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Key Points

• Distinct peripheral
T-cell and NK-cell
phenotypes exist in
patients with HGBL-
MYC/BCL2 vs patients
with DLBCL NOS
without MYC
rearrangements.

• Patients with HGBL-
MYC/BCL2
encompass exhausted
PD-1+ T cells without
other immune effector
cell impairments.
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Patients with high-grade B-cell lymphoma with MYC and BCL2 rearrangements

(HGBL-MYC/BCL2) respond poorly to immunochemotherapy compared with patients with

diffuse large B-cell lymphoma not otherwise specified (DLBCL NOS) without a MYC

rearrangement. This suggests a negative impact of lymphoma-intrinsicMYC on the immune

system. To investigate this, we compared circulating T cells and natural killer (NK) cells of

patients with HGBL-MYC/BCL2 (n = 66), patients with DLBCL NOS (n = 53), and age-matched

healthy donors (HDs; n = 16) by flow cytometry and performed proliferation, cytokine

production, and cytotoxicity assays. Compared with HDs, both lymphoma subtypes

displayed similar frequencies of CD8+ T cells but decreased CD4+ T cells. Regulatory T-cell

(Treg) frequencies were reduced only in patients with DLBCL NOS. Activated (HLA-DR+/

CD38+) T cells, PD-1+CD4+ T cells, and PD-1+Tregs were increased in both lymphoma

subtypes, but PD-1+CD8+ T cells were increased only in HGBL-MYC/BCL2. Patients with

DLBCL NOS, but not patients with HGBL-MYC/BCL2, exhibited higher frequencies of

senescent T cells than HDs. Functional assays showed no overt differences between both

lymphoma groups and HDs. Deeper analyses revealed that PD-1+ T cells of patients with

HGBL-MYC/BCL2 were exhausted with impaired cytokine production and degranulation.

Patients with DLBCL NOS, but not patients with HGBL-MYC/BCL2, exhibited higher

frequencies of NK cells expressing inhibiting receptor NKG2A. Both lymphoma subtypes

exhibited lower TIM-3+– and DNAM-1+–expressing NK cells. Although NK cells of patients

with HGBL-MYC/BCL2 showed less degranulation, they were not defective in cytotoxicity. In

conclusion, our results demonstrate an increased exhaustion in circulating T cells of

patients with HGBL-MYC/BCL2. Nonetheless, the overall intact peripheral T-cell and NK-cell

functions in these patients emphasize the importance of investigating potential immune

evasion in the microenvironment of MYC-rearranged lymphomas.
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Introduction

MYC translocations are prevalent genetic aberrations in patients with
aggressive B-cell lymphoma (BCL). The 2022 HAEM5 World Health
Organization (WHO) classification defines patientswith bothMYC and
BCL2 rearrangements (without additionalBCL6 translocation [double
hit (DH)] or with [triple hit (TH)]) as diffuse large BCL (DLBCL)/high-
grade BCL (HGBL) with MYC and BCL2 rearrangements (HGBL-
MYC/BCL2).1 Patients without a MYC rearrangement are referred to
as diffuse and high-grade large BCL not otherwise specified (DLBCL
NOS). Patients with HGBL-MYC/BCL2 patients often exhibit an
aggressive clinical course with lower response rates and increased
resistance toward standard first-line immunochemotherapy with ritux-
imab, cyclophosphamide, doxorubicin, vincristine, and prednisone
(R-CHOP).2-4 Emerging immunotherapeutic approaches, such as bis-
pecific or trispecific T-cell engagers or chimeric antigen receptor T-cell
therapy, have shown promise for patients with R-CHOP resistance.5-11

Response to immunotherapy is influenced by various factors, including
tumor-intrinsic molecular and genetic characteristics, the tumor
microenvironment, and the host systemic immune response.12,13

Theoretically,MYC can affect each of these factors.

Different studies have suggested a role for MYC in modulating
peripheral immune cells in lymphoma. A murine model of T-cell
lymphoma suggests that MYC modulates the tumor microenvi-
ronment by suppressing natural killer (NK) cell numbers and the
expression of activating NK cell marker NKp46.14 Studies on small
sets of patients with MYC-rearranged lymphoma reported
decreased CD3+ T cells compared with healthy donors (HDs)15

and higher frequencies of CD4+CD8+ T cells and γδ T cells than
patients with DLBCL NOS but a lower ratio of immunosuppressive
CD4–CD8– T-cells.16 However, studies extensively investigating
the impact of oncogenic MYC on phenotype and functionality of
circulating immune effector cells in patients with HGBL-MYC/
BCL2 vs those with DLBCL NOS are lacking. In light of current
and emerging T-cell– and NK cell–based immunotherapeutic
approaches, we performed comprehensive flow cytometry–based
profiling of circulating peripheral blood T cells and NK cells from
a large cohort of newly diagnosed patients with HGBL-MYC/BCL2
and compared them with newly diagnosed patients with DLBCL
NOS without a MYC rearrangement and age-matched HDs.
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Methods

