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Key Points

•Cytokines in the BM
microenvironment
regulate PD-1 ligand
expression and secre-
tion in WM.

• Secreted PD-1 ligands
modulate T-cell func-
tion in WM.

Although immune checkpoint molecules regulate the progression of certain cancers, their

significance in malignant development of Waldenstrom macroglobulinemia (WM), an

incurable low-grade B-cell lymphoma, remains unknown. Recently, cytokines in the bone

marrow (BM) microenvironment are shown to contribute to the pathobiology of WM. Here,

we investigated the impact of cytokines, including interleukin-6 (IL-6) and IL-21, on immune

regulation and particularly on the programmed death-1 (PD-1) and its ligands PD-L1 and

PD-L2. We showed that IL-21, interferon g, and IL-6 significantly induced PD-L1 and PD-L2

gene expression in WM cell lines. Increased PD-L1 and PD-L2 messenger RNA was also

detected in patients’ BM cells. Patients’ nonmalignant BM cells, including T cells and

monocytes, showed increased PD-L1, butminimal or undetectable PD-L2 surface expression.

There was also very modest PD-L1 and PD-L2 surface expression by malignant WM cells,

suggesting that ligands are cleaved from the cell surface. Levels of soluble ligands were

higher in patients’ BM plasma and blood serum than controls. Furthermore, IL-21 and IL-6

increased secreted PD-L1 in the culture media of WM cell lines, implying that elevated levels

of soluble PD-1 ligands are cytokine mediated. Soluble PD-1 ligands reduced T-cell

proliferation, phosphorylated extracellular signal-regulated kinase and cyclin A levels,

mitochondrial adenosine triphosphate production, and spare respiratory capacity. In

conclusion, we identify that soluble PD-1 ligands are elevated in WM patients and, in

addition to surface-bound ligands in WM BM, could regulate T-cell function. Given the

capability of secreted forms to be bioactive at distant sites, soluble PD-1 ligands have the

potential to promote disease progression in WM.

Introduction

Waldenstrom macroglobulinemia (WM) is an uncommon low-grade B-cell lymphoma characterized by a
lymphoplasmacytic infiltrate within the bone marrow (BM) and by increased synthesis and accumulation
of monoclonal immunoglobulin M (IgM) in the serum, which increases the risk of hyperviscosity in the
affected patients.1,2 Despite advancements in understanding the biology of WM3 and introduction of
novel therapeutic interventions,4 the disease still remains incurable. Recent studies indicate that the
underlying molecular mechanisms contributing to the pathogenesis of WM are attributed not only to
the genomic aberrations of malignant cells5 but also to the complex signaling events arising from the
interaction of malignant cells with the components of BM milieu.6,7 Chromosomal deletion, recurrent
somatic mutations, and copy-number alterations are frequently found in WM tumor cells.8 However,
next-generation whole-genome sequencing analysis of the lymphoplasmacytic lymphoma cells has
revealed prevalent somatic mutations in myeloid differentiation factor 88 (MYD88) and CXCR4 found in
;90% and 40% of WM patients, respectively.5,8-10 Mutant MYD88, an adaptor protein downstream of
Toll-like (TLR) and interleukin-1 (IL-1) receptors, forms a complex with Bruton tyrosine kinase and
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induces constitutive activation of NF-kB resulting in increased
proliferation and survival of the WM cells.11 In addition, mutations
in CXCR4 are found to constitutively activate phosphatidylinositol
3-kinase/Akt and extracellular signal-regulated kinase (ERK) signaling
pathways, enhancing survival of the WM cells.12

Although genomic alteration in WM cells skew the signaling pathways
toward more of a proliferative and aggressive phenotype, recent
studies highlight that the BM microenvironment, including both cellular
and noncellular compartments, plays a significant role in mediating
increased proliferation and IgM secretion byWM cells.6,7,13 Analysis of
cytokine and chemokine expression in healthy subjects and WM
patients has revealed that certain chemokines and cytokines including
granulocyte colony-stimulating factor (G-CSF), soluble IL-2 receptor
(sIL-2R), CCL5, IL-6, IL-21, macrophage inflammatory protein-1a, and
B-lymphocyte stimulator are significantly increased in the serum
and BM of the WM patients.14-18 Elevated levels of IL-21, IL-6, and
B-lymphocyte stimulator have been shown to increase proliferation and
survival of WM cells and contribute to IgM secretion.14,16,19 Altered
cytokine expression can regulate the signaling events controlling
immune responses within the BM microenvironment,20,21 however, to
date, there are no data available on whether changes in the cytokine
composition of the WM BM could have an impact on immune
checkpoint molecules and regulate T-cell function.

The programmed death-1 (PD-1) receptor and the 2 naturally
occurring ligands PD-L1 and PD-L2 belong to B7 family members of
immune checkpoint molecules that negatively regulate the activation
and proliferation of T lymphocytes. Although the interaction of PD-1
with its ligands is important in maintaining immune tolerance, reduced
T-cell activity could provide an opportunity for tumor cells to evade
immune responses.22-24 Increased PD-1 or PD-L1 expression on the
cell surface of tumors cells has been reported in hematological
cancers25 as well as solid tumors including melanoma,26,27 lung,28

breast,29 ovarian,30 and bladder cancers.31 Monoclonal antibodies to
target PD-1 or PD-L1 are routinely being used for the treatment of
these patients and are associated with increased response rates and
survival.32-34 However, to date, there are no data available on how the
BM microenvironment modulates PD-1 and its ligands and thus
contributes to the pathophysiology of WM.

The goal of this study was to explore whether cytokines in theWMBM
microenvironment could modulate the expression of immune check-
point molecules, PD-1 and the ligands PD-L1 and PD-L2, and therefore
regulate the immune function and contribute to WM pathogenesis.

