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Abstract
Primary effusion lymphoma (PEL) is a rare, aggressive B cell non-Hodgkin’s lymphoma of the body cavities with 
malignant effusions. The prognosis is poor, and no optimal treatment has been established. CD38 is a type II transmem-
brane glycoprotein known to overexpress in multiple myeloma (MM). Daratumumab (DARA), a human CD38-targeting 
monoclonal antibody (mAb), is approved for MM treatment. In this study, we found expression of CD38 on PEL cells 
and assessed the anti-PEL activity of DARA. We found that both KHYG-1 and N6 (CD16-transfected KHYG-1) NK cell 
lines showed direct killing activity against PEL cells with induction of CD107a, and NK-mediated cytotoxicity by N6NK 
(CD16+) cells increased with DARA treatment. We confirmed direct NK activity and antibody-dependent cell cytotoxicity 
(ADCC) by expanded NK cells, indicating that DARA has high ADCC activity. We elucidated the antibody-dependent 
cell phagocytosis (ADCP) by using human monocyte-derived macrophages (MDMs) and mouse peritoneal macrophages. 
DARA also showed potent complement-dependent cytolysis (CDC) toward PEL. DARA also induced PEL cell death in 
the presence of a cross-linking antibody. Moreover, treatment with DARA inhibited tumor growth in a PEL xenograft 
mouse model. These results provide preclinical evidence that Ab targeting of CD38 could be an effective therapeutic 
strategy for the treatment of PEL.
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Abbreviations
ADCC	� Antibody-dependent cell cytotoxicity
ADCP	� Antibody-dependent cell phagocytosis
CDC	� Complement-dependent cytolysis
DARA​	� Daratumumab
MM	� Multiple myeloma
MDMs	� Human monocyte-derived macrophages
NHL	� Non-Hodgkin’s lymphoma
PEL	� Primary effusion lymphoma

Introduction

Primary effusion lymphoma (PEL) is a rare and aggressive B 
cell lymphoma. This HIV-related non-Hodgkin’s lymphoma 
(NHL) accounts for approximately 4% of all HIV-associated 

NHL [1–4]. PEL has a very poor prognosis [5]. Treatment 
with cyclophosphamide, doxorubicin, vincristine, and pred-
nisolone (CHOP) chemotherapy is the classical regimen for 
PEL. However, PEL is resistant to standard chemotherapy, 
and the median survival time is less than six months [1, 2, 
4, 6]. PEL patients with more than one affected body cavity 
have a median overall survival of four months, compared 
with 18 months in patients with only one affected body cav-
ity [7]. A large multicenter study of 28 patients reported a 
survival time of 6.2 months and a one-year overall survival 
rate of 39.3% [8]. Moreover, clinical trials to evaluate treat-
ments for PEL are lacking because of its rarity [4].

Monoclonal antibody immunotherapy is a promising 
treatment in the area of B cell non-Hodgkin lymphoma, 
specifically employing anti-CD20 Ab such as rituximab 
[9–11], and obinutuzumab has become a revolutionary 
therapeutic mAb for B cell lymphomas [12]. However, most 
PEL cases are negative for CD20 expression [4]. One study 
found rituximab to be an effective treatment in rare cases of 
CD20- expressing PEL [13]. Brentuximab vedotin (SGN-
35), an anti-CD30-drug conjugated agent, has been shown 
to prolong survival in a PEL xenograft mouse model [14]. 
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Nevertheless, there is currently no effective immunothera-
peutic option available for PEL.

The human anti-CD38 IgG1 kappa monoclonal antibody 
daratumumab (DARA) has demonstrated therapeutic activ-
ity in multiple myeloma (MM) [15–17]. The US Food and 
Drug Administration (FDA) approved DARA for use in 
combination treatments for MM in November 2015 [18]. 
DARA demonstrated strong anti-tumor activities in preclini-
cal models. DARA exhibits diverse mechanisms of action, 
including an increase of cytolytic function of NK cells via 
antibody-dependent cell cytotoxicity (ADCC), complement-
dependent cytolysis (CDC) [15], antibody-dependent phago-
cytosis (ADCP), and induction of cell death. At least three 
anti-CD38 antibodies have been designed to achieve thera-
peutic efficacy against MM. The other two, isatuximab [19] 
and MOR202 [20], have also been tested for the treatment 
of relapsed/refractory MM. While DARA was the first anti-
CD38 Ab to be approved by the FDA for MM treatment, 
FDA also approved isatuximab in combination with poma-
lidomide and dexamethasone for the treatment of MM in 
March 2020 [21].