Patients, sample collection, and sample verification

Peripheral blood samples from patients with HGBL-MYC/BCL2
were collected in heparinized tubes between August 2018 and
December 2022 from patients included in the HOVON-152 trial
(NCT03620578). In this trial, 1 cycle of R-CHOP or dose-adjusted
(etoposide, prednisone, vincristine, cyclophosphamide, doxoru-
bicin, and rituximab [DA-EPOCH-R]) before enrollment was
allowed. Peripheral blood samples were collected after the first
cycle of R-CHOP or DA-EPOCH-R (day 1 of the second cycle). In
the HOVON-152 trial, patients with DH or TH HGBL were included
based on the revised fourth edition of the WHO classification
(2016).17 Yet, for this analysis, we excluded BCL6 DH cases,
focusing solely on HGBL-MYC/BLC2 cases as per the updated
2022 HAEM5 WHO classification.1
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Peripheral blood samples from patients with DLBCL NOS were
collected in heparinized tubes between April 2020 and December
2020 from patients included in the HOVON-902 (NCT04139252)
observational cohort. In this cohort, samples were collected on day 1
of the first cycle and day 1 of the second cycle of R-CHOP (21 days).

The study protocols were approved by the local medical ethics
committee of the Amsterdam UMC (HOVON-152:
NL63247.029.17; HOVON-902: CCMO NL70323.029.19) and
conducted in accordance with the Declaration of Helsinki. All
patients provided written informed consent before participating in
the studies. Additional information about the HOVON-152 trial and
HOVON-902 cohort is provided in the supplemental Materials.

Peripheral blood samples from HDs were obtained from Sanquin
(Amsterdam, The Netherlands). Sanquin is the central Dutch
organization authorized to supply blood products. Donations are on
a voluntary, nonremunerated basis and include written informed
consent as part of routine donor selection. We selected peripheral
blood samples from 16 HDs with a similar median age (64 years)
as the patients with HGBL-MYC/BCL2 and DLBCL NOS.

Cell culture

K562 (CCL-243) cell line was purchased from the American
Tissue Culture Collection and cultured in RPMI-1640 (Gibco,
Thermo Fisher, 524000025), supplemented with 10% heat-
inactivated fetal bovine serum (Invitrogen) and 1% penicillin/
streptomycin (Invitrogen, 15140122). Authenticity was verified by
short-tandem repeat profiling (GenePrint 10 System Promega).
K562 was cultured for not more than 2 months and tested negative
for mycoplasma contamination before use.

Processing of human peripheral blood samples

Peripheral blood samples were processed centrally at the
Amsterdam University Medical Center within 48 hours of collection.
Peripheral blood mononuclear cells (PBMCs) were isolated from
whole blood using density gradient centrifugation with Ficoll-Paque
Plus (Sigma-Aldrich; GE17-1440-03). PBMCs aliquots were
stored in liquid nitrogen until further analysis.

Flow cytometry–based immunophenotyping of

PBMCs

Cryopreserved PBMCs of patients, HDs, and a reference control
that was included for each staining (buffy coat obtained from
Sanquin, The Netherlands) were thawed at 37◦C, washed once
with Iscove’s Modified Dulbecco’s Medium-medium supplemented
with 20% fetal calf serum (FCS) and antibiotics (100 U/mL peni-
cillin; 100 μg/mL streptomycin), treated with DNase (Roche, cat-
alog no. 10104159001) for 5 minutes, washed, and resuspended
in warm Iscove’s Modified Dulbecco’s Medium before automatically
evaluating cell viability using acridine orange/propidium iodide.
Cells were cultured for 16 hours at 2 × 106 to 5 × 106 viable cells
per mL in 37◦C and 5% CO2 for cell recovery and to allow upre-
gulation of cell surface markers affected by cryopreservation. After
re-evaluating cell viability with acridine orange/propidium iodide,
the cells were stained with a cell viability dye. Median cell viability
was 71.5% and 82.2% for patients and HDs, respectively. Multi-
color panels (0.5 × 106-1 × 106 viable cells per panel) with pre-
defined, validated fluorochrome-conjugated antibody combinations
are listed in supplemental Table 1. Human normal immunoglobulins
(final concentration 0.1 mg/mL; Nanogam, Sanquin Plasma
PERIPHERAL IMMUNE CELLS IN HGBL-MYC/BCL2 VS DLBCL NOS 1095
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Products B.V.) were added before staining to reduce unwanted
nonspecific FC-receptor binding of fluorochrome-conjugated anti-
bodies. Cells were then washed in phosphate buffer saline
(PBS) + 0.1% human serum albumin and analyzed using a 5-laser
LSRFortessa flow cytometer (Becton Dickinson).

Spectral overlap was automatically calculated and compensated
using compensation beads and FACSDiva software. Flow cytom-
eter performance and standardization were monitored daily with
fluorescent-labeled CS&T beads (BD, 655051). Laser voltages
were optimized within a <2% deviation using BD OneFlow Setup
Beads (BD, 658620) and Alignflow Flow cytometry Alignment
Beads (Thermo Fisher Scientific, A16502) on a daily setting.

