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EBV infection determines the immune hallmarks of plasmablastic lymphoma
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ABSTRACT

Despite recent therapeutic progress, plasmablastic lymphoma (PBL), a distinct entity of high grade B cell
lymphoma, is still an aggressive lymphoma with adverse prognosis. PBL commonly occurs in patients
with HIV infection and PBL cells frequently express Epstein Barr virus (EBV) genome with type | latency.
Occasionally however, PBL may develop in patients with an immunodepressed status without EBV and
HIV infection. The aim of this study was to determine which PBL patients may benefit from the emerging
strategies of immune checkpoint blockade. Here, we produced and analyzed the transcriptomic profiles
of such tumors to address this question. Unsupervised hierarchical clustering analysis of PBL samples
revealed they segregate according to their tumor EBV-status. Moreover, EBV" PBL displays abundant
leucocyte infiltrates and T-cell activation signatures, together with high expression levels of mRNA and
protein markers of immune escape. This suggests that EBV infection induce an anti-viral cytotoxic
immunity which progressively exhausts T lymphocytes and promotes the tolerogenic microenvironment
of PBL. Hence, most EBV* PBL patients presenting an early stage of cancer immune-editing process
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appear as the most eligible patients for immune checkpoint blockade therapies.

Introduction

First described in 1997," plasmablastic lymphoma (PBL) is an
aggressive variant of large B cell lymphoma® that commonly
occurs in HIV-positive individuals or in association with other
contexts of immunodeficiency.””® PBL tumor cells frequently
express Epstein Barr virus (EBV) genome with type I latency,
especially in HIV patients, but EBV-negative (EBV™) PBL have
also been reported.””” Despite recent advances in lymphoma
therapeutic strategies, EBV" PBL and EBV™ PBL still represent
aggressive lymphomas with adverse prognosis.*’

We recently reported that PBL evolves several patterns of
immune escape involving the expression of immune check-
points (ICP) such as the programmed cell death protein-1
(PD-1) and its PD-L1 ligand expressed on tumor cells or in
their microenvironment (ME).'®"® More specifically, we
observed that the PD-1/PD-L1 axis is more overexpressed in
tumor and microenvironment cells of EBV* PBL than of
EBV™ PBL, suggesting that EBV infection impacts the viral
response signature of PBL.'*""

Besides the PD-1/PD-L1 axis however, different mechan-
isms leading to immune evasion have been identified. These
encompass impairment of cytotoxic function of immune
cell effectors, blockade of immune activation by metabolic
depletion or secretion of suppressive mediators (indole-
amine dioxygenase'*'® or arginase'’), TGEFB, IL10'**
and finally the local recruitment of immunosuppressive
cells such as Tregs, tumor-associated macrophages
(TAMs) and  myeloid-derived  suppressor  cells
(MDSC),'?'"**> to quote a few. In non-Hodgkin B cell
lymphoma (B-NHL), we recently showed that DLBCL and
FL tumors share the overexpression of 33 genes involved in
tumor immune-escape mechanisms (called Immune Escape
Gene Set, IEGS33). This IEGS33 gene set includes genes
encoding for CTLA4, PDCDI, LAG3, HAVCR2, CD274,
PDCDILG2 and LGALS9. Genes encoding for enzymes
producing immunosuppressive metabolites (IDO1, ARGI,
ENTPDI,...) and for immunosuppressive cytokines and
chemokines (IL10, HGF, GDFI5,...) are also included."
Recently, we were able to identify four stages of NHL
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immune-escape processes from 1446 transcriptomes of
B-NHL, allowing for a classification according to their
immunogenicity and their composition in terms of immune
cell subtypes (Supplementary Figure 1). This finding sug-
gested that patients most relevant for immune checkpoint
blockade (ICB) therapies are those with an immunogenic
tumor and with an immune escape signature defined by a
high score of immune-escape gene set (IEGS33) and mye-
loid cell infiltrate genes (cancer immune-evasion stage 3
patients); and those with a fully immune-edited tumor
defined by a high score of myeloid infiltrate genes with
high level of proliferation and mutations (cancer immune-
evasion stage 4 patients).*®