Materials and methods

Cell culture and reagents

The WM cell lines BCWM.1 (a gift from Steven Treon, Dana-Farber
Cancer Institute, Boston, MA) and MWCL-1 (established in our
laboratory) were used in this study. All cells were maintained in
RPMI 1640 (Invitrogen) supplemented with 50 U/mL penicillin G,
10 mg/mL streptomycin, 10% heat-inactivated fetal bovine
serum (FBS), 1 mM sodium pyruvate (Sigma-Aldrich), and 1%
minimal essential medium nonessential amino acids (Sigma-Aldrich)
at 37°C with 5% CO2. Recombinant human IL-6, IL-21, interferon
g (IFNg), and CCL5 were obtained from PeproTech.

Patients’ specimens

All samples were received from WM patients and normal subjects
under Mayo Clinic institutional review board approval and in

accordance with the Declaration of Helsinki. Both symptomatic and
asymptomatic (smoldering) WM samples were included in this study.
WM was defined as the presence of circulating IgM monoclonal
protein of any size with $10% BM infiltration with lymphoplasmacytic
cells. Smoldering WM was defined as the presence of serum IgM
monoclonal protein level $3 g/dL and/or BM containing $10% of
lymphoplasmacytic lymphoma, with no evidence of end-organ damage.
WM samples with mutant or wild-type MyD88 were both included in
this study. The BM biopsies were obtained from consented WM
patients (n 5 28). Control BM specimens (n 5 20) were collected
from the patients who had undergone hip replacement surgery.
Cellular fractionss were separated from noncellular (BM plasma)
fraction by centrifugation at 2500 rpm for 10 minutes. BM plasmas
were immediately snap-frozen in liquid nitrogen and stored in 280°C
for future analysis. BM cells were first ammonium-chloride-potassium
(ACK) lysed to remove red blood cells and then centrifuged at 400g for
5 minutes. Cell pellets were resuspended in RPMI, passed through
70-mm filters, washed, and subsequently used for isolation of
CD19/1382andCD191/1381cell populations using the fully automated
RoboSep 20000 cell separation system and EasySep human positive
selection kits for CD19 and CD138 (StemCell Technologies). Serum
samples were obtained fromWMpatients (n5 52) and matched normal
donors (n 5 20) and used for soluble PD-L1 and PD-L2 detection.

RT-PCR analysis

RNAwas extracted from CD191/1381 and CD19/1382 cells using
the miRNeasy Mini kit (Qiagen), the same day after sample delivery.
Complementary DNA (cDNA) synthesis and subsequent real-time
polymerase chain reaction (RT-PCR) analysis were performed at
the same time, on all collected patients’ samples. WM cell lines
were treated with 100 ng/mL IFNg, CCL5, IL-21, G-CSF, or 50 ng/mL
IL-6 for 3 days. Control (vehicle-treated) cells did not receive
cytokines. All of the cells were next collected and subjected to RNA
isolation, cDNA synthesis, and RT-PCR analysis at the same time. In
summary, 500 mg of isolated RNA was used for cDNA synthesis by
SuperScript III First-Strand Synthesis SuperMix (Invitrogen) fol-
lowed by real-time PCR analysis using Hot starTaq Master Mix
(Qiagen) and predesigned probes and primers (all from Integrated
DNA Technologies [IDT]) for PD-1 (probe, 59-/56 FAM/CGG
CCA GGA/ZEN/TGG TTC TTA GAC TCC/3IABkFQ/-39; primer
1, 59-GGC GGT GCT ACA ACT GG-39; primer 2, 59-AGG GCT
GGG GAG AAG GT-39), PD-L1 (probe, 59-/56-FAM/AGC ATT
GGA/ZEN/ACT TCT GAT CTT CAA GCAGG/3IABkFQ/-39; primer
1, 59-GGCATCCAAGAT ACAAACTCAAAG-39; primer 2, 59CTT
CCT CTT GTC ACG CTC AG-39), PD-L2 (probe, 59-/56-FAM/
AGC ACT TGT T/ZEN/CAC TTC CCT CTT TGT TGT/3IAbkFQ/-39;
primer 1, 59-CAA AAG CTG TAT TCT TCA AAA GAC AC-39;
primer 2, 59-AGA TGT CAT ATC AGG TCA CCC T-39), and
RPLP0 (probe, 5/HEX/CCC TGT CTT/ZEN/CCC TGG GCA TCA
C/3IABkFQ/-39; primer 1, 59-TTA AAC CCT GCG TGG CAATTA
AAC CCT GCG TGG CAA-39; 59-GTC TGC TCC CAC AAT GAA
AC-39) as a housekeeping gene. Amplification of the genes was run
on a Bio-Rad CFX96 Real-Time System and the relative gene
expression, normalized to housekeeping gene, was quantified using
the 22(ΔΔCT) method (where CT is the cycle threshold) and data
were reported as mean plus or minus standard error (SE).

Cell transfection

WM cell lines, MWCL-1 and BCWM.1, and a control embryonic
kidney cell line, HEK293, were transfected with PD-L1 and PD-L2
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coding sequence using the pLEX-MCS Inducible Expression
System (Open Biosystems). Each gene of interest was created by
RT-PCR. Primers were designed to incorporate restriction sites
XhoI (59) and AgeI (39) for PD-L1 and BamHI (59) and AgeI (39) for
PD-L2 vectors, then ligated into the pLEX-MCS vector using T4
DNA Ligase (New England Biolabs). The plasmid lentivirus was
amplified using DH5a (Escherichia coli) competent cells. The virus
was produced according to the manufacturer’s instructions and
introduced into MWCL-1, BCWM.1, and HEK293 cell lines. After 5
days of exposure to the virus, the transfected cells were selected
using puromycin. Fourteen days posttransfection, cells were
screened for the expression of PD-L1 and PD-L2 by flow cytometry.

