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Abstract
Background and Objectives
Epstein-Barr virus (EBV) is a ubiquitous herpesvirus that establishes lifelong latency in memory
B cells and has been identified as a major risk factor of multiple sclerosis (MS). B cell depletion
therapies have disease-modifying benefit in MS. However, it is unclear whether this benefit is
partly attributable to the elimination of EBV+ B cells. Currently, there are no EBV-specific
antiviral therapies available for targeting EBV latent infection in MS and limited experimental
models to study EBV in MS.

Methods
In this study, we describe the establishment of spontaneous lymphoblastoid cell lines (SLCLs)
generated ex vivo with the endogenous EBV of patients with MS and controls and treated with
either an Epstein-Barr virus nuclear antigen 1 (EBNA1) inhibitor (VK-1727) or cladribine, a
nucleoside analog that eliminates B cells.

Results
We showed that a small molecule inhibitor of EBNA1, a critical regulator of the EBV life cycle,
blocks the proliferation andmetabolic activity of these SLCLs. In contrast to cladribine, a highly
cytotoxic B cell depleting therapy currently used in MS, the EBNA1 inhibitor VK-1727 was
cytostatic rather than cytotoxic and selective for EBV+ cells, while having no discernible effects
on EBV− cells. We validate that VK-1727 reduces EBNA1 DNA binding at known viral and
cellular sites by ChIP-qPCR.

Discussion
This study shows that patient-derived SLCLs provide a useful tool for interrogating the role of
EBV+ B cells inMS and suggests that a clinical trial testing the effect of EBNA1 inhibitors in MS
may be warranted.
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Introduction
Multiple sclerosis (MS) is a chronic, heterogenous, and incurable
demyelinating disease that significantly detracts from an indi-
vidual’s quality of life.1,2 The etiology ofMS is complex, involving
a convergence of known genetic susceptibilities, heightened in-
flammatory responses, and suspected environmental triggers
that ultimately lead to the development of focal inflammatory
lesions in the CNS and subsequent axonal damage.3 The ar-
mamentarium of disease-modifying treatment modalities for
patients with MS has expanded greatly in the past 20 years,
particularly with the development and widespread use of B cell
depletion therapies.4-6 Nevertheless, a definitive cure for this
common neuroinflammatory disorder remains elusive; this may
partly stem from the paucity of disease-modifying treatments
that specifically target environmental agents that are believed to
serve as both triggers and drivers of disease pathogenesis.

For more than a century, infectious agents have been impli-
cated in the pathogenesis of MS. Conclusive support for these
infectious agents was, historically, insufficient to gain universal
acceptance. However, evidence for a role of Epstein-Barr virus
(EBV) in MS has mounted over the past 30 years.7,8 EBV is a
ubiquitous γ-herpesvirus and the first human tumor virus
described; it is estimated to be involved in approximately 1%
of human cancers, including Burkitt lymphoma, Hodgkin
lymphoma, 10% of gastric cancers (EBVaGC), and naso-
pharyngeal carcinoma (NPC).9 EBV establishes a latent in-
fection in long-lived memory B lymphocytes, which are
believed to be the reservoir for lifelong infection, and epi-
thelial cells of the oropharynx and gut mucosa.10,11 EBV is
capable of transforming resting B cells into immortalized
lymphoblastoid cell lines (LCLs) through a stepwise process
dependent on several viral oncogenes. Although the role of
EBV in cancers and infectious mononucleosis (IM) is well-
established, the role of EBV in MS is less clear,12,13 and other
risk factors including vitamin D deficiency, cigarette smoking,
obesity, and other viruses have been investigated as etiologic
factors.14 The association between EBV and MS is supported
by numerous epidemiologic studies demonstrating that most
patients with MS have higher EBV-specific antibody titers
15–20 years before the onset of neurologic symptoms; a
history of IM is more common in patients with MS and in
areas where MS is prevalent; and there is a reduced risk of MS
among individuals who are EBV seronegative, which increases
sharply if the same individuals seroconvert.15 In a recent
landmark study following up 10 million young adults in the
US Army over a time span of 20 years, it was demonstrated

that seroconversion to EBV+ increased the risk of developing
MS 32-fold, suggesting that EBV is likely a prerequisite for
developing MS.16

Although EBV is a leading candidate infectious agent for MS,
the mechanism by which EBVmay either cause or contribute to
the pathogenesis of MS is unclear. However, many studies have
described aberrant immune responses, including cross-reactive
autoimmune responses, targeting the EBV nuclear antigen 1
(EBNA1) in patients with MS.17-21 EBNA1 is the viral-encoded
origin-binding protein required to maintain the viral genome
during latent infection and the only EBV latency protein present
in all EBV-mediated cancers. Moreover, EBNA1 is known to
promote host cell transformation, survival, and proliferation,
encouraging the development of cancer and putatively con-
tribute to its function as a trigger and driver of autoimmunity.22

Currently, there are no vaccines or antiviral drugs available to
specifically target latent EBV infection.23 Several therapeutic
approaches, including anti-EBV T-cell therapies and anti-EBV
vaccines, are in development for potential use in MS.24-26 We
and others have developed small molecule inhibitors that target
EBNA1 DNA binding function, for use in EBV-associated
cancers.27-30 Previous studies have determined that these
EBNA1 inhibitors inhibit the proliferation of EBV+ tumor cells
in vitro and in murine xenograft models of NPC, B cell lym-
phoma, and EBVaGC.27,28 EBNA1 inhibitors show both po-
tency and specificity for a variety of EBV+ cells,27 but their
selectivity for EBV+ B cells derived from patients with MS has
not yet been investigated.

In this study, we characterized EBV-DNA load in peripheral
blood mononuclear cells (PBMCs) and CD19+ B cells from
patients with MS in relation to healthy controls (HCs) and
described the generation of a collection of spontaneous LCLs
(SLCLs) immortalized with endogenous EBV from these in-
dividuals. We characterized these SLCLs for EBV DNA load
and for their response to treatment with the EBNA1 inhibitor,
VK-1727.We found that the EBV copy numbers were higher in
the peripheral blood mononuclear cells (PBMCs) and sorted
B cells of patients with active MS (AMS) in comparison with
PBMCs and B cells of patients with stable MS (SMS) and of
HCs.Moreover, we demonstrate that an EBNA1 inhibitor, VK-
1727, blocks cell proliferation for both MS-derived and HC-
derived SLCLs. Our studies suggest that EBV latency may be
deregulated in patients with MS and their derived SLCLs.
These findings also indicate that EBNA1 inhibitors can selec-
tively block SLCL proliferation with no discernible toxicity in

Glossary
ChIP = chromatin immunoprecipitation;CT = cycle threshold;CTL = cytotoxic T lymphocyte; ddPCR = digital droplet PCR;
DMT = disease-modifying therapy; EBNA1 = Epstein-Barr Virus Nuclear Antigen 1; EBV = Epstein-Barr virus; HC = healthy
control; IM = infectious mononucleosis; LCLs = lymphoblastoid cell lines; NPC = nasopharyngeal carcinoma; PBMC =
peripheral blood mononuclear cell; SLCL = spontaneous lymphoblastoid cell line.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 10, Number 5 | September 2023 Neurology.org/NN

http://neurology.org/nn


EBV− B cells. These studies provide a new opportunity to study
endogenous EBV-transformed B cells from patients with MS
and explore therapies that selectively target these EBV-driven
B cells.

