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Background
B-cell non-Hodgkin lymphomas (NHL) are hematologic malignancies that arise in the 
lymph node. Despite this, the malignant cells are not cleared by the immune cells present. 
The failure of anti-tumor immunity may be due to immune checkpoints such as the 
PD-1/PDL-1 axis, which can cause T-cell exhaustion. Unfortunately, unlike Hodgkin lym-
phoma, checkpoint blockade in NHL has shown limited efficacy.

Methods
We performed an extensive functional analysis of malignant and non-malignant lymph 
nodes using high dimensional flow cytometry. We compared follicular lymphoma (FL), 
diffuse large B-cell lymphoma (DLBCL), and lymph nodes harboring reactive hyperplasia 
(RH).

Results
We identified an expansion of CD8+PD1+ T-cells in the lymphomas relative to RH. 
Moreover, we demonstrate that these cells represent a mixture of activated and exhausted 
T-cells in FL. In contrast, these cells are nearly universally activated and functional in 
DLBCL. This is despite expression of counter-regulatory molecules such as PD-1, TIM-3, 
and CTLA-4, and the presence of regulatory T-cells.

Conclusion
These data may explain the failure of single-agent immune checkpoint inhibitors in the 
treatment of DLBCL. Accordingly, functional differences of CD8+ T-cells between FL and 
DLBCL may inform future therapeutic targeting strategies.

Key Words Lymphoma, Immune microenvironment, Immune checkpoint inhibition 

*This study was supported by the National 
Institutes of Health (T32 CA009515 34), 
the American Society of Hematology 
Research Award for Fellows, and 
philanthropic donations from Sonya and 
Tom Campion, Gwenn and Dean Polik, 
and Betty and Frank Vandermeer.

Correspondence to
A. McGarry Houghton, M.D.
Clinical Research Division, Fred 
Hutchinson Cancer Research Center, 1100 
Fairview Avenue N., D4-100, Seattle, WA 
98109, USA
E-mail: houghton@fredhutch.org

Ⓒ 2022 Korean Society of Hematology

INTRODUCTION

B-cell non-Hodgkin’s lymphomas (NHL) are a heteroge-
neous group of hematologic malignancies that account for 
approximately 3% of all new cancer diagnoses and cancer 
deaths. These tumors predominantly arise from malignant 
B-cells in lymph nodes, the primary site of the normal im-
mune response. Despite this, the role that non-malignant 
immune cells play in the pathogenesis of NHL remains 
unclear. Molecular profiling in FL showed that clinical out-
come could be predicted, not by the properties of the lympho-
ma itself, but by the properties of the immune response 
[1-3]. Recent work suggests that this immune response may 
be enhanced by the administration of immune checkpoint 

inhibitors that rescue poorly functional T-cells. Indeed, early 
stage clinical trials have already demonstrated that NHL 
respond to Programmed Death-1 (PD-1) inhibitors [4-8]. 
However, responses in DLBCL are rare [9], and even in 
indolent lymphomas, only a fraction of patients respond 
to therapy.

Several prior studies have examined the tumor micro-
environment in follicular lymphoma (FL). The FL micro-
environment contains cells that both support the tumors 
themselves and prevent an effective immune response. T-fol-
licular helper cells (Tfh) are expanded in FL and support 
the malignant B-cells through production of IL-4 [10, 11]. 
In contrast, regulatory T-cells (Tregs) can suppress CD4+ 
T-cells [12, 13]. Immune checkpoints also play an important 
role in suppressing anti-tumor immunity. T-cells in FL ex-
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pressing PD-1 [14], TIM-3 [15, 16] LAG-3 [17], TIGIT [18], 
and CD70 [19] all fail to activate in response to T-cell receptor 
engagement.

