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Purpose: Infection with Epstein-Bar virus (EBV) is associated with an unfavourable

prognosis in chronic lymphocytic leukaemia (CLL), but the underlying mechanisms remain

unknown. We aimed to establish whether EBV worsens the course of CLL by up-regulating

the programmed cell death 1 expression.

Patients and methods: Using polymerase chain reaction, we measured EBV DNA in the

blood of 110 newly diagnosed, treatment-naïve patients with CLL. We used flow cytometry

to measure the expression of programmed cell death protein 1 (PD-1) and programmed cell

death protein 1 ligand (PD-L1) on CD4+, CD8+, and CD19+ cells. Additionally, PD-1 and

PD-L1 serum concentrations were measured using enzyme-linked immunosorbent assays.

We related the expressions of PD-1 and PD-L1 to EBV DNA load and clinical outcomes.

Results: Fifty-nine (54%) patients had detectable EBV DNA [EBV(+)], and these patients

had more advanced disease at baseline than the rest. PD-1 and PD-L1 serum concentrations

and their expressions on all cell populations were higher in EBV(+) than EBV(-) patients.

EBV load correlated positively with unfavourable clinical markers of CLL and the expres-

sion of PD-1 and PD-L1 on CD4+ and CD8+ cells (rho =0.42–0.75; p<0.001). EBV(+)

patients had increased risks of treatment initiation and lymphocyte doubling during a median

follow-up period of 32 months (p<0.001). Among EBV(+), but not EBV(-), patients, higher

expressions of PD-1 and PD-L1 on CD4+ and CD8+ cells were associated with higher risks

of treatment initiation and lymphocyte doubling (p≤0.020).

Conclusion: EBV-induced up-regulation of PD-1-PD-L1 expression is associated with

worse outcomes in CLL.

Keywords: chronic lymphocytic leukaemia, Epstein-Barr virus, programmed cell death

protein 1, programmed cell death protein 1 ligand

Introduction
Chronic lymphocytic leukaemia (CLL) is the most common leukaemia in adults,

accounting for about 20–30% of all leukaemia cases in western countries.1 CLL is

characterized by uncontrolled proliferation of mature B-cells in the peripheral

blood, lymph nodes, liver, spleen, and bone marrow, which causes symptoms

such as lymphocytosis, lymphadenopathy, hepato-splenomegaly, and cytopenias.2

The clinical course of CLL is variable, with some patients surviving for decades

and others for several months.3 Clinical stage and some molecular factors, like

deletion 17p and CD38 or ZAP70 expression by leukaemia cells, are associated

with the course of CLL;4 however, other factors are likely implicated.
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The Epstein-Barr virus (EBV), which infects over 90%

of people, can transform B-cells into cancer cells.5,6

People with a history of EBV infection (mononucleosis)

are more likely to develop CLL,7 and patients with CLL

who are infected with EBV have a greater risk of progres-

sing into diffuse large B-cell lymphoma (Richter’s

transformation).8 Moreover, in patients with CLL, our

group showed that the presence of EBV DNA in the

blood was associated with a shorter time to treatment

initiation and a greater disease burden.9 We do not know,

however, how EBV worsens the course of CLL.

Chronic viral infections may cause T-cell exhaustion

and thus an impaired immune response towards cancer

cells and EBV infection may have similar effects.10

Indeed, previous studies found that B-cell lymphomas

associated with EBV express programmed cell death 1

ligand 1 (PD-L1), which, by binding to the inhibitory

programmed cell death protein 1 (PD-1), inhibits T-cell-

mediated cytotoxicity.11,12 Similarly, the immune cells of

patients with CLL display exhaustion, with an increased

expression of immune inhibitory molecules, including PD-

1 and PD-L1.13–16 It remains unknown, however, whether

the exhaustion of immune cells in CLL is related to EBV

infection. We aimed to establish whether EBV worsens the

course of CLL by up-regulating the programmed cell death

1 expresison. Thus, we measured the expression of PD-1

and PD-L1 on immune cells in patients with CLL, and we

related the expression of these proteins to clinical out-

comes and indicators of EBV infection.

