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Abstract

Mantle cell lymphoma (MCL) is an aggressive B-cell malignancy for which novel therapeutics 

with improved efficacy are greatly needed. To provide support for clinical immune checkpoint 

blockade, we comprehensively evaluated the expression of therapeutically targetable immune 

checkpoint molecules on primary MCL cells. MCL cells showed constitutive expression of 

Programmed Death 1 (PD-1) and Programmed Death Ligand 1 (PD-L1), variable CD200, absent 

PD-L2, Lymphocyte Activation Gene 3 (LAG-3), and Cytotoxic T-cell Associated Protein 4 

(CTLA-4). Effector cells from MCL patients expressed PD-1. Co-culture of MCL cells with T-

cells induced PD-L1 surface expression, a phenomenon regulated by IFNγ and CD40:CD40L 

interaction. Induction of PD-L1 was attenuated by concurrent treatment with ibrutinib or duvelisib, 

suggesting BTK and PI3K are important mediators of PD-L1 expression. Overall, our data provide 

further insight into the expression of checkpoint molecules in MCL and support the use of PD-L1 

blocking antibodies in MCL patients.
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Introduction

Mantle cell lymphoma (MCL) is an aggressive B-cell non-Hodgkin lymphoma (NHL), and 

despite decades of research, it remains incurable for most patients [1]. Younger patients are 

treated with chemo-immunotherapy followed by autologous stem cell transplant 

consolidation [1], but even with intensive treatment, median overall survival is only 5–7 

years [2]. Among older patients who are not candidates for autologous stem cell transplant, 

outcome is even shorter [3]. Although recent efforts have unveiled a number of targeted 

therapies, such as the Bruton’s tyrosine kinase (BTK) inhibitors ibrutinib and acalab-rutinib 

and the BCL2 inhibitor venetoclax, these novel therapies offer only marginal improvements 

in patient outcome, and survival statistics remain grim [4,5]. Clearly, improved therapies for 

this aggressive cancer are needed.

For solid tumors and some hematopoietic malignancies, immune escape was recently 

identified as a mechanism of cancer cell survival (reviewed in [6]). In some instances, 

researchers have pinpointed specific molecular mechanisms of immune evasion, leading to 

the development of therapeutics which enhance antitumor immunity and successful 

treatment of these patients (reviewed in [7]). Of particular interest are immune checkpoint 

molecules, surface proteins expressed on tumor cells, and immune regulatory cells which 

serve to modulate the immune system, often dampening antitumor immunity. A variety of 

immune checkpoint molecules have been shown to play a role in tumor immunology, and 

these include Programmed Death 1 (PD-1) and its ligands PD-L1 and PD-L2; Cytotoxic T-

Lymphocyte Activator 4 (CTLA-4); Lymphocyte Activation Gene 3 (LAG-3), and CD200, 

among others (reviewed in [7]). PD-1, PD-L1, CTLA-4, and LAG-3 are expressed on T-cells 

(and rarely other immune effector cells), and in this context, ligation reduces immune cell 

activation, leading to diminished cytotoxicity, proliferation, and cytokine production [8–11]. 

Investigation of immune checkpoint molecule expression by cancer cells has heavily focused 

on PD-L1, with clinical trials aimed at therapeutically blocking its interaction with PD-1. 

More recently, it has been established that tumor cells can also express CTLA-4 and healthy 

B-cells LAG-3, both of which are traditionally thought of as being T-cell receptors [12–14], 

prompting speculation that these molecules may play a direct role in cancer cell survival 

when expressed within the tumor.

Many immune checkpoint molecules are therapeutically targetable by monoclonal antibody 

blockade including PD-1, PD-L1, PD-L2, CTLA-4, LAG-3, and CD200. Targeted blockade 

of two of these molecules, PD-1 and CTLA-4, has resulted in clinical benefit for patients 

with a variety of solid tumors and Hodgkin lymphoma [15–19]. Surprisingly, there are few 

data related to expression or function of these molecules in MCL, and published data are 

often conflicting. For example, four separate studies have shown widespread expression, 

infrequent expression, or absent expression of PD-L1 on MCL cells [20–23]. Herein, we 

evaluate expression of several immune checkpoint molecules on MCL cells, showing 

variable but constitutive expression of PD-L1 on tumor cells. We also show that upon 

exposure to immune effector cells, as may occur in the tumor microenvironment, PD-L1 is 

highly upregulated on MCL cells. Finally, we dissect the mechanism of PD-L1 regulation in 

this disease, also showing that targeted therapeutics, such as ibrutinib and duvelisib, may 

reduce PD-L1 expression with obvious clinical implications for combination studies.
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Methods