Flow cytometry

To detect cell surface expression of PD-1, PD-L1, and PD-L2 on
CD191/1381 or CD19/1382 cell populations and to confirm the
overexpression of PD-L1 and PD-L2 on the cell surface of transfected
WM cell lines, cells were first stained with fixable viability dye eFlour
780 (eBioscience) and then incubated with fluorescent-conjugated
mouse anti-human antibodies including PD-1–peridinin chlorophyll
protein complex–Cy 5.5 (BD Biosciences), PD-L1-BV421, PD-
L2–phycoerythrin (PE) (Biolegend), or fluorescent-conjugated mouse
IgG1 isotype control for 45 minutes at room temperature. The BM
CD19/1382 cell population was also stained with CD14-PE-cy7,
CD15–fluorescein isothiocyanate, CD3–fluorescein isothiocyanate,
CD56-PE-cy7 to identify and gate on viable T cells, monocytes, natural
killer (NK) cells, and neutrophils, respectively. Stained cells were
analyzed on a Becton Dickinson (BD) FACSCanto II and data were
processed by FlowJo software (V10.4).

T-cell isolation and proliferation assay

T cells were isolated from peripheral blood mononuclear cells
(PBMCs). Briefly, whole blood was collected from normal donors
and mixed with phosphate-buffered saline in a 1:5 ratio. The mixture
was overlaid on top of 15 mL of Ficoll and centrifuged at 400g for
30 minutes. Mononuclear cells were gently collected from the
interface between Ficoll and plasma layer, washed with phosphate-
buffered saline, and ACK lysed to remove red blood cells. Isolated
PBMCs were used to extract T cells using RoboSep and a T-cell
isolation kit (T-cell negative selection kit; StemCell Technologies).
T-cell proliferation was assessed using 3H-Thymidine ([3H]TdR)
incorporation. Briefly, T cells were mixed with cell-free media
collected from control empty vector (EV), PD-L1–, or PD-L2–
transfected WM cell lines and plated at a density of 1 3 105/100 mL
per well on 96-well plates coated with 5 mg/mL OKT3 (BioLegend)
in the presence of CD28 (BD Biosciences). Cells were cultured
for 3 days, labeled with 1 mCi per well of [3H]TdR for 18 hours,
and harvested; incorporation of [3H]TdR was measured using
MicroBeta scintillation counter (PerkinElmer).

Immunohistochemistry

Formalin-fixed paraffin-embedded BM biopsy sections were obtained
from control and WM patients. The sections were deparaffinized in
Xylene, rehydrated in graded ethanol, incubated in 3% hydrogen
peroxide (H2O2) in methanol for 10 minutes to block endogenous
peroxidase, followed by heat-induced epitope retrieval using 1 mM
EDTA (pH 8) for 30 minutes. After blocking with 5% goat serum, the
sections were first incubated with primary antibodies for PD-1 (Biocare
Medical), PD-L1 and PD-L2 (Spring Bioscience) for 30 minutes and
next by secondary antibodies and streptavidin (30 minutes each). The

staining was then detected using Vectastain ABC and diaminobenzi-
dine, counterstained with Meyer hematoxylin, dehydrated with graded
ethanol and Xylene, and mounted. All slides were scanned using an
Olympus Ax70 microscope.

ELISA

Normal and WM BM biopsies were processed to isolate BM plasma
from cellular component by centrifugation at 2500 rpm for 10 minutes.
Peripheral blood serum samples were also obtained from normal
donors andWMpatients.WM cell lines were treated with cytokines for
3 days and cell-free media were collected. BCWM.1 cells were
stimulated with 50 ng/mL IL-6 or 100 ng/mL IL-21, in the presence or
absence of 0.5 mM STATTIC (STAT3 inhibitor) or 1 mM CP690550
(JAK inhibitor), respectively. Soluble PD-L1 and PD-L2 levels in the
patients’ BM plasma and peripheral serum, as well as in the media of
cytokine-treated WM cell lines, were determined using human PD-L1
(Abcam) and PD-L2 (R&D Systems) enzyme-linked immunosorbent
assay (ELISA) kits according to the provider’s instruction.

Western blot analysis

To detect soluble PD-1 ligands in the media of HEK293 and WM cell
lines, transfected cells overexpressing PD-L1 or PD-L2 were serum-
starved for 2 days. Culture media were collected and concentrated
using Amicon Ultra-15 10K Centrifugal Filter devices (Millipore) and
subjected to protein assay using a protein assay kit (Bio-Rad). To show
any change in T-cell cycle and survival protein expression in response to
soluble PD-L1 and PD-L2, transfected HEK293 andWMcell lines (13
106 cells/mL) were cultured in their corresponding media containing
growth factors for 2 days. Cell-free media were then collected and
added to isolated T cells from PBMCs and the mixture was cultured for
2 more days. T cells were then lysed using radioimmunoprecipitation
assay cell lysis buffer and protein concentration was determined.
Samples containing 30 mg of total protein, including concentrated
media and cell lysates, were run on 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis, transferred to nitrocellulose mem-
brane (Bio-Rad), and probed with primary antibodies for PD-L1, PD-L2
(Abcam), cyclin A, cyclin D1, phospho-ERK, and actin (Cell Signaling)
and horseradish peroxidase–conjugated secondary antibodies (Bio-
Rad). Membranes were then incubated with Supersignal chemilumi-
nescent substrates (Thermo Fischer Scientific) and the bands were
captured using radiograph films.