Manual pregating and computational analysis

Raw flow cytometric data of immunophenotyping (fcs 3.1 files) were
manually analyzed using FCS Express Flow Cytometry Software
version 6 to identify, gate, and export single T-cell and NK-cell
populations. These cells were preprocessed (included data cleaning
using PeacoQC,18 hyperbolic arcsin transformation, approximated
min-max scaling, and batch correction using quantile normalization)
and analyzed in R and Rstudio version 4.0.3. Computational data
analysis was performed using Uniform Manifold Approximation and
Projection (UMAP) and FlowSOM on 10 000 cells per fcs file. For
the FlowSOM analysis, the number of metaclusters was optimized
until all metaclusters were either negative or positive for a particular
marker. Then, the complete fcs files were mapped on the optimized
FlowSOM to calculate metacluster percentages per sample. Based
on marker expression of all metaclusters, percentages of T-cell
and NK-cell subsets (supplemental Table 2) and individual marker
expression were calculated.

T-cell proliferation

Cryopreserved PBMCs were thawed as described above. Cell
concentration and viability were counted using trypan blue staining
(82% and 94% cell viability for patients and HDs, respectively).
PBMCs were immediately stained with Cell Tracer Violet (CTV,
Invitrogen, C34557) according to manufacturer’s protocol, seeded
in 96-wells U bottom plates (0.1 × 106 live cells per well in tripli-
cate) and stimulated with CD3xCD28 Dynabeads (DynabeadsTM
Human T-activator CD3/CD28; Thermo Fisher Scientific, 11131D)
at a bead-to-cell ratio of 1:5 for 5 days at 37◦C and 5% CO2.
Unstimulated cells and non-CTV–labeled cells were simultaneously
incubated as experimental controls.

After incubation, cells were collected, and beads were magnetically
removed. Triplicates were pooled and cells were stained with
antibodies (supplemental Table 3) and measured on a 5-laser
LSRFortessa (Becton Dickinson) flow cytometer. Flow-Count Flu-
orospheres (Beckman Coulter, 7547053) were added to allow
equalized measurements of T cells between tubes/samples. Pro-
liferation of T-cell subsets were analyzed using the proliferation
analysis tool in FCS Express version 6. The division index (fold
expansion over time for responding cells) and the proliferation
index (average number of divisions that responding cells have
undergone) were defined as described elsewhere.19

T-cell intracellular cytokine production and

degranulation

PBMCs were seeded in 96-wells U bottom plates (0.5 × 106 live
cells per well in duplicate) and stimulated with phorbol
1096 de JONGE et al
12-myristate-13-acetate (PMA)/ionomycin (1:500) for 4 hours at
37◦C and 5% CO2 in the presence of an anti-human CD107a (PE)
antibody. During the last 3 hours of incubation, brefeldin A/mon-
ensin (1:1000) were added. Thereafter, duplicate wells were
pooled, transferred to 5 mL FACS tubes, and washed once in PBS.
Extracellular staining was done with a panel of antibodies specific
for human cell surface markers (supplemental Table 4). After
washing in PBS + 0.1% human serum albumin, cells were fixed
and permeabilized using fixation buffer (Biolegend, catalog no.
420801) and intracellular staining permeabilization wash buffer
(Biolegend, catalog no. 421002) according to manufacturer’s
instructions.

Cells were intracellularly stained with antibodies targeted against
interferon gamma (IFN-γ), tumor necrosis factor alpha (TNF-α), and
interleukin-2 (IL-2) (supplemental Table 4). After washing once in
permeabilization buffer, cells were measured on a 5-laser
LSRFortessa (Becton Dickinson) flow cytometer. The percentage
of total CD4+ and CD8+ as well as PD-1+CD4+ and PD-1+CD8+

T cells positive for IFN-γ, TNF-α, and IL-2 was calculated in com-
parison with the unstimulated cells.

NK-cell cytotoxicity and degranulation

Cryopreserved PBMCs were thawed as described above and cells
were rested overnight at 2 × 106 to 5 × 106 viable cells per mL in
37◦C and 5% CO2 to allow for functional recovery of NK cells. The
next day, K562 cells were stained with CTV according to manu-
facturer’s protocol and seeded as target cells in 96-wells U bottom
plates (0.02 × 106 live cells per well, in triplicates). PBMC (0.4 ×
106 live cells per well) were added to K562 cells in duplicates,
whereas single K562 wells served as negative control to calculate
lysis. Anti-CD107 antibodies (anti-CD107a and anti-CD107b, both
FITC; BD catalog no. 555800 and 555804, respectively) were
added. K562+ PBMC wells without anti-CD107a/b antibodies were
simultaneously incubated as full minus one controls. Cells were
incubated for 4 hours at 37◦C and 5% CO2. After incubation, sur-
viving K562 target cells were enumerated by standard quantitative
flow cytometry on a 4-laser FACS Celesta (Becton Dickinson) flow
cytometer. K562 viability was determined using LIVE/DEAD Fixable
NEAR-IR Dead Cell Stain (Invitrogen, L10119), and PBMCs were
identified through additional labeling with a defined antibody set
(supplemental Table 5). Flow volume control was done by adding
Flow-Count Fluorospheres (Beckman Coulter, 7547053).

The percent lysis of K562 (target) cells was calculated according
to the following formula: % lysis = 1 − (absolute number of sur-
viving cells in treated wells)/(absolute number of surviving cells in
K562 only wells) × 100%. Degranulation was measured as per-
centage of NK cells positive for CD107a/b surface expression
based on full-minus-one control.

