Epigenetic activation of EBV BGLF4 determines antiviral-based
regimen response in EBV+CNS lymphoproliferative disease
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Methylation loss and
increased expression
of EBV BGLF4 was
associated with
favorable response to
the GARD regimen in
aggressive EBV-
CNSL.

Epigenetic regulation of
lytic BGLF4 expression
in a latent EBV
malignancy supports
EBV DNA methylation
as a clinically relevant
biomarker.

Epstein-Barr virus (EBV)-associated primary central nervous system lymphoproliferative
diseases (EBV+PCNSL) are aggressive conditions with poor prognoses. We previously
reported durable responses in patients with PCNSL who were treated with the antivirals
ganciclovir and azidothymidine, plus rituximab and dexamethasone (GARD). Responses
were associated with the detection of the lytic viral protein kinases, BGLF4 and BXLF1.
These antiviral activating kinases are associated with lytic EBV, however, the mechanism
for expression in latently infected EBV+CNSL is unknown. Expanding on previous work,
we provide long-term clinical outcome data (N = 24) and show that RNA expression
analysis in CNSL tissue biopsies (n = 12) confirmed the expression of LMP1, BXLF1, and
BGLF4 but not BZLF1, supporting an incomplete lytic EBV program. Control biopsies from
systemic PTLD cases (N = 24) showed significantly less expression of BXLF1 and BGLF4. By
quantifying DNA methylation in EBV gene promoters, we showed significantly decreased
promoter methylation at BGLF4 in CNSL vs systemic PTLD cases (P = .0006). Luciferase
reporter analysis of the BGLF4 upstream sequence revealed 3 regions of promoter activity,
and 5' rapid amplification of complimentary DNA ends in EBV-infected cell lines and CNSL
samples identified transcription start sites at these promoters. We identified CNSL-specific
DNA methylation loss at single CpG dinucleotides, whereas the surrounding EBV
methylation levels remained high. Lastly, TET knockout and the expression of
TET1/2-suppressive mutant IDH1 in a latent HEK293 EBV model indicated that active
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demethylation is necessary for the activity of BGLF4 promoters. We detailed the epigenetic
basis of BGLF4 expression in CNSL via locus-specific promoter activation, which may hold
value for determining GARD sensitivity.

Epstein-Barr virus (EBV) is a gamma herpesvirus that drives a
variety of human diseases, including hematologic malignancies.”
EBV maintains lifelong infection by entering a latency state inside
host cells and silencing many of its genetic elements. EBV can
undergo lytic activation, which leads to the expression of lytic
genes, viral DNA replication, and the release of infectious viral
particles.” Host epigenetic mechanisms are indispensable for the
EBV life cycle.”® Among these, DNA methylation primarily serves
as a gene silencing mechanism during EBV latency to suppress
lytic transcripts.” Lytic activation necessitates the removal of DNA
methylation.”

The clinical EBV assays currently available only detect the pres-
ence of EBV by quantitative polymerase chain reaction (qPCR)®®
and do not provide information on EBV gene expression or lytic/
latent states. Thus, clinical decision-making based on EBV
detection alone has remained challenging. This is particularly true
in immunosuppressive states that predispose patients to onco-
genesis via latent EBV and lytic viral activation, which often com-
plicates differential diagnosis. Primary central nervous system
lymphoproliferative disease (PCNSL) is a group of rare, extranodal
lymphomas that are typically linked to preexisting immunosup-
pression. Of all PCNSL cases, 15% are EBV-associated (EBV+)
and exhibit unique genomic and transcriptional landscapes when
compared with EBV-negative disease.”® CNS involvement also
occurs in 5% to 30% of posttransplant lymphoproliferative disease
(PTLD) and is overwhelmingly EBV+.” EBV+CNSL is aggressive
and commonly exhibits infiltrative parenchymal tumor burden and
poor outcome.® High-dose methotrexate with rituximab have been
used successfully in HIV-associated EBV+CNSL.'® However,
in patients with EBV+CNSL who are undergoing iatrogenic
immune suppression, drug toxicity and comorbidities are a major
concern and treatment success is limited.'"'> Additional
evidence-based treatments are needed to improve the outcomes
for this population.'®

We previously reported that patients with EBV+PCNSL PTLD
responded exceptionally well to an antiviral-based regimen
comprising ganciclovir (GCV), zidovudine (azidothymidine [AZT]),
rituximab, and dexamethasone (GARD)."" In that study, immuno-
histochemistry (IHC) staining revealed the presence of EBV pro-
tein- and thymidine kinases (EBV BGLF4 and BXLF1, respectively)
in CNSL biopsies. These EBV proteins are required for specific
antiviral drug activation via phosphorylation of GCV and AZT from
their prodrug states, thus establishing a mechanistic rationale for
their therapeutic efficacy in EBV-infected cells.'*'® The presence
of BGLF4 and BXLF1 thus confers unique tumor cell vulnerabil-
ities to GCV/AZT.'®"” It has remained unclear if there are EBV
features that indicate the presence of BGLF4/BXLF1 and could
thus serve as potential biomarkers to identify tumors that will
respond to GCV/AZT treatment.