In contrast to FL, there is relatively sparse data on the 
immune microenvironment in diffuse large B-cell lymphoma 
(DLBCL). Thus, there is a need for a rigorous and compre-
hensive assessment of the immune microenvironment of this 
lymphoma subtype. Single cell immunophenotyping is a 
powerful tool to interrogate the immune microenvironment 
in lymphoma [20]. Here, we performed high dimensional 
flow cytometry comparing FL, DLBCL, and reactive hyper-
plasia (RH) to assess the hypothesis that NHL would be 
infiltrated by exhausted CD8+ T-cells.

MATERIALS AND METHODS

Samples
Lymph node samples were obtained from core needle biop-

sies of pathologically confirmed RH (N=7), grade 1–3A FL 
(N=15), and DLBCL (N=21). These samples consisted of excess 
tissue from pathology specimens sent to the University of 
Washington Medical Center as part of routine clinical care. 
Samples were obtained according to a protocol approved 
by the Institutional Review Board (protocol 43066). The 
DLBCL specimens were acquired at the time of diagnosis 
whereas the FL specimens were a mixture of de novo and 
relapsed cases. All samples were processed into single cell 
suspensions and cryopreserved in liquid nitrogen prior to 
analysis.

Flow cytometry
All antibodies are from BD Biosciences unless noted 

otherwise. Cells were first incubated with anti-human Fc 
(2.4G2). They were then stained with one or more of the 
following antibodies (flurochrome, clone): CD127 FITC 
(fluorescein isothiocyanate, HIL-7R-M21), IFN FITC 
(MQ1-17H12), Ig lambda PE (phycoerythrin, eBiosciences, 
TB28-2), PD-1 PE-CF594 (EH12.1), GARP PE-CF594 (7511), 
CD5 PE-Cy5 (UCTH2), CTLA-4 PE-Cy5 (BNI-3), CD56 
PE-Cy5.5 (CMSSB, eBiosciences), FoxP3 PE-Cy5.5 (PCH101, 
eBiosciences), Ig kappa PE-Cy7 (G20-193), PD-L1 PE-Cy7 
(MIH1), CD4 APC (allophycocyanin, SK3), CD19 APC (1D3), 
PD-1 AlexaFluor 647 (E12.1), CD38 APC-R700 (HIT2), Ig 
kappa AlexaFluor 700 (G20-193), CXCR5 BV (Brilliant 
Violet) 421 (RF8B2), IL-2 BV421 (MQ1-17H12), CCR6 BV 
480 (11A9), CXCR5 BV480 (RF8B2), CD33 BV570 
(Biolegend, WM53), CD24 BV605 (ML5), CCR7 BV605 
(3D12), CD10 BV650 (HI10a), PD-L2 BV650 (MIH18), CD25 
BV711 (2A3), TIM-3 BV711 (7D3), HLA-DR BV786 (G46-6), 
LAG3 BV786 (T47-530), CXCR3 BUV (Brilliant Ultraviolet) 
395 (1C6/CXCR3), CD45RA BUV395 (HI100), CD19 BUV496 
(SJ25C1), CD4 BUV496 (SK3), CD8 BUV563 (RPA-T8), CD3 
BUV661 (UCHT1), CD14 BUV737 (M5E2), CD20 BUV805 
(2H7), cleaved PARP FITC (Asp214), Granzyme B PE-CF594 
(GB11), Perforin BV421 (B-D48, Biolegend), CD107a BV786 
(H4-A3), and Ki67 BV650 (B56). Dead cells were excluded 

using Fixable Viability Dye eFluor 780 (eBiosciences). 
Lymphoma immunophenotype was identified per clinical 
flow phenotype. All flow cytometry was performed on a 
Fortessa X-50 or Symphony (BD Biosciences). Flow cy-
tometry data analysis was performed using FlowJo.

Dimensional reduction
All samples were initially gated on CD14-CD3+ T-cells. 

Each sample was down-sampled and all sample files were 
concatenated. Samples were then analyzed using the Uniform 
Manifold Approximation and Projection (UMAP) [21] and 
Phenograph [22] algorithms to define two dimensions 
(UMAP_X and UMAP_Y) and computationally identify 
phenotypes. Analysis was performed using FlowJo plugins.