Samples

Blood was obtained from healthy donors or from MCL patients in leukemic phase via 

venipuncture at The Ohio State University following written informed consent under an 

Institutional Review Board-approved protocol in accordance with the Declaration of 

Helsinki. Total peripheral blood mononuclear cells (PBMCs) were isolated via Ficoll® 

Paque PLUS (GE Healthcare Biosciences) density gradient centrifugation according to the 

manufacturer’s protocol. MCL cells and normal cells were preserved in freezing media 

composed of 45% FBS, 45% RPMI media, 10% DMSO at −135 °C until further use. After 

thawing, cells were washed once with phosphate-buffered saline, prior to re-suspending in 

complete media composed of RPMI media, 10% FBS, 10,000 units penicillin per mL, and 

10 mg streptomycin per mL. Information on patient demographics, prior therapy or 

treatment naïve status, and MCL variant is included in Supplementary Table 1.

Cell selection

Cryopreserved MCL cells were thawed in complete RPMI. Selection of MCL cells was 

performed using EasySep human B-cell enrichment kit without CD43 depletion (StemCell 

Technologies, Vancouver BC) according to the manufacturer instructions. Allogeneic and 

autologous T-cells were selected immediately after collection using human T-cell enrichment 

cocktail (StemCell Technologies) in combination with Ficoll-Paque PLUS in accordance 

with the manufacturer instructions.

Co-culture

T-cells were plated with MCL cells at a ratio of 1:1 for allogeneic co-culture (typically 1 × 

106 MCL cells and 1 × 106 T-cells) and a ratio of 1:4 for autologous co-culture (typically 1 × 

106 MCL cells and 2.5 × 105 T-cells) in a 6-well tissue culture plate. To distinguish T-cells 

from MCL cells by flow cytometry, MCL cells were stained with CellVue® Claret Far Red 

Fluorescent Cell Linker Kit (Sigma-Aldrich, St. Louis MO) according to the manufacturer 

protocol. In preparation for plating, anti-CD3 purified functional grade antibody (Thermo 

Fisher Scientific, Waltham, MA) was applied at a concentration of 10 μg antibody per 1 mL 

of PBS to the bottom of a 6-well plate for a minimum of 4h. Anti-CD3 antibody was 

removed, and the plate washed once with PBS prior to plating cells. Anti-CD28 (Thermo 

Fisher) purified functional grade antibody was added to media with cells at a concentration 

of 1 μg/mL. For membrane separated co-culture, Transwell® polycarbonate membrane cell 

culture inserts (Sigma-Aldrich) were applied to wells with T-cells beneath the insert and 

MCL cells on top of the insert. For experiments in Figures 2(A–D), 3(B–G) and 5(A), PD-

L1 expression was measured after 48 h as this is the time when the most robust induction 

was apparent. For experiments in Figures 4(A,B), PD-L1 expression was measured after 24 

h to preserve the effects of the kinase inhibitors. For experiment 5B, PD-L1 expression was 

measured after 12 h prior to excessive reduction in cell viability due to α-amanitin 

treatment. Additional reagents for experiments evaluating IFNγ blockade, CD40 blockade, 

and α-amanitin treatment are described in the supplement.
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Flow cytometry

For all experiments, 1 × 106 cells were stained for viability using a fixable reactive amine 

dye and surface markers in a two-step staining process. Detailed staining methods are 

described in the supplement. Gating strategies are provided in Supplementary Figure 1.

Real-time polymerase chain reaction (RT-PCR)

RNA was extracted, cDNA was synthesized, and RT-PCR was performed as previously 

described [24]. Primers are as follows (all from Thermo Fisher): PD-L1 (Hs01125301_m1), 

PD-L2 (Hs01057777_m1), CD200 (Hs01033303_m1), LAG-3 (Hs00158563_m1), CTLA-4 

(Hs03044418_m1), TBP (4325803), CD52 (Hs00174349_m1), MCL1 (Hs00172036_m1). 

For experiments in Figure 5, relative expression was normalized to the endogenous control 

gene CD52 [25] and calculated by the 2−(ΔΔCt) method [26].