In this study, we provide data on the long-term follow-up of the
original GARD cohort of patients with EBV+PCNSL PTLD, in
addition to new data from additional patients with EBV + CNSL
(total N = 24) who represent a variety of immune suppressed
states and who were treated with GARD. Using patient samples
and in vitro models, we conclude that epigenetic activation and
expression of BGLF4 is present in otherwise latent EBV and thus
provides a new perspective on locus-specific EBV gene control.
We found that BGLF4 DNA methylation loss is a surrogate of
BGLF4 expression and may be explored as a future biomarker for
targeted CNSL treatment with the GARD regimen.

Clinical data

Patients with EBV+CNSL who were treated with the GARD
regimen at The Ohio State University (OSU) Wesxner Medical
Center between January 1998 and June 2024 were selected for
this study. Clinical data were accessed retrospectively from elec-
tronic records (Tables 1 and 2). Complete response (CR),
unconfirmed complete response (CRu), partial response (PR), and
progressive disease (PD) were defined using guidelines from the
International Primary CNS Lymphoma Collaborative Group.'® The
GARD regimen consisted of 14 days of induction treatment with IV
GCV (5 mg/kg twice daily), AZT (1500 mg twice daily), and
dexamethasone (10-40 mg) and 4 doses of rituximab (375 mg/m?,
days 1, 8, 15, and 22). Following induction, patients were pre-
scribed maintenance oral valganciclovir (4560 mg twice daily) and
AZT (300 mg twice daily) as tolerated.

DNA and RNA isolation

Tissue biopsy DNA and RNA were isolated using the QlAamp
DNA FFPE Tissue Kit (QIAGEN) and RNeasy FFPE Kit (QIAGEN),
respectively, according to the manufacturers’ instructions. DNA
and RNA from cell culture were isolated using the QlAamp DNA
Mini Kit (QIAGEN) and TRIzol reagent (Invitrogen), respectively.
Plasmid and lentiviral vector DNA were prepared using the
ZymoPURE Plasmid Miniprep Kit (Zymo Research) and the Pure-
Yield Plasmid Midiprep System (Promega).

Cell culture

Cells were grown in a humidified incubator at 5% CO, and 37°C.
Hematopoietic cell lines were maintained in RPMI 1640 with 10%
(v/v) fetal bovine serum, supplemented with penicillin/streptomycin
and GlutaMAX (Thermo Fisher Scientific). Lymphoblastoid cell
lines were generated as described.’® HEK293 (CVCL_0045),
MEC1/2 (CVCL_1870/1871), and Raji (CVCL_0511) lines were
obtained from Christoph Plass’s group (German Cancer Research
Center); YT cells (CVCL_1797) were obtained from Bethany
Mundy’s group (The Ohio State University); and Lenti-X HEK293T
(CVCL_0063) cells were from Takara Bio. M81 (BZLF1/BRLF1
double knockout) EBV-carrying HEK293?° cells were a gift from
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Characteristics of the patients with CNSL

Biopsy DNA
Primary or Reason for EBER Reported methylation
ID Age Sex Race Cause of CNSL secondary immunosuppression Pathologic diagnosis status EBV DNA in blood EBV DNA in CSF previously'’ cohort
1 3% M W  PTLD Primary Kidney transplant Grade Il LYG Positive None detected (<2000 Detected (no viral Yes Yes
copies per mL) load)
2 48 M W  PTLD Primary Kidney/pancreas transplant Grade Il LYG Positive None detected (<2000 Not tested Yes Yes
copies per mL)
3 28 M W  PTLD Primary Kidney transplant® DLBCL Positive None detected (<2000 Not tested Yes Yes
copies per mL)
4 45 M W  PTLD Primary Kidney transplant DLBCL Positive Not tested Not tested Yes No
5 58 M W  PTLD Primary Kidney transplant Large B-cell PTLD Positive Detected (1500 copies None detected Yes No
per mL)
6 77 F W  PTLD Primary Kidney transplant Polymorphic PTLD Positive None detected (<2000 Detected (no viral Yes No
copies per mL) load)
7 50 F W  PTLD Primary Kidney transplant DLBCL Positive Detected (2600 copies Detected (5565 Yes No
per mL) copies per mL)
8 60 F W  PTLD Primary Kidney transplant DLBCL Positive Detected (1000 copies Detected (500 Yes No
per mL) copies per mL)
9 61 F B PTLD Primary Liver transplant B-cell PTLD EBV+in CSF None detected (<2000 Detected (322 000 Yes No
copies per mL) copies per mL)
10 42 M W  PTLD Primary Kidney/pancreas transplant Lymphohistiocytic infiltrate Positive Detected (2286 copies Detected (<10 000 Yes Yes
with monoclonal T cells per mL) copies per mL)
11 30 M W  PTLD Primary Kidney transplant® DLBCL Positive Detected (7880 copies Detected (>10 000 No Yes
per mL) copies per mL)
12 7 F W Other Primary Seronegative arthritis Grade 3 LYG Positive None detected (<2000 Not tested No No
immunosuppression copies per mL)
13 69 M W Other Secondary  Epidermolysis bullosa DLBCL Positive None detected (<2000 Detected (>10 000 No Yes
immunosuppression acquisita, HSCT, BMT for copies per mL) copies per mL)
NHL
14 62 M W Other Secondary  Psoriasis (MTX) Large cell lymphoma of Positive Detected (78 693 Not tested No No
immunosuppression ambiguous lineage copies per mL)
156 46 M B  Sporadic PCNS Primary None B-cell PCNS-LPD EBV+ in CSF Detected (1464 copies Detected (<10 000 No Yes
per mL) copies per mL)
16 82 F W Other Primary Interstitial lung disease DLBCL Positive None detected (<1000 Not tested No No
immunosuppression copies per mL)
17 77 M W  PTLD Secondary  Kidney transplant DLBCL Positive None detected (<2000 Detected (<10 000 No Yes
copies per mL) copies per mL)
18 73 M W  PTLD Primary Kidney transplant DLBCL Positive None detected (<2000 Not tested No Yes
copies per mL)
19 81 M W Other Primary Advanced age Grade 3 LYG Positive None detected (<2000 Not tested No Yes
immunosuppression copies per mL)
20 54 M Indian Other Primary Wegner granulomatosis and DLBCL Positive None detected (<2000 Not tested No Yes
immunosuppression anti-GBM disease copies per mL)
21 29 F  Indian PTLD Primary Kidney transplant® High-grade B-cell PTLD Positive Unknown (outside Detected (47 000 No No