In vitro stimulation
Cells were incubated with Phorbol myristate acetate 

(PMA, 2 ng/mL) and ionomycin (1 µg/mL) in the presence 
of Brefeldin A (Golgiblock, BD Biosciences). In the de-
granulation assays, cells were also incubated in the presence 
of CD107a antibodies. For both experiments, incubation was 
for 5 hours in RPMI plus 10% FCS at 37oC. Cells were 
stained with Fc block, surface antibodies, fixed and per-
meabilized (eBiosciences, FoxP3 staining buffer), and stained 
for intracellular antigens.

Statistical analysis
Analyses were performed using GraphPad Prism. Bar 

graphs represent the mean and the standard error of the 
mean. To compare the means of different histology types, 
ANOVA with multiple correction analysis was performed. 
To compare associations between cytokines and PD-1 ex-
pression, linear regression using the least squares method 
was performed. To compare functional status by marker ex-
pression, ANOVA was performed with multiple correction 
relative to the cells expressing the fewest activation/ex-
haustion markers. Statistical significance was defined as 
P＜0.05.

RESULTS

Lymph node immune microenvironments differ between in 
NHL subtypes

We first developed a novel 22-color flow cytometry panel 
(Supplementary Table 1) and used it on a subset of FL, DLBCL, 
and RH to identify populations unique to the lymphomas. 
We identified 19 unique cell phenotypes through dimen-
sional reduction using the UMAP algorithm and computa-
tionally identifying cellular subsets using Phenograph (Fig. 
1A). In attempts to identify populations unique to lymph 
nodes containing lymphoma, we overlaid the populations 
present in RH (red) to identify the 6 populations enriched 
in the lymphomas (Fig. 1B). We then assessed the expression 
of CD45RA, FoxP3, CXCR5, PD-1, and TIM-3. As expected, 
RH was enriched in CD45RA+ cells consistent with a naïve 
phenotype (Fig. 1C). Population 1 was enriched for CD4+ 
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Fig. 1. Dimensional reduction of T-cells using UMAP algorithm. (A) U-MAP plot of T-cells generated from combined data from RH, FL, and DLBCL. 
Each color represents an identified population using the PhenoGraph algorithm. (B) Overlay of reactive hyperplasia (red) on to U-MAP plot. 
Numbers represent populations not present RH. (C–G) Heat maps showing expression of CD45RA, FoxP3, CXCR5, PD-1, and TIM-3. Histologies 
were FL (N=7), DLBCL (N=6), and RH (N=2). DLBCL subtypes included 4 GCB type, 1 ABC type, and one unknown.

FoxP3+ regulatory T-cells (Fig. 1B, D). Population 2 was 
enriched for CD4+ PD1+ TIM3+ T-cells (Fig. 1B, F, G). 
Population 3 consisted with CD4+ CXCR5+ PD1+ T-follicular 
helper cells (Fig. 1B, E, F). Population 4 is of unclear cellular 
identity and lacked most markers in this panel except TIM-3. 
Populations 5 and 6 were enriched for CD8+PD1+TIM3+ 
T-cells that expressed minimal differences in PD-L1 of un-

clear significance (Fig. 1B, F, G, not shown).
We next performed a separate novel 22-color flow cy-

tometry panel in much larger cohort of lymphomas 
(Supplementary Table 1). This panel was designed to further 
characterize the T-cells of interest (Table 1). We confirmed 
a trend towards expansion of Tfh in FL and a near absence 
of Tfh in DLBCL consistent with prior reports (Fig. 2A) 
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Table 1. Populations assessed using flow cytometry. 