Methods
Patient and Donor Information
Twenty-five patients with MS with stable disease (SMS), 25
patients withMSwith active disease (AMS), and 26HCdonors
were enrolled in this study. Patients withMSwith active disease
had≥1 cerebral-enhancing lesion at the sample date. The blood
from HCs was collected from volunteers at the Transfusion
Medicine Blood Bank of the NIH.

Cell Isolation
PBMCs were isolated from whole blood by ficoll-hypaque
density centrifugation. PBMCs were cryopreserved in freezing
media containing 20% DMSO. CD19+ cells were isolated from
2.5 × 107 frozen PBMCs of HCs and patients with MS using a
flow cytometer (FACSAriaII SORP; BD Biosciences, NJ) and
magnetic beads (Milteny, Gaithersburg, MD). Cells isolated by
flow cytometry were identified as lymphocytes by side scatter
area and forward scatter area and as singlets by doublet dis-
crimination (forward scatter height by forward scatter width).
CD19+ cells were then sorted by positive selection using the
CD3−/CD45+ and CD19+/CD45+ gates.31 For the magnetic
beads isolation, PBMCs were labeled with a cocktail of non–B-
cell biotinylated antibodies (CD2, CD14, CD16, CD36, CD43,
CD235a). Subsequently, those cells were magnetically labeled
with antibiotin microbeads for depletion. Non–B cells were
retained in a Macs column, while B cells passed through the
column and were collected as the enriched, unlabeled cell frac-
tion. The percentage of purity (frequency of CD19+ cells)
ranged from 92% to 99%, and it was evaluated by flow cytometry
after sorting and magnetic isolation.

Generation of Spontaneous Lymphoblastoid
Cell Lines and Tissue Culture Conditions
SLCLs were generated by spontaneous expansion of PBMCs
from HC donors and patients with MS in the presence of
cyclosporinA.32 In brief, PBMCswere thawed in growthmedium
comprising RPMI 1640 (Gibco, Gaithersburg, MD) with 10%
fetal bovine serum (FBS; Gibco), 1% gentamicin (50 mg/mL;
Quality Biological, Gaithersburg, MD), and 1% L-Glutamine
(200 mM; Quality Biological). PBMCs were rested overnight
and then were plated into 96-well plates (round bottom) at a
density of 1 ×x 106/well in a 200-μL total volume. Aminimum of
10 wells to amaximumof 30 wells were prepared for each sample
according to the available PBMCs of controls and patients. Once
a week, 100 μL of medium was removed and replaced with fresh
growth medium. After 21 days, cyclosporin A (2 μg/mL; Sigma-
Aldrich, Inc., St. Louis, MO) was added to the wells. Three to 6
weeks later, clusters of B-lymphoblastoid cells started to develop.
Those clusters were then collected in bigger wells until further
expanded in T25 flasks and maintained in growth medium at

37°C under a 5%CO2-humidified atmosphere. PCR for a known
deletion in EBV laboratory strain B95.8 was used to confirm that
the lines were transformed with endogenous EBV, and ddPCRwas
used to confirm the EBV infection in the newly generated SLCLs.

Generation of Lymphoblastoid Cell Lines With
B95.8 Strain EBV
B95-8 cells (ATCC # CRL 1612; 13) were seeded at 3 × 105

cells/mL in a 75-cm2 tissue culture flask in complete RPMI
1640 containing 10% heat-inactivated fetal bovine serum
(FBS), penicillin/streptomycin at 100U/mL and 100 μg/mL.
After 2 days, cells were resuspended in fresh complete RPMI
1640 at 1 × 106 cells/mL and stimulated with 20 ng/mL of
tetradecanoyl phorbol acetate (TPA; Sigma-Aldrich, Inc.) for
1 hour to induce virus production and then resuspended in
complete RPMI for 96 hours before centrifugation at 600×g
for 10 minutes at 4°C. Cell supernatant was then filtered
through a 0.45-μm filter and stored at −80°C.33

To generate LCLs, 500 μL of EBV supernatant was added to 2
× 106 cells in 5 mL of complete RPMI medium in a 25-cm2

tissue culture flask and placed upright in a CO2 incubator at
37°C for 2–4 hours. Subsequently, 10 mL of additional me-
dium and cyclosporin A (1 μg/mL; Sigma-Aldrich, Inc.) were
added. On days 3, 6, 9, and 12, half of the medium was
replaced with fresh complete RPMI with cyclosporin A. After
2 weeks, stable EBV + LCLs were formed, and anti-CD19
staining was used to confirm that the culture was 100% B cells
by flow cytometry.

Digital Droplet PCR (ddPCR)
DNA was extracted from PBMCs, isolated CD19+ cells, and
SLCL using the QIAamp MiniElute Virus Kit (Qiagen, Hil-
den, Germany) according to the manufacturer’s instructions.
All DNA samples were eluted in 25 μL of elution buffer. DNA
concentration was calculated using NanoDrop 2000 Spec-
trophotometer (ThermoFisher, Waltham, MA).

EBV-BamHI W primers and FAM/MGB probe (Fwd:
CTTCTCAGTCCAGCGCGTTT; Rvs: CAGTGGTCCCC
CTCCCTAGA; probe: 6FAM CGTAAGCCAGACAGCAG
CCAATTGTCAG MGBNFQ) were designed for ddPCR
using NCBI Primer Blast and Primer3Plus. For the duplex
ddPCR, the housekeeping gene, Ribonuclease P protein sub-
unit 30 (RPP30) primers (VIC/MGB probe),34,35 was used to
determine the cellular quantities.

The restriction enzyme HindIII (New England Biolabs, Ipswich,
MA) was used to digest DNA for 30 minutes at 37°C. DNA was
then diluted 1:2.5 with nuclease-free water, added to 2× Supermix
and EBV-BamHI and RPP30 primers and probes, and emulsified
with droplet generator oil (Bio-Rad, Hercules, CA) using a QX-
100 droplet generator. After emulsification, PCR amplification
was performed within each droplet using a GeneAmp 9700
thermocycler (Applied Biosystems, Grand Island, NY) with the
cycling conditions as previously described.36,37 After PCR am-
plification, a QX200 droplet reader (Bio-Rad, Hercules, CA) was
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used to quantify droplets. Thresholds were established manually
for each experiment, based on negative controls, which included a
no template control and a negative sample (EBV− cell lines,
Ramos or BJAB). The experiment was considered valid only if no
positive droplets were detected in the negative controls. Droplet
positivity was established by fluorescence intensity >10,000
droplet sets; the average total number of droplets generated was
approximately 30,000. The experiment was replicated if only 2 or
fewer positive droplets were visualized in each well. All samples
were run in duplicate. The lower limit of detection using 0.5 μg of
DNAcorresponds to approximately 40 copies/1× 106 cells with a
marginal error of <10%.

