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Abstract

Primary Epstein-Barr virus (EBV)-positive nodal T/NK-cell lymphoma (PTCL-EBV) is a poorly understood disease which
shows features resembling extranodal NK/T-cell lymphoma (ENKTL) and is currently not recognized as a distinct entity
but categorized as a variant of primary T-cell lymphoma not otherwise specified (PTCL-NOS). Herein, we analyzed copy-
number aberrations (n=77) with a focus on global measures of genomic instability and homologous recombination
deficiency and performed gene expression (n=84) and EBV miRNA expression (n=24) profiling as well as targeted
mutational analysis (n=16) to further characterize PTCL-EBV in relation to ENKTL and PTCL-NOS. Multivariate analysis
revealed that patients with PTCL-EBV had a significantly worse outcome compared to patients with PTCL-NOS (P=0.002)
but not to those with ENKTL. Remarkably, PTCL-EBV exhibited significantly lower genomic instability and homologous
recombination deficiency scores compared to ENKTL and PTCL-NOS. Gene set enrichment analysis revealed that many
immune-related pathways, interferon a/y response, and IL6_JAK_STAT3 signaling were significantly upregulated in PTCL-
EBV and correlated with lower genomic instability scores. We also identified that NFkB-associated genes, BIRC3, NFKB1
(P50) and CD27, and their proteins are upregulated in PTCL-EBV. Most PTCL-EBV demonstrated a type 2 EBV latency
pattern and, strikingly, exhibited downregulated expression of most EBV miRNA compared to ENKTL and their target
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genes were also enriched in immune-related pathways. PTCL-EBV also showed frequent mutations of TET2, PIK3CD and
STAT3, and are characterized by microsatellite stability. Overall, poor outcome, low genomic instability, upregulation of
immune pathways and downregulation of EBV miRNA are distinctive features of PTCL-EBV. Our data support the concept
that PTCL-EBV could be considered as a distinct entity, provide novel insights into the pathogenesis of the disease and

offer potential new therapeutic targets for this tumor.

Introduction

Primary nodal Epstein-Barr virus (EBV)-positive T/NK-cell
lymphoma is an uncommon group of peripheral T-cell
lymphomas (PTCL) that presents primarily with lymph
node disease but may involve a limited number of extra-
nodal organs.! While the majority of PTCL-EBV are derived
from T cells, a minority are bona fide NK-cell lymphomas.
They show significant overlap with extranodal NK/T-cell
lymphoma, nasal type (ENKTL) as both tumors are associ-
ated with EBV and characterized by cytotoxic T- or NK-
cell proliferation. EBV-positive nodal T/NK-cell lymphomas
are more common in the elderly, usually demonstrate a
monomorphic growth pattern and lack angiodestruction
and prominent necrosis.>?® A few reports have described
clinicopathological features distinct from those of ENKTL,
including the lack of nasal involvement, frequent T-cell
origin, and a CD8*/CD56~ phenotype.?*

The 2017 World Health Organization (WHO) lymphoma
classification recommends that EBV-positive nodal T/NK-
cell lymphoma be considered as an EBV-positive variant
of PTCL, not otherwise specified (PTCL-NOS) as data on
this disease are limited, and it is currently unclear
whether this group of lymphomas represents a distinct
entity.” The molecular biology of EBV-positive nodal T/NK-
cell lymphoma, henceforth referred to as an EBV-positive
variant of PTCL (PTCL-EBV), and its relationship with
ENKTL and PTCL-NOS remains poorly understood - mainly
due to the rarity of these tumors and lack of tissue avail-
ability.

Genomic instability (Gl) is a hallmark of cancer and refers
to the propensity of cells to accumulate a variety of DNA
alterations. These alterations, a subset of which provides
a selective growth advantage instrumental for tumorigen-
esis and progression, may delineate different profiles in
entities sharing phenotypic or transcriptional features.®
Importantly, the broad characteristics of Gl, as measured
by scores, have prognostic and management implications,
specifically with regard to the choice of therapeutic
agents.’

Given the rarity of PTCL-EBYV, scarcity of frozen samples
and lack of available cell lines, we leveraged formalin-
fixed paraffin-embedded tissues. Using gene expression
profiling and testing of copy number aberrations, we pre-
viously compared PTCL-EBV to ENKTL and showed that
PTCL-EBV is characterized by PD-L1 upregulation, ex-
pression of T-cell related genes and frequent loss of

14911.2, which correlates with loss of TCRA loci and T-
cell origin.*® For the current study, we expanded the dis-
ease types and included PTCL-NOS in the comparison,
and performed a comprehensive suite of analyses in-
cluding EBV miRNA expression, custom gene panel se-
quencing and copy number aberration analysis focusing
on global measures of GI. We further re-profiled the gene
expression signatures using an improved microarray on
our cases, including those studied in the previous work.*
Interestingly, we demonstrated that PTCL-EBYV displays a
remarkably lower degree of Gl despite its more aggres-
sive outcome among the three diseases and is char-
acterized by upregulation of immune-related pathways
and lower expression of EBV miRNA compared to ENKTL
and PTCL-NOS. These novel findings not only offer in-
sights into the pathogenesis of PTCL-EBV and raise con-
siderations regarding its treatment, but also support the
proposal that PTCL-EBV is a distinct entity in the WHO
classification.