CD38 is a 46 kDa type II multifunctional transmembrane 
glycoprotein that has receptor as well as enzymatic func-
tions. CD38 comprises a long 256 amino acid extracellular 
and transmembrane domain, and a short 20 amino acid intra-
cellular domain [22–24]. CD38 serves as a receptor for its 
ligand, CD31 [25]. Engagement of ligand-receptor triggers 
activation of the intracellular signaling pathway and leads 
to cellular responses such as cell activation [26] prolifera-
tion and migration [27, 28]. The ectoenzymatic activities of 
CD38 contribute to intracellular calcium mobilization [29]. 
The expression of CD38 is broadly positive on hematopoi-
etic cells, including plasma cells (PCs), natural killer (NK) 
cells, lymphoid cells, and myeloid cells [30]. CD38 shows 
especially broad and high expression levels in plasma cell 
tumors such as multiple myeloma (MM) [31–33]. CD38 tar-
geting of antibodies is a significant activity in MM. Studies 
using other CD38-positive hematological malignancies such 
as non-Hodgkin’s lymphoma (NHL) [34], acute myeloid leu-
kemia (AML) [35, 36], T cell-acute lymphoblastic leukemia 
(T-ALL) [37], and chronic lymphocytic leukemia (CLL) [38] 
demonstrate positive outcomes.

In this study, we found that CD38 was highly expressed 
on PEL cell lines. We aimed to test the effect of DARA in 
terms of ADCC, ADCP, and CDC toward PEL. Our results 
reveal that DARA has potential as a therapeutic mAb against 
CD38-expressing PEL cells, mediating ADCC, CDC, ADCP 
and cell death induction by cross-linking. Our results provide 
significant and noteworthy preclinical data supporting DARA 
for the treatment of PEL.

Materials and methods

Cells cultures and media

Primary effusion lymphoma (PEL) cell lines, BCBL-1 
(AIDS Research and Reference Reagent Program, Divi-
sion of AIDS, NIAID, NIH, Bethesda, MD), BC-1, BC-2, 
BC-3, BCP-1 (ATCC, Rockville, MD), RMP-1 (JRCB cell 
bank, Osaka, Japan), GTO [39] and TY-1 (kindly provided 
by Dr. H Katano, NIID, Tokyo, Japan), and K562 (RIKEN 
cell bank, Tsukuba, Japan) were cultured in RPMI-1640 
(Fujifilm Wako, Osaka, Japan) supplemented with 10% 
FBS, penicillin (100 IU/ml), and streptomycin (100 U/ml) 
at 37 °C in a humidified atmosphere containing 5% CO2 and 
95% air. The CD16-negative human NK cell line, KHYG-
1, was obtained from JCRB cell bank (Osaka, Japan). N6 
cell line, KHYG-1 transduced human CD16 (V158 variant 
of FCGR3A), was kindly provided by Prof. Shuzo Matsu-
shita (Kumamoto University, Japan). Recombinant Jurkat 
T cells expressing firefly luciferase gene under the control 
of NFAT response elements with constitutive expression of 
human FcγRIIIa, high affinity (V158) variant and Fcγ chain 
(ADCC-Jurkat) (#60,541, BPS Bioscience, San Diego, CA) 
were used to measure ADCC activity by reporter assay.

Peripheral blood mononuclear cells (PBMC) were sepa-
rated using Pancoll Human (PAN Biotech, Geschäftsze-
iten, Germany) from blood donated by healthy donors with 
written informed consent. Study protocols were approved 
by Kumamoto University ethics committee in accordance 
with the Declaration of Helsinki (RINRI 548).

Antibodies and reagents

Daratumumab (DARA, humanized anti-human CD38 
antibody: Darzalex) was purchased from Janssen Phar-
maceutical KK Japan (Tokyo, Japan). Anti-human CD38 
(HIT2)-APC, CD56 (HCD56)-APC and BV421, CD107a 
(H4A3)-APC, CD16 (3G8)-BV421, CD11b-APC, CD3 
(UCHT1)-FITC were from BioLegend (San Diego, CA). 
FcR Blocking reagent was from Miltenyi Biotec (Bergisch 
Gladbach, Germany). ChromPure Human IgG, whole 
molecule (Jackson ImmunoResearch Laboratories, West 
Grove, PA, USA) was used as the IgG control.

Determination of CD38 expression

PEL cells were stained with anti-human CD38-APC and 
analyzed with FACS Celesta (BD Bioscience, San Jose, 
CA). The collected data were analyzed with FlowJo Ver-
sion 10 software (Tree Star, San Jose, CA).
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NK cells isolation and expansion

The method of NK cell isolation and expansion was modi-
fied from our previous report [40]. Briefly, PBMC were iso-
lated using Pancoll, and negative selection was performed 
using the NK Cell Isolation Kit (Miltenyi Biotec) by Mag-
netics Activated Cells Sorting (MACS) technique according 
to the manufacturer's instructions. The purity of NK cells 
(CD3−CD56+) was higher than 95%. NK cells were then 
cultured in 10%FCS RPMI1640 media with IL-2 (200 U/
ml) and IL-15 (100 U/ml) at 37 °C, 5% CO2. The MHC class 
I negative K562 cells were added into the culture on days 
3 and 7 at an E:T ratio of 1:10 [41]. Fresh growth medium 
was added to the NK cell co-culturing dish during NK cell 
expansion.