Cell type Subpopulation Immunophenotype

Myeloid Monocyte CD33+ CD14+ HLA-DRhi

Monocytic myeloid derived suppressor cell CD33+ CD14+ HLA-DRlo
B-cell CD19+ CD20+ Memory CD24+ CD38-

Mature CD24+ CD38+

B10 regulatory CD24hi CD38hi

Natural killer NK CD3- CD56+

NK T-cell CD3+ CD56+

CD4 T-cells CD3+ CD4+ Regulatory (Treg) CD127low CD25+ CXCR5-

PD-1- CXCR5- PD-1-

PD-1int CXCR5- PD-1int

Th1 CXCR5- CCR6- CXCR3+

Th2 CXCR5- CCR6- CXCR3-

Th17 CXCR5- CCR6+ CXCR3-
Follicular T-cells CD4+ CXCR5+ PD-1hi Follicular helper (Tfh), CD10+ CD10+

Follicular helper, CD10- CD10-

Follicular regulatory (Tfr) CD127low CD25+

Tfh-Th1 CCR6- CXCR3+

Tfh-Th2 CCR6- CXCR3-

Tfh-Th17 CCR6+ CXCR3-

CD8 T-cells CD3+ CD8+ Regulatory (Treg) CD127low CD25+ CXCR5-

PD-1- CXCR5- PD-1-

PD-1+ CXCR5- PD-1+

CXCR5+ CXCR5+

Dendritic cell Myeloid dendritic cell CD14- CD33+ HLA-DR+

Pre-dendritic cells CD14+ CD33- HLA-DR+

Shown are the cell populations analyzed, their subpopulations, and their immunophenotypes. 

[11]. We also confirmed an expansion of Tregs in FL (Fig. 
2B). Surprisingly, these Tregs expressed similar levels of the 
activation marker GARP [23] to RH, suggesting that these 
Tregs are largely inactive (data not shown). Although we 
initially observed a population of CD3-TIM3+ cells in the 
clustering analysis, CD56+CD3-NK cells were not changed 
in numbers in the validation cohort (Fig. 2C). Notably, there 
was no overall expansion of CD4+PD-1- or CD4+PD-1int cells. 
In contrast, there was a strong trend towards expansion 
of CD4+PD-1int cells that expressed TIM3, although this was 
not statistically significant (Fig. 2D–F). We observed a similar 
finding in CD8+ cells with no expansion in CD8+ PD-1- cells 
but a stronger expansion of CD8+ PD-1+ cells most prom-
inently in DLBCL. Again, this was primarily in the 
CD8+PD-1+TIM-3+ population, with these double-positive 
cells representing on average 20% of all infiltrating immune 
cells (Fig. 2H, I). Within the DLBCL cohort, there were 
few differences between activated B-cell type (ABC) and 
germinal center B-cell (GCB) type, although there were stat-
istically more CD4+ PD1int T-cells in the ABC subtype 
(Supplementary Fig. 1).

CD8
+
 T-cells expressing activation/exhaustion markers are 

effector T-cells with retained ability to produce IFN
Given the statistically significant expansion of CD8+ PD-1+ 

T-cells but equivocal changes in the CD4+ cellular compart-
ment, we focused further studies on CD8+ cells. We charac-

terized the CD8+ T-cells expressing the activation/exhaustion 
markers for their effector/memory phenotype. While ∼50% 
of CD8+ T-cells were in a naïve state in RH, these cells 
were heavily skewed towards a memory phenotype in NHL, 
suggesting prior antigen exposure. This population was com-
prised of a mixture of both central and effector memory 
cells (Fig. 3A). This suggests that the CD8+ T-cells in NHL 
are antigen experienced. We next asked whether PD-1 could 
be a consistent marker for antigen exposure. Indeed, 
PD-1+CD8+ cells are skewed towards the memory phenotype, 
although this is unchanged upon further expression of TIM-3 
(Fig. 3B).