Methods

Study cohort

Cases from multiple institutions were reviewed by two
hematopathologists to confirm the diagnosis of ENKTL
(n=89), PTCL-EBV (n=25) and PTCL-NOS (n=36) based on
the 2017 WHO lymphoma classification.® PTCL-EBV shows
a similar phenotype as ENKTL but, unlike ENKTL, (i) pa-
tients present primarily with nodal disease where the bulk
of tumor is localized; (ii) nasal involvement is lacking; (iii)
it often shows a CD8*/CD56™ phenotype; and (iv) it is often
of T-cell origin (Online Supplementary Table ST7). Systemic
and cutaneous EBV-positive T/NK lymphoproliferative dis-
eases occurring in children were excluded. The diagnosis
of PTCL-NOS was established when other specific sub-
types of PTCL had been excluded. Cytotoxicity was defined
as the expression of at least one cytotoxic marker (TIA1,
granzyme B). Clinical data including age, sex, disease type,
stage, International Prognostic Index (IPI) score, expression
of CD4, CD8 and CD56, T or NK lineage, treatment and
overall survival were obtained (Online Supplementary Table
S2A, B). This study was approved by the National Health-
care Group Domain Specific Review Board B (2009/00212).

Copy number aberration analysis
An OncoScan® FFPE assay was performed on 34 ENKTL,
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14 PTCL-EBV and 29 PTCL-NOS cases as previously pub-
lished.® Copy number aberrations were analyzed using On-
coScan® Console (v1.3) software (ThermoFisher Scientific,
Waltham, MA, USA). Segmentation results were analyzed
using GISTIC (v2.0.22)" with the GENCODE hg19 build. Gl
and homologous recombination deficiency (HRD) scores
were calculated according to published methods."

Gene expression profiling

Gene expression profiling was performed on 35 ENKTL, 23
PTCL-EBV, and 26 PTCL-NOS cases using a GeneChip® Cla-
riom D Assay (Human) array and the data were analyzed
as described previously.? Gene expression profiling
(GSE160119) and copy number aberration (GSE160118) raw
data were deposited in the Gene Expression Omnibus
(GEO).

Polymerase chain reaction analysis of EBV miRNA and
EBV latency

Quantitative reverse transcription polymerase chain reac-
tion (RT-gPCR) analysis of miRNA expression was per-
formed using IDEAL miRNA qPCR assays (MiRXES,
Singapore) (n=24) according to the manufacturer’s instruc-
tions on a QuantStudio™ 5 System (ThermoFisher Scien-
tific, Waltham, MA, USA). RT-gPCR of EBV genes was
performed to confirm EBV latency in PTCL-EBV and
ENKTL.

Fluorescence in situ hybridization and multiplex
immunofluorescence

Fluorescence in situ hybridization (FISH), multiplex immu-
nofluorescence and multispectral imaging were performed
as previously described.*

Mutational analysis targeted next-generation
sequencing

Targeted mutation analysis was performed by next-gen-
eration sequencing (lon GeneStudio S5 prime, Thermo
Fisher Scientific, Waltham, MA, USA) using an AmpliSeq
customized T/NK-lymphoid panel comprising 35 genes re-
currently mutated in ENKTL and PTCL-NOS (Online Sup-
plementary Table S3A) and the 484-gene NovoPMTM 2.0
panel (Online Supplementary Table S3B) (total 500 genes
including 19 common genes).

Statistical methods

Overall survival was investigated using Kaplan-Meier non-
parametric survival analysis and log-rank tests. The effects
of disease type, age, sex and disease stage were analyzed
using unadjusted univariate and multivariate Cox propor-
tional hazard models. Analyses were performed in R with
the “survival” (v0.1.2) and “survminer” (v0.4.6) packages.
Gene expression profiling analysis was performed in R
with the “limma” package (v3.40.6). Unsupervised hier-
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archical clustering was performed using Spearman dis-
tance and Ward.D2 linkage. All additional statistical tests
were performed in R.

The diagnostic criteria for the diseases, T/NK lineage as-
signment, detailed descriptions of study cohorts, experi-
mental methods, data analysis and data accession are
provided in the Online Supplementary Materials.

Results

Differences in clinical and survival variables among

the disease groups

The salient clinicopathological and immunohistochemical
features of ENKTL, PTCL-EBV and PTCL-NOS are summar-
ized in Table 1A and Online Supplementary Table S2A, B.
All 25 patients with PTCL-EBV, comprising 14 Japanese,
eight Chinese, two Korean and one Bangladeshi person,
presented with nodal disease and the bulk of disease in-
volved lymph nodes. Phenotypically, PTCL-EBV was often
positive for CD8 (17/25, 68%), cytotoxic markers (100%)
and TCRB (12/25, 48%). CD56 was commonly negative
(18/24, 75%) and none of the cases tested expressed
TCRG. Four of 23 (17%) cases tested expressed CD4, of
which one was positive for CXCL13 and CD10 (focal). Most
of the cases of PTCL-EBV were of T-cell origin (20/23,
87%), in accordance with previous reports3" " (Figure 1A).
With regards to treatment, the patients in all three groups
from different institutions were treated with a hetero-
geneous combination of chemotherapy regimens (Online
Supplementary Table S2A). This is understandable as these
are rare lymphomas lacking standardized and effective
treatment. Two out of 15 PTCL-EBV patients with known
treatment data were treated with SMILE therapy. One died
3.5 months after diagnosis and the other died 12.6 months
after diagnosis.