PCR for Discrimination of Wild-Type vs
Laboratory Strain (B95.8) EBV
DNA was isolated from 5 × 106 cells from each SLCL (HC1,
HC2, SMS 1–3, and AMS1-4) and additional EBV+ B cell lines
(B95.8 LCLs, Mutu1 cells, Mutu1 LCLs) with a DNeasy Blood
and Tissue Kit (Qiagen, Hilden, Germany). PCR for the B95.8
deletion (Δ139724-151554) was performed using a BioRad
C1000 Thermocycler and primers spanning BART Ex 1/2
and Ex 5. Primers used include BART Ex 1//2 F (139422; 59-
ATGTCGCCTTACCTCCCCTA-39), BART Ex 5 R Primer
1 R (140490; 59- TATGTGCTGCGTTGGGAACT’3-), and
BART Ex 5 R Primer 2 R (151794, 59- CAGTCACCGCCAG
ATACTTCA).

Compound Synthesis and Formulation
Methods of synthesis for VK-1727 and structurally related in-
hibitors of EBNA1 have been described.27,38 VK-1727 was
weighed and resuspended in DMSO at a concentration of
50 mM, before dilution to desired concentration while main-
taining a final concentration of DMSO at 0.4%.

[3H] Thymidine Incorporation Assay
Cells from HCs, AMS, and SMS SLCLs were cultured in
triplicate in 96-well round-bottommicroplates at 5 × 103 and 1
× 104 cells/well with defined concentrations of VK-1727 (0, 2,
5, 10, 25, and 50 μM). DMSO was used as control at 0.3% final
concentration. The cells were pulsed after 3 and 7 days of
culture at 37°C. In brief, 50 μL of 1 μCi [3H] thymidine so-
lution (1:50) (PerkinElmer, Waltham, MA) was added to each
well. Cells were incubated for 4 hours at 37°C and subsequently
washed and harvested onto a film mat. Five milliliters of scin-
tillation fluid were added to the film mat, and thymidine in-
corporation was measured using a β plate counter (Microbeta
TriLux 1450, PerkinElmer, WalthamMA). The average counts
per minute was determined for each well.

Resazurin Cell Respiration Assay
Cells were plated at 8 × 103 cells (in 100 μL) per well into a 96-
well plate. VK-1727 or cladribine (2-chloro-29-deoxyadenosine
[2-CdA; Selleckchem, Radnor, PA) was added 24 hours later
over a 10-point concentration range with 2-fold dilutions
(0.1953–100 μM) in quadruplicate wells. As positive and negative
controls, DMSO alone (0.4%) and puromycin (20 μg/mL)–
treated wells, respectively, were plated in quadruplicate. After 72

hours, resazurin (20 μL, final 50 μM;Sigma-Aldrich)was added to
each well. After 6 hours, plates were read on a CLARIOstarPlus

(BMG Labtech; Ortenberg, Germany) multilabel plate reader
(excitation, 560 nm; emission, 590 nm). The % cell viability
for each drug was calculated relative to complete inhibition
of cell viability with puromycin (0%) and treatment with
DMSO (100%).

Cell Cycle Analysis
EBV− B cell lines (BJAB and Ramos) and EBV+ SLCLs were
seeded at 2.4 × 105 cells/well in 6-well plates and exposed to
VK-1727 (25 μM) or cladribine (2.5 μM) in biological trip-
licates per each condition. Cladribine is highly toxic and has a
much lower EC50 than VK-1727. Therefore, Cladribine was
used at much lower concentrations than VK-1727 for these
experiments. (Table 1) and must be used at lower concentra-
tions than VK-1727, which is not toxic or as effective at lower
concentrations. After 72 hours, cells were permeabilized with
cold, 70% ethanol and resuspended in PBS containing PI
(10 mg/mL; Sigma Aldrich, St. Lois, MO) and RNAse A solu-
tion (100 μg/mL; Roche, Branchburg, NJ28). Flow cytometry
was performed on a BD-LSR II (BD Biosciences; Bedford,MA),
and data were analyzed using FloJo software (Ashland, OR).

Annexin V/PI Assay
An Annexin V-FITC apoptosis detection kit (Abcam; Cam-
bridge, UK) was used to confirm the effect of VK-1727 and
cladribine on cell viability. Again, EBV− B cell lines (BJAB and
Ramos) and EBV+ SLCLs (HC1-2, SMS1-3, AMS1-4) were
seeded in 6-well plates and exposed to VK-1727 (25 μM) or

Table 1 EC50 Concentrations of EBNA1 Inhibitor (VK-1727)
and Cladribine in EBV+ and EBV− B Cells

Cell line Cell type
VK-1727
EC50 (μM)

Cladribine
EC50 (μM)

BJAB EBV− Lymphoma >100 <0.195

Ramos EBV− Lymphoma >100 0.446

LCL (B95.8) MS LCL 11.6 1.3

LCL (B95.8) HCs LCL 9.8 2.8

HC1 SLCL 18.1 9.2

HC2 SLCL 9.5 3.9

SMS1 SLCL 9.7 0.9

SMS2 SLCL 14.1 0.6

SMS3 SLCL 31.1 6.6

AMS2 SLCL 23.9 11.2

AMS3 SLCL 10.2 0.6

AMS4 SLCL 19.9 >100a

a AMS4 cell line has a reduced rate of proliferation.
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cladribine (2.5 μM) in biological triplicates per each condition.
After 72 hours, the percentages of live and apoptotic cells were
analyzed after double staining with FITC-conjugated Annexin
V and propidium iodide (PI). Flow cytometry was performed
on a BD-LSR II (BDBiosciences; Bedford,MA), and data were
analyzed using FloJo software (Ashland, OR).

EBV Gene Expression Analysis
In brief, SLCLs from patient AMS2 were treated with vehicle
control (DMSO, 0.4%) or VK-1727 (10, 25, or 50 μM) with
fresh medium (5% FBS) and compound changed every 24
hours for 72 hours. Again, a higher concentration of VK-1727
(25 μM) is used here than in the proliferation and cell respi-
ration assays because in previous studies, this dose is required
to observe a cell cycle disturbance in EBV+ cells.28 RNA was
isolated using the RNeasyMini Kit (Qiagen, Hilden, Germany)
and treated with deoxyribonuclease (Qiagen, Hilden, Ger-
many). Reverse transcription followed by real-time (or quan-
titative) PCR (RT-qPCR) was used to measure EBV gene
expression levels. Primers used for qPCR of EBV genes were
designed not to cross splice junctions and include the follow-
ing: EBNA1 F (59-GGTCGTGGACGTGGAGAAAA-39),
EBNA1 R (59-GGTGGAGAC CCGGATGATG-39); EBNA2
F (59-TTGCCCTAGTGGTTTCGGACACA-39), EBNA2 R
(59-ACTTGCAAATGCTCTAGGCGGGAA-39); EBER1 F
(59-TTTGCTAGGGAGGAGACGTGTGT-39), EBER1 R
(59-AAGCAGAGTCTGGGAAGACAACCA-39); Zta F (59-
TCTGAACTAGAAATAAAGCGATACAAGAA-39), Zta R
(TTGGGCACATCTGCTTCAAC); EA-D F (59- TTGGGC
AGGTGCTGTTGAT-39), EA-D R (59- TGCCCACTTCTG
CAACGA-39); LMP1 F (59-TCCAGAATTGACGGAA-
GAGGTT-39), LMP1 R (59-GCCACCGTCTGTCATC-
GAA-39). Glucuronidase beta (GUSB) was used as a cellular
control: GUSB (59-CGCCCTGCCTATCTGTATTC and 59-
TCCCCACAGGGAGTGTGTAG-39).39