hospital)

copies per mL)

A total of 24 patients with CNSL who were treated at OSU with GARD are listed. EBV DNA levels were determined using a clinical diagnostic gqPCR assay at the OSU Medical Center. BMT, bone marrow transplant; DLBCL, diffuse large
B-cell lymphoma; EBER, EBV encoded small RNA; F, female; GBM, glomerular basement membrane; HSCT, hematopoietic stem cell transplant; LPD, lymphoproliferative disease; LYG, lymphomatoid granulomatosis; M, male;
MTX, methotrexate; NHL, non-Hodgkins lymphoma; W, white.
®Patient experienced graft failure of intitial transplant and received a second organ transplant.
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A total of 24 patients with CNSL who were treated at OSU with GARD are listed. EBV DNA levels were determined using a clinical diagnostic gPCR assay at the OSU Medical Center. BMT,

B-cell lymphoma; EBER, EBV encoded small RNA; F, female; GBM, glomerular basement membrane; HSCT, hematopoietic stem cell transplant; LPD, lymphoproliferative disease; LYG, lymphomatoid granulomatosis; M, male;

MTX, methotrexate; NHL, non-Hodgkins lymphoma; W, white.

®Patient experienced graft failure of intitial transplant and received a second organ transplant.

Henri-Jacques Delecluse (German Cancer Research Center).
HEK293/293T cells were maintained in Dulbecco’'s modified
Eagle medium (Gibco) with 10% (v/v) fetal bovine serum, peni-
cillin/streptomycin, and GlutaMAX. The Burkitt lymphoma lines
Kem (CVCL_7199), Mutu (CVCL_7202), and Rael (CVCL_7208)
were obtained from Lisa Giulino-Roth’s group (Weill Cornell
Medical College). The EBV latency stage in cell lines was either
determined in our own work'® or reported previously.?°° Cell line
authenticity was confirmed by the respective collaborators and/or
commercial suppliers. All cell lines were confirmed to be myco-
plasma free by using the MycoAlert Detection Kit (Lonza) every
2 weeks during experiments.

qPCR and qRT-PCR

EBV was detected in DNA samples using gPCR with Fast SYBR
Green Master Mix (Applied Biosystems) and primers that amplified
EBNAT1, and the levels were normalized to the human ACTB locus
(supplemental Table 1). RNA expression of EBV genes was
assessed using quantitative reverse-transcriptase PCR (qRT-
PCR). For these assays, 1 g of total isolated RNA was reverse
transcribed using Superscript IV reverse transcriptase (Invitrogen)
with random hexamer oligonucleotides (QIAGEN). gPCR was
carried out using primers for EBV BZLF1, BXLF1, BGLF4, and
LMP1, and the levels were normalized to human ACTB signal
(supplemental Table 1). gRT-PCR was performed using TagMan
Fast Advanced Master Mix (Applied Biosystems) and PrimeTime
gPCR Probe Assays with FAM/ZEN/IBFQ probes (Integrated
DNA Technologies). Samples were run in technical duplicates and
only included in the analysis when both readouts yielded gene
expression values within a 15% range of each other. gPCR was
performed on a QuantStudio 7 Pro gPCR system (Applied
Biosystems).

