiple NCCR variants
were found in 12 MS patients treated with natalizum-
ab; the variants detected in plasma and CSF from one
patient were different. Earlier, it was found that in a
human body, JCPyV existed as a quasispecies (i.c.
the population of closely related species), which was
common for CSF and plasma from one patient [53]. In
the meantime, in most of the paired samples, NCCR
variants detected in plasma and CSF were different.
It is known that bone marrow cells and respective B
lymphocytes are seen as potential sites for neurotropic
transformation of JCPyV due to inherent capability of
DNA rearranging, which can contribute to emergence
of rearranged JCPyV variants [65-67]. It was also as-
sumed that both lymphocytes infected with the virus
and the cell-free virus participated in the spread of the
virus by crossing the blood-brain barrier [67—70]. Most
likely, rearrangements in JCPyV NCCRs in the infected
lymphocytes that crossed the blood-brain barrier con-
tinue, leading to the emergence of NCCR variants in
CSF, which differ (completely or partially) from those
that are detected in plasma.

The changeover of JCPyV genotypes, which we
observed in paired samples from two patients (NAT-10
and NAT-15), demonstrates that in immunosuppressive
conditions (associated with natalizumab treatment),
JCPyV is highly variable not only in the NCCR region,
but also in the region encoding VP1. The existence of
multiple JCPyV variants, their different compartmental-
ization in the body of the patient as well as the change-
over of JCPyV genotypes over time and depending on
the analyzed body compartment (plasma or CSF) are
associated with the processes, during which the virus is
continuously adapting to its cellular environment, as it
was also described by other researchers [53].

Conclusion

The study has for the first time identified NCCR
patterns typical of MS patients treated with natalizumab
in Russia and detected a new rearranged NCCR variant;
it has also highlighted the pressing need for further re-
search on JCPyV NCCR rearrangements in MS patients
treated with natalizumab to gain a new insight into the
origin of neurovirulent JCPyV variants. In future, iden-
tification of JCPyV NCCR rearrangements can improve
PML risk stratification, expedite diagnostic tests, and
optimize the healthcare resource utilization, contribut-
ing to the reduction of direct and indirect costs associ-
ated with the MS disease.

2 URL: https://www.proteinatlas.org/ENSG00000170345-FOS/
tissue
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npoBeAeHNe NMOUCKOBO-aHaNMTUYeckon paboTbl M MOAroTOBKY CTa-

TbU, MPOYNU 1 0A006PUIM UHANLHYIO BEPCUIO A0 Mybnvkauum.
Cratbsi noctynuna B pegakuuio 17.11.2022;

npuHsTa k nyénukauum 02.02.2023;
ony6nukosana 13.02.2023
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