We examined whether these antigen experienced CD8+ 
T-cells remained functional in terms of cytokine production 
upon stimulation with PMA and ionomycin. Minimal 
amounts of these cytokines were observed without stim-
ulation (data not shown). Compared to reactive lymph nodes, 
bulk CD8+ T-cells from lymphoma specimens produced high-
er levels of interferon gamma (IFN) (Fig. 3C). There was 
no difference in production of IL-2 (not shown). Higher 
IFN production was seen across naive, central memory, 
effector memory, and TEMRA subsets suggesting that the 
phenotype in bulk CD8+ T-cells was not due to skewing 
away from naive T-cells (Fig. 3D).

Given that PD-1 is a marker for antigen exposure, we 
suspected that PD-1 could be a reliable marker for T-cell 
activation or exhaustion. In DLBCL, PD-1 expression pos-
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Fig. 2. Populations enriched in each histology. (A) Tfh, (B) Treg, (C) NK cells, (D) CD4+ PD-1-, (E) CD4+ PD-1int, (F) CD4+ PD-1int TIM-3+, (G) CD8+

PD-1-, (H) CD8+ PD-1+, (I) CD8+ PD-1+ TIM-3+. Graphs represent a separate cohort of patients from Fig. 1 except panels F and I. Histologies for 
new cohort were RH (N=4), FL (N=16), DLBCL (N=20). P-values as indicated.

itively correlated with IFN production (Fig. 3E). PD-1 ex-
pression also weakly trended with IL-2 production (Fig. 3F), 
suggesting that PD-1 serves an activation marker in this 
histology. However, these correlations did not appear to 
hold for FL, suggesting that PD-1 serves as both an activation 
and exhaustion marker in that setting. To further explore 
this, we looked at T-cell exhaustion based on expression 
of other exhaustion/activation markers including PD-1, 
TIM-3, LAG-3, and CTLA-4 (Fig. 3G, H). Since LAG-3 was 
expressed at low levels on CD8+ T-cells, this could not be 
assessed in LAG-3+ populations (data not shown). In the 
conventional model, progressive expression of these mole-
cules is associated with increasing exhaustion [24]. 
Surprisingly, progressive acquisition of PD-1, TIM-3, and 
CTLA-4 was associated with increased CD8+ T-cell activation 
with 70–80% of the triple positive cells producing IFN. 
In contrast, we observed the opposite trend in IL-2. Notably, 
this trend was not seen in RH, with triple positives either 
producing the same amount of IL-2 or increasing amounts 
(Fig. 3H). Additionally, PD-1+ cells also down-regulate 
IL-7R (CD127) which is often seen in activated cells (data 
not shown). This suggests that CD8+ PD-1+ TIM-3+ CTLA-4+ 
T-cells are highly activated and have a phenotype similar 

to effector T-cells, which produce IFN, downregulate 
IL-7R, and decrease their production of IL-2 [25]. In sum, 
NHL are characterized by infiltration of highly activated 
CD8+ effector and memory T-cells. While these activated 
cells are present to some degree in FL, they represent the 
majority of all infiltrating T-cells in DLBCL.

CD8+ T-cells expressing activation/exhaustion markers 
retain cytotoxic activity with no change of cell cycling or 
apoptosis

We next examined other markers of T-cell cytotoxicity, 
as cytokine production can be disjointed from T-cell cytotox-
icity [26]. Given the strong activation phenotype seen in 
DLBCL, we limited our analysis to this histology. As CD8+ 
T-cells increasingly express counter-regulatory receptors, 
they show signs of increasing cytotoxic potential. Contrary 
to the expected immunophenotype of exhausted cells, they 
express intracellular perforin and granzyme. They also main-
tain their ability to degranulate in response to stimulation 
as assessed by staining for cell surface CD107a, a protein 
present in the membranes of cytotoxic granules that is only 
present on the cell surface upon degranulation (Fig. 4A, 
B) [27].
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Fig. 3. Functional characterization 
of CD8+ cells. The percentage of 
(A) naïve/central memory (CM)/ 
effector memory (EM) T-cells by 
each histology and (B) by ex-
pression of PD-1 and TIM-3 ex-
pression. (C) Percent of total CD8+

T-cells that produce IFN. (D) IFN
production by histology and memory
subset. (E, F) Linear regression of 
CD8+ cells producing IFN and 
IL-2 versus the percentage of cells 
expressing PD-1. (G) IFN and (H)
IL-2 production by CD8+ T-cells 
by expression of PD-1, TIM-3, and 
CTLA-4. Histologies were RH 
(N=2), FL (N=5), DLBCL (N=6). 
P-values as indicated.