Hence altogether, the frequent association with oncogenic
viruses and the high expression of several immune escape mar-
kers suggested that PBL patients and particularly those with
EBV" PBL tumor cells are relevant for immune checkpoint
blockade-based therapy. We therefore investigated the immune
cell cartography and immunogenicity by gene expression profil-
ing to identify the immune status profile in EBV" and EBV™ PBL
samples. We found that cancer immune-evasion stage 3 is the
common hallmark of EBV"* PBL, rendering these patients eligi-
ble to immune checkpoint blockade therapy.
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Results

Presence of EBV determines a distinct gene expression
profile of PBL

To assess the impact of EBV status in tumor cells on the
biology of PBL, we first compared the gene expression profile
of EBV" PBL and EBV™ PBL. RNA extracted from PBL
patients’ frozen tissues sections was converted into labeled
cRNA and hybridized to Affymetrix Human Gene ST 2.0
gene Chips containing 53 618 probe sets. To determine the
genes with significant differential expression between EBV™
PBL and EBV™ PBL, Wilcoxon test with p value (<0.01) was
used. This analysis unveiled that 1213 genes were significantly
differentially  expressed between these two groups
(Supplementary Table 2). Of these 1213 genes, 555 were
upregulated in EBV* PBL as compared to EBV™ PBL samples
(Supplementary Table 2). The unsupervised hierarchical
clustering of these 1213 differentially expressed genes is repre-
sented on the heatmap shown in Figure 1A.

The functional significance of this gene expression profile
was assessed by gene set enrichment analysis, using the Gene
Ontology’s (GO) “Biological Process” (BP) compendium. We
found that genes associated with T lymphocyte biology, listed
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Figure 1. Molecular profiling and pathways analysis in EBV* and EBV~ plasmablastic lymphomas.

Unsupervised hierarchical clustering of 1213 genes detected as differentially expressed in EBV™ (n = 3, grey bar) and EBV* (n = 6, blue bar) PBL. The color bar denotes
z-score adjusted expression values, cyan used for lower expression and red for higher expression levels. Data are represented in a grid format in which each column
represents a single patient, and each row a single gene. The dendrogram shows the degree to which the expression pattern of each gene is correlated with that of
the other genes (A). Functional network of the differentially expressed genes between EBV™ and EBV* PBL, using the GO ‘Biological Process’ terms. The node circle
size represents the number of genes in the pathway and the node circle colors (pink and purple) correspond to the genes clustering (genes up-regulated in EBV™ or

EBV* PBL respectively) (B).



in the GO biological process compendium, were enriched in
EBV* PBL as compared to EBV™ PBL (Figure 1B). By focusing
on the GO “Immune system Process” subclass genes
(Supplementary Figure 2), most of the up-regulated genes
were involved in T-cell activation and differentiation in EBV"
PBL as compared to EBV™ PBL. For example, genes coding for
CD74, FAS, IL15 and ZAP70, which are directly or indirectly
involved in ‘T cell selection’, were all found upregulated in
EBV"' PBL (p = 3.6.107). The GO immune system process ‘T
cell mediated immunity’ function was also significantly
enriched in EBV* PBL (p = 6.0.107), as confirmed by upre-
gulation of B2M encoding for -2-microglobulin and of HLA-
A and HLA-DR genes (Fold change 1.13, p = 0.047) being
both important for the tumor cell antigen presentation and
cytolytic elimination. However, when compared to reactive
lymph node, HLA-DR gene (but not HLA-A) remains down-
regulated in all PBL cases (HLA-DR Fold change 0.71,
P < 0.0001). Moreover, at a lower extent, EBV* PBL displayed
an enrichment of genes involved in ‘positive regulation of
cytokine production’ (p = 3.4.107°), together with genes
related to the activation of NF-kB signaling pathway, notably
illustrated by upregulation of the TANK and NLRP2 genes.
Several transcriptional regulators such as SLAMF6 and
EOMES involved in effector cells differentiation and lytic
function and belonging to the ‘ap T cell activation’ GO
immune system process term were also upregulated in EBV™
PBL (p = 9.0.107%). Finally, the gene set encoding for ‘positive
regulation of T cell proliferation’ pathway was enriched in
EBV™ PBL samples, as illustrated by the upregulated immune
checkpoints genes encoding CD274 and PDCDILG2
(p = 8.0.107". In contrast, genes down-regulated in EBV*
PBL were mainly implicated in the regulation of inflammatory
processes through neutrophils and macrophages. These genes
encompassed F2RL1, SI00A8 and S100A9 genes, which are
related to ‘chemokine ligand 2 production’ GO biological
process term, implicated in the migration and infiltration of
monocytes/macrophages and in Th-to-Th2 polarization >’
(p = 4.3.107) (Figure 1B). Comparison of gene expression
levels for genes involved in other biological processes such as
cell cycle, signal transduction and apoptosis did not show any
significant difference between the EBV' and EBV™ PBL
groups.