OCR measurement

T cells were isolated from PBMCs, cultured in RPMI 1640 containing
10%FBS, and stimulatedwith DynabeadsHuman T-ActivatorCD3/CD28
(Thermo Fischer Scientific) for 3 days. MWCL-1 cells expressing
control (EV), PD-L1 or PD-L2 were cultured at RPMI with 10% FBS
for 3 days and the cell free–conditionedmedia were collected. T cells
were then incubated with collected condition media for an additional
3 days and oxygen consumption rate (OCR) was analyzed using the
Cell Mito Stress kit (Agilent) and the Seahorse XFp Extracellular Flux
Analyzer (Seahorse Bioscience). Briefly, T cells were resuspended in
Agilent Seahorse XF Base Medium RPMI without phenol red, plated
onto Seahorse cell plates (2.53 105 cells per well), and incubated in
a CO2-free humidified 37°C incubator for 1 hour. Mitochondrial
respiration function was assessed by sequential injection of
electron transport chain modulators, including 1 mM oligomycin,
1 mM carbonyl cyanide-4 phenylhydrazone, and 1 mM rotenone/
antimycin A, over an 80-minute period. The analyzed stress test
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parameters were exported from the analyzer and the graphs were
prepared by GraphPad Prism (V6) software.

Statistical analysis

Unpaired Student t test analysis was used to compare differences
between control untreated and cytokine-treated cell lines. The
Wilcoxon paired nonparametric test was used to examine the
significant differences between mean values of patients and normal
groups. All analyses were performed on the GraphPad Prism (V6)
software, and data were reported as mean plus or minus SE.

Results

Effect of cytokine treatment on PD-1, PD-L1, and

PD-L2 expression by WM cell lines

Analysis of cytokine levels in the WM patients has previously shown
that IL-6, G-CSF, IL-21, and CCL5 cytokines are significantly
elevated within WM BM microenvironment.14 To examine whether
these cytokines can regulate the expression of the immune
checkpoint molecule PD-1 and its ligands in vitro, we treated WM
cell lines, BCWM.1 and MWCL-1, with 100 ng/mL of either IL-21,
IFNg, G-CSF, CCL5 or 50 ng/mL IL-6 for 72 hours (Figure 1). RT-
PCR data (Figure 1A-B) showed that PD-1 messenger RNA (mRNA)
was increased by G-CSF and IFNg in only BCWM.1 cells and
remained unchanged in other treatment settings. The effect of
cytokines on PD-L1 gene expression was similar in both cell lines.
IL-21, IL-6, and IFNg significantly increased PD-L1 gene expression,
whereas CCL5 and G-CSF did not show any effect when compared
with control untreated cells. In contrast to PD-L1, cytokine-mediated
PD-L2 gene expression was cell-line specific, in that IL-21 and IL-6
increased PD-L2 expression in only MWCL-1 line (Figure 1A-B).
Altogether, these results suggest that cytokines can modulate
expression of PD-1 ligands in WM cells. Furthermore, the pattern
of cytokine-induced PD-L1 gene expression appeared to be con-
sistent in both cell lines examined in this study. We then analyzed
surface expression of both ligands using flow cytometry (Figure 1C).
We found that only IL-21–treated BCWM.1 cells showed increased
PD-L1 surface expression compared with control untreated cells and
in contrast to the cytokine-treated gene expression data (Figure 1A-B),
we could not detect any upregulation of PD-L1 (Figure 1C) or PD-L2
(data not shown) in any of the other treatment settings.

PD-1, PD-L1, and PD-L2 expression by CD192/1382

and CD191/1381 cell population isolated from WM

and normal BM

Altered PD-1 ligands expression following cytokine treatment in WM
cell lines prompted us to examine the gene and protein expression of
PD-1 and its ligands in the cells of BM samples and explore whether
perturbation in the cytokine composition of BM microenvironment in
WM could have changed the expression pattern of these molecules.
To address this, BM biopsies were collected from WM patients and
the lymphoplasmacytic cells positive for CD19 and CD138 markers
(CD191/1381) were separated from the rest of the BM microenvi-
ronment (CD192/1382). Equivalent cell populations were also
collected from normal BM samples, and RT-PCR analysis was
performed to detect PD-1, PD-L1, and PD-2 gene expression
(Figure 2A). Our results showed a significant increase in PD-L1 gene
expression in CD192/1382 cells inWMBM as compared with normal
BM samples (Figure 2A top panel). The CD191/1381 cell population

had significantly higher PD-L1 and PD-L2 gene expression in the WM
group as compared with normal counterparts; however, no significant
difference was found for PD-1 expression (Figure 2A bottom panel).
We then investigated tissue expression of these molecules on the BM
sections using immunohistochemistry (IHC) staining (Figure 2B). IHC
showed intense staining of both PD-L1 and PD-L2 on the BM
sections, whereas slight PD-1 expression was detected. The intensity
of the IHC staining for PD-L1 and PD-L2 appeared to be higher in
WM BM compared with normal BM sections. To dissect which cell
population could contribute to such an increased expression, we
analyzed cell surface expression of these molecules on each distinct
BM cell subpopulation involving CD191/1381 cells as well as
CD192/1382 BM microenvironment cells; T-cell (CD31), NK-cell
(CD561), monocyte (CD141), and granulocyte (CD151) populations
(Figure 2C). Flow cytometry analysis showed surface expression of
PD-L1 (Figure 2C), but rather minimal or undetectable PD-L2
expression (data not shown) on CD31, CD141, CD151, and
CD561 cell populations. T cells and monocytes within the WM
CD192/1382 cell population contained significantly (P 5 .01) higher
PD-L1 expression than their counterpart normal BM cells (Figure 2C).
CD191/1381 WM cells showed modest expression of PD-L1
(Figure 2C) and PD-L2 (data not shown).