Statistical analysis

Data were analyzed and visualized using FCS Express Flow
Cytometry Software (De Novo Software versions 06.0025 and
7.14.0020), GraphPad Prism 8.2.1, and RStudio version 4.0.3.

Paired data of samples before and after R-CHOP or unstimulated
and stimulated samples were analyzed using a Student paired t test
with P value <.05 as statistical significance threshold. No multiple
correction was applied.
12 MARCH 2024 • VOLUME 8, NUMBER 5



For nonparametric distributions, Mann-Whitney U tests were used
to compare patients with HGBL-MYC/BCL2 with those with
DLBCL NOS (primary comparison) and for comparing the lym-
phoma groups with HDs, with P value <.05 as statistical signifi-
cance threshold. The Benjamin-Hochberg procedure for multiple
testing was applied to control the false discovery rate for com-
parisons of the FlowSOM clusters.
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To correct for baseline characteristics that were significantly
different between patients with HGBL-MYC/BCL2 and patients with
DLBCL NOS (age, WHO performance score, and International
Prognostic Index [IPI] group), linear regression analysis was per-
formed on immune cell subsets that significantly differed between
lymphoma subtypes (CD4–CD8–T-cells, regulatory T cells [Tregs], γδ
Table 1. Baseline characteristics

HGBL-MYC/BCL2

(n = 66)

Age, y

Mean (SD) 60.2 (9.78)

Median (min, max) 62.0 (35.0, 79.0)

Sex

Male 42 (63.6%)

Female 24 (36.4%)

WHO performance score

0 43 (65.2%)

1 19 (28.8%)

2 4 (6.1%)

3 0 (0%)

LDH level

Within normal range 21 (31.8%)

Elevated 45 (68.2%)

Extranodal localizations (number)

None 25 (37.9%)

1 14 (21.2%)

≥2 26 (39.4%)

Unknown 1 (1.5%)

IPI score

Low 8 (12.1%)

Low-intermediate 28 (42.2%)

High-intermediate 24 (36.4%)

High 6 (9.1%)

Missing 0 (0%)

MYC-rearrangement

No

Yes 66 (100%)

DH/TH status

HGBL: BCL2 DH 52 (78.8%)

HGBL: TH 14 (21.2%)

DLBCL NOS

LDH, lactate dehydrogenase; TH, triple hit.

12 MARCH 2024 • VOLUME 8, NUMBER 5
T cells, PD-1+CD8+ T cells, T cells with a senescent phenotype, and
NKG2A-expressing NK cells).

Results

We randomly selected samples from patients with HGBL-MYC/
BCL2 (n = 66) and patients with DLBCL NOS (n = 53) based on
sample availability to investigate their peripheral blood T cells and
NK cells. Baseline characteristics of both lymphoma subtypes are
presented in Table 1. Patients with HGBL-MYC/BCL2 were
younger (median age, 60.2 years) than patients with DLBCL NOS
(median age, 67.0 years; P < .001, Wilcoxon signed-rank test),
more often had a lower WHO performance score (P = .048, χ2

test), and more often a low-intermediate or high-intermediate IPI
score (P = .04).
DLBCL NOS

P value(n = 53)

67.0 (11.2) <.001

68.0 (32.0, 88.0)

28 (52.8%) .32

25 (47.2%)

26 (49.1%) .048

15 (28.3%)

10 (18.9%)

2 (3.8%)

23 (43.4%) .27

30 (56.6%)

20 (37.7%) .5

14 (26.4%)

14 (26.4%)

5 (9.4%)

11 (20.8%) .04

15 (28.3%)

14 (26.4%)

9 (17.0%)

4 (7.5%)

53 (100%)

53 (100%)

PERIPHERAL IMMUNE CELLS IN HGBL-MYC/BCL2 VS DLBCL NOS 1097
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Effect of 1 cycle of R-CHOP on peripheral T cells and

NK cells

In this study, samples of patients with HGBL-MYC/BCL2 and
patients with DLBCL NOS were compared after 1 cycle of R-CHOP
(supplemental Figure 1A). As a study prerequisite, potential con-
founding effects of R-CHOP on T cell and NK cell populations were
assessed in patients with DLBCL NOS by comparing samples
before and after 1 cycle of R-CHOP21 (blood samples collected at
the first day of cycle 1 and first day of cycle 2, respectively). Although
frequencies of LAG3-expressing CD4+ T cells and Tregs, TIM-3–
expressing CD8+ T cells, and PD-1+ γδ T cells were decreased
(supplemental Figure 2A), 1 cycle of R-CHOP did not affect the
frequency of major T-cells populations (supplemental Figure 2B), the
distribution of T-cell differentiation states (naïve, stem cell memory,
central memory, effector memory T-cells, and terminally differentiated
effector memory T cells re-expressing CD45RA; supplemental
Figure 2C), and the fraction of CD4+ and CD8+ T cells express-
ing markers associated with T-cell senescence (loss of CD27 and
CD28, and gain of KLRG1 and CD57; supplemental Figure 2D).
The frequency of CD4+ expressing activation marker CD38 was
increased after 1 cycle of R-CHOP, but the frequencies of CD4+

and CD8+ T cells expressing other activation markers (CD25 and
HLA-DR) remained unaffected (supplemental Figure 2E).

