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Abstract

Purpose: Daratumumab treatment results in a marked reduc-

tion of CD38 expression on multiple myeloma cells. The aim of

this study was to investigate the clinical implications and the

underlying mechanisms of daratumumab-mediated CD38

reduction.

Experimental Design: We evaluated the effect of daratumu-

mab alone or in combination with lenalidomide-dexameth-

asone, on CD38 levels of multiple myeloma cells and non-

tumor immune cells in the GEN501 study (daratumumab

monotherapy) and the GEN503 study (daratumumab com-

bined with lenalidomide-dexamethasone). In vitro assays were

also performed.

Results: In both trials, daratumumab reducedCD38 expression

on multiple myeloma cells within hours after starting the first

infusion, regardless of depth and duration of the response. In

addition, CD38 expressiononnontumor immune cells, including

natural killer cells, T cells, B cells, and monocytes, was also

reduced irrespective of alterations in their absolute numbers

during therapy. In-depth analyses revealed that CD38 levels of

multiple myeloma cells were only reduced in the presence of

complement or effector cells, suggesting that the rapid elimina-

tion of CD38highmultiple myeloma cells can contribute to CD38

reduction. In addition, we discovered that daratumumab–CD38

complexes and accompanying cell membrane were actively trans-

ferred from multiple myeloma cells to monocytes and granulo-

cytes. This process of trogocytosis was also associated with

reduced surface levels of some other membrane proteins, includ-

ing CD49d, CD56, and CD138.

Conclusions: Daratumumab rapidly reduced CD38 expres-

sion levels, at least in part, through trogocytosis. Importantly,

all these effects also occurred in patients with deep and durable

responses, thus excluding CD38 reduction alone as a mecha-

nism of daratumumab resistance.

The trials were registered at www.clinicaltrials.gov as

NCT00574288 (GEN501) and NCT1615029 (GEN503). Clin

Cancer Res; 23(24); 7498–511. �2017 AACR.

Introduction

The anti-CD38 monoclonal antibody, daratumumab, is well

tolerated and has robust single-agent activity in multiple myelo-

ma. Combined analysis of the GEN501 and Sirius clinical studies

showed that daratumumabat a dose of 16mg/kg induced apartial

response (PR) or better in 31% of the heavily pretreated patients

including complete response in 5% (1, 2). Preclinical studies have

shown that the immunomodulatory drug (IMiD) lenalidomide

improves daratumumab-mediated killing of multiple myeloma

cells (3). Based on these results, a phase I/II study (GEN503) was

initiated, which demonstrated that daratumumab combinedwith

lenalidomide-dexamethasone (DRd) induced rapid, deep, and

durable responses (4). Altogether, this formed the rationale for a

phase III study of lenalidomide-dexamethasone with or without

daratumumab in relapsed/refractory multiple myeloma, which

showed improved outcome for the three-drug compared with the

two-drug combination (5). Similarly, addition of daratumumab

to bortezomib-dexamethasone markedly improved response rate

and progression-free survival (6).

Themechanisms implicated in daratumumab-mediated killing

of tumor cells include the activation of potent cytotoxic immune

effector functions including complement-dependent cytotoxicity

(CDC), antibody-dependent cellular phagocytosis, antibody-

dependent cellular cytotoxicity (ADCC; refs. 3, 7–10), as well as

a direct apoptotic effect (11). Another important mechanism of

action includes the elimination of CD38-positive immune-sup-

pressor cells, which may contribute to an improved host-antitu-

mor immune response (12).
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We have previously shown that extent of CDC and ADCC in

pretreatment samples was associated with clinical response to

daratumumab as single agent (13). We also demonstrated that

response to daratumumab is partly dependent on baseline CD38

expression levels on the tumor cells (13). In addition, increased

expressionofCD38, either by transducingmultiplemyeloma cells

with the human CD38 gene or by treating cells with all-trans

retinoic acid, significantly enhanced daratumumab-mediated

killing (13, 14). Furthermore, another group recently reported

that lenalidomide and pomalidomide also increase CD38 expres-

sion on multiple myeloma cell lines (15, 16), and suggested that

IMiD-induced CD38 upregulation could contribute to the

observed synergy between daratumumab and IMiDs.

Unexpectedly, however, daratumumab treatment also results

in a marked reduction of CD38 expression on multiple myeloma

cells (13, 14). Not only the clinical implications, but also the

underlyingmechanisms of daratumumab-mediated CD38 reduc-

tion on multiple myeloma cells, the effect of daratumumab on

CD38 expression of nontumor cells, and precise kinetics of CD38

reduction are currently unknown. Furthermore, although lenali-

domide increases CD38 expression (15, 16), it is also unknown

whether lenalidomide can prevent the daratumumab-mediated

CD38 reduction. We therefore set out to thoroughly address these

relevant issues by performing in vitro assays, as well as flow

cytometric analysis of bone marrow (BM) and blood samples

frompatients treatedwith daratumumab alone or in combination

with lenalidomide.

We show that daratumumab-mediated CD38 reduction on

multiple myeloma cells is an early event, which also occurs on

nonmalignant cells, and both in the presence or absence of

lenalidomide. Highly important, CD38 reduction occurred in

every patient including those with deep and durable responses,

thus excluding the sole CD38 reduction as a mechanism of

daratumumab resistance. Our analyses reveal that the rapidCD38

downregulation occurs only in the presence of effector cells and,

to a lesser extent, complement, suggesting that rapid elimination

of CD38high multiple myeloma cells can partly explain this

phenomenon. In addition, we discovered that CD38 reduction

in the presence of effector cells mainly occurs through the active

transfer of daratumumab–CD38 complexes and accompanying

cell membrane from multiple myeloma cells to monocytes and

granulocytes, in a process often designated as trogocytosis.