DNA methylation assays

DNA methylation analysis of the LMP1, BGLF4, BXLF1, and
BZLF1 regions (supplemental Table 1) was performed using the
EpiTYPER assay as described previously.”” DNA was bisulfite
converted using the EZ DNA methylation kit (Zymo Research)
and EBV regions were amplified using PCR with primers specific
for bisulfite DNA (supplemental Table 1). The PCR products were
analyzed using Matrix-Assisted Laser Desorption/lonization-Time
of Flight (MALDI-ToF) mass spectrometry (Agena Bioscience).
The ratios of unmethylated vs methylated mass peaks were
used to calculate the percentage of DNA methylation. Global
EBV DNA methylation analysis was carried out using the
methylation-iPLEX assay as described.?’” iPLEX capture and
extension primers were designed from bisulfite-converted DNA
sequences using the Typer4.0 software (Agena Bioscience;
supplemental Table 1). Samples were dispensed onto 384-well
SpectroCHIP arrays using the RS1000 Nanodispenser and
analyzed using the MassARRAY Analyzer4 system (Agena
Bioscience).

Luciferase reporter assays

Luciferase assays were carried out in reporter vector pCpGfree
promoter-lucia (Invivogen) as published.?® BGLF4 fragments were
amplified using PCR (supplemental Table 1) and cloned into
Hindlll/Sdal restriction sites using standard techniques. Reporter
vectors were in vitro methylated using M.Sssl CpG
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Treatment response and survival in patients with CNSL who received GARD

Response
Immunosuppression at Response to at time Survival
ID  Transplant induction diagnosis Previous treatment Alterations to induction GARD Additional treatment  Survival of death time, y
1 ATG Neoral/CellCept prednisone None No dex CR None A = 15.4
2 ATG Rapamune/Myfotic None No dex, 1 week of 2.5 mg/kg GCV, then CRu Repeat induction D CRu 11.5
increased to 5 mg/kg
3  ATG/CellCept + Rapamune/CellCept None None CR None A = 14.2
pheresis
4 Unk CellCept prednisone None No rituximab, 2.6 mg/kg GCV CR None D CR 11.8
5 ATG Neoral/Myfotic None No rituximab, 1.25 mg/kg GCV CR None D CR 3.8
6 ATG Neoral/Myfotic Steroids 1200 mg AZT CRu None D CRu 1.7
7  Unk Neoral/CellCept Rituximab WBXRT None CRu None A = 13.3
8 ATG CellCept/rapamune None Two doses of rituximab CRu None D CRu 0.3
prednisone
9 Unk Neoral/Myfotic prednisone None None SD Rituximab, IV AZT/GCV, D PD 0.3
WBXRT
10 ATG Myfotic, Tacrolimus None 1200 mg AZT CR None A - 10.7
11 Unk CellCept/rapamune None None PD MTX, IV AZT A - 10.2
Prednisone
12 — Methotrexate None None CR None A - 10.0
13 Etoposide, ARA-C, CellCept prednisone None IV AZT/GCV for 13 d, rituximab delayed PR PO AZT/GCV D PD 0.9
platinum
14 — Adalimumab RM-CHOP, brentuximab, All treatments stopped after 1 week PD None D PD 0.05
romidepsin, BR
156 — == None None CR None A = 3.3
16 — CellCept Dex, PLEX None SD None D SD 0.2
17 ATG Everolimus GARD* None PR MTX, rituximab, dex D CR 5.4
Neoral
18 ATG Rapamune None AZT stopped at 1 week CR None D CR 2.2
Myfotic
19 — = None None CRu None A = 6.4
20 — CellCept prednisone None IV medications held on days 9, 11, 12, and PR Rituximab and MTX D CRu 1.2
13 because of mental status change
and refusal
21 Unk CellCept None AZT PO CRu None A = 2.6
22 Neoral/CellCept prednisone None 2.5 mg GCV, 1200 mg AZT PD None D PD 0.1
23 - = None None PR None D PD 0.8
24 - Infliximab None None CR None A - 5.1

A, alive; ARA-C, cytosine arabinoside or cytarabine; ATG, antithymocyte globulin; D, deceased; Dex, dexamethasone; MTX, methotrexate; PLEX, plasma exchange; PO, per oral; RB, rituximab bendamustine; RM-CHOP, rituximab
methotrexate cyclophosphamide doxorubicin vincristine; Unk, unknown; WBXRT, whole brain radiation.
*Patient received GARD for a PTLD lesion in the lung.



methyltransferase (Thermo Fisher Scientific). Luciferase reporters
were transfected into HEK293 cells using TransIT-LT1 reagent
(Mirus Bio), and the luciferase activity was measured after 48
hours using a Synergy HT plate reader (Biotek). Data were
normalized to cotransfected internal control plasmid Firefly lucif-
erase plasmid (pGl4.10 ACTB promoter-luc2, Promega).