Cytokine treatment increases soluble PD-L1 level in

the media of the WM cell lines

We have shown that treatment of the WM cell lines with cytokines,
including IL-21, IL-6, and IFNg, increases gene expression of PD-L1
and PD-L2 in MWCL-1 cells, and PD-L1 in the BCWM.1 cell line
(Figure 1A-B), without detectable cytokine-induced PD-L1 surface
expression, with an exception of IL-21–induced PD-L1 expression by
BCWM.1 (Figure 1C). We next hypothesized that the lack or minimal
cytokine-induced ligands surface expression by WM cell lines, despite
increased gene expression, could be as a consequence of ligand
cleavage and release into the microenvironment. To test this, we
treated WM cell lines with 100 ng of IL-21, IFNg, CCL5, G-CSF or
50 ng/mL for 72 hours, collected cell-free–conditioned media and
determined soluble PD-L1 and PD-L2 levels using an ELISA. As shown
in Figure 3A, treatment with IL-21, IL-6, and IFNg increased PD-L1
levels in the media of bothWM cell lines. It has been shown that PD-L1
expression can be induced in a JAK-STAT3–dependent manner in lung
tumor cells.35 Moreover, previous studies from our group indicate that
IL-6 and IL-21 activate the JAK/STAT3 signaling pathway in the WM
cells, thereby regulating biological effects, including IgM secretion,
by these cells.14,16 To explore whether the JAK/STAT3 pathway is also
involved in IL-6– or IL-21–induced PD-L1 expression in WM cells, we
treatedBCWM.1 cell lineswith IL-6 or IL-21, in the presence or absence
of STATTIC (STAT3 inhibitor) or CP690550 (JAK inhibitor), respectively,
and measured the secreted PD-L1 level. Our data (Figure 3B) showed
that inhibition of JAK or STAT3 reversed increased cytokine-mediated
PD-L1 secretion, confirming that the activation of the JAK/STAT3
pathway mediates PD-L1 expression in WM.

Soluble PD-L1 and PD-L2 levels are elevated in the

BM plasma and peripheral serum of the WM patients

compared with normal samples

The cytokine-induced elevation of soluble PD-L1 in the culture media
of WM cell lines suggested that PD-1 ligands could also have the
capacity to be released into the BM plasma and thereby into the
circulating peripheral blood of the WM patients. To examine this, we
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collected BM plasma and also peripheral blood serum samples from
both WM patients and normal donors and performed an ELISA to
detect PD-L1 and PD-L2 levels. As shown in Figure 4A, both BM

plasma and peripheral blood serum from WM patients contained
higher levels of soluble PD-L1 and PD-L2, indicating that WM
BM cells secrete the ligands into the tumor microenvironment.

Con
tro

lRe
lat

ive
 P

D-
1 

ge
ne

 e
xp

re
ss

ion
 b

y B
CW

M

0.0

0.5

1.0

1.5

2.0

2.5

*p0.01

*p0.01

+IL2
1

+IL6
+IFN



+CCL5

+G-C
SF Re

lat
ive

 P
D-

L1
 g

en
e 

ex
pr

es
sio

n 
by

 B
CW

M

**p0.005

*p0.004

**p0.003

0.0

0.5

1.0

1.5

2.0

2.5

Con
tro

l

+IL2
1

+IL6
+IFN



+CCL5

+G-C
SF Re

lat
ive

 P
D-

L2
 g

en
e 

ex
pr

es
sio

n 
by

 B
CW

M

*p0.04

0.0

0.5

1.0

1.5

2.0

2.5

Con
tro

l

+IL2
1

+IL6
+IFN



+CCL5

+G-C
SF

Re
lat

ive
 P

D-
1 

ge
ne

 e
xp

re
ss

ion
 M

W
CL

0.0

0.5

1.0

1.5

2.0

2.5

Con
tro

l

+IL2
1

+IL6
+IFN



+CCL5

+G-C
SF

Re
lat

ive
 P

D-
L1

 g
en

e 
ex

pr
es

sio
n 

M
W

CL **p0.005

**p0.0034

0.0

0.5

1.0

1.5

2.0

2.5

Con
tro

l

+IL2
1

+IL6
+IFN



+CCL5

+G-C
SF

Re
lat

ive
 P

D-
L2

 g
en

e 
ex

pr
es

sio
n 

M
W

CL

***p0.0006

***p0.0003

***p0.0005

0.0

0.5

1.0

1.5

2.0

2.5

Con
tro

l

+IL2
1

+IL6
+IFN



+CCL5

+G-C
SF

B
C

W
M

Co
un

t

+IL-21 +IL-6 +INF +CCL5 +G-CSF

0
0

50

100

150

200

250

103

PD-L1
104 105

0

50

100

150

200

250

0 103

PD-L1
104 105

0

50

100

150

200

250

0 103

PD-L1
104 105

0

50

100

150

200

250

0 103

PD-L1
104 105

0

50

100

150

200

250

0 103

PD-L1
104 105

M
W

C
L

Co
un

t

0

50

100

150

200

250

0 103

PD-L1
104 105

0

50

100

150

200

250

0 103

PD-L1
104 105

0

50

100

150

200

250

0 103

PD-L1
104 105

0

50

100

150

200

250

0 103

PD-L1
104 105

0

50

100

150

200

250

0 103

PD-L1
104 105

Isotype Control untreated cells Cytokine-treated cells

A

C

B

Figure 1. Effect of cytokine treatment on PD-1, PD-L1, and PD-L2 expression by BCWM.1 and MWCL-1 cell lines. BCWM.1 and MWCL-1 cell lines were starved

overnight and then treated with complete media containing cytokines, including IL-21 (100 ng/mL), IL-6 (50 ng/mL), IFNg (100 ng/mL), CCL5 (100 ng/mL), and G-CSF (100 ng/mL) for
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Figure 2. PD-1, PD-L1, and PD-L2 expression in WM BM cells. BM biopsies from WM patients were processed to isolate cells (CD191/1381 and CD192/1381) and

plasma fractions. Cells were used for RNA extraction, cDNA synthesis, and RT-PCR analysis. (A) Bar graphs represent relative gene expression of PD-1 and the ligands
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We compared the level of PD-L1 or PDL2 in the BM plasma of
patients with smoldering vs symptomatic WM, MYD88 wild-type vs
MYD88L265P mutated and compared them with control normal
BM (Figure 4B). Although each of these groups displayed significantly
higher PD-L1 and PDL2 expression than normal samples, there
were no significant differences among disease groups. Similarly,
no significant differences were found between MYD88 wild-type
vs MYD88L265P mutated disease status (Figure 4B).