Materials and methods
Patients
We included 110 treatment-naïve, newly diagnosed, con-

secutive patients with CLL (62 men and 48 women) and

20 healthy volunteers (11 men and 9 women) matched for

sex and age, who served as a control group. CLL was

diagnosed according to the criteria of the National Cancer

Institute.17 None of the patients received immunomodula-

tory treatment, had signs of infection ≤2 months before

enrolment, had undergone blood transfusion, or had auto-

immune or allergic diseases. The median follow-up was

32 months (range: 10.5–74 months). The study was

approved by the Ethics Committee of the Medical

University of Lublin (KE-0254/227/2010), and written

informed consent was obtained from all participants. This

study was conducted in accordance with the Declaration of

Helsinki

Preparation of material
We collected 15 mL of peripheral blood in EDTA-coated

tubes and an additional 10 mL in tubes with a clot acti-

vator (Sarstedt, Nümbrecht, Germany). Blood from the

EDTA-coated tubes was used to isolate peripheral blood

mononuclear cells (PBMCs) by density gradient centrifu-

gation. Briefly, we layered 5 mL of whole blood diluted

with 5 mL of normal saline on 5 mL of Ficoll-Paque™

(Milteny Biotec, Bergisch-Gladbach, Germany) in 15 mm

tubes. The tubes were centrifuged at 400 g for 30 mins

without brake. PBMCs were removed from buffy coats

with a Pasteur pipette. PBMCs were counted and assayed

for viability with trypan blue (0.4% trypan blue solution;

Sigma Aldrich, Hamburg, Germany). Only PBMCs with a

viability ≥95% were used. Serum from the tubes with a

clot activator was frozen and stored at −80 °C until used.

Immunophenotyping
Immunophenotyping was carried out using whole blood

after erythrocyte lysis . Blood samples were incubated in

the dark at room temperature for 20 min with monoclonal

antibodies labelled with fluorescein isothiocyanate (FITC),

phycoerythrin (PE), or CyChrome (PE-Cy5). We stained

the blood cells using antibodies (BD Biosciences, San

Jose, USA), against the following antigens: CD3 (FITC,

PE, PE-Cy5) CD4 (FITC, PE-Cy5), CD8 (FITC, PE-Cy5),

CD19 (FITC, PE, PE-Cy5), PD-1 (PE), and PD-L1 (PE).

CD19+ cells were stained using antibodies against CD38

and ZAP-70 as described by Hus et al.18 The cut-off for

CD38 positivity was ≥30%, and the cut-off for ZAP-70

positivity was ≥20%. After incubation, the cells were

washed and analysed by flow cytometry (BD

FACSCalibur, San Jose, USA). For all measurements,

20,000 events were acquired and analysed with the

CellQuest Pro software. Isotype-matched antibodies were

used to verify staining specificity and separate cell popula-

tions. We analysed the percentages of cells expressing

different surface markers. Figure S1 shows the flow cyto-

metric analysis of the expression of PD-1 and PD-L1.

Leukaemia cell genotyping
Leukaemia cells were genotyped with interphase fluor-

escence in situ hybridization (I-FISH). In short, PBMCs

were cultured for 24 hrs in RPMI 1640 without mitogen

stimulation. After hypotonic treatment and methanol-

acetic acid 3:1 fixation, cell suspensions were dropped

onto microscope slides and used directly for I-FISH. We
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used commercially available probes: Vysis LSI ATM

SpectrumOrange, CEP 11 SpectrumGreen Probe, LSI

TP53 SpectrumOrange, and CEP 17 SpectrumGreen

(Abbott Molecular Europe, Wiesbaden, Germany). At

least 200 nuclei were analysed per probe. The cut-off

for positive values for normal controls was 2.5%

(mean ± SD).

DNA isolation and calculation of EBV

load
We isolated DNA from 5×106 PBMCs with the QIAamp

DNA Blood Mini Kit (QIAGEN, Hilden, Germany)

according to the manufacturer’s instructions. The concen-

tration and purity of the isolated DNA were verified with

the BioSpec-nano spectrophotometer (Shimadzu, Kyoto,

Japan). The number of EBV-DNA copies in PBMCs was

calculated with the ISEX variant of the EBV polymerase

chain reaction (PCR) kit (GeneProof, Brno, Czech

Republic). EBV DNA was analysed qualitatively and

quantitatively with real-time PCR (RT-PCR). A specific

conservative DNA sequence for the EBV nuclear antigen 1

(EBNA-1) gene was amplified with PCR. The number of

viral DNA copies per μL of eluent was adjusted for the

efficiency of DNA isolation, and then it was expressed as

the viral DNA copy number per μg of DNA. All samples

were examined in duplicate. A sample of pure buffer used

for DNA elution was used as a negative control in every

case. Because we used a method with a detection threshold

of 10 EBV DNA copies per μL, all samples below this

threshold were considered EBV-negative [EBV(–)]. PCR

was performed with the 7300 Real Time PCR System

(Applied Biosystems, Foster City, USA). The reaction

was conducted on MicroAmp® Optical 96-Well Reaction

Plates (Life Technologies, Carlsbad, USA) with

MicroAmp® Optical Adhesive Film (Life Technologies,

Carlsbad, USA).