Altogether, these results demonstrate that expression of 1213
genes distinguishes EBV* and EBV~ PBL, and that chronic EBV
infection contributes to the pathogenesis of PBL disease.

Distinct immune escape gene signatures are identified
between EBV* PBL and EBV~ PBL

When compared to EBV™ PBL, EBV" PBL shows higher expres-
sion of PD-1 and PD-L1 proteins by both malignant and micro-
environment cells.” Therefore, we questioned whether EBV*
PBL might evolve a more potent immune escape compared to
EBV™ PBL. To address this point at the molecular level, the
enrichment of the IEGS33 gene set in gene expression micro-
arrays was measured for EBV* or EBV™ PBL and for reactive
lymph nodes, and compared as previously described.*® The
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immune escape gene set (33 genes; IEGS33) was significantly
up-regulated in all PBL samples regardless of EBV tumor status,
as compared to control tissues. This was illustrated by the over-
expression of VEGFA, LAG3, PDCDI, LGALS3, GDF15, MCL1,
CD163 and FOXP3 genes, which encode for factors promoting a
tolerogenic microenvironment or T cell exhaustion. By contrast,
other IEGS33 genes such as TIGIT, IDOI, IDO2, ICOS and
CTLA4 were less expressed by the malignant samples than by
the reactive tissue controls. These differential gene expression
patterns led to a clear-cut clustering between PBL samples and
reactive lymph node samples based on IEGS33 gene set expres-
sion levels (Figure 2A).

PBL samples were then split into two groups based on EBV
status in tumor cells, and compared for gene expression levels.
This unveiled a significantly stronger expression level of PD-
L1 (p = 0.04), PD-L2 (p = 0.02), and CD163 (p = 0.02) genes
in EBV" PBL samples (Figure 24).

As shown in Figure 2B, the IEGS33 gene set was signifi-
cantly enriched in EBV*' PBL, indicating the collective up-
regulation of these 33 genes in EBV" PBL as compared to
EBV™ PBL.

We then focused on a subset of 5 genes included in
IEGS33, called EBV-IEGSS5, coding for PD-1, TIM-3, PD-L1,
PD-L2, and CD163, which mediate prominent immune escape
mechanisms in lymphoma.”**>* The sample enrichment score
(SES) for EBV-IEGS5 was significantly higher in EBV" than
EBV™ PBL samples (p = 0.00019), meaning that these EBV*
samples significantly overexpress all 5 genes and therefore
undergo immune escape (Figure 2C).

Since EBV" PBL occurs most commonly in HIV infected
patients, we wondered whether this immune escape signature
could also reflect HIV infection. To address this question, the
above immune escape SES (EBV-IEGS5 or IEGS33) were
computed in PBL samples with and without HIV infection
and compared between HIV" and HIV ~ groups, regardless of
the EBV tumor cell status. This did not reveal any significant
difference between HIV® PBL and HIV™ PBL samples
(Supplementary Figure 3), suggesting that beyond EBV
expression in tumor cells, HIV status did not impact the
immune escape hallmark that we observed in PBL samples.

A parallel meta—analysis of other EBV-related cancers was
performed across 300 transcriptomes from nasopharynx car-
cinoma and gastric carcinoma.’>>* The analysis evidenced
and confirmed higher immune escape scores of IEGS33
(p = 9.623.10°) and EBV-IEGS5 (p = 2.36.107) in EBV"
undifferentiated nasopharynx carcinoma and EBV™ gastric
adenocarcinoma compared to EBV™ tumor Dbiopsies
(Supplementary Figure 4).