5’RACE

BGLF4 5' rapid amplification of complimentary DNA (cDNA) ends
(5'RACE) was performed according to published protocols,® with
modifications. For these assays, 5 pg of total RNA was reverse
transcribed using the gene-specific primer (GSP), used for reverse
transcription(RT) (supplemental Table 1), followed by ampilification
using nested PCRs with the GSP (gene specific), oligo(dT)-tailed
primer (Qt), nested PCR-outer (Qo), and nested PCR-inner (Qi)
primers (supplemental Table 1; Scotto-Lavino and Du®°). The
products were gel purified and cloned into pDONR221 (Invi-
trogen) using Gateway BP clonase Il (Invitrogen), followed by
Sanger sequencing at the OSU Genomics Shared Resource. The
sequences were mapped to the EBV genome to determine the 5’
ends as transcription start sites (TSS).

Data analysis and statistics

Statistical significance was determined using unpaired, 2-tailed ¢
tests, unless stated otherwise. Unsupervised clustering was car-
ried out using Cluster3.2° EBV genomic data tracks were gener-
ated from an EBV reference genome (Refseq ID: NC_007605.1)
using Integrative Genomics Viewer. Violin plots were generated
using BoxPlotR.®" Overall survival was defined as the time from the
start of treatment until death from all causes. Patients who were
alive at the last available follow-up date were censored. Time to
progression was defined as the time from the start of treatment
until disease progression or death from CNSL. Patients who died

from other causes were censored. Treatment-related mortality
(TRM) was defined as death occurring within 90 days of
completion of the GARD regimen and not a consequence of
progressive disease.

Ethics statement

The research was approved by the OSU institutional review board
(IRB 2023C0117). Only researchers on the institutional review
board application with appropriate approvals to access clinical
data had access to identifiable patient information (C.W., H.LK,,
and R.AB.).

Long-term follow-up reveals durable responses to
GARD in EBV+CNSL

A total of 24 patients with EBV+CNSL were treated at OSU with
GARD between 1998 and 2024, and a subset of these patients
was previously described.’’ In this study, we report additional
follow-up data on these patients and new patients with PCNSL
PTLD, systemic PTLD with secondary CNS involvement, patients
on iatrogenic immune suppression for autoimmune conditions,
PCNSL in the setting of advanced age (>80 years old), and
EBV+PCNSL with no indicators of immunosuppression (Table 1).
The median age at diagnosis was 56 * 19 years (supplemental
Table 2). One patient had improvements in the lesion size after
treatment but passed away from septic shock. Thus, the TRM was
4.1% (1/24). Diffuse large B-cell lymphoma was the most common
histology (n = 11; 45.8%), followed by grade 3 lymphomatoid
granulomatosis (n = 5; 20.8%), other B-cell lymphoproliferative
disease (n = 5; 20.8%), and polymorphic diagnosis (n = 3; 12.5%);
Table 1). Rapid resolution of CNSL lesions after GARD induction
was observed (Figure 1A). Long-term follow up revealed durable

Post Induction
1 Month

Diagnosis
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Patient 18

Percent probability

Overall survival Time to progression
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Clinical GARD response characteristics of EBV+CNSL. (A) Representative contrast enhanced magnetic resonance images (MRIs) from 2 patients with sequential
imaging. Both patients achieved complete and durable responses. MRIs visualized and captured using NilRead software by Hyland. (B) Kaplan-Meier curves representing OS
and (C) TTP in 24 patients with CNSL who were treated at OSU. (D-E) Representative IHC images of the lytic EBV proteins BXLF1 and BGLF4 from samples included in the

study. IHC was performed as previously described."
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responses and favorable OS and TTP in patients with CNSL who
were treated with GARD (Figure 1B-C). The median survival time
was 5.4 years, and 15 patients (63%) achieved a CR/CRu, with an
overall response rate of 79% (n = 19; Table 2). The 2-year survival
was 63% (95% confidence interval [Cl], 46%-85%) and 5-year
survival was 53% (95% Cl, 37%-78%; Figure 1B; Table 2). Pri-
mary disease showed a trend toward a superior response to GARD
when compared with systemic disease (median survival, 10 years vs
11.5 years; P = .0535; supplemental Table 3; supplemental
Figure 1A). Immunohistochemistry staining of biopsy samples from
patients with primary CNSL was performed (Figure 1D-E; Dugan
et al'") and showed BXLF1 and BGLF4 in all cases.

We compared our GARD findings with previously published
studies that evaluated the survival of patients with EBV+ CNSL
(supplemental Table 4).°?°® GARD yielded a better median sur-
vival than all other studies and showed a better overall response
rate than all but 1 study. Of these studies, Snanoudj et al®”
(supplemental Table 5) reported individual survival data of patients
with PCNSL who underwent a renal transplant, thus enabling us to
conduct a direct comparison of survival. When comparing the
patients who underwent a renal transplant and who were treated
with GARD (n = 13) with the Snanoudj cohort, those who were
treated with GARD showed a significant survival advantage
(supplemental Figure 1B; P = .0465). Of our GARD-treated
patients who had available biopsies (n = 12), only 1 patient did
not express BGLF4. This patient was the only patient of the 12
who experienced progressive disease following GARD therapy

(patient 11; Table 2). In contrast, BGLF4 expression was not
associated with increased survival independent of GARD (N = 24
systemic PTLDs; P = .6888; supplemental Figure 1C).