Antibody‑dependent cell cytotoxicity (ADCC)

The ADCC reporter bioassay was performed according to 
the manufacturer’s instructions [42]. Briefly, Target PEL 
cells (5 × 104 cells) were incubated with either DARA or 
human IgG1 for 15 min at room temperature as described 
[38, 43]. ADCC-Jurkat cells (1 × 104 cells) were then added 
to each well and incubated at 37 °C, 5% CO2 for 18 h fol-
lowing by cell lysis and the addition of luciferin substrate. 
Finally, the luciferase signal was detected by a luminometer 
(Lumat3, Berthold Technologies, Bad Wildbad, Germany).

ADCC by calcein-AM releasing assay was conducted 
[15, 38]. PEL cells were labeled with 1 μM calcein-AM 
(Dojindo, Japan) for 15 min at 37 °C. Next, calcein-AM-
labeling PEL was washed twice with growth media and 
plated at 1 × 104 cells per well in 96 well round bottom 
plates. The calcein-AM-labeling PEL was pre-incubated 
with DARA or isotype IgG1 control for 15 min. 1% Triton 
X-100 was used as a determination of the maximal calcein 
release. Furthermore, NK cells were added as indicated E:T 
ratio in each experimental design. The reaction plate was 
then incubated for 4 h at 37 °C. Afterward, the plate was 
centrifuged, supernatant was transferred into black plate 
(Costar, USA). The fluorescence signal was measured by the 
plate reader (excitation filter:485 ± 20 nm; band-pass filter 
530 ± 20 nm). The percentage of cellular cytotoxicity was 
calculated using the following formula:

Cytotoxicity of PEL cells by ADCC was measured using 
flow cytometry [44]. Briefly, target cells were labeled with 
a carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen, 
Carlsbad, CA) and incubated with either DARA or human 

Specific lysis =

100 ×
experimentalrelease(RFU) − spontaneousrelease(RFU)

maximalrelease(RFU) − spontaneousrelease(RFU)

IgG1 for 15 min at room temperature. CFSE-labeled tar-
get cells were co-cultured with effector NK cells for 4 h at 
37 °C, 5% CO2. The cells were then stained with Ghost Dye 
780 (Tonbo Biosciences, San Diego, CA) to determine dead 
cells. The percentage of target cell death was determined by 
the amount of double positive staining of both CFSE and 
Ghost Dye 780 with FACS Celesta and analyzed on FlowJo 
software version 10.4 (Tree Star, San Carlos, CA).

Detection of CD107a, a functional marker of NK cells

Target cells were incubated with either DARA or human 
IgG1 for 15 min at room temperature. Target cells were co-
cultured with effector NK cells for 4 h at 37 °C, 5% CO2. The 
cells were then stained with BV421 conjugated anti-CD56 
antibody (BioLegend) and APC conjugated anti-CD107a 
antibody (BioLegend). The percentages of CD56+CD107a+ 
cells were detected with FACS Celesta. To enhance the sig-
nal strength of CD107a, we counter stained cells with APC 
conjugated anti-CD107a antibody (BioLegend) during co-
culturing in some experiments as indicated in figure legends.

Complement‑dependent cytotoxicity (CDC)

CDC against PEL cells was assessed with flow cytometry 
by measuring the percentage of propidium iodide (PI)-
positive cells, as previously described [45]. Standard rab-
bit complement (Pooled normal rabbit serum, Cedarlane 
corp., Burlington, Ontario, Canada) was used as a source 
of complement. Heat-inactivated rabbit complement (56 °C 
for 30 min) was used as a negative control. PEL cells were 
incubated with DARA for 15 min at room temperature. The 
complement was then added to the reaction and incubated 
for 2 h at 37 °C, 5% CO2. Propidium iodide (PI, Invitrogen) 
solution was added at a final concentration of 2 μg/ml, and 
PI positive cells were detected with FACS Celesta.

Preparation of human and mouse macrophages

Primary human monocyte-derived macrophages (MDMs) 
were prepared as previously described [46]. Briefly, PBMCs 
were incubated for 1 h in 10 cm tissue culture dishes (Corn-
ing Incorporated, Corning, NY) at 37 °C, 5% CO2 in 1% 
FCS RPMI1640, and the non-attached cells were removed 
by gentle washing. The adherent monocytes were further 
cultured in 10% FCS RPMI1640 for 7 days in the presence 
of 100 ng/ml recombinant human M-CSF (Morinaga Milk 
Co., Tokyo, Japan).

Mouse peritoneal macrophages were isolated from 
10-week-old BALB/c Rag-2−/− Jak3−/− (BRJ) mice [47] that 
had been injected intraperitoneally with 2 ml of 4% (w/v) 
thioglycollate medium (BD Diagnostic Systems, Sparks, 
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MD) three days prior to peritoneal lavage with 10 ml PBS 
[46]. The percentage of mouse CD11b positive cells was 
more than 95%.