Statistical analysis

Paired T-tests with α = 0.05 were used in Figures 2, 3(A–G), 4(B), and 5(C,D). Paired T-

tests with α = 0.0125 (adjusted with a Bonferroni procedure) were used to evaluate the 

induction of PD-L1 in Figure 3(B). Assays in Figures 3(E–G), 4(A), and 5(A,B) were 

evaluated using a paired T-test, and the p-value was corrected using Holm’s procedure 

[27,28]. A linear mixed-effects model including the interaction between CD40 and IFN 

blockade was used in Figure 3(F).

Results

MCL cells constitutively express immune checkpoint molecules

Given the success of immune checkpoint blockade in multiple cancers, we examined surface 

expression of six therapeutically targetable immune checkpoint molecules on MCL tumor 

cells. PD-L1, PD-L2, and CD200 were selected due to their well-known expression on 

healthy B-cells and lymphoid malignancies [29,30]. We also investigated PD-1, CTLA-4, 

and LAG-3, given the suggestion in several publications that they may play an immune-

suppressive role in tumor microenvironment [12–14]. Primary MCL tumor cells isolated 

from the peripheral blood of MCL patients in leukemic phase were evaluated for these 

molecules at the mRNA level by RT-PCR and membrane surface protein level by flow 

cytometry. Figure 1(A) shows raw Ct values from real-time PCR for nine patients. Anti-CD3 

and anti-CD28-activated T-cells served as positive controls for PD-L1, PD-1, CTLA-4, and 

LAG-3; chronic lymphocytic leukemia (CLL) cells for CD200; and the L428 Hodgkin 

lymphoma cell line for PD-L2. Only PD-L1, PD-1, and CD200 were robustly expressed at 

the mRNA level with mean Ct values below 30 in primary MCL samples, and 

Supplementary Figure 2 shows normalized Ct values for these three targets. Furthermore, 

PD-L1 and PD-1 showed the most consistent mRNA expression, whereas CD200 mRNA 

expression was variable. CTLA-4, LAG-3, and PD-L2 had very low mRNA expression in 

these samples. Surface protein expression of PD-L1 in MCL patients complimented the 

mRNA data (Figure 1(B,C)), showing consistent expression of PD-L1 in six out of six 

patients evaluated, slightly lower but also consistent expression of PD-1 and inconsistent 

expression of CD200. In contrast, CTLA-4, LAG-3, and PD-L2 were absent from the cell 
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surface which is consistent with low mRNA expression. Gating strategy for flow 

experiments is shown in Supplementary Figure 1.

T-cells and NK cells from MCL patients express PD-1

Given the consistent expression of PD-L1 on MCL tumor cells, we next sought to evaluate 

whether PD-1 was present on immune effector cells in these patients. Figure 2(A,C) showed 

PD-1 expression levels on CD8+ T-cell from MCL patients to be comparable to that on 

healthy donor CD8+ T-cells. In Figure 2(B,D), there was increased mean PD-1 expression 

on NK cells in MCL patients versus healthy donor NK cells, though not statistically 

significant (p=.279).

PD-L1 surface expression is attenuated following ex vivo culture but can be restored 
through co-culture with activated T-cells

Though MCL cells express PD-L1, we subsequently discovered that expression is highly 

labile, and culturing the cells for up to 48 h led to dramatic reduction in surface PD-L1 

expression (p=.047) (Figure 3(A)). This change occurred irrespective of cell viability, which 

was evaluated using amine reactive fluorescent markers (described in Supplementary Figure 

1). PD-L1 expression was restored in the MCL cells after exposure to allogeneic healthy 

donor T-cells activated through T-cell receptor stimulation by anti-CD3 and anti-CD28 

antibodies for 48 h (p=.0117, .0149, and .0005) (Figure 3(B,C)). Co-culture of MCL cells 

with autologous activated T-cells derived from the patient’s peripheral blood showed a 

similar trend of PD-L1 surface protein induction after 48 h (N = 1) (Figure 3(D)). In a brief 

pilot experiment, PD-L1 surface protein expression was evaluated both 24- and 48-h time 

points. Supplementary Figure 3 shows that PD-L1 induction was more robust at 48 h for 

primary patient cells and the MCL cell line Mino, while the MCL cell line Jeko had slightly 

higher PD-L1 expression at 24 h. Given these data, the majority of subsequent experiment 

are conducted using a 48-h time point, except in cases where this prolonged incubation 

would result in excessive cell death, such as following treatment with small molecule 

inhibitors or transcriptional inhibitors.