DNA methylation loss in BGLF4 is associated with
BGLF4 expression in CNSL

We have reported the expression of BGLF4 and BXLF1 in
EBV+CNSL."" However, it remained uncertain if the presence of
BXLF1/BGLF4 was a consequence of lytic EBV replication. To
address this, we performed gene expression analysis of lytic and
latent EBV transcripts in EBV + CNSL tumor tissue biopsies (n =
12; Table 1) and patients with systemic EBV+ PTLD who were not
treated with GARD (n = 24). Patients with EBV + CNSL showed
higher BGLF4 expression levels than those with systemic PTLDs
(Figure 2A), and the BXLF1 expression differences neared sta-
tistical significance (supplemental Figure 2A). RNA expression of
the lytic transcripts BZLF1, BRLF1, and BMRF1 (supplemental
Figure 2B-D), all indicators of lytic cycle entry,® was low or
undetectable in many systemic PTLDs and was consistently
detectable in only 1 EBV+CNSL case (1/12, 8%) and only at low
levels (supplemental Table 6/supplemental Figure 2, marked 1).
RNA expression of the EBV latent membrane protein 1 (LMPT7;
supplemental Figure 2E) was detectable in most systemic
PTLDs (16/21, 73%) and CNSLs (9/12, 75%), indicating a
latency type 2/3 EBV state.

To distinguish the specific epigenetic state of the EBV loci, we
subsequently performed quantitative DNA methylation profiling of
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the BGLF4, BXLF1, BZLF1, BRLF1, BMRF1, and LMP1
upstream sequences using the EpiTYPER assay®’ in tissue biopsy
DNA. We revealed significantly lower BGLF4 methylation in CNSL
cases than in systemic PTLD cases (P = .0006; Figure 2B), but
there were no significant differences in BXLF1, BZLF1, BRLF1,
BMRF1, or LMP1 (supplemental Figure 2F-J). A comparison of the
RNA expression and methylation showed an inverse correlation for
BGLF4 (Figure 2C).

To determine whether the BGLF4 methylation differences
between EBV + CNSL cases and systemic PTLD cases were the
consequence of global methylation alterations, we evaluated 31
CpG methylation sites evenly distributed across the EBV genome
(Figure 2D-E). We also evaluated human genomic LINET, LTR,
and Alu repeat element methylation as a surrogate of global host
cellular methylation (Figure 2F; supplemental Figure 2K-L). With
the exception of a low (average, 3.2%) methylation difference in
LINE1, the global EBV and host cellular DNA methylation levels
were not significantly different between the EBV + CNSL cases
and the systemic PTLD cases, thus indicating a localized DNA
methylation loss at BGLF4. We found no significant correlation
between the BGLF4 RNA expression and average EBV methyl-
ation (Figure 2G). It is known that lytic EBV activation exhibits a
rapid expansion of EBV DNA copies, a loss of global EBV DNA
methylation,” and widespread lytic RNA expression, including
BGLF4.°® We assessed these lytic EBV characteristics by
correlating BGLF4 expression with EBV DNA loads in tissue
samples (supplemental Figure 2M), clinically determined EBV
gPCR data from serum samples (supplemental Figure 2N), and
overall EBV methylation vs EBV load (supplemental Figure 20).
These comparisons showed no evident correlations. Taken
together, the strikingly low DNA methylation at BGLF4 in
EBV+CNSL cases did not align with correlates of lytic virus
activity, indicating a highly localized methylation loss. EBV+CNSL
cases retained features of viral latency, such as elevated global
DNA methylation (Figure 2D-E), latent gene expression
(supplemental Figure 2E), and a lack of the critical lytic transcripts
BZLF1, BRLF1, and BMRF1 (supplemental Figure 2B-D).

Low DNA methylation at 3 individual BGLF4
upstream loci

To understand the reach of lowered methylation in EBV+CNSL,
we carried out a detailed assessment of DNA methylation in the 1
kilobase upstream region of BGLF4 that was previously shown to
hold the TSS.%° Using the EpiTYPER assay, we derived quanti-
tative, single CpG resolution methylation maps for our CNSL and
systemic PTLD biopsies (Figure 3A; supplemental Figure 3). A
significant methylation reduction in CNSL was localized to 3
differentially methylated regions (DMRs), and each DMR had at
least 1 single informative CpG dinucleotide with pronounced
methylation loss in CNSL (CpG1/2/3; Figure 3B). Localized
BGLF4 methylation loss was also observed in a subset of systemic
PTLD cases (Figure 3B; supplemental Figure 3; supplemental
Data 1), and more than one-third (9/24; 38%) had at least 1
DMR with a methylation level below 50%. A comparison of the
histologic subtypes in CNSL and systemic PTLDs revealed that
significant methylation differences were retained at the BGLF4
CpG sites when CNS and systemic DLBCLs (including grade 3
lymphomatoid granulomatosis) were compared (supplemental
Figure 4A-C). All 3 informative DMR CpG sites displayed an