Antibody‑dependent cell phagocytosis (ADCP) assay

The phagocytic assay was performed as previously described 
[48]. Briefly, macrophages were plated in a glass-bottomed 
dish (Greiner Bio-One, Frickenhausen, Germany) over-
night. PEL cells were labeled with CFSE according to the 
manufacturer’s protocol. CFSE-labeled BCBL-1 cells were 
incubated with either DARA or human IgG1 for 15 min at 
room temperature, added to the wells of macrophages (E: T 
ratio = 1:5), and incubated for 2 h at 37 °C, 5% CO2. Wells 
were gently washed five times with PBS to remove non-
phagocytosed cells. The nuclei of the adherent cells were 
stained with Hoechst 33342 (Dojindo, Kumamoto, Japan). 
Images were taken with a BZ-8100 Biozero fluorescent 
microscope (Keyence, Osaka, Japan). Data are presented as 
the phagocytic index calculated as the number of phagocy-
tosed CFSE+Hoechst 33342+ cells per 100 macrophages.

The phagocytic activity was measured by flow cytom-
etry as previously described [46]. Macrophages were plated 
into 24-well tissue culture plates in 10% FCS containing 
RPMI1640 media and incubated for 24 h. CFSE-labeled 
BCBL-1 cells were incubated with either DARA or human 
IgG1 for 15 min at room temperature. The antibody coated 
CFSE-labeled BCBL-1 cells were added to the wells of mac-
rophages (E:T ratio = 1:2) and further incubated for 2 h at 
37 °C, 5% CO2. The cells were harvested from each well 
using trypsin/EDTA. Cells were then stained with anti-
CD11b-APC and analyzed with FACS Celesta. Phagocy-
tosed BCBL-1 cells were defined as CD11b+CFSE+ cells.

CD38 cross‑linking assay in vitro

The cross-linking assay was modified from a previous study 
[49]. Briefly, PEL cells were seeded at 5 × 104 cells per well 
in 48-well plates and pre-incubated for 15 min with varying 
concentrations of DARA followed by overnight incubation 
in the presence of either 25 μg/ml of rabbit anti-human IgG 
F(ab’)2 fragments or goat anti-mouse IgG (H + L). The mor-
phologic changes were visualized using a light microscope. 
MTT assay was done to detect viability of cells.

Tetrazolium dye methylthiotetrazole (MTT) assay

The viability of PEL cells was measured by the MTT 
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
bromide) assay (Sigma-Aldrich, St. Louis, MO), as pre-
viously described [50]. Briefly, PEL cells were seeded at 
3 × 104 cells per well in 96-well plates and pre-incubated 
for 15 min with varying concentrations of DARA followed 

by 24 h of incubation in the presence of either 25 μg/ml 
of rabbit anti-human IgG F(ab’)2 fragments or goat anti-
mouse IgG (H + L) in a final volume of 100 μl. Subse-
quently, MTT solution was added to each well at a final 
concentration of 0.5 mg/ml. After 4 h of additional incuba-
tion, 100 μl of 0.04 N HCl/isopropanol was added to dis-
solve the formazan crystals. Finally, dual absorbance was 
detected at 595/630 nm using a plate reader (iMark; Bio-Rad 
Laboratories Inc., Hercules, CA). Percentage cell viabilities 
compared with controls were calculated using the following 
formula:

PEL xenograft mouse model

BRJ mice [47] were housed and monitored at the Center 
for Animal Resources and Development (CARD), Kuma-
moto University, according to institutional guidelines. Water 
and food were provided ad libitum. All experiments were 
approved by Kumamoto University animal ethics committee 
(A2019-041). BCBL-1 cells (1 × 107 cells per mouse) were 
subcutaneously injected into both flanks of 10-to-12-week-
old female BRJ mice (6 mice per group). Three days after 
cell transplantation, DARA (100 μg/mouse) was intraperi-
toneally injected into the mice twice a week. Body weights 
were monitored, and the mice were sacrificed to remove and 
measure the tumor weights.

Statistical analysis

Data are presented as mean values ± standard errors (SE) 
or standard deviation (SD). For statistical analysis, the data 
were analyzed by one-way analysis of variance (ANOVA) 
with the Turkey’s multiple-comparison test or Student's 
paired t test using GraphPad Prism Ver. 6 (GraphPad Soft-
ware, San Diego, CA) as indicated in the figure legends. P 
values less than 0.05 were taken to indicate significance.

Results

Expression of surface CD38 on PEL cells

We analyzed the surface expression of CD38 on PEL cells 
to evaluate the potential of CD38 as a therapeutic molecu-
lar target. As shown in Fig. 1, all PEL cell lines (BCBL-1, 
BC-1, BC-2, BC-3, BCP-1, GTO, RM-P1, and TY-1 cells) 
expressed CD38 on their surfaces. Collectively, the results 
suggest that DARA could be an effective therapeutic mAb 
against PEL.

%Cell viability = 100 ×
(OD595 − OD630)experiment

(OD595 − OD630)cellcontrol
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DARA‑mediated ADCC activity toward PEL cell lines

We evaluated the ADCC activity of DARA by using an 
indicator: ADCC recombinant Jurkat cells expressing fire-
fly luciferase gene under the control of NFAT responsive 
elements with constitutive expression of human FcγIIIa, 
high affinity (V158) variant and Fcγ chain. To assess 
ADCC activity, we varied the concentration of DARA from 
0.01–10,000 ng/ml. The results demonstrated dose-depend-
ent ADCC activity in BCBL-1, GTO, and TY-1 cell lines 
(Fig. 2A).