Measurement of EBV-specific antibodies

in serum
We detected EBV-specific antibodies with commercial

enzyme-linked immunosorbent assays (ELISA; IBL

International, Hamburg, Germany). We analysed IgA,

IgM, and IgG antibody classes against the early antigen

(EA), viral capsid antigen (VCA), and EBNA-1. ELISA

plates were read with the ELISA Reader Victor TM3

(PerkinElmer, Waltham, USA). We adopted manufac-

turer-specified cut-offs.

Measurement of soluble PD-1 and PD-L1

in serum
The concentrations of soluble PD-1 and PD-L1 proteins

were measured with commercially available ELISA kits

according to the manufacturer’s instructions (RayBiotech,

Peachtree Corners, USA; Abcam, Cambridge, UK,

respectively).

Measurement of lactic dehydrogenase and

beta-2 microglobulin concentrations in

serum
The concentrations of lactic dehydrogenase (LDH) and

beta-2 microglobulin (B2M) in serum were measured

using clinical-grade assays in local laboratories.

Statistical analysis
The Shapiro-Wilk test was used to test for normality.

Variables were compared using analysis of variance

(ANOVA) or the Kruskal-Wallis test, as appropriate.

Dunn’s test was used for post-hoc comparisons, with the

Benjamini–Hochberg method for false discovery rate cor-

rection. Categorical variables were compared using

Fisher’s exact test. Correlations between pairs of variables

were assessed with Spearman’s rank correlation coefficient

(rho). We used survival analysis to compare the time to

treatment initiation and the time to lymphocyte doubling

between EBV(+) and EBV(−) patients and between

patients with a high and low expression of PD-1 and PD-

L1 within the subgroups of EBV(+) and EBV(−) patients.
The classification of PD-1 and PD-L1 expression as high

or low was based on medians specific for the subgroups of

EBV(+) and EBV(−) patients. Kaplan-Meier curves were

compared with the log-rank test; with p-values for log-

rank tests were adjusted with Holm’s correction. P<0.05

was considered significant. All calculations were com-

pleted using the R software (https://www.r-project.org).

Results
At baseline, compared to EBV(−) patients with CLL, EBV

(+) patients had a greater clinical disease burden (RAI and

BINET scores) and higher values of unfavourable prog-

nostic factors (B2M, LDH, percentage of CD19+CD38+

and CD19+ZAP70+ cells, deletion 11q; Table 1). EBV(+)

and EBV(−) patients with CLL had similar white blood

cell and lymphocyte counts (Table 1).

Concentrations of soluble PD-1 and PD-L1 and the

expressions of both PD-1 and PD-L1 on CD4+, CD8+, and
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CD19+ cells were significantly higher in patients with CLL

than in controls. Furthermore, they were significantly higher

in EBV(+) patients than in EBV(−) patients (p<0.05 for all

comparisons, Table 2).

Among EBV(+) patients with CLL, EBV load correlated

positively with LDH, B2M, and the percentages of CD19

+CD38+ cells and CD19+ZAP70+ cells (Figure 1A–D).

Among EBV(+) patients with CLL, those with higher

EBV loads had greater concentrations of soluble PD-1 and

PDL-1 and a greater expression of PD-1 on CD4+ and CD8+

cells. The expression of PD-1, but not PD-L1, on CD19+ cells

was greater in patients with higher EBV loads (Figure 1E–L).

Compared with EBV(−) patients with CLL, EBV(+)

patients had higher risks of both treatment initiation and

lymphocyte doubling (p<0.001; Figures 2A and 3A).

Among EBV(-) patients, those with high (above med-

ian) or low (below median) PD-1 and PD-L1 serum con-

centrations or high or low PD-1 and PD-L1 expressions on

CD4+, CD8, and CD19+ cells had similar risks of treat-

ment initiation and lymphocyte doubling (p≥0.352;
Figures 2, 3, S2 and S3).