inverse correlation with BGLF4 RNA expression (Figure 3C-E).
When categorizing PTLD tissue samples based on the number of
hypomethylated (<50% methylation) informative CpGs, we found
that BGLF4 RNA expression increased with the number hypo-
methylated CpG sites (Figure 3F). The presence of 2 or more
informative DMR CpGs with <560% methylation indicated high
(fourth quartile) BGLF4 expression with high sensitivity and
specificity (supplemental Figure 4D). As a proof of concept, we
determined EBV BGLF4 methylation in cerebrospinal fluid (CSF)
samples from 2 patients with EBV-driven DLBCL and CNS
involvement and EBV encephalitis caused by EBV reactivation,
respectively. We found significantly lower BGLF4 methylation in
the viral reactivation setting, distinguishing it from EBV-driven
malignancy (supplemental Figure 4E-F). In summary, we found
that highly localized methylation reduction was associated with
BGLF4 expression.

BGLF4 DMRs have gene promoter activity and mark
3 distinct BGLF4 transcription start sites

The identification of 3 DMRs pointed to the presence of BGLF4
gene regulatory elements. We tested the functional properties of
the BGLF4 upstream elements in a dual luciferase reporter assay
and found that all 3 DMR regions carried gene promoter activity
significantly above that of a control minimal promoter (Figure 4A).
These activities were frequently increased when a HEK293 model
that carried latent EBV was used (supplemental Figure 5A). Using
in vitro CpG-methylated reporter constructs, we revealed that DNA
methylation significantly decreased the promoter activity
(Figure 4B). To identify whether the observed regions of promoter
activity gave rise to RNA transcription, we carried out 5'RACE.
Using amplification of cDNA that ranged from the BGLF4 start
codon to upstream sequences, we identified 3 distinct BGLF4
TSSs within DMR2 and DMR3 in 5 primary CNSL samples
(Figure 4C-G) and 4 EBV cell models (supplemental Figure 5B-E;
supplemental Table 7). Combining data from our EBV cell models
and CNSL biopsies, we showed that TSS activity was strongly
associated with CpG methylation immediately adjacent to each
TSS (Figure 4H). This association was confirmed in all 3 TSS sites
individually (supplemental Figure 5F), including methylation in a
25-bp window around the TSS (supplemental Figure 5G).
Together, our data revealed promoter activity in BGLF4 upstream
DMR elements that give rise to distinct viral BGLF4 transcripts in
CNSL.

TET2 is required for the establishment of decreased
BGLF4 DMR methylation and BGLF4 expression

We next sought to determine the epigenetic factors that establish
the BGLF4 DNA methylation patterns. Targeted loss of DNA
methylation in the human genome is mediated by the ten-eleven
translocation (TET) DNA demethylases.”® TET2 has been
reported to affect EBV latency and gene expression.”’*? To test
whether TET2 may be required for methylation regulation at
BGLF4, we implemented a model that recapitulates the estab-
lishment of BGLF4 DNA methylation patterns on EBV following
host cell infection and latency establishment. We assessed our
cell line data (supplemental Figure 3A) and found that 5 cell lines
(Raji, Rael, MEC1, Kem, HEK293) carried elevated BGLF4 DNA
methylation levels that resembled the systemic PTLD samples.
HEK293 cells displayed pronounced localized methylation
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patterns at BGLF4 with DMR3 having greatly lowered methylation,
accompanied by specific transcription from that locus
(supplemental Figure 5B). The HEK293 EBV model further
bypasses the disruption of viral latency through a BZLF1/BRLF1
gene knockout,”® thereby enabling an investigation of BGLF4
strictly outside of lytic activation. We therefore established a model
of latency/DNA methylation establishment using this cell line
(supplemental Figure 6A; Tsai et al?®) and investigated biallelic
CRISPR knockout of TET2 (TET2™ ~; supplemental Figure 6B). A
comparison of EBV infection in control or TET2™ ~ cells
(Figure 5A) revealed that DMR3 near the active BGLF4 TSS
significantly gained DNA methylation (Figure 5B), accompanied by
significantly decreased BGLF4 RNA expression (Figure 5C). We
found that TET2 knockout did not significantly alter the global EBV
methylation (Figure 5D-E). We validated these findings in a second
model of TET deficiency that relied on the overexpression of
mutant isocitrate dehydrogenase 1 (IDH1, R132H), which impairs
all 3 TET family members by generating a-hydroxyglutarate*® to
target enzymatic activity directly. We found that lentiviral over-
expression of IDH1 R132H (supplemental Figure 6C), as well as
TET2™ ~ cells, had greatly reduced overall hydroxymethylcytosine
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(5-hmC) and 5-mC hydroxylase enzymatic activity (supplemental
Figure 6D-E). After EBV M81 infection, HEK293 cells with IDH1
R132H again had elevated DNA methylation and lowered RNA
expression levels at BGLF4 (supplemental Figure 6F-H). IDH1
R132H expression also led to a modest but significant increase in
global EBV methylation (supplemental Figure 6l-J). Taken together,
we employed 2 distinct models of TET deficiency and found that
locus-specific lack of methylation at BGLF4 requires TET2.