Despite the treatment heterogeneity, our results revealed
that patients with PTCL-EBV had a significantly shorter
median overall survival (4.6 months) compared to those
with ENKTL (14.7 months, P=0.001) and PTCL-NOS (26
months, P=0.007). (Figure 1B; Table 1). Univariate analysis
identified advanced disease stage (stage 4) (P<0.001) and
older age (P=0.001) as significantly associated with poor
prognosis. Compared to patients with PTCL-EBV, patients
with ENKTL had a 61% lower risk of death (HR=0.39, 95%
Cl: 0.22-0.69, P=0.001), while those with PTCL-NOS had a
59% lower risk (HR=0.41, 95% CI: 0.21-0.80, P=0.009). After
adjusting for disease stage, sex and age, PTCL-NOS re-
mained significantly less aggressive compared to PTCL-
EBV (HR=0.3, 95% Cl: 0.14-0.65, P=0.002) (Table 2). A Cox
proportional-hazards model was also performed and after
controlling for lineage, patients with PTCL-EBV showed
significantly worse outcome than those with ENKTL
(HR=2.34, 95% CI: 1.05-5.24, P=0.038), indicating that the
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Figure 1. Morphological features and survival of PTCL-EBV patients compared to those with ENKTL and PTCL-NOS. (A)
Representative images of PTCL-EBV. The tumor cells are large and pleomorphic (a, Hematoxylin & eosin, original magnification
x400). They are positive for CD3 (b, original magnification x400), CD8 (c, original magnification x600), T-cell receptor, beta (TCRp)
(d, original magnification x600), EBER (e, original magnification x400) and granzyme B (f, original magnification x400). The positive
expression for TCRP indicates a T-cell origin. (B) Kaplan-Meier survival curve depicting overall survival of three disease groups.
Patients in the PTCL-EBV group had significantly shorter overall survival compared to those in the ENKTL and PTCL-NOS groups.

Table 1. Clinicopathological features and gene expression profiling in patients with ENKTL, PTCL-EBV and PTCL-NOS.

Parameters ENKTL (N=89) PTCL-EBV (N=25) PTCL-NOS (N=36) P
MIEIEL 183 1 YIEETE 49 (17-82, 16.20) 59 (32-89, 14.43) 62 (11-95, 18.22) 0.002*
(range, SD)

Female/male, N 27/62 5/20 13/23 0.399f1
COO, T/NK/indeterminate, N 16/57/16 20/3/2 36/0/0 <0.001t
Staget, 1&2/3&4, N 52/29 3/20 4/22 <0.001t
IPI score#

’ t
lowfintermediate/high, N 37/24/8 3/11/6 1/6/5 0.001
Median survival* in months 14.7 4.6 26.0 0.002f
CD56* positive/negative, N 66/20 6/18 1/25 <0.001*
CD8* positive/negative, N 11/64 17/8 11/25 <0.001*
TCRp* positive/negative, N 9/51 12/13 12/6 <0.001t
TCRy* positive/negative, N 2/54 0/14 6/12 0.002t

*Kruskal-Wallis test, fchi-square test, *fonly cases with available data were included for analysis, Slog-rank test; SD: standard deviation; COO,
cell of origin; IPI: International Prognostic Index.
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Table 2. Univariate and multivariate analyses for overall survival in the ENKTL, PTCL-EBV and PTCL-NOS groups.

Category Univariate
Variable
HR Cl (95%)
Disease type ENKTL 0.39 0.22-0.69
PTLC-EBV 1 Ref
PTCL-NOS 0.41 0.21-0.80
Stage 1 1 Ref
2 1.33 0.54-3.22
3 2.46 1.00-6.07
4 418 2.31-7.57
Sex Female 1 Ref
Male 1.23 0.76-1.99
Age 1.02 1.01-1.04
IPI score Low 1 Ref
Intermediate 5.16 2.32-11.5
High 8.33 3.48-19.9

Multivariate

P HR Cl (95%) P
0.001 0.65 0.34-1.26 0.2
1 Ref
0.009 0.3 0.14-0.65 0.002
1 Ref
0.50 1.5 0.61-3.67 0.4
0.051 1.56 0.51-4.81 0.4
<0.001 4.56 2.43-8.54 <0.001
1 Ref
0.40 1.38 0.82-2.32 0.2
0.001 1.02 1.01-1.04 0.006
<0.001
<0.001

HR: hazard ratio; Cl: confidence interval; Ref: reference; IPI: International Prognostic Index.

worse outcome of PTCL-EBV patients compared to ENKTL
patients is independent of lineage. Interestingly, there was
no longer a significant difference in the survival outcome
between ENKTL and PTCL-EBV patients, suggesting that
the worse outcome of those with PTCL-EBV could be
ascribed to older age and more advanced disease stage
at diagnosis.

Differences in focal copy number aberrations among
disease groups

In order to identify differences in copy number profiles of
the three diseases, we analyzed copy number aberrations
of patients with ENKTL (n=34), PTCL-EBV (n=14) and PTCL-
NOS (n=29) and identified recurrent aberrations (q<0.25)
with their putative target genes across all samples (Figure
2A). Previously,* comparing ENKTL (n=29) and PTCL-EBV
(n=12), we noted differences in 14q11.2 and were able to
reproduce those here. However, with the addition of five
and two new ENKTL and PTCL-EBV samples, respectively
- as well as a cohort of PTCL-NOS - we were able to
identify multiple unreported differences in focal copy
number aberration rates across these groups.

Of the 11 recurrently gained regions, 3p14.1, 6p22.3, 6p22.1
and 17921.33 occurred at significantly different frequencies
across disease groups (P<0.05, x* test) (Online Supplemen-
tary Table S4). Gain of 3p14.1 was found in 14.3% of PTCL-
EBV cases compared to 5.9% and 76.0% of ENKTL and
PTCL-NOS cases, respectively (P<0.001). Gain of 6p22.3
was observed more frequently in ENKTL (20.6%) and
PTCL-NOS (58.6%) than in PTCL-EBV (7.1%) (P=0.005). Gain
of 6p22.1 was observed in 21.4% of PTCL-EBV cases com-
pared to 8.8% of ENKTL and 58.6% of PTCL-NOS cases