Among EBV(+) patients, high PD-1 and PD-L1 expres-

sions on CD4+ and CD8+ cells were associated with greater

risks of treatment initiation and lymphocyte doubling

(p≤0.020; Figures 2B–C, 3B–C, S2A–B and S3A–B).

Among EBV(+) patients, high PD-1 and PD-L1 con-

centrations were associated with a greater risk of treatment

initiation (p=0.009, Figure 2E; p=0.183, Figure S2D), but

not with a greater risk of lymphocyte doubling (p=0.280,

Figure 3E; p=0.280, Figure S3D).

Among EBV(+) patients with CLL, neither the expres-

sion of PD-1 nor of PD-L1 on CD19+ cells was related to

the risks of treatment initiation or lymphocyte doubling

(p≥0.360; Figures 2D, 3D, S2C and S3C).

Discussion
This study confirmed that EBV infection was associated with

worse outcomes in patients with CLL, and this may be due to

an EBV-induced upregulation of PD-1-PD-L1 expression on

host immune cells. In our patients with CLL, those with

detectable EBV DNA had increased PD-1 and PD-L1

expression, and the expression of PD-1 and PD-L1 correlated

positively with EBV DNA load. Moreover, PD-1 and PD-L1

expression on host immune cells, but not on leukaemia cells,

was associated with worse outcomes in patients with CLL.

Previous studies concentrated on the expression of PD-1 on T

cells and on PD-L1 expression in cancer cells. However, we

investigated the expression of PD-1 and PD-L1 on both T T
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cells and leukaemia cells, because PD-1 was shown to be

overexpressed on leukaemia cells in CLL.13,15 Moreover, in

other cancers, PD-L1 expression on T cells, but not cancer

cells, was associated with differences in key outcomes.19,20

In our study, about half of the patients had detectable

EBV DNA at baseline, and these patients had more severe

disease at baseline than did the remaining patients, which

was indicated by both laboratory markers of disease bur-

den (LDH, B2M, ZAP70, CD38) and clinical status (RAI

and Binet scores). These baseline differences translated

into worse longitudinal outcomes in EBV(+) patients

with CLL, which is in line with our previous findings.9

In this study, we hypothesized that EBV worsens CLL

prognosis by inducing the PD-1-PD-L1 immune inhibitory

pathway. The PD-1-PD-L1 pathway is one of the most impor-

tant mechanisms of immune tolerance, but it is also used by

viruses and cancer cells to evade immune surveillance. The

expression of both PD-1 and PD-L1 increases during viral

infections and cancer due to chronic stimulation of T cell

receptors.21 For example, PD-1-PD-L1 signalling is increased

in HIV, viral hepatitis, and many cancer types.22,23 In agree-

ment with the results of previous studies, we found an

increased expression of PD-1 and PD-L1 on CD4+, CD8+,

and CD19+ cells in patients with CLL, including those

A B C D

E F G H

I J K L

rho=0.41, P=0.001 rho=0.36, P=0.005 rho=0.34, P=0.009 rho=0.32, P=0.013

rho=0.59, P<0.001 rho=0.75, P<0.001 rho=0.31, P=0.015 rho=0.51, P<0.001

rho=0.71, P<0.001 rho=0.42, P<0.001 rho=0.02, P=0.889 rho=0.56, P<0.001

Figure 1 Association of EBV DNA load with the expression of prognostic markers, programmed cell death protein, and protein cell death ligand on immune cells, leukaemia

cells, and serum in patients with chronic lymphocytic leukaemia. p-values are for log-rank tests, adjusted with Holm’s correction, comparisons between patients with high or low

expression within the EBV(–) or EBV(+) groups; A – correlation between LDH concentration [U/l] and EBV load [copy number/μg of DNA], B - correlation between Beta 2

microglobulin concentration [mg/l] and EBV load [copy number/μg of DNA], C - correlation between the frequencies of CD19+CD38+ cells [%] and EBV load [copy number/μg
of DNA], D - correlation between the frequencies of CD19+ZAP70+ cells [%] and EBV load [copy number/μg of DNA], E - correlation between the frequencies of CD4+PD-1

+ cells [%] and EBV load [copy number/μg of DNA], F - correlation between the frequencies of CD8+PD-1+ cells [%] and EBV load [copy number/μg of DNA], G - correlation

between the frequencies of CD19+PD-1+ cells [%] and EBV load [copy number/μg of DNA], H - correlation between the serum concentration of soluble PD-1 molecule [pg/

ml] and EBV load [copy number/μg of DNA], I - correlation between the frequencies of CD4+PD-L1+ cells [%] and EBV load [copy number/μg of DNA], J - correlation between

the frequencies of CD8+PD-L1+ cells [%] and EBV load [copy number/μg of DNA], K - correlation between the frequencies of CD19+PD-L1+ cells [%] and EBV load [copy

number/μg of DNA], L - correlation between the serum concentration of soluble PD-L1 molecule [pg/ml] and EBV load [copy number/μg of DNA].