NK cells could only be analyzed in a maximum of 51 of 66 patients
with HGBL-MYC/BCL2, 35 of 53 patients with DLBCL NOS, and
15 of 16 HDs due to limited cell numbers (supplemental Figure 1B).
There was no impact of 1 cycle of R-CHOP on activation NK cell
markers or inhibiting or activating NK cell receptors (supplemental
Figure 3A-C), except for a decrease in CD16+ NK cells and
increase in CD56bright NK cells (supplemental Figure 3D), as could
be expected after the antibody-dependent cellular cytotoxicity
effects of rituximab via the Fc-γ receptor IIIa (CD16) on NK cells.

Similar T-cell subset distribution in patients with

HGBL-MYC/BCL2 and HDs but decreased Treg

frequency in DLBCL NOS

We analyzed the T-cell compartment of patients with HGBL-MYC/
BCL2, patients with DLBCL NOS, and age-matched HDs. Total
white blood cell count (supplemental Figure 4A) and frequencies of
CD8+ T cells were similar between both lymphoma groups and
HDs. CD4+ T-cell frequencies decreased in both lymphoma sub-
types compared with HDs (Figure 1A). Interestingly, the majority of
patients with DLBCL NOS showed decreased Treg frequencies
and increased CD4–CD8– T-cell frequencies compared with
patients with HGBL-MYC/BCL2 and HDs (Figure 1A). In some of
the patients with DLBCL NOS, the increase in CD4–CD8– T cells
was reflected in increased γδ T-cell frequencies compared with
that of patients with HGBL-MYC/BCL2 (Figure 1A), also after
adjusting for age, IPI, and WHO performance score (supplemental
Table 6). T-cell differentiation states (naïve, stem cell memory,
central memory, effector memory T cells, and terminally differenti-
ated effector memory T cells re-expressing CD45RA) did not
significantly differ between both lymphoma subtypes (supplemental
Figure 4B). CD4+CD127+ T cells were increased in both
lymphoma subtypes compared with HDs (Figure 1B), but only
patients with DLBCL NOS had lower frequencies of
CD8+CD127+ cytotoxic T cells than patients with HGBL-MYC/
BCL2 and HDs (Figure 1B).
1098 de JONGE et al
Increased activated T cells predominantly in patients

with HGBL-MYC/BCL2

Both lymphoma subtypes displayed increased CD4+ and CD8+

HLA-DR+ T-cell and CD4+CD38+ T-cell frequencies compared
with HDs, but patients with DLBCL NOS had reduced
CD8+CD38+ T-cell frequencies compared with those with HGBL-
MYC/BCL2 and HDs (Figure 1D). FlowSOM analysis of T-cell
populations confirmed increased “activated” CD8+ and
CD4–CD8– T cells coexpressing PD-1, CD38, and HLA-DR in
patients with HGBL-MYC/BCL2 compared with patients with
DLBCL NOS (Figure 1C; supplemental Figure 5A). Additionally,
CD4+CD25+ T cells were increased in patients with HGBL-MYC/
BCL2 (Figure 1C; supplemental Figure 4C).

Increased PD-1+CD8+ cells in patients with

HGBL-MYC/BCL2 vs increased T-cell senescence in

patients with DLBCL NOS

Next, we evaluated T-cell exhaustion state focusing on the
expression of important coinhibitory molecules TIM-3, TIGIT, LAG-
3, and PD-1. Frequencies of CD4+ and CD8+ T cells expressing
TIM-3 did not significantly differ between patients with HGBL-
MYC/BCL2 and patients with DLBCL NOS but was increased in
both lymphoma subtypes compared with HDs (supplemental
Figure 4D).

Patients with HGBL-MYC/BCL2 exhibited higher frequencies of
CD4+TIGIT+ T cells (supplemental Figure 4E) compared with HDs.
There was no difference in LAG-3–expressing T cells between
patients with HGBL-MYC/BCL2 and patients with DLBCL NOS,
and only LAG-3 expressing Tregs were decreased in both lym-
phoma subtypes compared with HDs (supplemental Figure 4F).

Interestingly, PD-1 expression was increased on CD4+ T cells and
Tregs in both lymphoma subtypes, but PD-1+CD8+ T cells were
selectively increased in patients with HGBL-MYC/BCL2
(Figure 1E). UMAP analysis indicated that T-cells may exhibit co-
expression of CD38, HLA-DR, and PD-1 (Figure 1F).

We also analyzed markers of T-cell senescence (defined as loss of
costimulatory molecules CD27 and CD28 and gain of KLRG1 and
CD57) as another T-cell dysfunctional state that may negatively affect
the response to immunotherapeutic approaches. In contrast with T-
cell exhaustion, patients with DLBCL NOS exhibited a more senes-
cent phenotype than patients with HGBL-MYC/BCL2 and HDs, as
was reflected in lower CD27+ and CD28+ and higher KLRG1+ and
CD57+ T-cell frequencies (supplemental Figure 4G) in various T-cell
subsets (Figure 1C; supplemental Figure 5A), independent of age,
IPI, and WHO performance score (supplemental Table 6). Interest-
ingly, UMAP analysis indicated that T cells may exhibit coexpression
of PD-1, KLRG1, and CD57 (supplemental Figure 4H), underlining
the potential differences in T-cell phenotype in HGBL-MYC/BCL2 (T-
cell exhaustion) vs DLBCL NOS (T-cell senescence).