(P=0.001). Of the nine recurrent losses, only 14q11.2 oc-
curred at significantly different frequencies among the
disease groups (Online Supplementary Table S5). As ex-
pected, loss of 14q11.2 was observed in 100% of PTCL-EBV
cases,” whereas it was only found in 20.6% and 58.6% of
ENKTL and PTCL-NOS, respectively (P=0.001). It is unclear
whether the high frequency of 14g11.2 loss in PTCL-EBV is
a result of additional critical driver events occurring at the
TCRA locus, on top of monoclonal TCRA gene rearrange-
ment, or related to preferential TCR usage in PTCL-EBV
due to possible underlying immune perturbations and
antigen selection that predispose to malignancy.® The
14911.2 loss in PTCL-NOS is slightly low, which may be a
result of coverage bias related to the probe design of the
Oncoscan assay or a lack of TCRA rearrangement in some
PTCL-NOS cases.® The top two recurrent copy-number
gains (3p14.1 and 6p22.1) were subsequently validated by
FISH (Online Supplementary Figure ST and Online Supple-
mentary Table S6).

PTCL-EBYV exhibits lower genomic complexity than other
disease groups

We further compared the genome-wide levels of copy
number aberrations across the three disease types (Figure
2B, Online Supplementary Figure S2). Analysis of copy
number burden (segment counts) revealed that PTCL-EBV
exhibited significantly fewer segments than ENKTL
(P=0.016, Mann-Whitney U test) and PTCL-NOS (P<0.001)
(Figure 2C, left panel). While copy number segment differ-
ences between ENKTL and PTCL-EBV appeared primarily
driven by gains (Figure 2C, middle panel), PTCL-NOS dem-
onstrated increased losses compared to other groups
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Figure 2. Composite copy number alteration profiles of three disease groups. (A) Composite map showing the focal copy number
alteration spectrum in three disease groups. The red and blue represent copy number gain and loss, respectively. Each row
represents a genomic locus while each column represents a case. Bars on the right represent the proportion of each disease
type in copy number aberrations identified. PTCL-EBV patients had fewer focal copy number aberrations compared to patients
with ENKTL and PTCL-NOS. (B) Penetrance plots showing the frequency of gains and losses of genomic loci in ENKTL, PTCL-EBV
and PTCL-NOS groups. The X-axis represents chromosome number and the Y-axis indicates the proportion of gain or loss of the
corresponding genomic loci within the corresponding population. Red bars denote copy number gains and blue bars denote copy
number losses. PTCL-EBV exhibited less frequent genomic alterations compared to other disease groups. (C) Boxplot depicting
total copy number segment counts (left), gains only (middle) and losses only (right) across the three diseases. Differences among
the three groups were determined using the Kruskal-Wallis test while pairwise comparisons were assessed by the Mann-
Whitney U test (P values shown). PTCL-EBV displayed lower segment counts compared to ENKTL and PTCL-NOS. (D, E) Copy
number segment size distribution of gains (D) and losses (E) in the three disease groups. Statistical significance was determined
using a two-sample Kolmogorov-Smirnov test with P values indicated in the table. PTCL-EBV gain and loss distributions were

enriched for smaller copy number segments compared to the other disease groups.

(Figure 2C, right panel). The sizes of gains and losses are
known to vary across cancer types and these differences
may be attributable to different mutagenic processes.”
Pairwise comparisons of copy number aberration size dis-
tributions indicated that all three diseases exhibited dis-
tinct patterns of gains and losses (P<0.05,
Kolmogorov-Smirnov test) (Figure 2D, E) with PTCL-EBV
showing a propensity to smaller gains (~300 kb in size) and
a unimodal distribution for losses peaking around 300 kb.
To further examine the genomic complexities of the three
disease groups, Gl and HRD scores were calculated; the
former based on the ratio of total length of regions with
aberrant copy number and the latter on the loss of het-
erozygosity, telomere allelic imbalance and large-scale
state transitions." We observed that PTCL-EBV had signifi-
cantly lower Gl and HRD scores compared to ENKTL
(P<0.001 [GI], P=0.004 [HRD], Mann-Whitney U) and PTCL-
NOS (P=0.0012 [GI], P=0.025 [HRD]) (Figure 3A, B). Despite
these lower scores, ploidy levels were similar across all
three groups, indicating that these results were not at-
tributable to differential rates of whole genome duplica-
tion (Figure 3C). The Gl score remained significantly lower
in PTCL-EBV T-lineage (n=13) than in ENKTL T-lineage (n=9)
cases, indicating that the lower GI score in PTCL-EBV
compared to ENKTL is not related to lineage. Neverthe-
less, future studies with larger sample sizes will be
necessary for a comparison of lineage effects across the
disease groups. In line with previous reports describing
TP53 alterations co-occurring with increased Gl or HRD,®
we also observed that TP53 losses were associated with
higher Gl score (Online Supplementary Figure S3) and were
less frequent in PTCL-EBV (7.1%) than in ENKTL (26.5%;
n.s., Fisher exact test) and PTCL-NOS ( 31.4%; P=0.03) (On-
line Supplementary Table S5).

Using 14 publicly available Oncoscan datasets (Online Sup-
plementary Table S7), we compared Gl and HRD scores of
other hematolymphoid neoplasms and solid cancers with
those of PTCL-EBV, ENKTL and PTCL-NOS. Oncoscan da-
tasets for T-cell lymphomas were unavailable. Gl and HRD
scores varied widely across cancer types, with the highest
scores in solid cancers and the lowest in chronic myeloid

leukemia and pediatric-type follicular lymphoma (Figure
3D). Within hematolymphoid malignancies, high-grade
lymphomas, such as Burkitt-like lymphomas, large B-cell
lymphomas, ENKTL and PTCL-NOS, had higher Gl than
low-grade malignancies. Compared to other aggressive B-
cell lymphomas, PTCL-EBV demonstrated a remarkably
low Gl score (all P<0.003).