Abbreviations: EBV, Epstein-Barr virus; LDH, lactic dehydrogenase; PD1, programmed cell death protein 1; PD-L1, programmed cell death protein ligand 1; EBV(−),
patients without detectable EBV DNA; EBV(+), patients with detectable EBV DNA; low, expression below median within the EBV(−) or EBV(+) groups; high, expression
above median within the EBV(−) or EBV(+) groups.
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without detectable EBV DNA. Moreover, the expression of

PD-1 and PD-L1 was even greater in patients with CLL who

had detectable EBV DNA.

We also observed that PD-1 and PD-L1 expression on

CD4+ and CD8+ cells correlated positively with EBV DNA

load, which suggests that a more severe EBV infection is

associated with greater PD-1-PD-L1 expression.

Importantly, among EBV(+), but not EBV(−) patients with
CLL, a higher expression of PD-1 and PD-L1 on CD4+ and

CD8+ cells was associated with greater risks of treatment

initiation and lymphocyte doubling. Similarly, in nasophar-

yngeal carcinoma, a high expression of PD-1 on intratu-

moral CD8+ cells was associated with worse survival.24

Although EBV DNA load correlated weakly with PD-1

expression on leukaemia cells (CD19+), there was no

correlation between EBV DNA load and PD-L1 expres-

sion on these cells. Moreover, PD-1 and PD-L1 expression

on CD19+ cells was not related to the risks of treatment

initiation and lymphocyte doubling. In contrast, PD-L1

expression on lung cancer cells is associated with a

worse relapse-free survival.25 Our observations suggest

that PD-1-PD-L1 expression in CLL affects primarily

effector immune responses towards cancer cells rather

than the behaviour of leukaemia cells.

Our study was observational, and we measured EBV

DNA at baseline only. Thus, we do not know how EBV

status changes with time in CLL. Because about 90% of

adults have a history of EBV infection, we suspect that

most patients with CLL who have detectable EBV DNA

have a reactivation of EBV infection rather than a new

Figure 2 Time to treatment initiation in patients with chronic lymphocytic leukaemia and detectable [EBV(+)] vs undetectable [EBV(−)] EBV DNA (A) and high or low

expression of PD-1 on CD4+, CD8+, and CD19+ cells and in serum (B–E). The classification of PD-1 expression as high or low was based on medians specific for EBV(+)

and EBV(−) patients. P-values for log-rank tests are presented for comparisons between EBV(+) and EBV(−) patients (A) and between patients with high or low PD-1

expression within the groups of EBV(+) and EBV(−) patients (B–E). p-values are for log-rank tests, adjusted with Holm’s correction, comparisons between patients with high

or low expression within the EBV(−) or EBV(+) groups.
Abbreviations: EBV, Epstein-Barr virus; PD1, programmed cell death protein 1, EBV(−), patients without detectable EBV DNA; EBV(+), patients with detectable EBV DNA;

low, expression below median within the EBV(−) or EBV(+) groups; high, expression above median within the EBV(−) or EBV(+) groups.
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infection. In our study, all patients without detectable EBV

DNA had antibodies against EBV antigens, which indi-

cates previous EBV infection, and patients with detectable

EBV DNA had increased titres of reactivation markers

(anti-EA and anti-VCA antibodies). Furthermore, because

of a limited sample size, it was not feasible in this study to

analyse clinical outcomes in patient subgroups that

received different treatments. However, this limitation

did not affect the analysis of the time to treatment initia-

tion, and findings regarding this end point were consistent

with the time to lymphocyte doubling. Finally, PD-1/PD-

L1 expression can be induced by both tumour immune

evasion and chronic EBV infection. Because our study

was observational, it could not separate these two mechan-

isms. Thus, functional studies are needed.