One potential explanation is that these cells have lower 
proliferative potential with an increased sensitivity to apop-
tosis, as seen in CD127-CD8+ cells in HIV. However, this 
populations does not display decreased proliferation or in-
creased apoptosis in DLBCL. Together, these data suggest 

that the CD8+ T-cells in DLBCL are highly functional with 
no defects in proliferation or cell survival (Fig. 4C, D).
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Fig. 4. Cytotoxicity, cell cycling, and apoptosis in DLBCL. (A) The percentage of CD8+ T-cells lacking both granzyme B and perforin by PD-1 and 
TIM-3 expression (N=4). (B) The percentage of CD8+ T-cells that degranulate in response to PMA/ionomycin by PD-1, TIM-3, and CTLA-4 
expression (N=4). (C) The percentage of CD8+ T-cells that are actively cycling by PD-1 and TIM-3 expression (N=4). (D) Percentage of CD8+ T-cells 
that are undergoing apoptosis by PD-1 and TIM-3 expression. Early apoptosis is defined as cleaved PARP+ viability dye-, and late apoptosis as 
cleaved PARP+ viability dye+ (N=4). P-values as indicated.

DISCUSSION

Immune checkpoint inhibitors (ICI), including anti-PD-1 
antibodies, have revolutionized the therapeutic landscape 
of oncology, which likely exert their effect by reversing 
T-cell exhaustion. Unfortunately, studies of these drugs in 
NHL have largely been disappointing, with response rates 
in the single digits [4, 6, 7]. Whether the PD-1/PD-L1 axis 
mediates the infrequent responses to treatment remains 
unclear. In a trial of single agent nivolumab in relapsed 
DLBCL, elevated PD-L1 expression was present in only 9% 
of lymphomas, but the majority of responding patients did 
not have PD-L1 expression in their tumors [9]. Similarly, 
in a trial combining nivolumab with ibrutinib in relapsed 
DLBCL, elevated PD-L1 expression was again rare but was 
associated with complete response but not overall response 
[9]. In contrast, a recent study from our center of untreated 
DLBCL demonstrated that 83% of the specimens expressed 
PD-L1, and that PD-L1 was associated with excellent out-

comes when the patients were treated with pembrolizumab+ 
R-CHOP [28]. Results of ICI in relapsed/refractory FL have 
been disappointing with an overall response rate of just 4% 
to singe agent nivolumab [29], despite more encouraging 
initial data [30].

Here, we demonstrate that CD8+ T-cells infiltrating DLBCL 
are highly activated and lack an exhausted phenotype. We 
show that the expression of counter-regulatory receptors 
such as PD-1, TIM-3, or CTLA-4 also does not mark T-cell 
exhaustion. Similar findings were reported in an independent 
study in DLBCL just last year [31]. This runs contrary to 
the classical exhaustion model seen in viral infections. In 
chronic viral infection, PD-1 is rapidly upregulated upon 
antigen stimulation and T-cell activation [32], but con-
stitutive expression due to chronic antigen stimulation can 
result in T-cell exhaustion [33]. However, some studies have 
questioned whether this biology holds true in other settings. 
In both healthy human lymphocytes and tumor infiltrating 
lymphocytes, CD8+PD-1+ T-cells have similar capacity to 
produce inflammatory cytokines such as IFN, IL-2, and 
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TNF compared to PD-1- cells [34, 35]. Similarly, in melano-
ma patients immunized against the melanoma antigen 
MART1, antigen-specific T-cells retained their ability to se-
crete IFN, produce granzyme B, and degranulate regardless 
of PD-1 expression [34]. Acquisition of other immune check-
point receptors is also not synonymous with exhaustion. 
In chronic viral infection, co-expression of PD-1 and TIM-3 
represents the most functionally exhausted T-cells [36, 37]. 
In contrast, circulating tumor-specific T-cells in melanoma 
patients maintain their function despite expressing high lev-
els of PD-1, TIM-3, and CTLA-4 [38].