A CD16-negative human NK cell line, KHYG-1 [51], 
and V158 variant CD16 expressing KHYG-1 cell line, N6 
[52], were used to detect ADCC activity of DARA. The 
KHYG-1 cell lines did not express CD16, whereas N6 NK 
cell lines showed positive CD16 expression (Supplement 
Fig. 2A). The killing activities of KHYG-1 and N6 NK cell 
lines were tested by co-culturing with K562 cells at differ-
ent E:T ratios. The results showed that both CD16− NK and 
CD16+ NK cell lines demonstrated killing activities toward 
K562 cells. KHYG-1 cells showed a greater level of killing 
activity (Supplementary Fig. 2B and 2C).

To test the ADCC activity of NK cell lines toward PEL 
cells, we selected BCBL-1 cells as a representative PEL. We 

then varied the E:T ratio of NK cell lines and BCBL-1 cells 
in the presence or absence of 10 μg/ml DARA.

Interestingly, both CD16− and CD16+ NK cell lines did 
not show killing activity toward BCBL-1 cells in the absence 
of DARA (Fig. 2B-2E). DARA-induced killing activity of 
N6 NK cells in an E:T ratio-dependent manner (Fig. 2B and 
D), whereas KHYG-1 did not induce killing activity against 
BCBL-1 (Fig. 2C and E).

Lysosomal-associated membrane protein-1 (LAMP-1 or 
CD107a) has been described as a marker of degranulation 
and killing activity of active-state NK cells [53]. Surface 
expression of CD107a in N6 NK cells was increased by co-
culture with BCBL-1 cells, and administration of DARA 
increased the surface expression of CD107a (Fig. 2F and G).

Isolation and expansion of CD16‑expressing NK cells

We isolated NK cells from PBMCs using the NK Cell Isola-
tion Kit (Miltenyi Biotec). Isolated NK cells were co-cul-
tured with MHC class I negative K562 cells in the presence 
of IL-2 and IL-15 (Fig. 3A) for expansion [40]. The major-
ity of isolated and expanded NK cells were CD56+CD16 
NK+ cells, which play major roles in both direct NK activ-
ity and ADCC through CD16 (FcγRIII) (Fig. 3B). The fold 
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Fig. 1   CD38 expression on PEL cell lines. Expression of CD38 on PEL cell lines was examined by flow cytometry. The MFI values are indi-
cated at the upper left corner
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Fig. 2   DARA-mediated ADCC 
based on CD16 expressing 
NK cells. A BCBL-1, GTO, 
and TY-1 cells were incubated 
with various concentrations 
of DARA, and co-cultured 
with ADCC-indicating Jurkat 
cells (E:T ratio = 1:5) for 
18 h. Luciferase activity was 
measured. B, C, D, E) CFSE-
labeled BCBL-1 cells were 
treated with IgG1 or DARA, 
co-cultured with CD16 + NK 
(N6) or CD16- NK (KHYG-1) 
cell lines at different E:T ratio 
for 4 h, and analyzed for dead 
BCBL-1 (CFSE+Ghost Dye+) 
cells by flow cytometry. F 
Up-regulation of CD107a after 
DARA treatment was analyzed 
by flow cytometry. G Percent-
ages of CD56+CD107a+ cells 
after stimulation with DARA 
(n = 3). Data are presented as 
mean values ± standard error 
(SE). *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001 
significant levels
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expansion of NK cells varied by donor (5–22 × 106 cells 
from 1 × 105 NK cells) (data not shown).

NK cells possess direct killing activity against PEL, 
and DARA enhances NK cytotoxicity through ADCC

Antibody-dependent cytotoxicity via FcR-bearing effector 
cells is an important mechanism of action for therapeu-
tic mAbs [54, 55]. We showed DARA dose response in 3 
PEL cells using a classic calcein-AM releasing method and 
expanded NK cells from a healthy donor, and we observed 
dose-dependent fashion of ADCC activity (Fig. 3C) and 
E:T dependent manner, in which DARA-mediated ADCC 
(Fig. 3D). We investigated the direct killing activity of 
expanded NK cells and the DARA-mediated ADCC activity 
using FACS analysis. CSFE labeled BCBL-1 cells were co-
cultured with expanded NK cells in the presence or absence 
of DARA (10 μg/ml). As shown in Fig. 3E and F, we con-
firmed that the expanded NK cells could directly kill PEL 
cells in an E:T ratio-dependent manner, and DARA but not 
control human IgG1 enhanced the cytotoxicity of NK cells 
in an E:T ratio-dependent manner. The ADCC results were 
consistent by both a classic calcein-AM releasing method 
and FACS analysis in 3 PEL; BCBL-1, GTO, and TY-1. 
The surface expression of CD107a in expanded NK cells 
was increased by co-culture with PEL cells, and administra-
tion of DARA further increased the surface expression of 
CD107a (Fig. 3G and H, Supplement Fig. 1A and B).