The average cycle threshold (CT) was determined by 3 in-
dependent samples. Template-negative (quantitative PCR
mixtures without cDNA) and RT-negative (RNA after geno-
mic DNA elimination) conditions were used as controls. All
data were normalized to the housekeeping gene GUSB, and
quantitative PCR data for the relative quantification were calcu-
lated with the DDCt method where the level of EBNA1 transcript
in cells treated with vehicle control (DMSO; 0.4%) was set as 1.

Chromatin Immunoprecipitation (ChIP) Assay
ChIP assay to measure EBNA1 protein binding to viral and
cellular DNA elements was previously described.27 In brief,
SLCLs from patient AMS2 were treated with VK-1727 at 30 μM
with fresh medium (5% fetal bovine serum) and compound or
vehicle control (0.4% DMSO) changed every 24 hours for 72
hours. After harvesting, cells were cross-linked in 1% formalde-
hyde for 15 minutes, followed by quenching for 5 minutes with
0.125 M glycine and then lysed in 1 mL of SDS lysis buffer
(1% SDS, 10 mM EDTA, and 50 mM Tris-HCl, pH 8.0) con-
taining 1 mM PMSF and protease inhibitor cocktails (Sigma-
Aldrich), and kept on ice for 10 minutes. Lysates were sonicated

with a Diagenode Bioruptor, cleared by centrifugation to remove
insoluble materials, diluted 10-fold into IP buffer (0.01% SDS,
1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH 8.0,
167 mM NaCl, 1 mM PMSF, and protease inhibitors cocktail),
and incubated with rabbit anti-EBNA1 antibody (2 μg/reaction)
or IgG control for immunoprecipitation overnight at 4°C before
washing 5 times in wash buffer at 4°C and eluting with 150 μL of
elution buffer (10mMTris, pH 8.0, 5 mMEDTA, and 1% SDS)
at 65°C for 30 minutes. The elutes were incubated at 65°C
overnight to reverse cross-linking and further treated with
Proteinase K in a final concentration of 100 μg/mL at 50°C for 2
hours. ChIP DNA was purified by Quick PCR Purification Kit
(Life Technologies) following the manufacturer’s instruction.
Real-time quantitative PCR (ABI 7900HT Fast Real-Time PCR
System; Applied Biosystems) was performed on ChIP DNA
to quantitate 2 EBV loci (DS50 and Qp) and 1 cellular locus
(CLIC1), which have been reported to associate with EBNA1
(GEO database GSE73887).40 Results were quantified as %
input. Primer sets used for ChIP were as follows: DS50 F (59-
ATGTAAATAAAACCGTGACAGCTCAT-39), DS50 R (59-
TTACCCAACGGGAAGCATATG-3); QP F (59-AAATTGG
GTGACCACTGAGGGAGT-39), QP R (59-ATAGCATG-
TATTACCCGCCATCCG-39); CLIC1 F (59-CCTAAGCT-
GAGGGTGATTCATCTC-39), CLIC1 R (59-CCCCACATC
CTTGACAGGAA-39).

Standard Protocol Approvals, Registrations,
and Patient Consents
All patients with MS were enrolled in IRB-approved natural
history study. Both HCs patients with MS provided informed
consent before participation.

Data Availability
All data related to this article is provided in the main text or
supplemental data.

Results
Demographic and Clinical Data
Characteristics of patients with MS and HC cohort are sum-
marized in Table 2. Brain MRI was available for all patients with
MS at the sample date (data not shown). The cohort was further
segregated into 2 major subgroups; those diagnosed with SMS
or with AMS, based on clinical and radiologic assessment (de-
fined as patients with 1 or more gadolinium-enhancing lesions)
during blood sampling (Table 2). OurMS cohort included 20%
(5/25) of näıve never-treated patients while 56% (14/25) of
patients with SMS and 52% (13/25) of patients with AMS,
respectively, were under disease-modifying therapy (DMT)
during sample collection (Table 2). Among the treated patients
with SMS, 5 were on high-efficacy drugs; 3 with natalizumab, 1
with alemtuzumab, and 1with daclizumab. None of the 14
treated patients in the SMS group received corticosteroids
within 4 weeks before sample collection or were on B cell
depleting therapy (Table 2). In the AMS cohort, 3 patients were
under high-efficacy drugs; 1 received alemtuzumab, and 2 were
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on natalizumab, although 1 of those 2 patients received drug for
only 12 days (Table 2). In the AMS group, no patients were on
B cell depleting therapy, while 3 of the patients with AMS
stopped steroid treatment 1month before sample collection. To
determine whether there were any differences in EBV load in
patients with MS relative to controls, we quantified EBV-DNA
in PBMCs and CD19+ sorted B cells from 26 healthy controls,
25 patients with SMS, and 25 patients with AMS. EBV-DNA
was measured by ddPCR assay using primers specific for EBV
BamHI W region, and the relative EBV copy number per 106

cells was determined by normalizing to the cellular gene,RPP30.
EBV-DNA copy number in PBMCs is known to vary over time
and among individuals.41 ddPCR detected EBV-DNA in only a
fraction of each blood sample (Figure 1, A and B). As expected,
while EBV-DNA was more frequently detected in CD19+ sor-
ted B cells compared with PBMCs in all cohorts consistent with
the known B cell tropism of EBV,42 there were some notable
differences among cohorts. Of interest, the frequency of EBV
detection in CD19+ cells in the AMS cohort was roughly double
(20/25; 80%) that of the HC (11/26; 42%) and SMS cohorts

(7/25; 28%) (p = 0.0002 AMS vs SMS; 0.006 AMS vs HCs)
(Figure 1A). In addition, EBVwas also detectedmost frequently
in PBMCs of those with active MS (9/26; 36%), which was
significantly more than the detection frequency in those with
stableMS (3/25; 12%), but similar to the frequency of detection
in PBMCs of HCs (7/26; 27%) (Figure 1A). However, the
magnitude of the EBV load was not significantly different be-
tween the 3 cohorts as determined by the ANOVA test. Our
data are based on the sensitivity of the assay, and zero on the Y
axis of Figure 1B represents a value that was below the limits of
detection of the assay (Figure 1B). Our data comparing the
frequency of detection and viral loads in PBMCs are consistent
with other reports describing a similar prevalence of EBV in
the PBMCs of patients with RRMS and healthy controls.18,43 Of
interest, it is only in the isolated CD19+ cell population where
significant increases in frequency of EBV detection are observed
in the “active” cohort compared with that in the “stable” cohort
and the HCs (Figure 1B). As expected, there is a discordance in
the male:female sex ratio in patients with MS relative to healthy
controls with a higher percentage of male individuals in the HC