The biology can also vary depending on the organ 
microenvironment. In colorectal cancer, CD8+PD-1+ T-cells 
have different phenotypes in the tumor and lymph nodes. 
While PD-1 defines exhausted T-cells in the tumor, PD-1+ 
cells in the draining lymph nodes retain their functional 
capacity [39]. In CLL, circulating PD-1+CD8+ T-cells retain 
their ability to produce cytokines. In contrast to the pheno-
type we observe in DLBCL, these CD8+ T-cells have defective 
cytotoxicity [26]. Together, these data suggest that the func-
tion of PD-1+ T-cells may largely depend on the immunologic 
milieu.

With the presence of highly activated and functional 
T-cells in NHL, it remains unclear why T-cells cannot erad-
icate the tumor. One possibility is the defect in production 
of IL-2, although the role of IL-2 in CD8+ T-cells is unclear. 
Some have described CD8+ T-cells with reduced IL-2 pro-
duction capacity as highly cytotoxic effector cells [25]. Others 
have described two populations of CD8+ T-cells during the 
effector phase of viral infection: those that co-produce IFN 
and IL-2, and those that only produce IFN. During the 
effector phase, the IL-2 producing T-cells have increased 
survival and potential to become memory cells. However, 
the IL-2 non-producing cells can also develop into memory 
cells with equivalent response upon antigen re-challenge 
[40]. Additionally, lymphomas may be infiltrated with regu-
latory T-cells that can suppress other aspects of T-cell 
function. Indeed, we observed a slightly increased number 
of Tregs in NHL, but a minority were activated. Another 
possibility is that there are not sufficient tumor antigens 
to stimulate the T-cells. However, DLBCL has one of the 
highest tumor mutational burdens among cancers, com-
parable to other cancers that respond robustly to checkpoint 
inhibitors such as melanoma or non-small cell lung cancer 
[41]. Another possible explanation is that these antigens are 
not presented to the T-cells. Indeed, approximately half of 
all DLBCLs lose their expression of HLA class I [42]. 
Additionally, we observed that dendritic cells—which some 
suggest are a major presenter of tumor antigens—were ex-
tremely rare (data not shown). Even if antigen presentation 
is occurring, the large T-cell activation may represent the 
“bystander” effect, in which non-tumor-reactive T-cells ex-
pand in response to an inflammatory environment caused 
by the tumor [43]. The tumors may not be infiltrated with 
the T-cells. Indeed, in our cohort, there was tremendous 
variation in T-cell numbers. In DLBCL, CD8+ PD-1+ T-cells 
represented anywhere between 0.3% and 31% of all cells 

with a mean of 10%. Finally, the T-cells may have defects 
in formation of the immunologic synapse and thus lose killing 
ability. This has been described in FL [43], although it remains 
controversial [15]. It has also been described in a very small 
subset of DLBCL, although it appears to be primarily for 
DLBCL previously transformed from FL which may exhibit 
different biology than de novo DLBCL [44].