We aimed at validating the EBV-IEGS5 enrichment score
observed in EBV* PBL by immunohistochemistry (IHC). IHC
analysis of expression of PD-1, PD-L1, TIM-3 and CD163
markers in PBL biopsies confirmed that these immune check-
point proteins were effectively co-expressed in EBV" and
EBV™ PBL tumors. However, PD-1/PD-L1 axis, TIM-3 and
CD163 proteins were more abundantly present in EBV* PBL
than in EBV™ PBL tumors (Figure 3) and showed a higher
immune checkpoint score, as we previously described.”
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Figure 2. Distinct immune escape gene signatures in reactive lymphoid tissues and in EBV™ and EBV" plasmablastic lymphomas.

Unsupervised hierarchical clustering of the IEGS33 genes rank-ordered by increasing expression level along the [0-1] segment (highest expression level = 1: red,
lowest expression level = 0: cyan). The clustering was performed according to IEGS33’ genes expression in reactive lymph nodes, EBV* and EBV~ PBL. Genes in blue
were significantly different between EBV™ and EBV* PBL (p < 0.05, unpaired Wilcoxon test) (A). Sample Enrichment Score (SES) of IEGS33 genes set (B) and EBV-IEGS5
genes set (C) in control, EBV™ and EBV* PBL. Each sample is shown by a dot, blue bars are the means of the specified group, red bars are the medians of the specified
group. P-value from unpaired Wilcoxon test between EBV™ and EBV" PBL samples are indicated.
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Figure 3. Immunohistochemical analysis of PD-1, PD-L1, CD163 and TIM-3 in EBV™ and EBV* plasmablastic lymphomas.

Examples of PD-1 staining in EBV~ and EBV* PBL showing scattered intra-tumoral lymphocytes PD-1* (x200). Examples of PD-L1 staining showing distinct
membranous staining in intra-tumoral macrophages PD-L1* in EBV™ PBL (x200) and tumor cells PD-L1* in EBV* PBL (x200). Examples of CD163 staining in EBV™
and EBV* PBL showing distinct membranous staining in intra-tumoral macrophages (x200). Examples of TIM-3 staining in EBV™ and EBV" PBL showing distinct
membranous staining in intra-tumoral macrophages and intra-tumoral lymphocytes (x200). (Scale bars = 100um for each panel) Typical IHC stainings of PBL cases #9

(EBV* PBL) and PBL case #5 (EBV~ PBL) are shown.

Altogether, these results highlight a molecular signature of
immune escape in PBL, and suggest deeper immune cell exhaus-
tion among EBV™ PBL than EBV ™~ samples, independently of their
HIV status.

EBV* PBL exhibit higher immune cell infiltration than
EBV~ PBL

Since immune cell exhaustion characterizes EBV" PBL sam-
ples, we wondered whether all PBL samples had similar pat-
terns of leukocyte infiltrates. To address this question, we first
used gene sets defining each of the 22 leucocyte subsets

quantified by the CIBERSORT algorithm.”® To assess the
respective content in leukocytes for EBV' and EBV~ PBL
and for reactive lymph nodes, the SES of these gene sets
were then computed for these samples. All leucocyte cell
types except B cells were more abundant in PBL samples
than in reactive lymph nodes (Figure 4). Furthermore,
although EBV*" and EBV~ PBL samples revealed a similar
abundance of monocytes and M1 macrophages, EBV*" PBL
displayed significantly more T cell (encompassing CD4, CD8
and yd T cells), NK cell and M2 macrophage infiltrations than
the EBV PBL (Figure 4 & Supplementary Table 3). These
results showed that EBV® PBL exhibits more abundant
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Figure 4. SES of immune populations gene sets in EBV™ and EBV" plasmablastic lymphomas.
Sample Enrichment Scores (SES) of immune populations gene sets (defined in*>*) in reactive lymph nodes (purple), EBV~ PBL (grey) and EBV* PBL (blue). Each

sample is shown by a dot.

cytotoxic lymphocyte infiltrates than EBV™ PBL, most prob-
ably reflecting responses to viral infection.