DARA‑mediated CDC activity toward PEL cells

Tumor cell killing by CDC is also considered an important 
mechanism of action for therapeutic Abs. To assess the CDC 
activity of DARA, we used rabbit serum as a source of com-
plement. As shown in Fig. 4A, addition of rabbit serum also 
killed BCBL-1, GTO, TY-1 cells, demonstrating an alterna-
tive pathway of the complement (Fig. 4B), and dead (PI+) 
cells increased in a DARA dose-dependent manner. Heat-
inactivated rabbit serum (56 °C, 30 min) used as a negative 
control did not induce cell death (Fig. 4B). The complement 
by itself induced death of PEL cells in a dose-dependent 
manner. These results indicate that the complement has anti-
PEL activity and that DARA enhanced the CDC activity.

DARA‑mediated ADCP activity toward PEL cells

Antibody-dependent cell phagocytosis (ADCP) is consid-
ered to be an effective mechanism to boost macrophage 
activities and enhance phagocytosis of malignant cells. We 
tested the effect of DARA on phagocytosis by co-culturing 
DARA-coating CFSE-labeling BCBL-1 cells and human 
monocyte-derived macrophages (MDMs). As shown in 
Fig. 5A and B, DARA enhanced phagocytosis, indicated by 

the significantly higher phagocytic index, compared to the 
IgG1 control. We also assessed the percentage of phagocy-
totic cells based on FACS analysis. DARA boosted phago-
cytosis from 19% to 26.6% (Fig. 5C). DARA elicited ADCP 
against BCBL-1, GTO, and TY-1 (Supplement Fig. 4A and 
B). The results indicated the same tendency for both donors 
(Fig. 5D). We also used mouse thioglycolate-induced peri-
toneal macrophages as effector cells. As shown in Fig. 5E 
and F, DARA significantly increased phagocytosis as com-
pared to the IgG1 control. These results demonstrated that 
DARA augments phagocytosis activity in both MDMs and 
peritoneal macrophages.

FcR‑mediated cross‑linking of DARA induces cell 
death in PEL cell lines.

Ab-mediated cross-linking of antigens, not related to the 
death receptor family, may also induce programmed cell 
death (PCD), but not via the classical apoptotic pathway 
[56–59]. This pathway is specifically characterized by homo-
typic aggregation of cells involving cytoskeleton reorganiza-
tion, lysosomal activation, and production of reactive oxygen 
species [60]. DARA-induced cell death can be enhanced by 
Fc cross-linking secondary Ab or by FcγR-expressing cells 
[49]. BCBL-1, GTO, and TY-1 cells were cultured with vari-
ous doses of DARA in the presence of anti-human Fc recep-
tor (anti-huFc) or anti-mouse Fc receptor (anti-moFc) Ab, 
and DARA-induced cell death in the presence of anti-huFc 
Ab (Fig. 6A), indicating that FcR-mediated cross-linking of 
DARA induces death in PEL cells. In addition, clumping 
and morphological changes were observed by microscopic 
analysis (Fig. 6B).

DARA suppresses tumor growth in PEL xenograft 
mice.

To evaluate the in vivo efficacy of DARA, BCBL-1 cells 
were subcutaneously xenografted into BRJ mice. Tumor 
growth was monitored as tumor volume for two weeks after 
PEL xenografting. As shown in Fig. 7A and B, the tumor 
size and volume in DARA treated mice (143.2 ± 97.6 mm3, 
n = 12) were significantly lower than those in non-treated 
mice (781.3 ± 438.0 mm3, n = 12) (P < 0.05). The tumor 
weight of DARA treated mice (0.28 ± 0.12 g, n = 12) was 
also significantly lower compared with non-treated mice 
(0.85 ± 0.51 g, n = 12) (P < 0.05).

Discussion

In this study, we demonstrated that PEL cells highly express 
CD38, suggesting that CD38 could be a promising target for 
PEL antibody immunotherapy treatment and used DARA 
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to develop a CD38-targeting toward PEL. We confirmed 
that DARA confers multiple mechanisms including ADCC, 
CDC, ADCP and induction of PCD and cell death via a 
cross-linking antibody against PEL, both in vitro and in vivo. 
We also showed that DARA suppressed tumor growth in a 
PEL xenograft model.

By using the Jurkat ADCC indicator, CD16+ KHYG-
1, NK cells from healthy donors, our results showed that 
ADCC-mediated by DARA against PEL. The potent activity 
of mAb for increasing ADCC activity depends on the anti-
gen expression on target cell surfaces [61, 62], and higher 
affinity type FcγRIIIα 158 V/V compared with low affin-
ity type FcγRIIIα 158F/F carriers [55]. Reduction of the 
core fucose content has been shown to induce higher bind-
ing affinity to FcγRIIIα [63]. Most PEL have lymphocytes 
activation markers such as CD30 and CD38 without normal 
B cell markers [6], indicating that DARA can be used for 
the treatment of PEL [64]. The level of antigen expression 
on target cells is critical for treatments using therapeutic 
monoclonal antibodies. As shown in Fig. 1, TY-1 showed 
lower CD38 expression compared to other PEL cell lines. 