Remarkably, this active membrane transfer process was also

associated with reduced expression levels of other membrane

proteins including adhesion molecules that play an important

role in multiple myeloma biology.

Materials and Methods

Patients and protocols

Data on expression levels of CD38 on natural killer (NK)

cells, B cells, T cells, and monocytes were derived from 17

relapsed or refractory multiple myeloma patients treated with

daratumumab monotherapy (16 mg/kg) in the GEN501 study

(NCT00574288) and from 9 patients treated in part 2 of the

GEN503 study [daratumumab 16 mg/kg in combination with

lenalidomide-dexamethasone (DRd); NCT1615029; refs. 1, 2].

In addition, in GEN503 patients, CD38 expression on multiple

myeloma cells was determined before start of therapy and

approximately 16 weeks after initiation of treatment, and at

the time of progression.

Briefly, in the GEN501 study, patients had multiple myeloma

requiring systemic therapy and relapsed from or refractory to at

least two prior therapies (1). In part 2 of the GEN503 study,

patients refractory to lenalidomide were excluded and patients

with �1 prior line of therapy were included (4). In both studies,

patients had age �18 years; life expectancy �3 months; Eastern

Cooperative Oncology Group performance status of �2; and

measurable disease. Exclusion criteria included other malignan-

cies; uncontrolled infections; cardiovascular and respiratory con-

ditions; or meningeal involvement of multiple myeloma.

For the analysis of CD38 expression onmultiplemyeloma cells

directly after the first daratumumab infusion, we obtained blood

samples from 8 patients before and immediately after the first

infusion of daratumumab and prior to administration of any

combinational treatment.

Study site ethics committees or Institutional Review Boards

approved the protocols, which were conducted according to the

principles of the Declaration of Helsinki, the International Con-

ference on Harmonization, and the Guidelines for Good Clinical

Practice. All patients gave written informed consent.

Antibodies and reagents

Daratumumab was provided by Janssen Pharmaceuticals.

Human IgG1-b12 (Genmab), a human mAb against an innocu-

ous antigen (HIV-1 gp120), was used as an isotype control as

described previously (13).

Multiple myeloma and lymphoma cell lines and culture

Multiple myeloma cell lines (UM9 and UM9-CD38) and the

lymphoma cell line (Daudi) were cultured in RPMI 1640

(Invitrogen), supplemented with 10% FBS (Lonza) and anti-

biotics (100 units/mL penicillin, 100 mg/mL streptomycin;

both Life Technologies) as previously described (17). UM9

was obtained after prolonged in vitro culture of the BM aspirate

of a multiple myeloma patient. Daudi was purchased from

the American Tissue Culture Collection (ATCC). Mycoplasma

Translational Relevance

The CD38-targeting antibody, daratumumab, is well toler-

ated and has marked activity in multiple myeloma as single

agent and in combination with other anti–multiple myeloma

agents. Although response to daratumumab monotherapy is

partly dependent on baseline CD38 expression levels on the

tumor cells, daratumumab treatment also results in a marked

reduction of CD38 expression on multiple myeloma cells. In

this study,we show that daratumumab-mediatedCD38 reduc-

tion is an early event, already observed after the first infusion.

Furthermore, CD38 reduction also occurs on nonmalignant

cells, and both in the presence and absence of lenalidomide.

The mechanism of CD38 reduction probably involves both

elimination of CD38high multiple myeloma cells and transfer

of daratumumab–CD38 complexes and accompanying cell

membrane from multiple myeloma cells to monocytes and

granulocytes. Importantly, CD38 reduction is observed in

every patient including those with deep and durable

responses, thereby excluding the sole CD38 reduction as a

mechanism of daratumumab resistance.

DARA-Dependent, Effector Cell–Mediated CD38 Reduction
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testing was performed every month by using real-time PCR

(Microbiome), and cell lines were authenticated by partial HLA

typing carried out maximal 6 months before the most recent

experiment.

Generation of the UM9 cell line with higher CD38 expression

The multiple myeloma cell line UM9 was transduced with the

human CD38 gene to obtain CD38 expression levels comparable

with primary myeloma cells. For this, the amphotropic Phoenix

packaging cell line (Phoenix Ampho) was transfected, using

calcium phosphate precipitation, with the pQCXIN vector in

which the gene encoding human CD38 was inserted. This cell

line is referred to as UM9-CD38 (14).

Flow cytometric analysis of BM and blood samples from

patients treated with daratumumab

BM-localized multiple myeloma cells were identified and

analyzed for CD38 expression levels by staining 1 � 106 cells

with CD38 V450, CD138 PercP-Cy5.5, CD56 Pe-Cy7 (all Bec-

ton Dickinson), HuMax-003 FITC (this antibody binds to an

epitope distinct from the epitope bound by daratumumab;

Genmab/Janssen Pharmaceuticals; HuMax-003 FITC was used

for analysis of CD38 expression in sequential samples obtained

before, during, and after treatment with daratumumab), CD45

Pacific Orange (Invitrogen), CD19 APC-A750 (Beckman Coul-

ter; Immunotech) combined with cytoplasmic staining for

immunoglobulin light chains using monoclonal anti-kappa

APC (Becton Dickinson), and polyclonal anti-lambda PE

(DAKO). These samples were analyzed within 24 hours from

the time the BM aspirate was collected. As previously described,

expression levels of CD38 were stable during the first 48 hours

after BM sampling (13).