EBV-associated lymphomas are believed to be strictly latent with
silencing of most EBV genes, including BGLF4. Previous research
has focused on interventions that reactivate EBV and make it
vulnerable to antiviral treatments or immune detection.??** Here,
we provide evidence that the antiviral regimen GARD has efficacy
in EBV-associated CNSL. An assessment of multiple surrogate
markers of lytic EBV activity in CNSL suggested that full lytic EBV
reactivation may not be required for GARD's efficacy, but
expression of the viral kinase BGLF4 may be associated with
response to GARD. Only 1 patient had progressive disease with
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GARD treatment (Table 2, patient 11), and this patient had the
highest BGLF4 methylation level (supplemental Figure 3; 849%)
and was the only patient with CNSL to not express BGLF4
(supplemental Table 6). Our study's small sample size prohibited
us from determining if BGLF4 expression was associated with a
response to GARD specifically. In systemic PTLDs, BGLF4
expression was not associated with outcomes (supplemental
Figure 1C), likely because of the high variation in antiviral drug
use and disease heterogeneity.

In our CNSL cohort, GARD maintained excellent overall efficacy
and a low toxicity profile. The only treatment modality that seemed
to surpass GARD was whole brain radiation (supplemental
Table 4), but this treatment had significant toxicities and a TRM
of 14% as opposed to 4.1% associated with GARD treatment.
GARD treatment produced a better median survival than observed
in other comparable studies.®?*® Drawing direct comparisons
between the studies is limited by a lack of standardized treatment
and the rarity of CNSL. However, GARD showed a strong trend
toward improved outcomes with the added advantage of offering a
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standardized treatment option with low toxicity for EBV+CNSL.
GARD is especially attractive for patients with organ allografts who
are at high risk for toxicity and who would not be good candidates
for high-dose methotrexate-based regimens. The development of
treatment options for this patient population remains an important
unmet because modern treatments, such as the MATRix (metho-
trexate, cytarabine, thiotepa, and reituximab) regimen, have
focused on immunocompetent patients with CNSL and excluded
patients who were immunocompromised or of advanced age.*®

EBV lytic activity has historically been considered a switch-like
process.” It has remained unclear how partial EBV activation
(abortive lytic cycle*®) is achieved. Early findings on the expression
of BGLF4 indicated that BGLF4 production required viral DNA
replication and thus passive EBV DNA methylation loss.*” How-
ever, BGLF4 was subsequently shown to be expressed indepen-
dently of viral replication,®® and we suggest that a loss of BGLF4
DNA methylation in this setting may be carried out actively by
TET2. We report experimental evidence that BGLF4 undergoes
locus-specific epigenetic activation through DNA methylation loss



rather than being part of a global lytic activation program. This was
supported by our HEK293 model in which knockout of the lytic
BZLF1/BRLF1 genes excluded EBV lytic activation although
BGLF4 expression was still observed.

We established that TET2 is required for large parts of BGLF4
expression. TET2 has been shown to have crucial functions in EBV
genomic activity.*'*>*® We expand on these findings by estab-
lishing the specific requirement of TET2 for the BGLF4 methyl-
ation decrease. Of note, TET2 and IDH1/2 mutations are enriched
in EBV-associated lymphomas.*® We propose that such mutations
may hold significance for EBV's biologic state and may be
affecting BGLF4 expression. P53 has also shown function in EBV
activity with studies suggesting that p53 can contribute to lytic
reactivation and that several EBV proteins repress p53.°°°?
Although EBV-associated CNSL is enriched in mutations of
epigenetic regulators, it exhibits an overall diminished mutational
burden when compared with EBV-negative CNSL and lacks
recurrent mutations like CDKN2A, a regulator of p53.%*° Given
the importance and heterogeneity of the p53 pathway in EBV
activity, it is tempting to speculate that p53 may be involved in
locus-specific activation of genes like BGFL4.

Clinical EBV detection is mostly limited to gqPCR, but a high tumor
load in EBV* malignancies can mimic high viral loads associated
with lytic activation, making these 2 states indistinguishable when
using qPCR.>® Even in the absence of malignancy, ~20% of high-
risk individuals show detectable EBV in the CNS.>® We lay out
how EBV methylation can be leveraged to add context to the DNA
load and aid in characterizing EBV-associated diseases. In
EBV+CNSL, EBV is frequently detectable in the CSF, offering a
minimally invasive way to detect EBV from CSF DNA.® We iden-
tified key methylation sites associated with BGLF4 expression and
proved that their detection is possible in CSF (supplemental
Figure 4E-F). We propose these sites as potential indicators for
patients to respond to GARD. In the future, this may offer an
opportunity to screen for nonmethylated BGLF4 and initiate tar-
geted antiviral treatment of EBV+CNSL.
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