Few data are published regarding the regulation of PD-L1 expression in lymphoma. Thus, 

we next sought to investigate the mechanism of PD-L1 induction in the co-culture setting. 

To determine whether induction is dependent on cell to cell contact or soluble mediators, we 

performed a co-culture using a porous membrane insert within the plate wells (Figure 3(E)). 

The membranes are perforated with 0.4 μM diameter pores, which allow soluble molecules, 

such as cytokines, to pass but not permitting T-cells and MCL cells contact with one another 

[31,32]. Co-culture of activated allogeneic T-cells and MCL cells in this setting resulted in 

induction of PD-L1. Removal of the membrane led to further increase of PD-L1 expression, 

suggesting both a soluble mediator and contact dependent mechanism (p=.038). 

Additionally, anti-interferon gamma (IFNγ) blocking antibodies attenuated PD-L1 induction 

to baseline in the membrane separated condition, indicating IFNγ is the primary soluble 

mediator of PD-L1 expression in our MCL cells (p=.038) consistent with previous studies 

[20].

Harrington et al. Page 5

Leuk Lymphoma. Author manuscript; available in PMC 2019 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In healthy B-cells, contact-dependent activation may occur through the interaction between 

CD40 on B-cells and CD40 ligand on the surface of the T-cell. We therefore hypothesized 

that this interaction may be inducing PD-L1. In Figure 3(F), blockade of CD40 (p=.051) or 

IFNγ (p = 0.102) led to a trend toward reduced PD-L1 expression in co-culture, though 

these results were not statistically significant. Finally, PD-L1 can be independently induced 

in a dose-dependent manner in the presence of soluble human recombinant IFNγ at 48 h 

(p=.01) (Figure 3(G)). Taken together, these data suggest that both IFNγ and CD40 

contribute to PD-L1 induction in the co-culture system, though additional contact-dependent 

mechanisms are also at play.

PD-L1 expression is attenuated by inhibition of kinases involved in B-cell receptor 
signaling

In order to investigate intracellular signaling mechanisms involved in modulation of PD-L1 

expression, MCL cells and allogeneic T-cells were treated with the irreversible BTK 

inhibitors ibrutinib or acalabrutinib (Figure 4(A)). Cells were incubated with ibrutinib or 

acalabrutinib (1 μM) for 1 h followed by removal of the inhibitor from solution by PBS wash 

and plating for co-culture. Treatment of both MCL cells and T-cells (N = 5) with ibrutinib 

resulted in significant reduction of PD-L1 expression (p=.0128), while a significant 

reduction in PD-L1 was not observed with acalabrutinib (p=.66). Importantly, for all flow 

cytometry experiments, live cells were identified using an amine reactive dye, and thus, 

reduction in PD-L1 expression was unrelated to viability. Statistically significant reduction 

in PD-L1 occurred with only ibrutinib treatment, highlighting the importance of BTK in the 

expression of PD-L1; PD-L1 reduction was more robust with ibrutinib compared with 

acalabrutinib, suggesting that alternative T-cell kinases inhibited by ibrutinib but not 

acalabrutinib also play a role.

Similar reduction in PD-L1 expression was observed following continuous treatment of both 

MCL cells and T-cells with the dual PI3Kδ and γ inhibitor duvelisib at a concentration of 1 

μM (p=.01) (Figure 4(B)). Taken together, these findings indicate that activating prosurvival 

signals regulated by BCR and T-cell receptor kinases and isoform-specific PI3K contribute 

to PD-L1 up-regulation in MCL.

PD-L1 surface protein expression is regulated by the transcriptional activity of RNA 
polymerase II

To further dissect the mechanism of PD-L1 regulation on MCL tumor cells, we evaluated 

whether its expression was regulated at the transcriptional level. Two commonly used MCL 

cell lines, Mino and Jeko, were used for these experiments. In a manner similar to primary 

MCL cells, Jeko (Figure 5(A)) and Mino (Figure 5(B)) cells co-cultured with activated T-

cells showed increased PD-L1 surface protein expression in comparison with their respective 

controls (Jeko: p=.039, .077, .11 and Mino: p=.027, .027, .027). mRNA transcripts of 