Quantitation of circulating multiple myeloma cells and anal-

ysis of their CD38 expression level were performed by the incu-

bation of 35 � 106 cells with sufficient amounts of antibodies in

the combinations described above for 30 minutes at room tem-

perature in the dark. Cells were then washed with PBS, suspended

in 2 mL of PBS/human serum albumin, and directly analyzed by

flow cytometry. Multiple myeloma cells were enumerated by

using the calculated ratio of multiple myeloma cells and B cells

in the sample and the established absolute number of B cells in the

same blood sample using single-platform analysis. These samples

were analyzed within 24 hours from the time the blood sample

was collected.

CD38 expression on immune cell subsets was determined on

cryopreserved peripheral blood mononuclear cells (PBMC), iso-

lated by density-gradient centrifugation. At the time of analysis,

thawed PBMCs were resuspended in FACS medium (PBS/0.05%

Azide/0.1% HSA). A total of 2 � 105 cells were stained with

relevant fluorescent-conjugated monoclonal antibodies to iden-

tify by multicolor flow cytometry various immune cell popula-

tions and their CD38 expression. The following antibodies were

used: CD45 KO, CD16 PE, CD56 PC7 (all Beckman Coulter),

CD3 V450, CD19 APC-H7, CD14 PerCP, CD4 APC-H7, CD8

PerCP-Cy5.5, CD14 PE, CD44 APC-H7, CD54 APC, CD138 PE

(all Becton Dickinson), CD138 APC (IQP), and CD49d PE

(Biolegend). All samples were additionally stained with the

anti-CD38 antibody,HuMax-003 FITC,whichbinds to an epitope

distinct from the epitope bound by daratumumab.

Flow cytometry was performed using a 3-laser Canto II

flow cytometer (Becton Dickinson). Fluorescent labeled beads

(CS&T beads; Becton Dickinson) were used to monitor the

performance of the flow cytometer and verify optical path and

stream flow. This procedure enables controlled standardized

results and allows the determination of long-term drifts

and incidental changes within the flow cytometer. No changes

were observed which could affect the results. Compensation

beads were used to determine spectral overlap, and compen-

sation was automatically calculated using Diva software.

Statistical analysis

Comparisons between variables were performed using two-

tailed (paired) Student t test, or Mann–Whitney U test or Wil-

coxon matched-pairs signed-rank test in case the data do not

follow a normal distribution. P values below 0.05 were consid-

ered significant.

Additional methods are presented in Supplementary Data.

Results

CD38 expression is reduced on multiple myeloma cells

during DRd treatment

We have recently demonstrated that daratumumab monother-

apy rapidly reduces CD38 expression levels onmultiplemyeloma

cells (13). Because lenalidomide increases CD38 expression on

multiple myeloma cell lines (15, 16), we hypothesized that

lenalidomide may prevent the daratumumab-mediated reduc-

tion in CD38 and thereby improve daratumumab's efficacy to kill

multiple myeloma cells. Therefore, we analyzed CD38 expression

on BM-localized multiple myeloma cells from GEN503 patients

treated in our center (clinical characteristics are shown in Sup-

plementary Table S1). Sequential BMsampleswereobtained from

6 of 9 patients. We used an anti-CD38 monoclonal antibody,

HuMax-003-FITC, that binds to a different epitope than daratu-

mumab (12). This excluded the possibility that binding of dar-

atumumab masked the detection of CD38.

Sixteen weeks after the first daratumumab infusion, the

multiple myeloma cells of DRd-treated patients had signifi-

cantly lower CD38 expression levels, compared with baseline

values [median fluorescence intensity (MFI) CD38: 9,220 vs.

60,516; P ¼ 0.0313; Fig. 1A]. Similarly, at the time of progres-

sion during DRd treatment, multiple myeloma cells had low

CD38 expression levels.

We also analyzed CD38 expression on circulating multiple

myeloma cells in the same subset of GEN503 patients. Peripheral

blood clonal plasma cells were detected before start of DRd

treatment in 5 of 9 patients (56%). In 2 patients, these cells were

still detectable after 1 week of DRd treatment and also displayed

lower CD38 expression levels, compared with baseline (P ¼

0.078; Fig. 1B). Only in 1 patient, circulating multiple myeloma

cells remained detectable and showed low CD38 expression

throughout the whole treatment period, even 3 months after

stopping daratumumab due to disease progression (Fig. 1C).

Daratumumab with or without lenalidomide reduces CD38

expression levels on normal white blood cells

To determine whether daratumumab-mediated CD38 reduc-

tion is specific for multiple myeloma cells or also occurs on

nonmalignant cells, we evaluated CD38 expression levels of

PBMC subsets during treatment of patients with single-agent

daratumumab (GEN501,n¼17; clinical characteristics are shown

in Supplementary Table S2) or DRd (GEN503, n ¼ 9).

Krejcik et al.
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These immune cell subsets expressed varying levels of CD38

with NK cells having higher expression, compared with B cells,

T cells, or monocytes. As previously described, the absolute

counts of these immune cell subsets were differentially affected

by daratumumab monotherapy with a rapid decrease in NK

cells but increase in CD8þ T cells (12, 18), whereas there was no

detectable effect on monocyte, CD4þ T-cell, or B-cell counts.