Table 2 Cohort Characteristics and Treatment Information

Characteristics Healthy controls Patients with stable MS Patients with active MS

Total number 26 25 25

Sex M/F 17/9 8/17 2/23

Mean age (y; range) 43.3 (22–77) 47.3 (33–67) 36.2 (19–55)

Race 9WC; 5BAA; 1A; 1H 19WC; 3BAA; 2H; 1M 17WC; 4BAA; 4H

Type of MS (n)

Relapsing-remitting MS (RRMS) 23 24

Secondary progressive MS (SPMS) 2 1

Näıve (never treated) 5 (20%) 5 (20%)

Untreated (during sample collection) 6 (24%) 7 (28%)

Treatment (DMT) 14 (56%) 13 (52%)

IFN-β 3 (21%) 2 (15%)

Dimethyl fumarate (Tecfidera) 4 (28.5%) 2 (15%)

Glatiramer acetate (Copaxone) 2 (14%) 6 (46%)

Natalizumab (Tysabri) 3 (21%) 2 (15%)a

Alemtuzumab (Lemtrada) 1 (7%) 1 (8%)

Daclizumab (Zinbryta) 1 (7%) 0

B cell depleting therapy 0 0

Corticosteroid within 4 wk before sample collection 0 3b

Demographic characteristics of 26 healthy controls (HCs), 25 patients with stableMS (SMS), and 25 patients with activeMS (AMS) and patients with MS cohort
treatment. Total of 50 patients with MS were collected and divided into 2 cohorts; of 25 SMS and 25 AMS cohorts. In both cohorts, 20% of patients did not
receive any treatment, and 24% SMS and 28% AMS cohorts were untreated during sample collection. Among the treated patients, 56% SMS and 52% AMS
were underDMT. AmongDMT treated patients, 5 in the SMS group and 3 in the AMSwere onhigh efficacy drugs. None of the patients in either cohort received
B cell depleted therapy and steroids, with the exception of 3 patients with AMS that stopped corticosteroid treatment 1 month prior to sample collection.
Abbreviations: A = Asian; Active MS = ≥1.0 contrast enhancing lesion (CEL); BAA = Black/African American; DMT = disease-modifying therapy; F = female;
H= Hispanic; M = male; M = Multiracial; WC = White/Caucasian.
a One of the 2 patients with AMS on Natalizumab received the drug only for 12 days.
b All 3 patients with AMS stopped steroid treatment 4 weeks before sample collection.
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cohort and a preponderance of female individuals in the MS
cohort, particularly in patients with active disease. This is con-
sistent withmany studies demonstrating the increased incidence
of MS among female individuals. It is possible that sex-based
differences may also influence the increased detection of EBV in
CD19+ cells detected in this cohort.44,45

Generation and Characterization of
Spontaneous Lymphoblastoid Cell Lines From
Patients With MS and Healthy Controls
We next attempted to generate SLCLs from 29 individuals from
whom sufficient material was available, including: 14 HCs and
15 patients withMS (Table 3). From these individuals, we were
able to establish SLCLs from only 2 of 14 (14%) of healthy
controls, while SLCLs were successfully generated from 7 of 15
(47%) patients withMS (43% of PBMCs isolated from patients
with MS during stable disease, 50% of PBMCs isolated from
patients with MS during active disease, as defined by MRI. A

schematic representation of the generation of SLCLs is pictured
in Figure 2A. Shortly after the addition of cyclosporin A, it was
possible to detect an increased number of CD19+ B cells in
comparison with CD3+ T cells, as shown by the fluorescence
microscopy (data not shown). Three to 6 weeks later, clusters of
B-lymphoblastoid cells began to develop. EBVDNA ddPCR on
those cultures demonstrated the increased detection of EBV-
BamHI (FAM) in the SLCLs that were generated (Figure 2C)
in comparison with that in the PBMCs in the initial culture stage
(Figure 2B). The increased yield of SLCLs from patients with
MS compared with that from healthy controls is consistent
with previous reports.46,47 Of interest, 2 of 3 and 2 of 4 patients
with SMS and AMS, respectively, were on a DMT during blood
collection. Given the small size of the cohort of patients withMS
that yielded SLCLs, we are presently unable to determine the
influence of DMT on EBV reactivation or the likelihood of
generating SLCLs frompatients withMS.We also observed that
EBV loads, as determined by ddPCR, trended higher in SLCLs

Figure 1 Detection of EBV and EBV Loads in Patients With MS and HCs

(A) Percent of HCs, SMS, and AMS PBMCs and CD19+ B cells
that are positive for EBV by ddPCR (B) EBV-BAMH1 copies/106

cells in PBMCs and CD19+ B cells fromHCs, patients with SMS,
and patients with AMS by ddPCR (0 on Y-axis represents a
value thatwasbelow the limitsof detectionof the assay). EBV=
Epstein-Barr virus; HCs = healthy controls; PBMC = peripheral
blood mononuclear cell.
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derived from AMS than in SLCLs derived from HCs or those
with SMS (Table 3).

To confirm that SLCLs were transformed ex vivo from en-
dogenous EBV and not derived from the laboratory strain
(B95.8) of EBV present in the laboratory that the SLCLs were
generated in, we performed PCR to determine the presence
or absence of the known B95.8 deletionΔ139724-151554 that
is not present in the WT EBV genome or other laboratory
strains (e.g., Mutu) using primers to the miBART region
(Figure 2, D–F). In this assay, PCR using 39 primer 1 yields a
1-Kb product in wild-type EBV, while PCR using 39 primer 2
yields a 500-bp product when the B95.8 deletion is present
(Figure 2D). Our results confirm that the B95.8 deletion is
present in only B95.8-transformed LCLs but absent in
SLCLs from patients with MS and healthy controls and
other B cell lines transformed with Mutu virus (Figure 2, E
and F), confirming SLCLs carry only endogenous patient-
derived EBV.

EBNA1 Inhibitor Decreases the Proliferation
of EBV-Positive SLCLs but Not EBV-Negative
B Cells
To investigate the effect of the EBNA1 small molecule inhibitor
VK-1727 (Figure 3A) on the proliferation of SLCLs, we treated
EBV− B cell lines (BJAB and Ramos) and EBV+ SLCLs (HC1-
2 SLCLs, SMS1and 2 SLCLs, and AMS3 and 4 SLCLs) with
VK-1727 at a range of doses (0–50 μM) and at 2 cell

concentrations (5 × 103 and 1 × 104 cells/well) and evaluated
the effect of EBNA1 inhibition on the proliferation of these cell
lines over 7 days using a [3H]-thymidine incorporation assay
and viable cell counts (Figure 3, B–D). Notably, some of the
slower growing lines were not tested in this assay because their
rates of proliferation were too slow to assess the magnitude of
proliferation or effects on proliferation or drug-mediated effects
on proliferation within the time frame of this assay. In EBV−

B cell lines (Ramos and BJAB), there was not a significant
decrease in cell viability or cell number in cells plated at 2
concentrations (5 × 103 and 1 × 104 cells/well) (Figure 3C). By
contrast, VK-1727 inhibited EBV-specific proliferation in EBV+

SLCLs from both patients with MS and healthy controls in a
dose-dependent manner (Figure 3D). Inhibition of cell pro-
liferation by VK-1727 correlated with cell viability in the EBV+

cell lines (Figure 3D). These data are consistent with previous
studies demonstrating that VK-1727 inhibition of cell pro-
liferation is selective for EBV+ cell lines.27,28 Notably, VK-1727
blocks the proliferation of all EBV+ SLCLs tested and does not
distinguish between SLCLs derived from patients with MS and
those generated from HCs.