NF-xB and immune pathways are overexpressed

in PTCL-EBV

To explore the biological pathways associated with PTCL-
EBV, we investigated genes that were differentially ex-
pressed between PTCL-EBV and ENKTL (EBVVSENKTL) or
PTCL-NOS (EBVvsNOS). After filtering non-consensus
coding sequence probes, 244 and 95 differentially ex-
pressed genes (P<0.01, adjusted P<0.05) were identified in
EBVVSENKTL and EBVvsNOS, respectively (Online Supple-
mentary Table S8). Interestingly, all 95 EBVvsNOS differ-
entially expressed genes overlapped with the 244 from
EBVVSENKTL. As expected, unsupervised hierarchical clus-
tering of these 244 genes revealed three distinct clusters
with PTCL-EBV separated from ENKTL and PTCL-NOS (On-
line Supplementary Figure S4). To assess differentially ex-
pressed genes for over-representation of gene ontology
terms and protein-protein interactions, genes differen-
tially expressed in EBVVSENKTL and EBVvsNOS were inde-
pendently submitted to STRING.” Both sets of
differentially expressed genes were enriched for numerous
immunity-related processes (Online Supplementary Tables
S9 and S70) and known protein-protein interactions
(P<0.005) (Online Supplementary Figure S5). Subsequent
analyses of known gene-gene interactions identified
NFxB-associated genes B/IRC3, NFKB1, TLR8 and CD27 -
which are upregulated in PTCL-EBV - as central nodes in
the differentially expressed gene networks (Figure 4). To
corroborate differential expression data at the protein
level, multiplexed immunofluorescence was performed
(Figure 5, Online Supplementary Figure S6A) and revealed
significantly upregulated expression of BIRC3 and p50
(NFKBT) in tumor (Online Supplementary Figure S6B, C) and
non-tumor (Online Supplementary Figure S6E, F) cells of
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Figure 3. Differences in genomic instability score, homologous recombination deficiency score and ploidy across different
disease groups. Segmentation output data from OncoScan microarray (n=77 cases; ENKTL=34, PTCL-EBV=14, PTCL-NOS=29) was
analyzed and quantified for scores of (A) Gl, (B) LOH-HRD, LST-HRD, AIL-HRD and scaled HRD and (C) ploidy. (D) Comparison of
Gl- and HRD- scores across different cancer groups also profiled via OncoScan. Oncoscan datasets on T-cell lymphomas were
unavailable. Wide variation of GI- and HRD- scores was observed across cancer types with HNSCC having highest scores while
CML and pFL had lowest. High-grade lymphomas, such as Burkitt-like lymphomas, large B-cell lymphomas, ENKTL and PTCL-
NOS had higher GI- and HRD-scores than low-grade lymphomas. Our results showed that PTCL-EBV exhibited significantly lower
Gl- and HRD- scores among aggressive lymphomas and various solid tumors. Statistical significance was determined using
Kruskal-Wallis tests for differences among the three disease groups while Mann-Whitney U tests were used for pairwise
comparisons. LOH: loss of heterozygosity; LST: large-scale state transitions; AIL: telomere allelic imbalance; BL: Burkitt-like;
CML: chronic myeloid leukemia; ESCC: esophageal squamous cell carcinoma; HNSCC: head and neck squamous cell carcinoma;
LBC: large B-cell; LNMCC: lymph node metastases in colon cancer; OTC: oral tongue carcinoma; pFL: pediatric-type follicular

lymphoma; RCC: renal cell carcinoma; SCC: synchronous colorectal cancer; HRD: homologous recombination deficiency.

PTCL-EBV compared to ENKTL and PTCL-NOS. CD27 ex-
pression was significantly higher in tumor and non-tumor
cells (Online Supplementary Figure S6D, G) of PTCL-EBV
compared with ENKTL (both P<0.001) but not with PTCL-
NOS. Interestingly, the proportions of non-tumor cells
which were double positive for CD27/BIRC3, CD27/p50,
and triple positive for CD27/p50/BIRC3 within a single non-
tumor cell, were also significantly higher in PTCL-EBV than
in ENKTL and PTCL-NOS (Online Supplementary Figure
S6A, H-K).

To further explore NFxB across EBVVSENKTL and
EBVvsNOS, we performed gene set enrichment analysis
using five curated sets of NFkB target genes (Online Sup-
plementary Methods). We observed consistent and signifi-
cant upregulation of NFkB target gene expression in
PTCL-EBV compared to ENKTL and PTCL-NOS (Figure 6A).
In addition, we found no significant difference in tumor
content (Online Supplementary Figure S7A) and observed
a rather homogeneous composition of the main immune
components of the TME according to computational tran-
scriptome deconvolution across the disease groups (On-
line Supplementary Figure S7B) using CIBERSORTx. This
suggests that the upregulation of immune-related path-
ways in PTCL-EBV is unlikely to be related to tumor con-
tent or TME composition difference between the disease
groups. Overall, these results indicate prominent immune
pathway upregulation and NFkB activation in PTCL-EBY,
suggesting the potential role of persistent NFkB signaling
in the disease pathogenesis.

IFNy, JAK-STAT and NFkB is upregulation in PTCL-EBV
and correlation with PD-L1

To further elucidate the biological pathways associated
with Gl, we correlated Gl score to the expression of each
gene across all samples, which resulted in a list of genes
ranked by the Spearman rho. This list was submitted to
gene set enrichment analysis to identify hallmark gene
sets whose expression was associated with Gl scores (On-
line Supplementary Table S17). Our top three gene sets —
interferon_alpha_response (false discovery rate <0.001),
interferon_gamma_response (false discovery rate <0.001)

and IL6_JAK_STAT3_signaling (false discovery rate =0.001)
(Online Supplementary Figure S8A-C) — displayed inverse
correlations, indicating that these immune-related path-
ways are upregulated in PTCL-EBV and coincide with lower
Gl scores.