EBV* PBL infiltrating leucocytes are characterized by
multiple immune escape pathways

These findings raised the question whether the immune infiltrate
of PBL samples was showing an immune activation status, or
rather T cell exhaustion and immune escape. Therefore, we inves-
tigated the correlation between the immune profile and TEGS33’
or ‘EBV-IEGS5’ scores across all PBL samples. Results showed
that relatively to EBV™ PBL, the EBV" PBL with the highest
immune cell infiltrates (mostly composed of T, NK and M2
cells), had also the highest scores for immune escape (independent
on the assessment by IEGS33 or by EBV-IEGS5) (Figure 5,

Supplementary Table 4).
To confirm these findings at the protein level, we then
performed multiplexed immunofluorescence  analyses

(Figure 6A) and showed that CD8" T cells were more abun-
dant in EBV' PBL than in EBV™ PBL (p 0.0039).
Furthermore PD-1/PD-L1 axis was more over expressed in
the microenvironment of EBV" than of EBV~ samples with
significantly higher expression of PD-L1 (p = 0.0039) and a
slightly increased of PD-1 expression (45,3% mean vs 4%,
p = 0.05) (Figure 6B). Hence, PBL samples with most abun-
dant immune infiltration also displayed the deepest immune
escape that reflects a typical feature of EBV infection as
confirmed in EBV" PBL samples using multiplex IF staining.

Discussion

In this work, we characterized for the first time the immune
escape and leucocyte infiltrate signatures of PBL. We

previously demonstrated that DLBCL NOS evolve various
immune evasion strategies."> Here, the enrichment of multiple
immune escape genes, collectively analyzed as IEGS33 and
EBV-IEGSS5, unveils that PBL shares several immune escape
mechanisms with DLBCL NOS, independently of their
somatic mutations. Indeed, genetic and environmental factors
such as viruses, drive tumor-associated cytolytic activity and
select mutations allowing tumor immune-resistance.”® In par-
allel, EBV is known to influence the transcriptional landscape
of different EBV-associated lymphoma subtypes regardless to
the expression of viral latent proteins program.>’~** Our
study shows that relative to control tissues, both EBV" and
EBV™ PBL share and overexpress 15 immune escape genes.
However in agreement with Rooney et al,”* EBV" PBL sam-
ples upregulate even further these immune escape genes than
EBV™ PBL tumors. Since EBER staining was exclusively seen
in tumor cells, these results suggest that EBV status in tumor
cells induces a microenvironment specific molecular signature
of immune escape in both PBL and solid tumors such as
nasopharynx and gastric carcinoma.

In addition, PBL tumor displayed a higher infiltration by
immune cells including lymphoid (T and NK cells) and mye-
loid cells (dendritic cells, monocytes and M0/M1 or M2
macrophages) than control reactive tissue. However, EBV"
and EBV™ PBL were segregated according to an anti-viral
immune signature encompassing innate and tolerogenic
immunity genes. Indeed, the highest immune infiltration
observed in most EBV™ PBL strongly suggests that EBV con-
fers immune surveillance and induces extensive leucocyte
recruitment. Moreover, these immune infiltrates display
molecular signatures of both T cell activation and immune
escape as previously described in PBL and DLBCL.” Hence,
EBV infection most probably induces an antiviral cytotoxic
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Figure 5. SES of immune populations versus immune escape gene sets in EBV™
and EBV* plasmablastic lymphomas.

Sample Enrichment Scores (SES) for IEGS33 (left panel) and EBV-IEGS5 (right
panel) gene sets expressed by CD4" memory activated T cells, CD8" T cells,
regulatory T cells, y5-T cells, NK activated cells, and M2 Macrophages from
reactive lymph nodes (purple), EBV™ PBL (grey) and EBV* PBL (blue). Each
sample is shown by a dot.

immunity that progressively becomes exhausted, thus favoring
a tolerogenic microenvironment for tumor cells.