VK-1727 Inhibition Is Selective for EBV+ B Cells
Compared With Cladribine
We next compared the inhibitory effects of VK-1727 on EBV+

SLCLs with the effects of cladribine, a nucleoside analog that
was first used for its antiproliferative effects in lymphomas
and myeloma and is now used as a standard-of-care drug for

Table 3 Generation of SLCLs

Samples Age/Sex Diag/EDSS
Treatment
(at the sample date)

EBV-BamHI/1e6

(PBMC/CD19+)
EBV-BamHI/1e6

SLCLs
Generation
of SLCLs (%)

Healthy Controls 2/14 (14%)a

HC1 M/65 NA NA Und/1,070 7.3e8

HC2 M/58 NA NA 93/1,120 3.6e7

MS (Stable) 3/7 (43%)

SMS1 M/63 SPMS/7 Betaseron 2,261/80,000 5.4e6

SMS2 F/43 RRMS/1.5 Tysabri Und/480 1.2e9

SMS3 M/67 RRMS/1 Untreated Und/1,371 1.05e8

MS (active) 4/8 (50%)

AMS1 F/28 RRMS/1 Rebif 748/2,677 >1e10

AMS2 M/43 RRMS/2 Untreated 343/1,452 4.1e9

AMS3 F/35 RRMS/1 Teriflunomide and steroids
(stopped a mo before
the sample date)

Und/600 4.99e9

AMS4 F/46 SPMS/6 Untreated 77/1,783 1.6e9

Abbreviations: AMS = MS (Active); F = female; HC = healthy control; M = male; SMS = MS (Stable).
Generation of SLCLs in a subset of HCs and patients with MS and the expression of EBV-DNA in PBMCs and CD19+ cells in comparison with the established
SLCLs. In AMS3, teriflunomide was discontinued 1 month before the sample collection; unfortunately, we lack information on the accelerated elimination of
the drug, but because it is standard of care, we assume it was washed out.
a p = 0.0464; Fisher exact test.

8 Neurology: Neuroimmunology & Neuroinflammation | Volume 10, Number 5 | September 2023 Neurology.org/NN

http://neurology.org/nn


MS because it depletes B cells. For these studies, we used a
resazurin assay to measure changes in metabolic activity of
cells treated with VK-1727 (Figure 4A) or cladribine
(Figure 4B). To determine the selectivity of VK-1727 and
cladribine, we tested these compounds in both EBV+ SLCLs
(HC1-2, SMS1-3, AMS1-4), EBV+ B95.8–transformed
LCLs (one from a patient with MS and one from an HC),
and EBV− B cell lines (BJAB and Ramos) and calculated
EC50 values. VK-1727 inhibited metabolic activity in all
EBV+ cell lines tested; EC50 values for all EBV

+ cell lines
tested were between 9.5 and 31.1 μM (15.79 ave ± 6.98
stdev) VK-1727 (Table 1; representative plots in Figure 4A).
VK-1727 did not inhibit metabolic activity in the 2 EBV− B
cell lines tested where 50% inhibition was not reached at the
highest concentration tested, and EC50 values were greater
than 100 μM and (Table 1; representative plots in
Figure 4A). These results suggest that the metabolic effects
of VK-1727 are selective for EBV+ cells. By contrast, cla-
dribine inhibited both EBV+ and EBV− cell lines equally,
thus lacking any selectivity for EBV+ cells (Table 1; repre-
sentative plots in Figure 4B).

EBV Inhibitor Perturbs the Cell Cycle in EBV+

SLCLs but Does Not Induce High Levels
of Apoptosis
To determine whether the antiproliferative effect of VK-1727
on EBV+ B cells was cytostatic or cytotoxic, we analyzed cell
cycle profiles of EBV− B cell lines and SLCLs treated with
VK-1727 (25 μM), cladribine (2.5 μM), or vehicle control.
Although cell cycle profiles remained stable in EBV− cells
treated with VK-1727 (Figure 5, A and B), EBV− cell cycle
populations were greatly affected by the addition of cladribine,
which increased the <G1 population and decreased the per-
centage of cells in G1, S, andG2/M phase. Although there was
minimal effect on the cell cycle profile of EBV− cells treated
with VK-1727, EBV+ SLCL cell cycle profiles were highly
perturbed with a flattening of the G2 peak and an increase in
the <G1 and G1 peaks (Figure 5, A and B). Again, these data
are similar to data observed for EBV Mutu1-transformed
LCL28 and suggest that the antiproliferative effect of VK-1727
is cytostatic rather than cytotoxic in EBV+ SLCLs, while cla-
dribine is highly cytotoxic to all B cells, regardless of their EBV
status.

Figure 2 Generation of Spontaneous Lymphoblastoid Cell Lines (SLCLs) From the PBMCs of Patients With MS and
Healthy Controls

(A) Patient withMS and control PBMCwere used to
generate SLCLs from endogenous EBV, without
adding exogenous/laboratory strain EBV. After 21
days in culture, residual T-cells were eliminated by
the addition of cyclosporin A. (B) Digital droplet
PCRwasperformedonnewly formedSLCLs.Digital
droplet (dd) PCR plot indicates EBV-BamHI W-FAM
(Y-axis; upper left quadrant; blue droplets) and the
RPP30 cellular housekeeping gene-VIC (X-axis;
lower right quadrant; green droplets). (C) Repre-
sentative 2-dimensional ddPCR plot performed on
a generated SLCL culture. Primer sets and fluo-
rescent probes to detect a sequence in the EBV-
BamHI W-FAM (Y-axis; upper left quadrant; blue
droplets) and RPP30-VIC, housekeeping gene
(X-axis; lower right quadrant; green droplets).
Populations double positive for EBV-BamHIW and
RPP30 are in the upper right quadrant (orange
droplets). (D) Diagram of EBV genome. (E) Amplifi-
cation of EBV WT DNA (≈1 Kb) with 39 primer 1. (F)
Amplification of B95.8 laboratory strain DNA
(≈500bp)with 39primer 2. EBV = Epstein-Barr virus;
PBMC = peripheral blood mononuclear cell.
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In addition, we performed Annexin V/PI staining on EBV−