CD274 that encodes PD-L1 increased after co-culture with activated T-cells in a manner 

similar to the surface protein levels, suggesting regulation at the transcriptional level (Jeko: 

p=.017, .0014, .021 and Mino: p=.00018, .028, .05). To support this hypothesis, we 

performed experiments using the irreversible RNA polymerase II inhibitor α-amanitin, 

which, by virtue of its covalent binding properties, remains bound to its target after washing 
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it out of solution. Mino and Jeko cells treated with α-amanitin prior to co-culture with T-

cells showed a trend toward inhibition of mRNA transcripts of PD-L1 alongside a parallel 

reduction in surface protein (p=. 195 and .228 for protein expression in Mino and Jeko, 

respectively) (Figure 5(C,D)). Importantly, only the Mino and Jeko cells were treated with 

α-amanitin, so the transcriptional blockade was specific to the MCL cells and not the T-

cells. MCL1 was used as a positive control for α-amanitin due to the short half-life of its 

mRNA transcript (Supplementary Figure 4) [28]. In summary, these findings support the 

hypothesis that PD-L1 is regulated at the transcriptional level in MCL.

Discussion

Immune checkpoint inhibitor therapy represents a new wave of immunotherapy, the success 

of which is evidenced in many solid cancers and Hodgkin lymphoma [15–19]. Though 

therapeutic strategies with these inhibitors are still being optimized, the presence or absence 

of specific immune checkpoints on the surface of cancer cells and effector cells appears to 

play a critical role as a biomarker of response to therapy [19,33,34]. Few prior studies have 

evaluated the landscape of immune checkpoints in MCL [20–23]. While some of our 

experiments were statistically underpowered, our findings are meaningful because cell line 

results were validated in primary MCL patient samples, despite the challenges of obtaining 

such specimens. Here, we demonstrate that MCL cells express multiple immune checkpoints 

including PD-L1, PD-1, and more variably CD200. CTLA-4, PD-L2, and LAG-3 were not 

detected, although this may be the result of small sample size. Expression of PD-L1 on MCL 

cells and its cognate receptor PD-1 on T-cells and NK cells support therapeutic inhibition of 

this pathway in MCL.

The relevance of PD-1 expression on MCL cells is uncertain, and this is the first time this 

molecule has been demonstrated on MCL. A few studies have identified the expression of 

immune checkpoint molecules traditionally associated with T-cells on the surface of tumor 

cells. In two investigations, ligation of CTLA-4 on solid tumor cells and leukemia cells 

induced apoptosis [13,14]. Given these studies, the possibility remains that PD-1 expression 

on MCL cells may be an important mechanism by which growth and survival signals are 

regulated in the tumor microenvironment, and this finding carries implications for 

therapeutic blockade of the PD-1 and PD-L interaction. In addition, PD-L1 is 

physiologically expressed on the surface of B cells, T-cells, and macrophages, indicating the 

existence of a reciprocal immune escape mechanism mediated by the interaction between 

PD-1 on MCL cells and PD-L1 on immune effector cells.

It is interesting that we found some MCL patient samples to express CD200 as a recent 

publication indicated that a CD200 negative immunophenotype can be used to identify MCL 

patients and distinguish them from CLL [35]. Importantly, CLL cells were used as a positive 

control for CD200 in these investigations, and although MCL patients expressed CD200, the 

CLL cells were invariably much brighter by flow cytometry analysis. Thus, our data also 

support differential expression of CD200 by these two cancers and findings are not in direct 

opposition with this previous publication.
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Rapid attenuation of PD-L1 in culture speaks to the labile nature of its expression, and the 

mechanism of PD-L1 regulation in MCL, has not been previously described. Our data show 

that both IFNγ and CD40:CD40L interaction between MCL cells and T-cells regulates PD-

L1 expression. IFNγ has previously been reported to induce PD-L1 expression in normal 

and cancerous tissues [20,36–38]. Since blockade of both CD40 and IFNγ resulted in 

incomplete PD-L1 attenuation, other unidentified contact-dependent mechanisms are at play. 

Our studies confirm the transcriptional regulation of PD-L1 in MCL cells, similar to other 

cancers [38,39].

Modulation of PD-L1 expression with kinase inhibitors is a novel finding. BTK inhibitors 

showed a more modest inhibition of PD-L1 expression in comparison with PI3K inhibitors. 

This may be related to the fact that PI3K is downstream of many growth factor receptors, in 

comparison with BTK, which is more specific for BCR signaling [40,41]. In addition, PI3K 

is in closer proximity to NFκB, a known driver of PD-L1 in other cancers [42], in 

comparison with BTK.