Accordingly, the transcriptomes of EBV" PBL combining a
high level of leucocyte infiltration and a high immune escape
score correspond to the late equilibrium-early escape stage of
cancer immune-editing process, as described before.2*3¢
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Further biological studies based on larger cohorts of
EBV™ PBL patients are needed to confirm our results. The
enrichment of IEGS33 gene set was thus compared between
microarrays of EBV" (n = 8) or EBV™ (n = 9) post-trans-
plant lymphoproliferative disorders (PTLD) including both
DLBCL and PBL, previously published by Morscio et al.
(GSE38885) >*"** (Supplementary Figure 5A & B). This
analysis showed two main clusters containing EBV* PTLD
(light blue and dark blue) and EBV™ PTLD (grey) based on
IEGS33 gene set expression levels, excepted for one case of
EBV™ PTLD (GSM951420). Interestingly, among EBV™
PTLDs, 5 were actually EBV" PBL subtype which clustered
together.” Thus, our results extend those obtained by
Morscio et al. by showing that a specific immune escape
signature is found enriched in EBV' PBL and EBV™ PT-
DLBCL compared to EBV™ ones. At protein levels, EBV™"
PBL tumors also harbored higher expression of PD-1/PD-L1
and are mostly associated with higher CD8" T cell infiltra-
tion suggesting that one of the PBL immune escape strate-
gies may involve T cell dysfunction and exhaustion. By
reinvigorating anti-tumor immune responses, immune-
based therapy should provide clinical benefit for PBL
patients. Indeed, blockade of immune checkpoint molecules
such as PD-1 or PD-L1 has demonstrated clinical benefit in
several solid cancer types, but also in some hematological
malignancies (for review, see *°), especially in Hodgkin
lymphoma with high PD-L1 score, according to Roemer &
al. study.** Thus, the potential predictive value of PD-LI
expression on tumor cells should be evaluated in PBL
patients enrolled in clinical trials using PD-1/PD-L1
inhibitors.

To conclude, our findings suggest that EBV* PBL evolve
immune-escape strategies, given that their tumor comprises
antiviral and cytotoxic immune infiltrates expressing immune
checkpoint inhibitors. In such patients, EBV-induced immune
exhaustion could still be targeted by immune checkpoint
blockade drugs.

Patients and methods
Patients

For gene expression analysis, 9 frozen PBL samples were
collected from 42145 lymphoma samples registered by the
Lymphopath network, a systematic expert review of all sus-
pected lymphomas in France.”*> All EBV* PBL tumor cells
(n = 6) were type I latency EBV (EBV encoded RNA EBERY,
EBNA2", LMP17). PBL diagnosis was based on histological
criteria described in the WHO classification®*® and on clinical
parameters. Patients with a prior diagnosis of plasma cell
myeloma or with multiple bone lesions or other laboratory
criteria supporting the diagnosis of myeloma were excluded
from the study. All patient clinical data (age, sex, biopsy site,
LDH, HIV status and EBV DNA loads measured by quanti-
tative polymerase chain reaction) are provided cases-wise in
Supplementary Table 1. Tissue samples were collected and
processed following standard ethical procedures (Helsinki
Declaration of 1975), after obtaining written informed con-
sent from each donor and approval for this study by the local
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Figure 6. Multiplex immunofluorescence of CD8"* lymphoid infiltrates and PD-1/PD-L1 proteins in EBV* and EBV™ plasmablastic lymphomas.

FFPE tissue sections of representative cases of EBV* and EBV~ PBL stained for PD-L1 (green), CD8 (white) and PD-1 (magenta). Figures represent 600x images of
single PD-L1, single CD8, CD8/PD-1, and PD-1/PD-L1/CD8 staining. A typical image of PBL cases #2, #6 (EBV* PBL) and PBL cases #7 and #1 (EBV~ PBL) are shown.
Hoechst nuclear counterstain (blue) (scale bar = 20 um for all panels) (A). Floating bar graphs showing the quantification (%) of PD-L1, CD8 and PD-1 stainings in
multiplex immunofluorescence. Unpaired Student'’s t-test using the GraphPad Prism software (version 6; GraphPad) was used to determine the statistical significance
of differences between the groups (p = 0.0466, p = 0.0039 and p = 0.05, respectively) (B).

ethical committee (Comité de Protection des Personnes Sud-
Ouest et Outremer II).