B cells and EBV+ SLCLs to confirm that VK-1727 does not
induce high levels of apoptosis. A small percentage of EBV− or

EBV+ VK-1727 (25 μM) or vehicle-treated cells were found to
be in early apoptosis (Q3), late apoptosis (Q2), or necrosis
(Q1), and we did not observe a significant decrease in the live

Figure 3 Selective Inhibition of EBV+ SLCL Proliferation From Patients With MS and Controls by EBNA1 Inhibitor, VK-1727

(A) Structure of EBNA1 inhibitor, VK-1727. (B) Percent inhibition of proliferation asmeasured by [3H] Thymidine incorporation at day 7 in 2 EBV− B cell lines (BJAB
and Ramos) and 6 EBV+ SLCLs treatedwith VK-1727 (2–10 μM). (C) Cell counts (right Y-axis) and [3H] Thymidine incorporation (left Y-axis) in EBV− B cell lines (BJAB
andRamos). (D) Cell counts (right Y-axis) and [3H] Thymidine incorporation (left Y-axis) EBV+ SLCLs fromhealthy controls andpatientswithMS. (C andD)Black bars
indicate 3H-CPM when cells were seeded at 1 × 104/well; gray bars indicate 3H-CPM when cells were seeded at 5 × 103/well. Black and gray lines indicate the
number of viable cellswhen cultureswere seededat 1 × 104/well and 5 × 103/well, respectively (*p =< 0.02–0.05; **p =< 0.006; ***p = 0.0006; ****p < 0.0001; Two-
way ANOVA). EBV = Epstein-Barr virus; SLCL = spontaneous lymphoblastoid line.
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cell (Q4) population with VK-1727 treatment (Figure 5, C
and D). However, cladribine (2.5 μM)was a potent inducer of
apoptosis in EBV− and EBV+ cells alike with few live cells

remaining (Figure 5, C and D). Collectively, the cell cycle and
Annexin V/PI data suggest that VK-1727 specifically inhibits
cell cycle progression in EBV+ SLCLs from patients with MS

Figure 4 Selective Inhibition of Cellular Metabolism by EBNA1 Inhibitor VK-1727 but Not Cladribine

(A) VK-1727 inhibition of cell metabolism in a resazurin-based assay using EBV+ SLCLs and EBV− control (BJAB). Representative plots shown. (B) Cladribine
inhibition of cell metabolism in a resazurin-based assay using EBV+ SLCLs and EBV− control (BJAB). Representative plots shown. EBV = Epstein-Barr virus;
SLCL = spontaneous lymphoblastoid line.
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and healthy controls but is cytostatic rather than cytotoxic.
This is in contrast to cladribine, which lacks specificity and is
highly cytotoxic to B cells.

Treatment With VK-1727 Reduces Latent Viral
Gene Expression and Disrupts EBNA1
DNA Binding
In addition to characterizing the selectivity and cellular action
of VK-1727, we were interested in determining the effects of
EBNA1 inhibition on EBNA1 function. To confirm that VK-
1727 interferes with EBNA1 DNA–binding function in SLCLs,
we performed a ChIP assay in an EBV+ SLCL (AMS2)
(Figure 6A). Treatment with 30 μM VK-1727 significantly

reduced EBNA1 binding to 2 EBV binding sites, including the
viral dyad symmetry (DS) andQp and a knownEBNA1 cellular-
binding site in the gene for the chloride intracellular channel
protein 1 (CLIC1) (Figure 6A). As expected, negligible ampli-
fication was shown after immunoprecipitation with the IgG
control (Figure 6B). These studies indicate successful target
engagement of the EBNA1 inhibitor in cell lines transformed
with endogenous virus. We next measured the expression of
EBV latency (EBNA1, EBNA2, LMP1, and EBER1) and lytic
(Zta and EA-D) genes in the AMS2 SLCL by qRT-PCR. After
treatment with 50 μM of VK-1727 for 72 hours, we observed
modestly reduced expression of both EBNA1 and EBNA2.
Expression of LMP1, EBER1, Zta, and EA-D were unaffected

Figure 5 EBNA1 Inhibition Perturbs Cell Cycle Expression While Cladribine Induces Apoptosis in SLCLs

(A) Cell cycle profiles comparing EBV+ and EBV− B cells treated with DMSO, VK-1727 (25 μM), or cladribine (2.5 μM) measured by flow cytometry analysis of
propidium iodide staining (representative graphs for SMS1 and Ramos). (B) Graph of cell cycle kinetics data comparing the effects of VK-1727 with those of
cladribine. EBV+ cells (HC1-2, SMS1-3, and AMS1-4) treated with 25 μM of VK-1727 show a significant decrease in the total population of G2 cells that is not
observed forEBV− (RamosandBJAB)B cells. Inaddition,while cladribine inducesapoptosis,markedbyan increase in the<G1population, inall B cells regardlessof
EBV infection, apoptosiswasnot increased inEBV−orEBV+ cells treatedwithVK-1727. Eachcell linewas treated, stained, andanalyzedasbiological replicates.Data
shown here are batched by group (EBV−, HC SLCL, SMS SLCL, and AMS SLCL) (****p < 0.0001, 2-way ANOVA). (C) Flow cytometry analysis of Annexin V/PI staining
comparingEBV−andEBV+B cellswithDMSOandVK-1727 (25μM)or cladribine (2.5μM) (representative graphs for SMS1andRamos). (D)Graphssummarizing live
cell populations (%Q4) observed from the AnnexinV/PI experiment. Each cell linewas treated, stained, and analyzedasbiological replicates. Data shownhere are
batched by group (EBV−, HC SLCL, SMS SLCL, and AMS SLCL) (****p < 0.0001, 2-way ANOVA). EBV = Epstein-Barr virus; SLCL = spontaneous lymphoblastoid line.
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(Figure 6C). These results are similar to what we have observed
in EBV (Mutu virus) transformed LCLs, where modest in-
hibition of EBNA1 expressionwas also observed after short-term
culture in vitro.28 VK-1727 does not seem to induce lytic gene
expression (Zta and EA-D) in SLCLs. Of interest, we have
shown an increase in lytic gene expression in EBV-associated
gastric cancer cell lines treated with VK-1727,28 and other re-
ports have shown lytic gene induction with EBNA1 inhibition.48

Discussion
Many groups have compared plasma EBV loads in patients with
MS and controls and have not found significant differences
between the 2 groups.43,49,50 In this study, we report that the

frequency of EBV+ cells were statistically higher in the PBMCs
andCD19+ populations of patients with AMS in contrast to that
of those with SMS. In particular, 80% of patients with activeMS
were EBV+ in CD19+ purified B cells compared with 42% and
28% of HCs and patients with SMS, respectively.

Notably, there is a discordance in themale:female sex ratio in the
healthy controls compared with that in patients with MS. It has
been demonstrated that salivary shedding of EBV is increased in
female individuals, but not male individuals during periods of
psychological distress,44,45 suggesting that theremaybe sex-based
and hormonal influences that contribute to EBV reactivation.
There is a 3.5:1 female-to-male ratio inMS, and it is possible that
sex-based differences may also influence the increased detection
of EBV in CD19+ cells detected in this cohort.