PD-1+ T cells are functionally impaired in patients

with HGBL-MYC/BCL2, but total CD4+ and CD8+ T

cells have a similar functionality as in patients with

DLBCL NOS and HDs

To gain further insight into the exhaustion state of PD-1+ T cells, we
evaluated cytokine secretion profile of T cells after stimulation of
12 MARCH 2024 • VOLUME 8, NUMBER 5
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Figure 1. T-cell phenotype in patients with HGBL-MYC/BCL2, patients with DLBCL NOS, and HDs. (A-B) Expression analysis of major T-cell subsets (A), and CD127

(B) in HDs (green; n = 16), patients with HGBL-MYC/BCL2 (red; n = 66), and patients with DLBCL NOS (blue; n = 53). (C) In-depth analysis of the computationally identified T-

cell populations by FlowSOM expressed higher (red) or lower (blue) in patients with HGBL-MYC/BCL2 vs patients with DLBCL NOS. (D-E) Expression analysis of HLA-DR and

CD38 (D) and PD-1 (E) in HDs (green; n = 16), patients with HGBL-MYC/BCL2 (red; n = 66), and patients with DLBCL NOS (blue; n = 53). (F) Dimensionality reduction by

UMAP of the flow cytometry data of T-cells. Color overlays for CD38, HLA-DR, PD-1, and CD8 are depicted. For all box plots, the lower upper hinges correspond to the 25th and

75th percentiles. The middle hinge corresponds to the median. The whiskers extend from the largest to smallest value ± 1.58 * interquartile range. Samples are plotted individually,

bone marrow samples (n = 3 HGBL-MYC/BCL2 and n = 1 DLBCL NOS) are indicated as square. Nonparametric Mann-Whitney U test between 2 groups was used for statistical

analysis, in which P < .05 was considered significant.
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PBMCs with PMA/ionomycin. We detected no overt differences in
proliferation (Figure 2A-B), degranulation (Figure 2C), or cytokine
secretion (IFN-γ, TNF-α, or IL-2) (supplemental Figure 6A) of total
CD4+ and CD8+ T-cell populations from HGBL-MYC/BCL2,
DLBCL NOS, and HDs. Nonetheless, when we focused solely on
PD-1+ T cells, we observed increased production of IFN-γ by PD-
1+CD8+ T cells in patients with HGBL-MYC/BCL2 compared with
HDs but not patients with DLBCL NOS (Figure 2D). TNF-α
secreted by CD4+PD-1+ T cells was significantly decreased in
patients with HGBL-MYC/BCL2 compared with patients with
DLBCL NOS but not HD, whereas IL-2 secreted by CD4+PD-1+ T
cells was significantly decreased in patients with HGBL-MYC/
BCL2 compared with HD but not patients with DLBCL NOS
(Figure 2D). The surface expression of degranulation marker
CD107a was also decreased in PD-1+CD8+ T cells, but not in PD-
1+CD4+ (Figure 2E), total CD4+, or total CD8+ T cells
(supplemental Figure 6B) in patients with HGBL-MYC/BCL2
compared with patients with DLBCL NOS and HDs. Thus, cytokine
production and degranulation are impaired in PD-1+ T cells of
patients with HGBL-MYC/BCL2.

HGBL-MYC/BCL2 has increased frequencies of NK

cells with an activated phenotype, whereas patients

with DLBCL NOS have more NK cells expressing

inhibiting receptor NKG2A

In the NK-cell compartment, both lymphoma subtypes had a ten-
dency toward a decreased frequency of (cytotoxic)
CD16+CD56dim NK cells and increased frequency of (non-
cytotoxic) CD56bright NK cells compared with that in HDs, but
these frequencies did not differ between the lymphoma subtypes
(Figure 3A).

Patients with DLBCL NOS displayed higher frequencies of NK
cells expressing the inhibiting receptor NKG2A+ than patients with
HGBL-MYC/BCL2 and HDs (Figure 3B), even after adjustment for
age and WHO performance score. Unsupervised cluster analyses
further revealed an increased expression of NK cell population
coexpressing NKG2A and NKG2D in patients with DLBCL NOS
compared with patients with HGBL-MYC/BCL2 (Figure 3C;
supplemental Figure 5B). UMAP analysis indicated that NK cells
may exhibit coexpression of NKG2A, NKG2C, NKG2D, and TIM3
in several possible combinations (supplemental Figure 7A).

Both lymphoma subtypes exhibited lower TIM-3+– and DNAM-1+–
expressing NK cells than HDs (Figure 3D). Frequencies of HLA-
DR+ CD56dim cells were decreased only in patients with DLBCL
NOS compared with those with HGBL-MYC/BCL2 (Figure 3E).
UMAP analysis indicated that the majority of HLA-DR+ NK cells,
but not all, may exhibit coexpression of DNAM-1 (Figure 3E). The
frequency of NK cells expressing inhibitory (TIGIT and KLRG1) or
maturation (CD57) markers did not significantly differ between
both lymphoma subtypes and HDs (supplemental Figure 7B).