Notably, even though TY-1 showed mediocre expression of 
CD38, ADCC activity was positive in the platform of classic 
calcein-AM-releasing assay and an indicator FcR expressing 
Jurkat cells (Figs. 2A, 3C and D).

DARA was reported to induce CDC of tumor cell sam-
ples from MM patients [15]. CDC has been highlighted as 
a representative and important mechanism for the thera-
peutic efficacy of monoclonal antibodies. As presented in 
many antibody immunotherapy studies, the in vivo effect 
of rituximab (anti-CD20 Ab) is largely reduced by deple-
tion of complement [65]. Furthermore, ofatumumab (anti-
CD20 Ab) efficiently kills CLL cells and shows a positive 
correlation with potent CDC [66]. Moreover, alemtuzumab 
(anti-CD52 Ab) kills B cell malignancies, mainly via CDC 
[67]. C1q is the main initiator of the classical comple-
ment cascade, binding to the complement-binding site of 
the antibody to form an antigen–antibody complex [68]. 
An alternative, antibody-independent pathway of comple-
ment activation also exists, as shown in Fig. 4A. However, 
BCBL-1 was the most sensitive to complement cascades 
compared to GTO and TY-1 cells, which are more resist-
ant. The results suggested that the possibilities of com-
plement inhibitory molecules- expression such as CD46, 
CD55, and CD59 on each PEL might be different. Taken 
together, our results showed potent DARA-mediated CDC 
toward PEL.

Regarding the ADCP property of DARA, it has been 
reported that DARA shows anti-tumor activity and ham-
pers leukemia-microenvironment interaction in the poor-
prognosis CD38+ CLL subtype, with potent and efficient 
lysis of patient-derived CLL cells and cell lines by ADCC 
in vitro and ADCP, both in vitro and in vivo, contrasting 
with negligible CDC [38].

One study showed that DARA induces PCD of CD38-
expressing cells via FcγR-mediated cross-linking, result-
ing in clustering of cells, phosphatidylserine transloca-
tion, loss of mitochondrial membrane potential, and loss 
of membrane integrity followed by cell death [49]. Our 
study revealed that DARA induces clustering of cells and 
induction of cell death in PEL.

We observed that DARA monotherapy drastically sup-
pressed tumor growth in a PEL xenograft mice model. BRJ 
mice lack mature B, T, and NK cells (47), and have a low 
level of complement [69]. As shown in Fig. 5E and F, peri-
toneal macrophages obtained from BRJ mice demonstrated 
potent ADCP activity. It has been shown that DARA reacts 
to effector cells of SCID mice and mediates ADCP in vivo 
[70]. A study of elotuzumab (humanized anti-SLAMF7 anti-
body), which has a human Fc portion, in SCID and NSG 

Fig. 3   NK cell expansion and the phenotypes of NK cells. DARA-
elevated NK cells mediated ADCC toward primary effusion lym-
phoma A Schematic diagram of methodological NK cell expan-
sion. B Phenotypes of NK cells. Flow cytometric analysis of NK 
cell subsets. Two major subsets of fresh isolated NK cells (left) and 
expanded NK cells (right). Cells were gated as CD3− PI− popula-
tions. C Calcein-AM-labeling BCBL-1, GTO, and TY-1 cells were 
incubated with various concentrations of DARA, and co-cultured 
with expanded NK cells from a representative healthy donor (E:T 
ratio = 5:1) for 4  h. Fluorescence was measured by plate reader. D 
Calcein-AM-labeling BCBL-1, GTO, and TY-1 cells were coated 
with either control IgG1 (10 μg/ml) or DARA (10 μg/ml) for 15 min 
at room temperature. The mAb coated cells were co-cultured with 
expanded NK cells from a representative healthy donor at different 
E:T ratios for 4 h. Fluorescence was measured by plate reader. Per-
centages of PEL lysis are shown and were analyzed by using stu-
dent t test. Data are presented as mean values ± standard error (SE). 
The data were analyzed by one-way analysis of variance (ANOVA) 
with the Turkey’s multiple-comparison test. E and F CFSE- labeling 
BCBL-1 cell line was coated with either control IgG1 (10 μg/ml) or 
DARA (10 μg/ml) for 15 min at room temperature. The mAb coated 
cells were co-cultured with expanded NK cells from a healthy donor 
at different E:T ratios for 4 h. The dead cells were determined using 
Ghost dye 780 staining. (G and H) BCBL-1, GTO, and TY-1 were 
pre-incubated with DARA at room temperature for 15  min and co-
cultured with expanded NK cells from a representative healthy donor 
(E:T ratio = 5:1). Anti-CD107a was simultaneously added into the 
mixture. The reaction was next incubated for 4  h. CD56+CD107a+ 
cells were detected and analyzed by flow cytometry. G Up-regulation 
of CD107a after DARA treatment was analyzed by flow cytometry. H 
Percentages of CD56+CD107a+ cells after stimulation with DARA. 
Data are presented as mean values ± standard error (SE). * P < 0.05, 
** P < 0.01, ***P < 0.001, ****P < 0.0001 significant levels

◂
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mice revealed that elotuzumab enables mouse macrophages 
to prevent MM tumor growth and progression through the 
activation of mouse FcγR [71]. ADCP is considered to be 
the main mechanism of DARA in our BRJ mouse model. 
Thus, mouse macrophages induce ADCP via human anti-
body. Moreover, our BRJ xenograft mice model is a useful 

tool for clarifying the ADCP activity of human antibodies. 
The further studying on NK cell expansion and adoptive 
transfer together with DARA treatment [72] can be eventu-
ally considered in our PEL xenograft mice model.