Figure 6 VK-1727 Disrupts EBNA1 Binding in SLCLs

(A) ChIP assay for EBNA1 binding to the
DS, Qp, and cellular locus CLIC1 in
AMS4 SLCLs treated with DMSO or
30 μM VK-1727 for 72 hours. p values
were determined for 3 biological repli-
cates (***p < 0.001, Two-way ANOVA).
(B) Immunoprecipitationwas performed
with IgG as a control bottom panel.
(C) Expression of EBV latency (EBNA1,
EBNA, EBER, LMP1) and lytic (Zta and
EA-D) genes in EBV+ AMS4 SLCL. p values
were determined for 3 biological repli-
cates (*p<0.05, t test). EBV= Epstein-Barr
virus; SLCL = spontaneous lympho-
blastoid line.
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In addition, the failure to detect EBV in PBMC or CD19+ from
most of the HCs or patients with SMSmay reflect the lower limit
of detection of the assay, which was 40 copies/1 × 106 cells.

We also describe the generation and partial characterization of
spontaneous EBV-transformed LCLs derived from a cohort of
patients with MS and healthy controls. The higher frequency
of EBV detection in CD19+ B cells of patients with AMS and
the greater rate of SLCL generation in patients with MS
suggest that there may be a fundamental failure of host control
of EBV latent infection in AMS. These findings are consistent
with known abnormalities in the immune response to EBV in
MS, including deficient cytotoxic T-lymphocyte (CTL)
control of EBV infection.42 Of interest, early clinical data
using adaptive T-cell therapies specific for EBV also indicate
that improved CTL control of EBV infection has therapeutic
benefit in MS.51 Future studies including serology for EBV
coupled with detection of EBV in CD19+ cells in longitudinal
samples from patients with MS and healthy controls are
necessary to fully elucidate the dynamics of EBV infection in
the context of disease activity.

We also show that targeting EBV through EBNA1 inhibitors
can block the proliferation of SLCLs fromMS and from HCs.
EBNA1 inhibitor VK-1727 significantly reduced the pro-
liferation of EBV+ B cells, regardless of whether they are
transformed with a laboratory strain (B95.8) or WT virus.
These data suggest that VK-1727 targets EBV in cells isolated
from individuals with a broad spectrum of disorders, including
EBV-mediated cancers and MS and further extends these
observations to B cell lines from genetically disparate indi-
viduals carrying WT virus. Previous studies have demon-
strated that EBNA1 inhibitors, including VK-1727, do not
affect the growth of EBV− lung carcinoma cells or EBV−

gastric carcinoma cell lines.27,28 Of importance, this study
confirms that the proliferation of EBV− B cell lines is not
affected by VK-1727, suggesting that there are limited, if any,
off-target effects. Currently, an EBNA1 inhibitor is being
tested in a phase I/II clinical trial for EBV+ nasopharyngeal
carcinoma (ClinicalTrials.gov Identifier: NCT04925544). It
is not yet known whether EBNA1 inhibitors will confer benefit to
patients with MS or whether additional modifications such as
enhanced CNS penetrance may be required to achieve clinical
benefit in MS. Other strategies for EBNA1 inhibition, including
EBNA1 inhibitors that function as heat shock protein 90 inhibi-
tors, block EBNA1-dependent maintenance or transcription, and
block EBNA1 RGG-like linking regions have been developed and
validated, but have yet to be tested for their therapeutic potential in
MS patient–derived cells or model systems.29

Many effective disease-modifying therapies for MS have their
origins as therapeutic agents developed for the treatment of
cancer. For example, anti-CD20 chimeric monoclonal antibody
therapies, such as rituximab, were developed as B cell depletion
therapies for use in non-Hodgkin lymphoma and chronic
lymphocytic anemia before their efficacy was established inMS.
B cell depletion therapies eliminate EBV− and EBV+ cells.

Therefore, it is unclear whether their benefit is related to the
elimination of EBV+ B cells. Accordingly, a therapy that spe-
cifically targets EBV+ B cells is of interest as an EBV-specific
treatment modality in MS that has the potential to improve
disease outcomes and allow for further understanding of the
specific role of EBV+ B cells in MS. Cladribine is one of many
B cell depletion therapies that are now used as standard-of-care
therapies in patients with highly active relapsing MS. When we
compared the activity of our EBNA1 inhibitor with cladribine
in our resazurin-based metabolic assay (Figure 4, A and B;
Table 1), we demonstrated that while cladribine decreases the
proliferation of EBV− and EBV+ cells, VK-1727 only decreased
the proliferation in EBV+ B cells. Moreover, cell cycle analysis
(Figure 5A) showed that while both VK-1727 and cladribine
perturbed cell cycle kinetics and reduced the percentage of cells
in G2/M in EBV+ B cells, cladribine also effected the cell cycle
of EBV− cells, while the effect of VK-1727 was EBV specific. In
addition, Annexin V/PI staining confirmed cladribine was a
potent inducer of apoptosis in EBV+ and EBV− cells, while VK-
1727 was not. Again, these data indicate that VK-1727 has a
cytostatic rather than cytotoxic mechanism of action and has
little off-target activity in human B cells. We have reported
similar findings in xenograft models of EBV-associated cancers,
where EBNA1 inhibitors were shown to have excellent safety
profiles at high doses.27,28 An important caveat here is that VK-
1727 and other EBNA1 inhibitors will only target proliferating
EBV+ cells and will not affect EBV-infected cells exhibiting a
“latency 0” program (no EBNA1 and only noncoding RNAs
expressed), making it unlikely that EBNA1 inhibitors will
completely eliminate EBV infection.10 However, other com-
pounds with antiproliferative effects in immune cells have been
shown to have clinical efficacy in neuroimmune disorders as-
sociated with viral infection, including MS and HTLV-I asso-
ciated myelopathy/tropical spastic paraparesis.52-55

In summary, a role for EBV inMS is supported by observations
of significantly increased detection of EBV in CD19+ sorted
B cells from patients with MS compared with that from con-
trols. This prompted us to generate a collection of SLCLs from
patients with MS and HCs for further studies of EBV latency in
MS patient–derived B cells. We show that these SLCLs are
more readily generated from patients withMS.We also provide
evidence that a small molecule inhibitor of EBNA1 can selec-
tively block cell proliferation and EBNA1 DNA binding and
may slightly decrease latent gene expression in EBV+ cells in
SLCLs from patients with MS and healthy controls and has the
potential to counteract the prosurvival and proinflammatory
effects of EBNA1 in different anatomical compartments. Of
importance, these EBNA1 inhibitors do not affect EBV− B cells
nor induce inflammatory apoptosis as does cladribine, a drug
presently used as front-line therapy to treat MS. This study
follows several earlier studies showing cross-reactivity between
EBV EBNA1 and host CNS antigens17,18,56 and provides
compelling evidence that EBV EBNA1 is involved in molecular
mechanisms that drive CNS autoimmunity. Collectively, these
studies provide justification for further exploring the use of
EBNA inhibitors in MS.
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