Although daratumumab had different effects on the absolute

numbers of the PBMC subsets, we observed a significant and

uniform reduction of CD38 expression levels on all these

immune cells. The CD38 reduction was already observed after

1 week of treatment, whereas 6 months after the last daratu-

mumab infusion, CD38 levels were restored to baseline levels

(Fig. 2A and B).

In the 9 DRd-treated patients, we observed a reduction in

absolute numbers of NK cells and B cells, whereas monocyte,

CD4þ T-cell, and CD8þ T-cell counts did not change. Similar to

daratumumab monotherapy, a rapid reduction of CD38 levels

was also observed for all PBMC subsets in DRd-treated patients

(Fig. 2A andB).Noposttreatment sampleswere available to assess

recovery of CD38 levels after DRd therapy was stopped.

CD38 levels are reduced directly after the first infusion

To gain further insight into the kinetics of CD38 reduction,

we analyzed CD38 expression levels on PBMC subsets and

circulating multiple myeloma cells directly after the end of the

first infusion. We therefore obtained blood samples from a

different group of patients treated with daratumumab (n ¼ 8).

Median duration of their first infusion was 6 hours and 55

minutes (range, 6 hours 30 minutes–8 hours 30 minutes).

Importantly, directly after the first infusion, CD38 levels were

already markedly reduced on circulating multiple myeloma

cells, which were detected in 3 of these patients. CD38 levels

were also significantly reduced on NK cells, B cells, and CD4þ T

cells. There was also CD38 reduction on CD8þ T cells, but this

did not reach statistical significance. No change in CD38 levels

was observed on monocytes (Fig. 2C and D).

Loss of CD38 from the multiple myeloma cell membrane

reduces CDC and ADCC

We previously showed that extent of both CDC and ADCC is

associated with CD38 expression levels (13, 14). We therefore

evaluated the effect of CD38 downmodulation on CDC and

ADCC efficiency in serial BM samples obtained from patients

who had achieved PR with daratumumab monotherapy. As

expected, CD38 loss reduced daratumumab-mediated CDC and

ADCCagainstmultiplemyeloma cells, even though these patients

had persistent response (Supplementary Fig. S1).

CD38 reduction on multiple myeloma cells is only observed

after addition of complement or effector cells

To analyze the mechanism of CD38 reduction, we deter-

mined CD38 levels on multiple myeloma cell lines treated with

daratumumab in the presence or absence of effector cells or

complement. CD38 expression was not reduced bv daratumu-

mab in the absence of effector cells or complement (Fig. 3A). In

the presence of complement, the CD38 expression of only

Daudi and UM9-CD38 cells was sufficient to induce CDC.

Remarkably, the surviving cells after CDC had reduced CD38

levels (Fig. 3B), suggesting that CDC selectively eliminated

multiple myeloma cells with high CD38 expression in these

cell lines. Supporting this idea, daratumumab did not affect

CD38 expression levels in the UM9 cell line, whose CD38

expression levels were already too low to induce CDC. In the

Figure 1.

Treatment with daratumumab plus lenalidomide-dexamethasone is associated with reduced CD38 expression on multiple myeloma (MM) cells. A, CD38

expression was measured on BM-localized multiple myeloma cells in a subset of GEN503 patients before start of treatment (baseline; n¼ 6), 16 weeks after the

initiation of daratumumab plus lenalidomide-dexamethasone treatment (n ¼ 6), and also at the time of progression (PD) during daratumumab plus

lenalidomide-dexamethasone therapy (n ¼ 3). B, CD38 expression was also determined in patients with circulating multiple myeloma cells. Before start of

treatment, 5 of 9 patients had circulating tumor cells, whereas 1 week after the first infusion, these cells were only detected in 2 patients. In 1 patient, we were

able to determine CD38 levels on circulating tumor cells at the time of progression (PD). C, Only in 1 patient, circulating MM cells were detectable during the

whole treatment period allowing the longitudinal measurement of CD38 expression and absolute numbers. CD38 expression was determined by using HuMax-

003-FITC, which binds to a different epitope compared with daratumumab, thereby excluding the possibility that binding of daratumumab masked the

detection of CD38. Data are presented as mean� SEM. P values between the indicated groups were calculated using a paired Student t test; �, P < 0.05; ns, not

significant. Abbreviation: PB, peripheral blood.

DARA-Dependent, Effector Cell–Mediated CD38 Reduction
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presence of healthy PBMCs as effector cells, all cell lines were to

a certain extent susceptible to ADCC. At the end of the ADCC

assay, all remaining cells, which could not be killed by ADCC,

had lower CD38 expression (Fig. 3C). Western blot analysis

confirmed the flow cytometry results (Supplementary Fig. S2).

CD38 reduction on primary multiple myeloma cells is most

pronounced in the presence of effector cells

We also analyzed the effect of daratumumab on CD38 expres-

sion in ex vivo CDC and ADCC assays with BM aspirates from

multiple myeloma patients. Similar to the experiments with cell

lines, there was a significant CD38 reduction on primarymultiple

myeloma cells that survived after treatmentwith daratumumab in

CDCor ADCC assays (Fig. 3D). However, despite similar levels of

lysis, the CD38 reduction was more pronounced in ADCC as

compared with CDC assays (64.5% vs. 27.6% reduction, respec-

tively). It seemed therefore likely that apart from selection of

multiple myeloma cells with lower CD38 levels, effector cells had

additional effects on CD38 expression.