In a subset of available samples, NK cells from both lymphoma
subtypes and HDs exhibited a similar cytotoxic capacity as deter-
mined by their lytic activity against NK cell–susceptible K562 cell
line (Figure 3F). However, NK cell degranulation (CD107a surface
expression) was significantly lower in the HGBL-MYC/BCL2 group
than in HDs (Figure 3F). Total NK cells and cytotoxic
CD16+CD56dim NK cell frequencies did not significantly differ
1100 de JONGE et al
between the groups and showed no correlation with K562 kill or
degranulation (supplemental Figure 7C-D).

Discussion

The efficacy of immunotherapeutic approaches is partly dependent
on the quality of host immune cells, which may be affected by
lymphoma-intrinsic MYC. To investigate this, we characterized
peripheral T-cells and NK cells of patients with HGBL-MYC/BCL2
vs patients with DLBCL NOS early in treatment and age-matched
HDs. Our analyses reveal that patients with HGBL-MYC/BLC2
have a distinct peripheral T-cell and NK cell phenotype from
patients with DLBCL NOS, with an increased frequency of func-
tionally impaired PD-1+CD8+ T cells. In contrast to patients with
DLBCL NOS, patients with HGBL-MYC/BCL2 did not show
increased frequencies of senescent T cells. Although we found no
other functional deficiencies in T cells and NK cells of patients with
HGBL-MYC/BCL2 and patients with DLBCL NOS, the increase in
PD-1+CD8+ T cells indicate a negative impact of lymphoma-
intrinsic MYC on immune effector T cells.

The increase in activated T cells was associated with T-cell
exhaustion, but not senescence, in patients with HGBL-MYC/
BCL2. On the contrary, in patients with DLBCL NOS, increased T-
cell activation was associated with T-cell senescence, even after
correction for age. This may suggest that both lymphoma subtypes
transition to a different T-cell state after initial (tumor-induced) T-
cell activation. Exhausted and senescent cells are generally
considered as 2 dysfunctional states of T cells or NK cells, but
there are essential differences between these cells in terms of
differentiation, metabolism, and, most importantly, effector func-
tions; although both cells have lost their proliferative capacity,
senescent cells, in contrast to exhausted cells, have potent cyto-
toxic activity and secrete proinflammatory cytokines such as IFN-γ
and TNF-α after activation.20,21 Thus, in cancer immunotherapy
with monoclonal or bispecific antibodies, senescent cells redir-
ected to tumor cells may still contribute to therapeutic effects,
whereas exhausted cells do not. Therefore, the higher proportion of
exhausted PD-1+CD8+ T cells that are associated with MYC
rearrangements in our study requires attention by further investi-
gating its impact on response to immunotherapeutic approaches
and clinical outcomes.

To optimally guide immunotherapeutic approaches for MYC-rear-
ranged HGBL, we compared peripheral blood immune profile of
patients with HGBL-MYC/BCL2 with that of patients with DLBCL
NOS without MYC rearrangements. It is, however, important to
acknowledge the molecular heterogeneity of the disease and its
impact on clinical outcomes.22-26 Our results reveal considerable
heterogeneity between patient samples, and differential effects of
molecular subtypes on peripheral blood immune cells cannot be
ruled out.

In apparent contrast to our results, an earlier study reported
decreased CD56bright/CD16dim/– NK cells in patients with MYC-
rearranged lymphoma compared with HDs.15 Although we found
no significant differences in CD56bright/CD16dim/– cells between
both lymphoma subtypes and HDs, it should be noted that the
patients in our cohort had already received 1 cycle of R-CHOP. In
fact, our pilot analyses performed in patients with DLBCL NOS
revealed that R-CHOP treatment reduces NK cell numbers. When
12 MARCH 2024 • VOLUME 8, NUMBER 5
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Figure 2. T-cell functionality in patients with HGBL-MYC/BCL2, patients with DLBCL NOS, and HDs. (A-B) Percentages of total CD4+ (left panels) and total CD8+ (right

panels) T-cell proliferation division index (A) and proliferation index (B) in HDs (green; n = 6), patients with HGBL-MYC/BCL2 (red; n = 20), and patients with DLBCL NOS (blue;

n = 13) after 5 days of stimulation with CD3/CD28 beads. (C) Mean fluorescent intensity (MFI) of CD107a after 5 days of stimulation with CD3/CD28 beads on total CD4+ (left

panel) and total CD8+ (right panel) T cells in HDs (green; n = 6), patients with HGBL-MYC/BCL2 (red; n = 23), and patients with DLBCL NOS (blue; n = 13). (D-E)

Representative cytometry histograms and comparative percentages of PD-1+CD4+ (left panels) and PD-1+CD8+ (right panels) T cells for IFN-γ, TNF-α, and IL-2 and (E) MFI of

CD107a on PD-1+CD4+ (left panel) and PD-1+CD8+ (right panel) in HDs (green; n = 6), patients with HGBL-MYC/BCL2 (red; n = 23), and patients with DLBCL NOS (blue; n =