Secretion of PD-L1 and PD-L2 by WM cells modulates

T-cell function

To test the biological significance of soluble forms of PD-L1 and
PD-L2, we generated WM cell lines overexpressing the ligands

using a lentiviral transfection system. The overexpression of the
genes was verified by flow cytometry and the presence of soluble
PD-L1 and PD-L2 was confirmed by western blot analysis on
concentrated conditioned media collected from the transfected
cells (Figure 5A). To assess the effect of soluble forms of PD-L1
and PD-L2 on T-cell function, we evaluated T-cell proliferation,
cell cycle protein expression, and mitochondrial function in
response to soluble forms of PD-L1 and PD-L2 secreted by
WM cell lines. T cells were isolated from normal PBMCs and
incubated with the conditioned media on OKT3-coated plates
and in the presence of an anti-CD28 antibody to activate the cells
for 3 days. Our data showed that addition of conditioned media
containing either soluble PD-L1 or PD-L2 reduced the T-cell

Figure 2. (continued) each graph. (B) IHC staining shows the sections from WM and normal BM (NBM) stained for PD-1, PD-L1, and PD-L2 (brown stain; original magnification 3400).

(C) CD191/1381 and CD192/1382 cell populations were stained with PD-L1 and analyzed using flow cytometry. Histograms show PD-L1 surface expression on CD191/1381, CD31,

CD561, CD141 and CD151 cell fractions (isotype control [red] and PD-L1 [blue]) in WM and NBM. Bar graphs compare mean fluorescence intensity of 191/1381 cells between NBM and

WM BM (NBM, n 5 5; WM, n 5 9). Data are presented as mean 6 SEM and significant differences and related P values are shown on each graph. MFI, mean fluorescence intensity.
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Figure 3. Cytokine treatment increases soluble PD-L1 in the media of the WM cell lines. BCWM.1 and MWCL-1 cells were treated with 100 ng/mL IL-21, IFNg, CCL5,

G-CSF or 50 ng/mL IL-6 for 3 days. Media were collected and the level of soluble PD-L1 was determined using PD-L1 ELISA. (A) Bar graphs show the PD-L1 concentration

(picograms per milliliter) in the media of the cells treated with cytokines. Data presented as mean 6 SEM of 3 individual experiments and significant differences are displayed on each

graph. (B) Bar graph shows IL-21– or IL-6–induced PD-L1 secretion in BCWM.1 cells in the presence or absence of 1 mM CP 690550 (left) and 0.5 mM STATTIC (right).

14 AUGUST 2018 x VOLUME 2, NUMBER 15 PD-1/PD-L1/PD-L2 IN WALDENSTROM MACROGLOBULINEMIA 1991

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/2/15/1985/881353/advances021113.pdf by guest on 18 M

ay 2024



proliferation (Figure 5B). The reduction in T-cell proliferation was
also associated with a decrease in the cell cycle protein cyclin A,
as well as phosphorylated Akt (p-Akt) and p-ERK protein levels
(Figure 5C). In additional experiments, T cells were stimulated
with CD3/CD28 dynabeads for 3 days and then incubated with
conditioned media. Soluble PD-L1 and PD-L2 could change
the metabolic rate of T cells within 24 hours following T-cell

treatment, by reducing the maximal respiratory capacity of T cells
and adenosine triphosphate production (Figure 5D). A similar
effect was also observed 3 days following T-cell incubation with
PD-L1 and PD-L2 (data not shown). These data indicated that
increased soluble PD-L1 and PD-L2 in the BM plasma and
peripheral circulation of WM patients can impact T-cell function
at locations both close to and distant from tumor cells.

40000

30000

20000

10000

60000

40000

20000

0

0

NBM pl
as

ma

Smold
eri

ng

Sym
pt

om
ati

c

MyD
88-

MyD
88+

Nor
mal 

se
rum

Smold
eri

ng

Sym
pt

om
ati

c

Nor
mal 

se
rum

Smold
eri

ng

Sym
pt

om
ati

c

Smold
eri

ng

NBM pl
as

ma

Sym
pt

om
ati

c

MyD
88-

MyD
88+PD

-L
1 

lev
el 

in 
BM

 p
las

m
a 

(p
g/

m
l)

PD
-L

1 
lev

el 
in 

se
ru

m
 (p

g/
m

l)

PD
-L

2 
lev

el 
in 

se
ru

m
 (p

g/
m

l)
PD

-L
2 

lev
el 

in 
BM

 p
las

m
a 

(p
g/

m
l)

300

200

PD
-L

1 
co

nc
en

tra
tio

n 
(p

g/
m

l)

PD
-L

2 
co

nc
en

tra
tio

n 
(p

g/
m

l)
PD

-L
2 

co
nc

en
tra

tio
n 

(p
g/

m
l)

PD
-L

1 
co

nc
en

tra
tio

n 
(p

g/
m

l)

500 60000

40000

30000

20000

300

200

100

Normal BM Plasma WM BM plasmaNormal BM Plasma

A

B

*** P=0.0006
*** P=0.0003

WM BM plasma
0

10000

0

**p=0.004

**** P<0.0001* P=0.04

***p=0.0005

40000

20000

0

400

300

200

Normal Serum Normal SerumWM Serum WM Serum

100

0

500 ** p=0.006 ***p<0.0001

*p=0.02*p=0.02400

300

200

100

0

100

0

Figure 4. Level of soluble PD-L1 and PD-L2 concentra-

tion in the BM plasma as well as peripheral blood

serum of the patients with WM. Normal and WM BM

samples were processed to separate cells from BM plasma

containing soluble factors. Peripheral serum samples were

collected from WM patients and normal donors. The concen-

tration of PD-L1 and PD-L2 on these samples was determined

using ELISA. (A) Dot plots compare mean 6 SEM of PD-L1

and PD-L2 between WM and normal samples. Normal BM

plasma, n 5 20; WM plasma, n 5 28; normal serum, n 5 20;

WM serum, n 5 52. (B) Dot plots compare the PD-L1 and

PD-L2 levels between normal, smoldering, and symptomatic

WM patients, as well as MyD882 vs MyD881 WM patients.