We previously reported that the expression of PD-L1 is
higher in PTCL-EBV than in ENKTL.* Given that both inter-
feron_gamma_response (IFNy) and STAT3 are able to in-
duce PD-L1 expression at both gene and protein levels in
cancers, including ENKTL,?*?" we correlated the gene ex-
pression of IFNy and the IL6_JAK_STAT3 pathway with PD-
L1 (CD274) to understand mechanisms driving PD-L1
upregulation in our disease groups. We observed a signifi-
cant correlation between the gene expression of IFNy
(R=0.55, P<0.001) and IL6_JAK_STAT3 genes (R=0.79,
P<0.001) with CD274 (Figure 6B, C). Similarly, we also as-
sessed the association between NFkB activity and CD274
since NFkB can transcriptionally upregulate CD274 ex-
pression.??? A significant correlation between the median
expression of NFkB transcriptional target genes and CD274
was also observed (R=0.69, P<0.001) (Figure 6D). Overall,
it is possible that the upregulation of PD-L1 in PTCL-EBV
may be related to activation of IFNy, IL6_JAK_STAT3 and
NFkB.

EBV miRNA are downregulated in PTCL-EBV compared
to ENTKL

Since ENKTL and PTCL-EBV are both associated with EBV,
we compared EBER expression, tumor content (via Onco-
scan), and EBV miRNA (via qPCR) in both diseases. There
was no significant difference in EBER positivity (Online
Supplementary Figure S9A) or tumor content (Online Sup-
plementary Figure S9B) between the two diseases. Based
on the gene expression of EBNA1, EBNA2, LMP1and LMP2A
by RT-PCR, the majority (9/13, 69%) of PTCL-EBV showed
a type 2 EBV latency pattern, while four cases (31%) dem-
onstrated a type 3 latency pattern (Online Supplementary
Table S12). Interestingly, PTCL-EBV (n=9) displayed a wide-
spread lower EBV miRNA expression compared to ENKTL
(n=15) and clustered separately from it (Online Supple-
mentary Figure S10). The expression of 32 of 42 (76%) EBV
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miRNA was significantly lower in PTCL-EBV (adjusted
P<0.05, t-test) (Online Supplementary Table S13).

To better understand the potential transcriptional impact
of this differential miRNA regulation, we correlated the
expression of each differentially expressed EBV miRNA
and its predicted targets. Given that miRNA negatively
regulate target mRNA,* all target genes that were
negatively correlated (adjusted P<0.05) to their cor-
responding EBV miRNA were analyzed (n=172) (Online
Supplementary Table S14). Strikingly, the pathways most

C.M.M. Wai et al.

enriched (adjusted P<0.05) within this set of genes rep-
resented either immunity or interferon signaling (Online
Supplementary Table S15). After calculating a gene ex-
pression index (median expression) for these target
genes, we observed significantly higher expression in
PTCL-EBV (P=0.03, Mann-Whitney U) (Online Supplemen-
tary Figure S71), which is consistent with lower EBV
MiRNA expression in this group. Overall, these results
suggest that downregulation of EBV miRNA is unlikely to
be related to a difference in tumor or EBER content and
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Figure 5. Multiplex immunofluorescence analysis of BIRC3, p50 (NFkB7) and CD27 across all three diseases. (A) Protein
expression of CD27, p50 (NFkB1) and BIRC3 in ENKTL (left panel), PTCL-EBV (middle panel) and PTCL-NOS (right panel) using
multiplexed immunofluorescence. For each panel, the left column represents the multiplexed immunofluorescence staining and
the right column shows the corresponding multispectral analysis masks. PTCL-EBV showed higher expression of CD27
(membrane, green), p50 (NFkB1) (nuclear, yellow) and BIRC3 (nuclear, cyan), compared to ENKTL and PTCL-NOS. CD27*CD3" cells
are white while CD27°CD3" are green in CD3/CD27 masks. P50°CD3" cells are white while P50*CD3" are yellow in CD3/p50 masks.
BIRC3*CD3* cells are white while BIRC3*CD3" cells are cyan in CD3/BIRC3 masks. The scale bars indicate 100 pm.

could, in part, contribute to the distinctive pattern of im-
mune gene transcription in PTCL-EBV.

PTCL-EBV showed frequent mutations of TET2, PIK3CD
and STAT3

Based on the evidence that Gl, gene expression, as well
as EBV-miRNA patterns can delineate a distinct profile for
PTCL-EBV, we further investigated whether this disease
harbors mutations in known driver genes of PTCL-NOS,
ENKTL and solid cancers using a 35-gene T/NK lymphoid
panel and 484-gene NovoPM™ 2.0 assay (total 500 genes
with 19 common genes covered in both panels).

The most commonly mutated gene was TET2 (9/14, 64%)
followed by PIK3CD (3/9, 33%), STAT3 (3/16, 19%), DDX3X
(2/10, 20%) and PTPRD (2/11, 18%) (Online Supplementary
Figure S12). The variant allele frequency ranges for TET2
in the NovoPM™ 2.0 panel and T/NK lymphoid panel were
22.2%-40.7% and 22%-76%, respectively. Given the tumor

purity of our samples and the high frequency of TET2 mu-
tations and their associated variant allele frequencies, it
is unlikely that these mutations are attributable to clonal
hematopoiesis of indeterminate potential (CHIP).>®> How-
ever, in the absence of blood samples from these patients,
we cannot entirely rule out CHIP as a possible source of
TET2 mutation in some of our PTCL-EBV cases. Eight out
of nine cases positive for TET2 mutation were positive for
CD8, indicating that they were not PTCL with T-follicular
helper phenotype. Interestingly, TP53 mutations, com-
monly present in ENKTL, were not detected in our PTCL-
EBV cases. The median number of mutations detected
was 2.5 per sample (range, 1 to 11).