In conclusion, we demonstrated that CD38 was highly 
expressed on PEL cells, and DARA-induced cell death of 

Fig. 4   DARA exerts CDC 
toward primary effusion 
lymphoma. A BCBL-1, GTO, 
and TY-1 cells were incubated 
with different concentrations 
of DARA for 15 min at room 
temperature. 10% of serum (HI; 
heat-inactivated serum by 56 °C 
for 30 min, NA; native serum 
as the source of complement) 
was added to the reaction and 
further incubated for 2 h. The 
percentage of PI+ cells was 
analyzed by flow cytometry. 
Data are presented as mean 
values ± standard error (SE). B 
BCBL-1, GTO, and TY-1 cells 
were incubated with 10 μg/ml 
DARA for 15 min at room tem-
perature. The serum (HI; heat-
inactivated serum by 56 °C for 
30 min, NA; native serum as the 
source of complement) at vari-
ous concentrations was added 
to the reaction and further incu-
bated for 2 h. The percentage of 
PI+ cells was analyzed by flow 
cytometry. Data are presented 
as mean values ± standard error 
(SE). *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001 
significant levels
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Fig. 5   DARA demonstrates ADCP toward primary effusion lym-
phoma. A MDMs from one representative healthy donor were plated 
into a glass-bottomed dish. CFSE-labeled BCBL-1 cells were incu-
bated with either DARA or IgG1 antibody for 15 min at room tem-
perature. Next, antibody coating CFSE-labeled BCBL-1 cells were 
added to the wells of MDMs (E: T ratio = 1:5) and further incubated 
for 2  h. The nuclei of the MDMs cells were stained with Hoechst 
33342, shown in blue, whereas BCBL-1 cells were seen as green flu-
orescence. Phagocytic cells are indicated by red arrows. B Data are 
presented as a phagocytic index, calculated as the number of phago-
cytic CFSE+Hoechst 33342+ per 100 MDMs. C MDMs from one 
representative healthy donor were plated into a well. CFSE-labeled 
BCBL-1 cells were incubated with either DARA or IgG1 antibody 
for 15 min at room temperature. The antibody coating CFSE-labeled 
BCBL-1 cells were added to the well of MDMs (E: T ratio = 1:2) 

and further incubated for 2  h. Phagocytic cells were defined as 
CD11b+CFSE+ cells. D Data are presented as the % phagocytosis 
(CD11b+CFSE+ cells) of two healthy donors. The data are presented 
as mean values ± the standard error (SE). *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. E Peritoneal macrophages from BRJ 
mice were plated into a well. CFSE-labeled BCBL-1 cells were incu-
bated with either DARA or IgG1 antibody for 15 min at room tem-
perature. The antibody coating CFSE-labeled BCBL-1 cells were 
added to the well of macrophages at the indicated ratios and further 
incubated for 2  h. Phagocytic cells were defined as CD11b+CFSE+ 
cells. F Data are presented as the % phagocytosis (CD11b+CFSE+ 
cells). The data are presented as mean values ± the standard error 
(SE). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 significant 
levels
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PEL cells by ADCC, CDC, and ADCP activities, and by 
cross-linking in vitro. DARA confers PEL tumor inhibi-
tory effect in vivo. Our data provide preclinical evidence 
for antibody targeting of CD38 as a novel effective thera-
peutic strategy for treating PEL.
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Fig. 6   Induction of cell death 
and clustering by fcɤR-mediated 
cross-linking of DARA. 
BCBL-1, GTO, TY-1 cells 
were pre-incubated for 15 min 
with varying concentrations of 
DARA followed by an overnight 
incubation in the presence of 
either 25 μg/ml of rabbit anti-
human IgG F(ab’)2 fragments or 
goat anti-mouse IgG (H + L). A 
The percentage of cell viability 
was assessed by MTT assay. B 
DARA cross-linking-mediated 
clustering of BCBL-1 cells. 
Bright-field images of BCBL-1 
after 18 h of incubation with a 
range of DARA concentration 
in the presence of 25 μg/ml Fc 
cross-linking secondary Ab
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Fig. 7   DARA treatment reduces tumor growth in a mouse model. 
DARA suppresses tumor growth in PEL xenograft mice. 107 BCBL-1 
cells were subcutaneously injected into  both flanks of mice (6 mice 
per group, in total 12 nodules). Three days after cell transplanta-
tion, 100 μg of DARA/mouse was intraperitoneally injected into the 
mice twice per week. The tumor size and morphology are shown in 
A. Tumor volumes were monitored B and weighed C. The data are 
presented as mean values ± standard deviation (SD). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001
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