12) after 4-hour stimulation with PMA/ionomysin. – represents unstimulated cells; + represents stimulated cells. Nonparametric Mann-Whitney U test was used for statistical

analysis, in which P < .05 was considered significant.
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Figure 3. NK cell phenotype in patients with HGBL-MYC/BCL2, patients with DLBCL NOS, and HDs. (A-B) Expression analysis of major NK cell subsets (A) and NK cell

receptors (B) in HDs (green; n = 15 in A; n = 13 in panel B), patients with HGBL-MYC/BCL2 (red; n = 51 in A; n = 41 in panel B), and patients with DLBCL NOS (blue; n = 35 in

A; n = 25 in panel B). (C) In-depth analysis of the computationally identified NK cell populations by FlowSOM expressed higher (red) or lower (blue) in patients with HGBL-MYC/

BCL2 vs patients with DLBCL NOS. (D-E) Expression analysis of TIM-3, DNAM-1 (D), and HLA-DR (E) on NK cell subsets in HDs (green; n = 13-15), patients with HGBL-MYC/

BCL2 (red; n = 41-51; based on sample availability for the 2 T-cell panels; see also supplemental Figure 1), and patients with DLBCL NOS (blue; n = 25-35) and dimensionality

reduction by UMAP of the flow cytometry data of NK cells. Color overlays for DNAM-1 and HLA-DR are depicted. (F) Comparative percentages of kill of K562 and degranulation

as measured by CD107a/b surface expression on NK cells in HDs (green; n = 7), patients with HGBL-MYC/BCL2 (red; n = 11), and patients with DLBCL NOS (blue; n = 11)

after 4-hour coculture of PBMCs with K562 cell line. Cytotoxicity is calculated relative to the amount of K562 cells without PBMCs. For all box plots, the lower upper hinges
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comparing CD56bright/CD16dim/– NK cells in available samples
from HDs (n = 15) and patients with DLBCL NOS before R-CHOP
(n = 9), we found lower CD56bright/CD16dim/– NK cells in patients
with DLBCL NOS, consistent with the earlier report. Thus, full R-
CHOP course may affect peripheral immune cell populations, with
consequences to the efficacy of second-line immunotherapeutic
approaches.27 Additionally, we cannot rule out the possibility that in
the course of R-CHOP, the differences in T-cell subsets between
patients with HGBL-MYC/BCL2 vs patients with DLBCL NOS
become more visible, because previous studies showed decreased
absolute CD4+ T-cell counts after 6 to 8 cycles of R-CHOP28 and
decreased T-cell metabolism and proliferation after cyclophos-
phamide exposure.29

Although our results indicate a negative impact of lymphoma-
intrinsic MYC on the peripheral effector immune cells, we believe
that the inferior survival outcomes of patients with HGBL-MYC/
BCL2 to R-CHOP cannot be solely attributed to the particular
differences in peripheral blood immune profiles found in this study.
This idea is strengthened by our findings of no overall functional
deficiencies in T cells and NK cells of patients with HGBL-MYC/
BCL2 and patients with DLBCL NOS. Further investigation is
warranted to explore other mechanisms contributing to evasion
from immune effector cells. For example, an important drawback in
the application of immunotherapeutic approaches is the difficulty of
immune effector cells to cope with the immunosuppressive cells
and factors in the tumor microenvironment. Within this regard,
MYC is highly relevant because lymphoma-intrinsic MYC plays
specific and crucial roles in reshaping the immunosuppressive
microenvironment. For example, MYC contributes to evading both
innate and adaptive antitumor immune responses in the tumor
microenvironment, as we and others have reviewed before.30-32

This is suggested by experimental and clinical evidence that the
overexpression of lymphoma-intrinsic MYC and subsequent target
genes clinically associates with less favorable responses toward
the CD20 × CD3 bispecific antibody glofitamab in patients with
BCL.33 Possibly, the exhausted T cells observed in our study may
be more pronounced in the tumor microenvironment of patients
with MYC rearrangement. Future studies should further elucidate
the infiltration, differentiation status, and function of immune
effector T cells and NK cells in the microenvironment of patients
with HGBL-MYC/BCL2.

Finally, it is important to emphasize that our results are
applicable to peripheral blood immune profiles of patients with
12 MARCH 2024 • VOLUME 8, NUMBER 5
HGBL-MYC/BCL2 and patients with DLBCL in first-line therapy.
Therefore, our results may be particularly relevant for upcoming
immunotherapeutic approaches as potential first-line (combination)
treatment strategies, such as T-cell–engaging bispecifcs.34 For
second- or third-line immunotherapeutic approaches, such as
chimeric antigen receptor T-cell therapy, further characterization of
T cells and NK cells during or after first-line immunochemotherapy
regimens (R-CHOP or DA-EPOCH-R) are needed.

In conclusion, we demonstrated that patients with HGBL-MYC/
BCL2 and patients with DLBCL NOS without a MYC rearrange-
ment have distinct peripheral blood T-cell and NK-cell profiles. Our
results provide valuable insights into the potential of T-cell– and
NK-cell–based immunotherapeutic approaches in aggressive BCLs.
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