Ibrutinib and acalabrutinib are primarily inhibitors of BTK, but also have numerous 

alternative kinase targets. Acalabrutinib is more selective for BTK than ibrutinib, but also 

inhibits the T-cell kinase TXK, the ubiquitously expressed kinase BMX, and ErbB4 [43]. 

Ibrutinib inhibits the above kinases, in addition to the T-cell kinases ITK and TEC, and 

additional EGFR family kinases (ErbB1, ErbB2, ErbB3, ErbB4) [44]. Ibrutinib showed a 

more robust PD-L1 inhibition compared to acalabrutinib, suggesting that T-cell kinases 

(TEC, ITK) selectively inhibited by ibrutinib play a role in PD-L1 regulation, in addition to 

kinases that are targeted by both (BTK, TXK, Erb4, and BMX). While it is important to 

explore novel combination therapeutic strategies to enhance the limited preliminary single 

agent activity of checkpoint inhibitors in MCL, our data indicate that the effect of targeted 

therapies on the expression of checkpoint molecules should be taken into consideration in 

the rational design of novel clinical trials [45].

Together, these data provide novel insight into the landscape of immune checkpoint 

molecules expressed in MCL and the pathways that control PD-L1 expression. Although 

consistently present on MCL surface, the expression of PD-L1 can be modulated: Physical 

interaction mediated by CD40 and CD40L as well as cytokines such as IFNγ can induce up-

regulation of PD-L1, while targeted therapy such as BTK inhibitors and PI3K inhibitors can 

reduce its expression. This has important therapeutic implications for the rational 

development of combinations strategies that should aim at directly affecting the cancer cells 

while enhancing the immune-mediated antitumor response [46]. Ongoing clinical trials with 

checkpoint inhibitors in which serial lymph node biopsies are collected will help to answer 

the question how the expression of PD-L1 changes over time.

In summary, we have described the expression of the targetable immune checkpoint 

molecule PD-L1 in MCL. Our data urge the thorough evaluation of PD-1 or PD-L1 blockade 

in clinical trials with sizable number of MCL patients to affirm whether this pathway 

represents a viable target in this disease.

Harrington et al. Page 8

Leuk Lymphoma. Author manuscript; available in PMC 2019 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
mRNA and surface protein expression of immune checkpoint molecules in MCL. (A) Raw 

Ct values from real-time PCR evaluating PD-L1, PD-1, CD200, LAG-3, PD-L2, and 

CTLA-4 on primary MCL cells from peripheral blood. Only PD-L1, PD-1, and CD200 show 

robust expression with mean Ct values below 30, N = 9. (B) Surface protein expression of 

immune checkpoint molecules on MCL cells. Consistent with PCR data, PD-L1 (N = 6), 

PD-1 (N = 3), and CD200 (N = 4) are expressed, whereas LAG-3 (N = 3), PD-L2 (N = 3), 

and CTLA-4 (N = 3) are not. (C) Representative plots from MCL patient showing 

expression of PD-L1 and PD-1 but not CD200, LAG-3, PD-L2, or CTLA-4. Positive 

controls are CD3/CD28-activated T-cells for PD-L1, PD-1, LAG-3, and CTLA-4; CLL cells 

for CD200; and L428 cells for PD-L2.
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Figure 2. 
PD-1 expression of immune effector cells of MCL patients. (A) Flow cytometry staining of 

CD8+T-cells from peripheral blood of both leukemic and nonleukemic MCL patients shows 

PD-1 expression similar to healthy donor CD8+ T-cells. Paired T-test, α = 0.05, N = 4. (B) 

Flow cytometry staining of NK cells from peripheral blood of both leukemic and 

nonleukemic MCL patients shows PD-1 expression in comparison with healthy donor NK 

cells, which do not express PD-1. Paired T-test, α = 0.05, N = 4. (C) and (D) Representative 

flow plots are shown from CD8+ T-cells of patient #10 (C) and NK cells of patient #1 (D).
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Figure 3. 
Activated allogeneic and autologous T-cells modulate PD-L1 surface expression on MCL 

cells through IFNg secretion and CD40:CD40L interaction. (A) Flow cytometry data of 