There are some limitations to our study that are worthy 
of discussion. Due to the limited sample size, it possible 
that the samples we analyzed are not representative of DLBCL 
as a whole. Nevertheless, these data suggest that there is 
a subset of DLBCL patients who lack hallmarks of exhaustion. 
Although we assessed T-cell killing ability by monitoring 
cytokine production, granule production, and degranulation, 
we did not directly test T-cell cytotoxicity in killing assays. 
It is also unclear whether immune checkpoint inhibition 
can alter the immune microenvironment to restore T-cell 
killing. We are currently examining this in two clinical trials 
of immune checkpoint inhibitors. It is also unclear what 
effect the degree of T-cell activation has upon clinical 
outcome. Because of our limited sample size—nearly all of 
which contain highly activated T-cells—we could not assess 
this. However, the presence of PD-1+ tumor infiltrating lym-
phocytes is positively correlated with a better prognosis in 
DLBCL [45-47] suggesting that CD8+PD-1+ T-cells may help 
clear the tumor in certain circumstances. Finally, although 
CD4+ T-cells play an important part of anti-tumor immunity, 
we did not examine them in this study because we could 
not reliably identify changes relative to reactive lymph nodes 
using our assays.

Notably, our results run contrary to others that suggest 
that CD8+PD-1+ T-cells have defective production of cyto-
kines such as IFN [48]. However, this discrepancy may 
be explained by important methodological differences. In 
the prior study, cells were stimulated through the T-cell 
receptor with anti-CD3/CD28 beads which results in pro-
duction of modest levels of IFN. In our study, the T-cell 
receptor was bypassed through use of PMA and ionomycin 
which is a significantly stronger stimulus that favors pro-
duction of IFN. Additionally, in the prior study, cells were 
stimulated for 6 hours. Cytokine production upon T-cell 
stimulation through CD3/CD28 is quite modest at 6 hours 
and does not peak until 24 hours. In contrast, PMA and 
ionomycin produces peak production after approximately 
6 hours [49]. This suggests that PD-1+ T-cells may show 
decreased cytokine production upon relatively short and 
weak T-cell signaling, but this can be bypassed by a stronger 
stimulus. In other words, expression of immune checkpoint 
receptors may represent T-cells that retain the capacity for 
rapid and robust activation.

In sum, DLBCL is characterized by the infiltration of high-
ly functional CD8+ T-cells that lack the major hallmarks 
of exhaustion despite expression of counter-regulatory 
receptors. This biology may explain the failure of PD-1 in-
hibitors in this disease, as they require PD-1 mediated ex-
haustion in order to exert their effect. However, given rare 
patients who enjoy durable responses to PD-1 inhibitors, 
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there may be a subset of patients that show a true exhaustion 
phenotype. Assessing CD8+ T-cell function may help identify 
which patients may benefit from these drugs.
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Supplementary Table 1.  Flow cytometry panels utilized in this 
study. 

Panel 1 Panel 2 Panel 3

CD3 CD3 CD3
CD4 CD4 CD4
CD8 CD8 CD8
CD127 FoxP3 GzmB
CD25 GARP Perforin
CCR6 CD45RA cPARP
CXCR3 CCR7 -
CXCR5 CXCR5 CXCR5
PD1 PD1 PD1
HLA-DR TIM3 TIM3
CD38 CTLA4 CTLA4
CD56 LAG3 TIGIT
CD14 CD14 -
CD33 CD33 -
CD20 CD20 CD20
CD19 PD-L1 PD-L1
Ig Ig -
Ig Ig -
CD24 PD-L2 -
CD10 IL-2 -
CD5 IFN -
Live/dead Live/dead Live/dead
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Supplementary Fig 1. Cell frequencies in DLBCL, broken down by activated B-cell (ABC) and germinal center B-cells (GCB) cell of origin. (A) Tfh, 
(B) Treg, (C) CD4+ PD-1-, (D) CD4+ PD-1int, (E) CD8+ PD-1-, (F) CD8+ PD-1+. Frequencies represent the proportion of cells after lymphoma cells 
were excluded from the analysis. GARP+ Tregs, CD4+ TIM3+ PD1int cells, and CD8+ PD1+ TIM3+ cells are not show because only one ABC subtype 
sample was present in that cohort. ABC (N=6), GCB (N=11). P-values as indicated.