Monocytes and granulocytes contribute to CD38 reduction

We next analyzed which immune cell subsets were responsible

for the reduction of CD38 levels on multiple myeloma cells. We

therefore carried out 4-hour ADCC assays using UM9 cells and

unseparated PBMCs or T-cell–, NK-cell–, or monocyte-enriched

PBMC fractions as effector cells. Because granulocytes are sepa-

rated from the PBMCs during processing of whole blood, we also

incubated UM9 cells with purified granulocytes. Killing of UM9

cells was predominantly mediated by NK cells and, to a lesser

degree, monocytes, but not granulocytes. However, CD38 reduc-

tion was mainly mediated by monocytes and granulocytes, but

not by NK cells or T cells (Fig. 4A). Similarly, depletion of

monocytes from PBMCs abrogated the daratumumab-mediated

CD38 reduction on NK cells (Supplementary Fig. S3).

Daratumumab is transferred from UM9 cells to monocytes and

granulocytes

Because monocytes and granulocytes contributed significantly

to CD38 reduction of daratumumab-treated multiple myeloma

cells, we questioned whether they could take up daratumumab–

CD38 complexes from multiple myeloma cells in the absence of

phagocytosis. To this end, we incubated UM9 cells with AF488-

labeled daratumumab or IgG-b12 control antibody, and subse-

quently cocultured these cells with human leukocytes. Before the

incubation, UM9 cells were also intracellularly stained with

CellTrace Violet, which enabled us to clearly distinguish UM9

cells fromnonstained leukocytes. Gating on leukocytes with a low

Violet signal also excluded cells that had engulfed complete UM9

cells (these cells have higher CellTrace Violet signal; Fig. 4B). In

line with our previous experiments, gating on different leukocyte

populations with low CellTrace Violet signal showed that mono-

cytes, and to a lesser extent granulocytes, were strongly capable of

taking up AF488-labeled daratumumab, compared with T cells

(no increase) or NK cells (small increase). There was no uptake of

IgG-b12 by the different leukocyte subsets. Altogether, these

results showed the capacity of monocytes and granulocytes to

take up daratumumab–CD38 complexes, even without phago-

cytosis of whole multiple myeloma cells.

We also evaluated the presence of the daratumumab–CD38

complex in monocytes by using an intracellular staining of

human IgG. In concordance with the previous experiments,

human IgG was detected in monocytes after their coculture with

daratumumab-opsonized UM9 cells. Concomitantly, we

observed a significant reduction of the signal for human IgG on

daratumumab-opsonized UM9 cells. No such changes were

detected after coculture of monocytes with UM9 cells incubated

with fully human IgG-b12 control antibody, or in the absence of

monocytes (Supplementary Fig. S4). To exclude that the increase

inhuman IgG inmonocytes could be caused bypassive binding of

unwashed daratumumab, monocytes were also incubated with a

cell-free supernatant from the last washing step of daratumumab-

opsonized UM9 cells. No human IgG was detected in these

monocytes after this incubation, ruling out passive take up of

unbound daratumumab by monocytes.

Uptake of AF488-labeled daratumumab by monocytes is

inhibited by polyclonal human IgG

To evaluate the possible role of Fcg receptors on monocyte-

mediated CD38 reduction, we blocked the Fcg receptors on

monocytes by pretreating them with or without polyclonal

human IgG. As expected, the daratumumab-AF488 signal of UM9

cells was significantly lowered after a 2-hour coculture by untreat-

ed monocytes, with a concomitant increase of the signal in

monocytes (Fig. 5A). Such changes were partly reversed after

treatment of monocytes with polyclonal human IgG, indicating

that monocytes were partly dependent on Fcg receptors for their

ability to reduce the daratumumab-AF488 signal on UM9 cells.

Membrane fragments are transferred to acceptor cells together

with daratumumab-AF488

We also evaluated whether effector cells take up the daratu-

mumab–CD38 complex selectively or together with parts of the

Figure 2.

Daratumumab alone or combined with lenalidomide-dexamethasone reduces CD38 expression levels on normal white blood cell subsets irrespective

of changes in their absolute numbers. A, Changes in CD38 expression levels and absolute numbers (abs) of various white blood cell populations

during daratumumab monotherapy (GEN501 study; n ¼ 17) or daratumumab combined with lenalidomide and dexamethasone (GEN503 study; n ¼ 9).

B, Representative flow cytometry histogram overlays depicting cell surface expression of CD38 on various white blood cell populations from a

representative patient treated with daratumumab in the GEN501 study and a representative patient treated with daratumumab plus lenalidomide-

dexamethasone in the GEN503 trial at different time points: before the first daratumumab infusion (red histogram) and during daratumumab

treatment (blue histogram). C, CD38 expression levels of various white blood cell subsets were measured both before (pre) and directly after the

end of the first infusion (post) in a different group of patients treated with daratumumab in our institution (n ¼ 8). In 3 these 8 patients, circulating

multiple myeloma (MM) cells were also detected and analyzed for CD38 expression levels. Median duration of the first infusion was 6 hours and

55 minutes. D, Flow cytometry dot plots from the 3 patients who had circulating multiple myeloma cells showing CD38 and CD138 expression on the

different PBMC subsets and the circulating multiple myeloma cells before and directly after the first daratumumab infusion. CD38 expression was

determined by using HuMax-003-FITC, which binds to a different epitope compared with daratumumab, thereby excluding the possibility that binding

of daratumumab masked the detection of CD38. Data are presented as mean � SEM. P values between the indicated groups were calculated using a

paired Student t test; �, P < 0.05; ��, P < 0.005; ��� , P < 0.0005; ���� , P < 0.00005; ns, not significant.