Significant differences and the P values are shown on

each plot.

1992 JALALI et al 14 AUGUST 2018 x VOLUME 2, NUMBER 15

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/2/15/1985/881353/advances021113.pdf by guest on 18 M

ay 2024



100000

300

Isotype

EV expressing cells

PD-L1 overexpressing cells

PD-L2 overexpressing cells

Co
un

t

M
W

C
L-

C
on

tr
ol

 (
E

V
)

M
W

C
L-

P
D

-L
1

M
W

C
L-

P
D

-L
2

PD-L1

PD-L2

200

100

0 103

PD-L2
104 1050 103

PD-L1
104 105

0

300

Co
un

t 200

100

0

Full Stimulation

Suboptimal Stimulation

T-cell+Control (EV) media

20

300

Cyclin A

CB

A

D

p-ERK

p-Akt

Actin
+

M
W

C
L-

E
V

 m
ed

ia

+
M

W
C

L-
P

D
L1

 m
ed

ia

+
M

W
C

L-
P

D
L2

 m
ed

ia

200

OC
R 

(p
m

ole
s/

m
in)

100

0

-100

40

Time (minutes)

60 80

T-cell+PD-L1 media

T-cell+PD-L2 media

No Stimulation

90000

80000

70000

60000

50000

T-
ce

ll p
ro

life
ra

tio
n

40000

30000

20000

RPM
I m

ed
ia

EV-m
ed

ia

EV-m
ed

ia

EV-m
ed

ia

PD-L1
 m

ed
ia

PD-L1
 m

ed
ia

PD-L2
 m

ed
ia

PD-L1
 m

ed
ia

PD-L2
 m

ed
ia

PD-L2
 m

ed
ia

RPM
I m

ed
ia

RPM
I m

ed
ia

10000

0

Figure 5. T-cell incubation with the media secreted by WM cells overexpressing PD-L1 and PD-L2 reduces T-cell proliferation and cell cycle proliferation.

MWCL-1 cells were transfected with control EV, PD-L1, or PD-L2 constructs. (A) Histograms represent the flow cytometry analysis of the cells overexpressing

either PD-L1 (left) or PD-L2 (right). Western blot analysis shows the overexpression of PD-L1 and PD-L2 on the cell surface and in the condition media of the

cells, respectively. (B) T cells were isolated from PBMCs and incubated with cell-free media from MWCL-1 lines transfected with overexpressing PD-L1 or

PD-L2 constructs. Cells were left either nonstimulated or stimulated with suboptimal (0.5 mg/mL) or optimal (5 mg/mL) dose of CD3 (0.5 mg/mL) and CD28.

EV-transfected cells were used as control. Proliferation assay was performed using [3H]TdR following 72 hours of incubation. (C) Western blot analysis was

performed on the T-cell lysates after 72 hours of incubation with the media from MWCL-1 lines. (D) Respiratory capacity of T cells in response to treatment
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Discussion

The pathogenesis of WM is attributed not only to the genetic abnor-
malities in malignant cells but also to the impaired homeostasis of the
BM microenvironment. The presence of a highly prevalent (.90%)
somatic mutation in the MyD88 gene is shown to constitutively
activate TLR pathways in a Bruton tyrosine kinase–dependent manner
and results in increased survival and proliferation of the malignant
cells. The significance of signaling through TLRs suggests that signals
from the BM microenvironment remain important in regulating the
growth of the malignant cells. It is, therefore, a necessity to explore
novel mechanisms of WM pathogenesis. Here, we focused on
studying the effect of the BM microenvironment on the immune
checkpoint molecule, PD-1 and its ligands PD-L1 and PD-L2, and
explored whether the altered cytokine secretion in the BM of WM
could modulate these molecules, thereby controlling immune cell
function, particularly T-cell function.

We have previously reported that chemokines and cytokines,
including IL-6, G-CSF, CCL5, and IL-21, are elevated in the BM
microenvironment of WM patients and contribute to increased WM
cell proliferation and IgM secretion. In this study, we showed that
these cytokines regulate gene expression of PD-1, PD-L1, and
PD-L2. PD-1 and PD-L2 appear to be regulated in a cell-dependent
manner, but the effect on the PD-L1 gene expression was similar
between MWCL-1 and BCWM.1 (Figure 1A-B). Although both
BCWM.1 and MWCL-1 cell lines represent WM disease character-
istics and have been shown to express wild-type CXCR4 and mutant
MyD88L265P,36 they also differentially express several cell surface
and intracellular markers that could explain the differential response
to certain cytokines in this study.37-39 The similar effect of cytokines
on PD-L1 expression by 2 different cell lines indicates that there
might be a common signaling mechanism regulating this pathway
(Figure 1A-B). Increased IFNg-induced PD-L1 expression by tumor
cells has been previously reported in oral squamous carcinoma and
Hodgkin lymphoma and was shown to result in tumor-induced CD81

T-cell apoptosis.25,40 Moreover, IFNg-induced PD-L1 expression has
been shown to make tumor cells more resistant to cytolysis by NK
cells.20 It has also been shown that IL-21 also augments PD-L1 on
T cells and antigen-presenting cells.21 IL-6/JAK/STAT3 pathway is
also shown to induce PD-L1 expression in epidermal growth
factor–activated non–small cell lung cancer.41