The tumor mutational burden score ranges from 0 to 7.86
mutations/MB (median 4.285 mutations/MB) (Online Sup-
plementary Figure S13A). A tumor mutational burden of
less than 5 is regarded as a low mutational burden in
some studies.?®?’ Eleven samples tested had a microsatel-
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Figure 6. PTCL-EBV demonstrates NFkB transcriptional target gene upregulation and PD-L1 (CD274) expression associates with
immune pathway activation across all three diseases. (A) Gene set enrichment analysis (GSEA) comparing PTCL-EBV to ENKTL
(EBVVSENKTL) and PTCL-NOS (EBVvsNOS) across five sets of NFkB transcriptional target genes. Genes were ranked by their
relative expression differences in EBVVSENKTL and EBVvsNOS then submitted to GSEA. All enrichment scores were positive
indicating target gene upregulation in PTCL-EBV compared to ENKTL and PTCL-NOS. The vertical dashed line represents a 0.05
P value threshold. Correlation of PD-L1 (CD274) expression with (B) IFNy, (C) the IL6_JAK_STAT pathway and (D) NFxB target gene
expression across all three diseases. Our results showed that expression of IFNy and IL6_JAK_STAT genes (median) correlated
with PD-L1 gene expression. Taking the union of the five aforementioned gene sets, there was also a positive correlation between
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NFkB transcriptional target gene expression (median) and PD-L1 expression. Correlations were assessed using the Spearman
method. Rho and P values are shown. (E) Possible model of PTCL-EBV pathogenesis involving the activation of the NFkB pathway
and upregulation of PD-L1, BIRC3, and CD27. BIRC3 plays key roles in the regulation of NFkB signaling and apoptosis. CD27
contributes to anti-tumor cytotoxic T-cell lymphocyte response in the host, T-cell exhaustion, compromise in antitumor
immunity. In addition, EBV LMP1 and upregulation of IFNy and IL6_JAK_STAT3 could also contribute to PDL1 overexpression in
PTCL-EBV. Activation of these signaling pathways eventually contributes to inflammation, T-cell and immune activation, thereby
promoting proliferation and survival, metastasis, immune evasion and oncogenesis. Some of these genes and signaling pathways
may serve as potential therapeutic targets for PTCL-EBV and are indicated in red boxes. Dotted lines indicate hypothetical
postulations which have not been experimentally validated in PTCL-EBV. Figure created with BioRender.com.

lite instability score below the threshold score of 0.4
(median 0.1882) and are regarded as being microsatellite
stable (Online Supplementary Figure S13B).

PTCL-EBYV is more aggressive and shows lower genomic

instability than cytotoxic PTCL-NOS

Given that PTCL-EBV is characterized by a cytotoxic phe-
notype,*® we attempted to determine whether PTCL-EBV
shows similarities with cytotoxic PTCL-NOS. We per-
formed multivariate survival analysis and compared the Gl
and HRD scores, between PTCL-EBV, PTCL-NOS cytotoxic
(n=15) and non-cytotoxic (n=11) cases. Interestingly, we
observed that PTCL-EBV was significantly more aggressive
than cytotoxic PTCL-NOS (HR=0.22, 95% CI: 0.08-0.58,
P=0.002) but not non-cytotoxic PTCL-NOS (Online Supple-
mentary Table S16).

PTCL-EBV exhibited significantly lower GI scores com-
pared to both cytotoxic (P=0.041) and non-cytotoxic PTCL-
NOS (P<0.001) (Online Supplementary Figure S14). HRD
scores were lower in PTCL-EBV than in non-cytotoxic
PTCL-NOS (P=0.021) but not cytotoxic PTCL-NOS. No sig-
nificant difference was detected in survival, ploidy, and Gl
and HRD scores between cytotoxic and non-cytotoxic
PTCL-NOS and there were no genes significantly differ-
ently expressed between the two. Overall, our results
show a significant difference in overall survival and Gl
score between PTCL-EBV and cytotoxic PTCL-NOS, sug-
gesting biological differences between these two tumors.

Discussion

PTCL-EBV is a rare and aggressive tumor that occurs
mostly in East Asia. It is a poorly understood lymphoma
that is not recognized yet as a distinct entity but is con-
sidered as a variant of PTCL-NOS in the current WHO
classification.® In line with published literature, all cases
of PTCL-EBV in this study are from South-East/East Asia.
Herein, we performed an integrative analysis to compare
PTCL-EBV with ENKTL and PTCL-NOS, and our findings
demonstrated distinctive features in PTCL-EBV which set
it apart from the other two tumors. Our results support
the consideration of PTCL-EBV as a distinct entity in the
WHO classification.

Copy-number analysis of PTCL-EBV demonstrated a strik-

ing profile characterized by not only significantly fewer
copy number aberrations, but also a different size dis-
tribution compared to ENKTL and PTCL-NOS. Remarkably,
PTCL-EBV was more genomically stable than the other
two diseases, as reflected by lower Gl and HRD scores.
High-grade lymphomas had higher Gl and HRD scores than
low-grade malignancies, compatible with reports docu-
menting that Gl is associated with aggressive lymphomas
and high-grade transformation.?®2° Similarly, within and
across a variety of solid tumors, increased copy number-
based Gl is associated with poor outcomes.*® In this re-
gard, the uniformly low Gl and HRD scores in PTCL-EBV
belies its aggressive behavior.