DARA-Dependent, Effector Cell–Mediated CD38 Reduction
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multiple myeloma cell membrane. To this end, we labeled the

UM9 cell surface with the membrane dye PKH-26 before opso-

nization with daratumumab-AF488. Coculture of PKH-26–

stained UM9 cells with monocytes led to the concurrent increase

of both the daratumumab-AF488 signal and the PKH-26 cell

membrane signal onmonocytes (Fig. 5B). Similar to the previous

experiments, the addition of monocytes to daratumumab-opso-

nized UM9 cells also resulted in a significant decrease of daratu-

mumab-AF488 signal on UM9 cells (Supplementary Fig. S5). No

such changes were observed when membrane-stained UM9 cells

were incubated with IgG-b12 (Fig. 5B). Altogether, this suggested

that CD38–daratumumab complexes were transferred together

with parts of the cell membrane from daratumumab-opsonized

UM9 cells to monocytes.

Confocal scanning laser microscopy studies supported the

results obtained with flow cytometry. UM9 cells were mem-

brane-labeled with PKH-26 (red) and opsonized with daratu-

mumab-AF488 (green), and then mixed with monocytes,

which were intracellularly labeled with CellTrace Violet (blue).

This resulted in transfer of red UM9 membrane components

and green CD38–daratumumab–AF488 complexes to mono-

cytes (Fig. 5C; Supplementary Fig. S6). Uptake was predomi-

nantly mediated by monocytes in the proximity of UM9 cells,

whereas other monocytes showed less or no increase in

Figure 3.

Daratumumab-mediated CD38

reduction on multiple myeloma cell

lines is only observed in the presence

of effector cells or complement. UM9,

UM9-CD38, and Daudi cells were

treated with daratumumab (10 mg/

mL) or IgG-b12 control antibody in the

absence of complement or effector

cells (A), in the presence of pooled

unheated human serum as a source of

complement (B), or in the presence of

freshly isolated PBMCs from healthy

donors as effector cells (C). The left

plot shows for each of these

conditions the MFI of CD38 on

surviving multiple myeloma cells

treated with daratumumab or control

IgG-b12 antibody. The right plot shows

for each condition the percentage

lysis, which was determined and

calculated as described in the

Materials and Methods. ADCC and

CDC assays were performed as

described in Materials and Methods.

D, Ex vivo ADCC and CDC assays were

performed with BM aspirates from 7

and 10 multiple myeloma patients,

respectively. CDC and ADCC assays

were performed as described in

Materials and Methods. The black bars

show MFI of CD38 on surviving

multiple myeloma cells as determined

by flow cytometry, and white bars

show the percentage of multiple

myeloma cell lysis mediated by

daratumumab in ADCC (left) or CDC

assays (right). Data are presented as

mean � SEM. P values between the

indicated groups were calculated

using a paired Student t test; � , P <

0.05; �� , P < 0.005; ns, not significant.

Abbreviation: DARA, daratumumab.

Krejcik et al.
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daratumumab-AF488 or cell membrane signal, suggesting that

direct contact is required for the transfer of CD38–daratumu-

mab complexes to monocytes.

Loss of other proteins from the multiple myeloma cell surface

Because parts of the cell membrane from daratumumab-

opsonized multiple myeloma cells were transferred to acceptor

cells, we evaluated whether this process resulted in reduction of

other cell membrane proteins. Remarkably, we observed not

only CD38 reduction, but also a significant decrease in CD138

levels on daratumumab-treated UM9 and UM9-CD38 cells in

the presence of PBMCs. Similarly, this membrane transfer

process reduced CD19 expression on Daudi cells. Importantly,

in the presence of complement, there was no reduction of

CD138 or CD19 (Fig. 6A).

Next, we investigated the effect of daratumumab on other

surface molecules, whereby we focused on the major adhesion

molecules (19). UM9 and UM9-CD38 cells, treated for 2 hours

with daratumumab in the presence of monocytes, had a signif-

icant reduction of CD49d (a4-integrin, a subunit of VLA-4),

CD54 (ICAM-1), and CD44 (HCAM). These cell lines have very

low expression of CD56, and its levels were only reduced inUM9-

CD38 cells. Similarly, daratumumab resulted in reduced expres-

sion of CD49d and CD54 on Daudi cells in the presence of

monocytes. CD44 was not detected on Daudi cells. Again in the

presence of complement, expression levels of these membrane

proteins were unaffected or only modestly reduced (Fig. 6B).

To estimate the in vivo relevance of these in vitro findings, we

analyzed the expression levels of the same molecules on circu-

lating and BM-localized multiple myeloma cells from patients

treated with daratumumab monotherapy or DRd. We confirmed

that directly after thefirst infusion, therewas not only reduction of

CD38 expression on circulating multiple myeloma cells, but also

a reduction of CD138 and CD56 in both responding and non-

responding patients (Fig. 6C). Similarly, a longitudinal analysis

of BM samples showed a marked reduction of CD56 expression

levels with daratumumab monotherapy (GEN501) and with

DRd (GEN503; Fig. 6D). Finally, we analyzed the expression of

other adhesion molecules in 2 patients. In both patients, dar-

atumumabmonotherapy led not only to reduced levels of CD38,

but also of CD56, CD138, and CD49d, whereas CD54 and CD44

levels were only slightly reduced or modestly increased (Fig. 6E).

Figure 4.