MCL cells immediately after thawing and after 48 h. PD-L1 expression is lost in culture. *p 
≤ .05, Paired T-test, α = 0.05, N = 5. (B) Co-culturing the MCL cells with anti-CD3 and 

anti-CD28 stimulated allogeneic T-cells for 48 h restores PD-L1 surface protein on MCL 

cells. *p<.0125, Paired T-test, α = 0.0125, N = 3 C. Representative flow cytometry plots 

from the graph in Figure 3(B) showing PD-L1 induction after co-culture with activated 

allogeneic T-cells. (D) Induction of PD-L1 surface protein on MCL cells is also observed 

after autologous co-culture with CD3 and CD28-activated T-cells. N = 1. (E) Co-culture of 

MCL cells and allogeneic T-cells with (Transwell) membrane separation (0.4 μm pores 

allow proteins to pass but not cells). There is partial induction of PD-L1 when cells are 

separated by a transwell insert in comparison with cells co-cultured in contact with each 

other at the 48-h time point. This proves that both a soluble component and contact-

dependent component are responsible for PD-L1 induction. PD-L1 expression is reduced to 

baseline after antagonizing IFNγ in the transwell separated MCL and T-cells. *p≤.05, Paired 

T-test with Holm’s procedure, α = 0.05, N = 6. (F) Co-culture of MCL cells and allogenic T-

cells with CD40 and IFNγ antagonism. Blockade of IFNγ activity, CD40 activity, or both in 

the co-culture condition led to a trend toward reduced PD-L1, though small sample size 

precluded achieving statistically significant results. Linear and mixed-effects model, α = 

0.05, N = 4. (G) Recombinant IFNγ can also induce PD-L1 expression of MCL cells after 

48 h in a dose-dependent manner. **p≤.01, Paired T-test, α = 0.05, N = 3.
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Figure 4. 
Inhibitors of the BCR pathway abrogate inducible PD-L1 expression. (A) Reduction of PD-

L1 expression on MCL cells in co-culture after treatment with BTK inhibitors. MCL cells 

co-cultured with activated allogeneic T-cells show reduced PD-L1 expression following 

treatment of both MCL cells and T-cells with the irreversible BTK inhibitor ibrutinib (*p ≤ .

05). There is also a trend toward PD-L1 reduction after treatment of co-cultured MCL and T-

cells with acalabrutinib (p>.05). Paired T-test with Holm’s procedure, α = 0.05, N = 5. (B) 

There is reduction of PD-L1 expression after treatment of co-cultured MCL cells and 

activated T-cells with the PI3K inhibitor duvelisib. **p≤.01, Paired T-test, α = 0.05, N = 5.
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Figure 5. 
PD-L1 surface protein expression is regulated by transcriptional activity of RNA polymerase 

II. (A) Jeko cell line shows inducible PD-L1 surface protein in co-culture with activated 

allogeneic T-cells similar to primary MCL cells. RT-PCR performed in parallel to the flow 

cytometry shows that the mRNA levels rise in unison with the surface protein level. *p≤.05, 

**p≤.01, Paired T-test with Holm’s procedure, α = 0.05, N = 4. (B) Mino cell line shows 

inducible PD-L1 surface protein in co-culture with activated allogeneic T-cells similar to 

primary MCL cells. RT-PCR performed in parallel to the flow cytometry shows that the 
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mRNA levels rise in unison with the surface protein level. *p ≤ .05, **p ≤ .01, Paired T-test 

with Holm’s procedure, α = 0.05, N = 4. (C) Application of α-amanitin, an RNA 

polymerase II inhibitor, to Jeko cells only in conjunction with activated T-cells showed that 

inhibition of transcription leads to a simultaneous decrease in surface protein expression 

though statistical significance was no achieved (p = .228), suggesting transcriptional 

regulation of PD-L1. mRNA levels were normalized to the housekeeping gene CD52, whose 

transcript has a long half life and to baseline levels of mRNA transcripts in Jeko cells. Paired 

T-test, α = 0.05, N = 3. (D) Application of α-amanitin, an RNA polymerase II inhibitor, to 

Mino cells only in conjunction with activated T-cells showed that inhibition of transcription 

leads to a simultaneous decrease in surface protein expression though statistical significance 

was not achieved (p = .195), suggesting transcriptional regulation of PD-L1. mRNA levels 

are normalized to the housekeeping gene CD52, whose transcript has a long half life and to 

baseline levels of mRNA transcripts in Mino cells. Paired T-test, α = 0.05, N = 3.
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