The discrepancy between low Gl and aggressive behavior
is novel but difficult to explain. Given the prominent im-
mune-related gene expression profile, it is reasonable to
hypothesize that the aggressiveness of PTCL-EBV may be
related to a cancer-promoting inflammation which blocks
anti-tumor immunity and directs the tumor microenviron-
ment toward a tumor-permissive state.*' Interestingly, our
findings showed that PTCL-EBV has few TP53 mutations
and has a paucity of TP53 losses compared to ENKTL and
PTCL-NOS. Given the paucity of TP53 alterations in PTCL-
EBYV, it is possible that low Gl in PTCL-EBV may be related
to an unperturbed p53 tumor suppressor function, which
is necessary to preserve genomic stability and integrity
through cell-cycle arrest, senescence and apoptosis.®?
Given that chromosome instability in diffuse large B-cell
lymphomas can be suppressed by NFkB activation,® it is
conceivable that NFkB activation in PTCL-EBV may also
contribute towards the low Gl but high aggressiveness of
this tumor.?*%* Alternatively, there may be epigenetic de-
regulation driving oncogenesis in PTCL-EBV, which was not
investigated in this study.®®

It is now known that cancer cells interact with surround-
ing stromal and immune cells to form a pro-tumorigenic
inflammatory tumor microenvironment.* Compared to
ENKTL and PTCL-NOS, PTCL-EBV is characterized by strik-
ing activation of immune-related pathways, in particular,
upregulation of NFkB and its associated genes, B/RC3,
NFKB1 and CD27, in both tumor and non-tumor cells. The
upregulation of these three markers, either singly or co-
localized with each other, suggests that there are different
subsets of immune cells with varied combinations of
BIRC3, p50 and CD27 expression in PTCL-EBV, and that the
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NF-kB signaling pathway likely plays a role in promoting
an active inflammatory tumor microenvironment in PTCL-
EBV. NFkB plays a key role in linking inflammation to
cancer® and targets different immune cells to modulate
inflammation, tumorigenesis and metastasis.*” The pro-
nounced immune activation and NFkB upregulation in
PTCL-EBV may augment the local inflammatory state and
suppress cytotoxic T-lymphocyte effector function, result-
ing in an immunosuppressive tumor microenvironment
that enhances immune evasion and aggressive behav-
ior.’839 While CD27 normally activates NFkB, promotes cell
survival and enhances T- and B-cell receptor-mediated
proliferative signals, dysregulation of CD27 signaling can
result in T-cell exhaustion and dysfunction.*®* Interest-
ingly, we found that EBV-miRNA were predominantly
downregulated in PTCL-EBV compared to ENKTL, which
may further contribute to the inflammatory state with
overexpression of immune-related genes.*? Based on our
correlative data, we propose a model of PTCL-EBV patho-
genesis involving NFkB activation and upregulation of PD-
L1, BIRC3 and CD27 (Figure 6E). Some of these pathways
may serve as potential therapeutic targets for PTCL-EBV
as drugs targeting JAK-STAT, NFkB, STAT3, IFNy, PD1/PD-L1
are either approved by FDA for different cancers or are
being evaluated in clinical trials for lymphomas.**-*®

The upregulation of the immune checkpoint protein PD-
L1in PTCL-EBYV, inducible by IFNy, may block the activation
of the cytotoxic T-cell lymphocyte antitumor response,
lead to T-cell exhaustion and promote immune
evasion.?**¢ |n contrast to other lymphomas, this upregu-
lation is unrelated to 9924.1 gain.*” Interestingly, we ident-
ified a significant correlation between the gene expression
of PD-L1 and its known transcriptional-regulators: IFNy,
IL6_JAK_STAT3 and NFkB, The overexpression of PD-L1 in
PTCL-EBV, possibly a result of the upregulation of IFNy,
IL6_JAK_STAT3 and NFkB pathways,?®?33" suggests that
targeting the PD-1/PD-L1 axis*®* may be a potentially effec-
tive therapeutic approach. Nevertheless, understanding
the mechanisms causing PD-L1 upregulation, including
structural variations in the 3’ untranslated region of PDL1,*®
is essential for the design of more effective treatment
strategies.?®

Our data demonstrate that the majority of PTCL-EBV cases
show a type 2 EBV latency program,”® similar to that of
ENKTL and other EBV-associated T/NK lymphoproliferative
diseases.*®*° A minority revealed a type 3 latency pattern.
It remains unclear whether this may reflect underlying im-
munosuppression as it is known that, in a subset of pa-
tients, PTCL-EBV is associated with autoimmune
conditions, viral infections or diabetes mellitus which may
impair the host’s immune responses.”® The downregula-
tion of EBV miRNA in PTCL-EBV compared to ENKTL sug-
gests a difference in the EBV biology between the two
diseases, although factors contributing to downregulation

C.M.M. Wai et al.

of EBV miRNA have yet to be elucidated. Given that the
predicted targets of the differentially expressed EBV
MiRNA are significantly enriched for immune-related path-
ways, it is tempting to postulate that the lower expression
of EBV miRNA may contribute to the persistent expression
of the many immune pathways in PTCL-EBV compared to
ENKTL since miRNA are known to negatively regulate tran-
scriptional gene expression.? Nevertheless, the complex
interplay between EBV miRNA, viral and cellular target
genes in EBV-associated T/NK-cell lymphomas requires
further investigation.

In summary, PTCL-EBV is an aggressive lymphoma char-
acterized by minimal GI, immune-related gene expression
as well as activation of NFkB and its associated genes.
While further studies are needed to corroborate our pro-
posed model, these findings highlight the importance of
the crosstalk between tumor and microenvironment, pro-
vide new insights hinting at the disease pathogenesis and
offer potential new therapeutic targets for this aggressive
disease.
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