Monocytes and granulocytes reduce CD38 expression of multiple myeloma (MM) cells. A, UM9 cells were cocultured with PBMCs or with purified white

blood cell populations, isolated from healthy donor buffy coats as described in the Materials and Methods. The left plot shows the MFI of CD38 on

surviving UM9 cells treated with 10 mg/mL daratumumab or IgG-b12 control antibody in the presence of the different effector cells. The right plot shows the

lysis of the UM9 cells mediated by the different white blood cell populations. B, UM9 cells were stained with CellTrace Violet and then opsonized with

daratumumab or IgG-b12 control antibody, which were both labeled with AF488. These UM9 cells were subsequently cocultured with white blood cells.

Uptake of AF488 signal by white blood cell subsets was analyzed by flow cytometry. The left plot shows the MFI values for the AF488 signal of the

different white blood cell subsets. Gating on cells with a negative signal for CellTrace Violet ensured that the increase in AF488 signal of PBMC was

not caused by phagocytosis of complete UM9 cells (right). Data are presented as mean � SEM. P values between the indicated groups were calculated

using a paired Student t test; � , P < 0.05; �� , P < 0.005; ns, not significant. Abbreviations: PMN, polymorphonuclear leukocytes (granulocytes); WBC,

white blood cells.

DARA-Dependent, Effector Cell–Mediated CD38 Reduction
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Figure 5.

Transfer of membrane fragments from UM9 cells to monocytes. A, UM9 cells were stained with CellTrace Violet and then opsonized with AF488-labeled

daratumumab. These UM9 cells were subsequently cocultured for 2 hours with monocytes, which were pretreated with or without polyclonal human

IgG to block Fcg receptors. The signal for AF488–daratumumab on monocytes and UM9 cells was analyzed by flow cytometry. Shown are the

MFI values for the AF488 signal. Pretreatment of monocytes with polyclonal IgG partially prevented the loss of AF488-labeled daratumumab on

UM9 cells. (Continued on the following page.)

Krejcik et al.
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Discussion

We previously showed that daratumumab as single agent

results in decreased CD38 expression levels on multiple mye-

loma cells from relapsed/refractory multiple myeloma patients

(13). Here, we demonstrate that CD38 expression is also rapidly,

and to a similar extent, reduced on both BM and peripheral

blood multiple myeloma cells from patients treated with DRd.

This indicates that the synergy between lenalidomide and dar-

atumumab cannot be explained by the abrogation of CD38

downregulation, and that other mechanisms, including effector

cell activation by lenalidomide, play a role (20, 21). Interest-

ingly, we also show that daratumumab alone or in combination

with lenalidomide-dexamethasone reduces CD38 expression on

nontumor immune cells. Importantly, the CD38 reduction on

tumor cells and immune cells occurs within hours after initiation

of the daratumumab infusion and is present during the whole

period of treatment as well as several months after daratumu-

mab has been stopped because of development of progressive

disease. Four to 6 months after the last infusion, CD38 expres-

sion increases again (13), which can be explained by the con-

tinued presence of daratumumab in the circulation during the

first months after the last infusion due to the approximately

21-day half-life of daratumumab (22). Importantly, we and

others showed that daratumumab-mediated CD38 reduction

can also be observed by using other techniques than flow

cytometry, including cytometry by time-of-flight (CyTOF;

ref. 23) and Western blotting (24).

In the absence of effector cells or complement, daratumumab

did not affect CD38 levels on multiple myeloma cells. This

suggests that direct internalization of daratumumab-bound

CD38 is likely not a key mechanism of CD38 reduction during

daratumumab treatment. In contrast, in the presence of comple-

ment or effector cells, survivingmultiplemyeloma cells had lower

CD38 expression, suggesting that the mechanism whereby dar-

atumumab reduces CD38 expression probably includes selection

of cells with lower CD38 levels, whereas tumor cells with higher

CD38 expression are eliminated. Indeed, the level of CD38

expression is an important determinant of daratumumab-medi-

ated CDC and ADCC (14). However, selection cannot be the sole

explanation, because CD38 reduction was observed not only in

patients with marked reduction in tumor load, but also in those

with stable or progressive disease (13). Similarly, CD38 expres-

sionwas reduced on immune subsets irrespective of whether their

frequencies were reduced, increased, or unaffected by therapy.

This indicates that next to selection, other mechanisms are

involved in CD38 reduction.

Indeed, in a series of experiments, we demonstrate the transfer

of the CD38–daratumumab complex from multiple myeloma

cells to monocytes and granulocytes, which also occurred in the

absence of evident phagocytosis of tumor cells. Furthermore,

CD38 reduction on multiple myeloma cells by monocytes could

be partially blocked by pretreatment of monocytes with poly-

clonal IgG, which indicates that the monocyte-mediated CD38

reduction is in part Fcg receptor dependent. In addition, we show

that daratumumab transfers not only CD38–daratumumab com-

plexes from multiple myeloma cells to acceptor cells, but also

membrane fragments. This provides an explanation why daratu-

mumab in the presence of effector cells also reduced the expres-

sion of several other membrane proteins including CD49d,

CD54, CD56, CD138, and CD44 on multiple myeloma cells,

whereas the expression of these proteins wasmostly unaffected by

daratumumab in the presence of complement. We made similar

observations in samples from patients treated with daratumu-

mab, including the rapid reduction of CD49d,CD138, andCD56.

Importantly, daratumumab does not reduce expression of all

membrane proteins. Indeed, we previously showed that CD46

expression is unaffected by daratumumab, whereas CD55 and

CD59 expression levels increase at the time of progression during

daratumumab monotherapy (13). These findings are compatible

with the transfer of membrane-bound organizedmolecular struc-

tures ormay suggest that proteins located in close proximity to the

CD38–daratumumab complex are removed as innocent bystan-

ders when the daratumumab–CD38 complexes are taken up by

effector cells. Indeed, CD38 is physically associated with CD49d

and CD44 on the CLL cell surface membrane (25–27). Similarly,

CD38 associates withCD19 in normal andmalignant B cells (28).