Conclusion
In conclusion, our findings suggest that EBV infection wor-

sens the prognosis in patients with CLL, and this is due, at least

partly, to EBV-induced up-regulation of PD-1-PD-L1 expres-

sion. Because inhibitors of both PD-1 and PD-L1 are effective

treatments for various cancers, they are promising alternatives

for patients with CLL. Importantly, PD-1 inhibitors (nivolu-

mab, pembrolizumab) are approved for the treatment of

Hodgkin’s lymphoma, which is related to EBV infection in

about half of the patients.22,26,27 Based on our findings, we

suggest that clinical trials evaluating the use of PD-1-PD-L1

inhibitors should be considered for patients with CLL who

have EBV reactivation. Screening for EBV reactivation in

CLL might identify patients at an increased risk of treatment

failure, but this should be tested in a new study.

Figure 3 Time to lymphocyte doubling in patients with chronic lymphocytic leukaemia and detectable [EBV(+)] vs undetectable [EBV(−)] EBV DNA (A) and high or low

expression of PD-1 on CD4+, CD8+, and CD19+ cells and in serum (B–E). The classification of PD-1 expression as high or low was based on medians specific for EBV(+)

and EBV(−) patients. P-values for log-rank tests are presented for comparisons between EBV(+) and EBV(−) patients (A) and between patients with high or low PD-1

expression within the groups of EBV(+) and EBV(-) patients (B–E). p-values are for log-rank tests, adjusted with Holm’s correction, comparisons between patients with high

or low expression within the EBV(−) or EBV(+) groups.
Abbreviations: EBV, Epstein-Barr virus; PD1, programmed cell death protein 1, EBV(−), patients without detectable EBV DNA; EBV(+), patients with detectable EBV DNA;

low, expression below median within the EBV(−) or EBV(+) groups; high, expression above median within the EBV(−) or EBV(+) groups.
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Figure S1 Flow cytometric analysis of the expression of PD-1 and PD-L1. Analysis of the expression of PD-1 for (A) EBV (+) patients with CLL; (B) EBV (−) patients with
CLL and (C) control patients (C). Analysis of the expression of PD-L1 for (D) EBV (+) patients with CLL; (E) EBV (−) patients with CLL and (F) control patients. p-values are

for log-rank tests, adjusted with Holm’s correction, comparisons between patients with high or low expression within the EBV(−) or EBV(+) groups.
Abbreviations: CLL, chronic lymphocytic leukaemia; EBV, Epstein-Barr virus; PD1, programmed cell death protein 1, PD-L1, programmed cell death protein ligand 1; EBV

(−), patients without detectable EBV DNA; EBV(+), patients with detectable EBV DNA; low, expression below median within the EBV (−) or EBV(+) groups; high, expression
above median within the EBV(−) or EBV(+) groups.
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Figure S2 Time to treatment initiation in patients with chronic lymphocytic leukaemia and detectable [EBV(+)] and undetectable [EBV(-)] EBV DNA according to high or

low expression of PDL-1 on CD4+, CD8+, and CD19+ cells and in serum. The classification of PDL-1 expression as high or low was based on medians specific for EBV(+)

and EBV(−) patients. P-values for log-rank tests are presented for comparisons between patients with high or low PD-L1 expression within the groups of EBV(+) and EBV(−)
patients. p-values are for log-rank tests, adjusted with Holm’s correction, comparisons between patients with high or low expression within the EBV(−) or EBV(+) groups.
Abbreviations: EBV, Epstein-Barr virus; PD-L1, programmed cell death protein ligand 1, EBV(−), patients without detectable EBV DNA; EBV(+), patients with detectable

EBV DNA; low, expression below median within the EBV(−) or EBV(+) groups; high, expression above median within the EBV(−) or EBV(+) groups.
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Figure S3 Time to lymphocyte doubling in patients with chronic lymphocytic leukaemia and detectable [EBV(+)] and undetectable [EBV(−)] EBV DNA according to high or

low expression of PD-L1 on CD4+, CD8+, and CD19+ cells and in serum. The classification of PD-L1 expression as high or low was based on medians specific for EBV(+)

and EBV(−) patients. P-values for log-rank tests are presented for comparisons between patients with high or low PD-L1 expression within the groups of EBV(+) and EBV(−)
patients. p-values are for log-rank tests, adjusted with Holm’s correction, comparisons between patients with high or low expression within the EBV(−) or EBV(+) groups.
Abbreviations: EBV, Epstein-Barr virus; PD-L1, programmed cell death protein ligand 1, EBV(−), patients without detectable EBV DNA; EBV(+), patients with detectable

EBV DNA; low, expression below median within the EBV(−) or EBV(+) groups; high, expression above median within the EBV(−) or EBV(+) groups.
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