In this study, we show that PD-L1 gene expression is significantly
elevated in CD191/1381 and CD192/1382 cell populations isolated
from WM patients (Figure 2A). This increase implies that changes in
cytokine composition of the BM microenvironment in WM, including
IL-21 and IL-6,14,16 favor elevated levels of PD-L1. Increased PD-L1
expression by tumor cells is shown to induce T-cell exhaustion via
interacting with its receptor PD-1 on T cells in several malignancies,
including Hodgkin lymphoma.32,42 Increased gene and surface
expression of PD-L1 in the CD19/1382 cell population, including
T cells and monocytes (Figure 2C), supports the notion that the cells of
the BM microenvironment play a role in the pathogenesis of WM.
In Hodgkin lymphoma, CD1631 monocytes/macrophages with high
PD-L1 expression are shown to interact with PD-1hi NK cells and
suppress their activity,43 suggesting that the presence of PD-L1hi

monocytes inWM could have biological significance. However, inWM
samples, the number of NK cells was minimal or undetectable when
compared with normal BM (Figure 2C), indicating another possible
mechanism contributing to dysregulated WM tumor cell growth.

Despite increased gene expression, we could identify only very
modest or negligible expression of PD-L1 or PD-L2 on the surface
of CD191/1381 cells (Figure 2C). Similarly, cytokine-mediated cell
surface PD-L1 expression was only detectable in BCWM.1 cells in
response to IL-21, but not in other treatment settings (Figure 1C),
suggesting that PD-L1 and/or PD-L2 are synthesized and sub-
sequently cleaved and released to the tumor microenvironment. The
analysis of patients samples confirmed PD-L1 and PD-L2 in soluble
form in the BM plasma and also in the peripheral serum of WM
patients, with concentrations significantly higher than their normal
BM counterparts (Figure 4A). Consistently, treatment with IL-21,
IL-6, and IFNg increased soluble PD-L1 levels in the media of the
WM cell lines (Figure 3A), confirming the release of the soluble
ligands into the microenvironment. Moreover, we showed that the
effect of IL-6 and IL-21 on PD-L1 expression by BCWM.1 cells is
mediated by the STAT3 and JAK pathway (Figure 3B). Previous work
by our group has identified that IL-6 and IL-21 activate the JAK/STAT3
signaling pathway in WM cell lines and thereby transmit their
biological effects by increasing IgM secretion.14,16 Other studies also
indicate that PD-L1 expression can be induced in a JAK-STAT3–
dependent manner in tumor cells from lung cancer.35,41 These data
support our finding that IL-6– or IL-21–induced PD-L1 expression is
mediated via the JAK/STAT3 pathway.

The presence of soluble PD-L1 and/or PD-L2 has been reported as
prognostic biomarkers in several cancers. For instance, soluble PD-L1
shown to be elevated in the serum of the patients with NK/T-cell
lymphoma,44 pancreatic cancer,45 non–small cell lung cancer,46 diffuse
large B-cell lymphoma,47 and multiple myeloma.48 The increased PD-L1
level in the serum of multiple myeloma patients is an indication of
treatment response and progression-free survival.48,49 Soluble PD-L1
from plasma of patients with non–small cell lung cancer is shown to
have the ability to bind to PD-1.50 A recent report indicates that
mesenchymal stromal cells also secrete PD-1 ligands and modulate
T-cell immunosuppressive activity.51 Although we show that PD-L1
and PD-L2 levels are increased inWM and are biologically active, we did
not test the prognostic impact of the serum levels on patient outcome.
Future correlative studies usingmoreWMspecimens could address this
hypothesis. Furthermore, secreted or circulating PD-L1 and PD-L2 can
be found not only as soluble forms, but also conjugated with other
proteins/molecules, or associated with exosomes or extracellular
vesicles. Confirming this point, a very recent study has reported that
PD-L11 exosomes are present in the plasma of the head and neck
cancer patients and their levels correlatewith disease progression.52 The
biological significance of exosome-mediated transfer of molecules has
also been explored in WM, where exosome-packaged mutant
MyD88L265P shown to activate the signaling of MyD88 wild-type cells.53

Future studies are required to explore whether it is the soluble form, or
exosome-associated PD-1 ligands that mediate biological effects of the
ligands in our study.

Here, we explored the biological activity of soluble forms of PD-L1
and PD-L2 by generating stably transfected cells overexpressing the
ligands. Using T cells isolated from PBMCs and the media of the
overexpressing cell lines, we showed that soluble forms of PD-L1 and
PD-L2 are able to diminish T-cell proliferation, cell cycle protein cyclin
A, and cell survival signaling molecules p-Akt and p-ERK (Figure 5B-C).
Furthermore, our data showed that soluble PD-L1 or PD-L2 could
reduce adenosine triphosphate production and attenuate the
respiratory capacity of T cells (Figure 5D). Mitochondrial respiratory
capacity is a major factor regulating the memory development of
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CD8 T cells54 and associated with improved T-cell longevity55 and
support antigen-specific T-cell activation.56 This is the first report
indicating that the soluble PD-1 ligands are able to modulate T-cell
metabolic function, and thereby contribute to T-cell inhibition.
Although the focus of our study was to identify the biological signif-
icance of soluble ligands, membrane-bound PD-L1 and PD-L2 remain
the important component of the BM microenvironment in WM,
mediating the direct cell-to-cell interaction. In fact, membrane-bound
ligands are shown to have strong inhibitory effect on T-cell function.57

In summary, we find that despite the presence of low PD-1 expression
levels within the BM microenvironment, soluble PD-1 ligands present
in the systemic circulation of the WM patients can biologically exert
their function via systemic attenuation of T-cell function in distant
locations, thereby potentially contributing to disease progression in
WM. Based on the data presented in this study, therapeutic
intervention using PD-L1 inhibitors, together with the agents that
target malignant cells, could benefit patients with WM.
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