Histology, immunohistochemistry and multiplexed
immunofluorescence

Samples were fixed in 10% buffered formalin, embedded in
paraffin and processed for routine histopathological examina-
tion. For IHC examination, 3 pum-thick sections were tested
using Ventana Benchmark XT autostainer (Ventana, Tucson,
AZ). After dewax and pretreatment, samples were incubated
with PD-1 (clone NAT-105; Abcam), TIM-3 (goat polyclonal;
R&D), PD-L1 (Clone E1L3N, Cell Signaling Technologies),
CD8 (clone SP57, Ventana Medical Systems), CD3 (clone
2GV6, Ventana Medical Systems), LMP1 (clone CS.1-4,
DAKO, Agilent) and CD163 (10D6; Novocastra) antibodies.
Whole slides of PBL lymph nodes were scanned using
Pannoramic digital slide scanners (3DHISTECH) as

previously described.*” For triple immunofluorescence (IF)
staining, 4 pm-thick sections were loaded on the Ventana
Discovery ULTRA (Ventana, Tucson, US). After dewax and
pretreatment, slides were incubated with primary antibodies
CD8 (Clone C8/144B, DAKO, Agilent), PD1 (Clone SP269,
Spring Bioscience, Roche) and PD-L1. Primary antibodies
were visualized using the OmniMap-HRP (Horse radish per-
oxidase conjugated anti-rabbit, anti-mouse) secondary system
and  tyramide-conjugated  fluorophore  kits  FAM,
Rhodamin6G and Cy5 (Ventana, Tucson, US). Counterstain
was performed using Hoechst 33342 (Invitrogen Molecular
Probes, US). Whole slides of multiplex IF stained PBL were
scanned using Pannoramic digital slide scanner (3D
HISTECH) equipped with appropriate filters sets.

PD-1 and PD-L1 IHC staining were quantified according
to their immune checkpoint score as previously described.’
Immunofluorescence image quantifications were performed
using HALO Imaging Analysis software (PerkinElmer).



Datasets

RNA was extracted from PBL frozen tissue biopsies. cDNA
was prepared from minimum 500 pg RNA per sample, and
hybridized on GeneChip Human Gene ST 2.0 Affymetrix
microarrays (Affymetrix UK Ltd.), by the Lyon University
genomic facility ProfileXpert-LCMT (Lyon, France) according
to the manufacturer’s protocol. Data are available on NCBI
Gene Expression Omnibus website (http://www.ncbi.nlm.nih.
gov/geo/): GEO dataset GSE102203.

Additional raw data files from micro-dissected reactive
lymph nodes (n = 5, GSE25990)*, nasopharyngeal carcinoma
(n = 41, GSE12452), gastric cancer (n = 300, GSE62254)™,
post-transplanted EBV® and EBV™ DLBCL (n = 12,
GSE38885)*%, and post transplanted EBV® PBL (n = 5,
GSE38885)>** were downloaded from Gene Expression
Omnibus (GEO) datasets.

Sample enrichment scores (SES)

The RMA (robust multi-array average)-normalized expression
data were scored using the Autocompare_SES software (avail-
able at https://sites.google.com/site/fredsoftwares/products/
autocompare_ses) using the “greater” (indicating an enriched
gene set) Wilcoxon tests with frequency-corrected null
hypotheses *° (Supplementary methods). Gene Sets used
were the IEGS33 *° and LM22.%>%

R sessioninfo

R version 3.3.2 (2016-10-31)
Platform : x86 64-pc-linux-gnu (64-bit)
Running under : Ubuntu 16.04.4 LTS

Pathways enrichment analysis

Genes up- and down-regulated in EBV™ versus EBV" PBL were
analyzed for functional enrichment using the Cytoscape (ver-
sion 3.4.0) plugin ClueGO (version 2.2.5) *° compared to the
GO ‘biological process’ and ‘immune system process’ terms.

Statistical analysis

Differences between EBV' and EBV™ subgroups were ana-
lyzed using an unpaired two-tailed Wilcoxon signed rank test
versus the specified controls. Unsupervised hierarchical clus-
tering and heat-maps were realized using R software with
expression data normalized between 0 and 1.
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