Altogether, the mechanisms of daratumumab-mediated CD38

reduction probably include both selection of cells with lower

CD38 expression and uptake of CD38–daratumumab complexes

by monocytes and granulocytes in the process of trogocytosis.

Daratumumab-mediated CD38 reduction was more evident on

primary multiple myeloma cells, when compared with cell lines.

This is most likely related to lower baseline CD38 expression

levels on multiple myeloma cell lines. Indeed, CD38 reduction

was more pronounced in the UM9-CD38 cell line with CD38

expression levels comparable with primary multiple myeloma

cells, when compared with the parental cell line UM9. Similarly,

trogocytosis by rituximab is also more efficient with high CD20

expression levels (29). The relative contribution of trogocytosis to

CD38 reduction is currently unknown. Trogocytosis is probably

the most important mechanism for loss of CD38 on multiple

myeloma cells and immune cells whose frequencies increase or

remain stable, whereas probably both selection and trogocytosis

(Continued.) At the same time, the increase in AF488-labeled daratumumab on monocytes was significantly lower in monocytes pretreated with polyclonal

IgG compared with untreated monocytes. B, Monocytes were incubated with or without daratumumab-AF488 or IgG-b12-AF488–treated UM9 cells.

The cell membrane of these UM9 cells was also stained with PKH-26. After a 2-hour coincubation, monocytes experienced a significant increase of

both PKH-26 and AF488-labeled daratumumab. The uptake of PKH-26 by monocytes was only observed when UM9 cells were opsonized with

daratumumab, but not if they were opsonized with the IgG-b12 control antibody. The left plot shows representative flow cytometry dot plots [left dot

plot: monocytes only; right dot plot: membrane-stained (PKH-26) and daratumumab-AF488–opsonized UM9 cells in the presence of monocytes;

monocytes are depicted in blue; UM9 cells are depicted in red]. The right plot shows the MFI of the cell membrane dye PKH-26 on monocytes treated

under different conditions. Data are presented as mean � SEM. P values between the indicated groups were calculated using a paired Student t test;
� , P < 0.05; ��, P < 0.005; ns, not significant. C, Membrane-stained (PKH-26) and daratumumab-AF488–opsonized UM9 cells were incubated with

CellTrace Violet–labeled monocytes. Confocal scanning laser microscopy shows the transfer of both daratumumab-AF488 (green) and cell membrane

(red) from UM9 cells to CellTrace Violet–labeled monocytes (blue) in two representative cytospins. Monocytes (yellow arrows), which are in close

proximity to UM9 cells, generally take up both AF488-labeled daratumumab and membrane fragments from UM9 cells, whereas monocytes (white arrows),

which are not attached to UM9 cells, are generally negative for both AF488-daratumumab and membrane staining. Abbreviation: DARA, daratumumab.

DARA-Dependent, Effector Cell–Mediated CD38 Reduction
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Figure 6.

Several cell membrane proteins also decrease on multiple myeloma cells exposed to daratumumab in the presence of effector cells. A, Cell lines were

incubated with daratumumab (10 mg/mL) or IgG-b12 control antibody (10 mg/mL) in the presence of pooled unheated human serum as source of

complement or freshly isolated PBMCs as effector cells, as described in Materials and Methods. Cells were then harvested to determine CD138 (UM9, and

UM9-CD38 cells) or CD19 (Daudi) expression levels on surviving cells by flow cytometry. B, The effect of daratumumab on several other membrane

proteins known to be expressed on multiple myeloma and lymphoma cells (CD44, CD49d, CD54, and CD56) was tested in the presence of monocytes (top)

or pooled unheated human serum as a source of complement (bottom), as described in Materials and Methods. After a 2-hour incubation, cells were

harvested to determine expression levels of CD38, CD44, CD49d, CD54, and CD56 on surviving cells by flow cytometry. P values between the

indicated groups were calculated using a paired Student t test. C, Expression of CD138 on circulating multiple myeloma cells was determined before (pre)

and directly after the first infusion of daratumumab (post) in 3 patients. The circulating tumor cells were CD56 positive in 1 of these 3 patients, and

expression levels of this protein were also analyzed before and directly after the first daratumumab infusion. (Continued on the following page.)
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contribute to reductionofCD38expressiononmultiplemyeloma

cells and immune cells whose numbers decrease as a result of

daratumumab treatment.

Trogocytosis is characterized by the process whereby chelated

ligands on the donor cell along with sections of its plasma

membrane are pinched off and taken up by the acceptor cell

(30, 31). Similar to daratumumab, several other antibodies

including epratuzumab (anti-CD22), daclizumab (anti-CD25),

IPH2101 (anti-KIR), and rituxumab (anti-CD20) have the ability

to downregulate their target proteins by trogocytosis, which was

also accompanied by loss of other membrane proteins (32–38).

For example, rituximab treatment leads to loss of not only CD20,

but also CD19, CD21, CD22, and CD79b from the B-cell surface

(32, 35, 37). Thus, as a consequence of trogocytosis, tumor cells

may have altered levels of critical phenotypic markers, which

could confound flow-cytometric assessment of residual tumor

cells during the course of antibody-based therapy.

Our data suggest that trogocytic transfer of CD38 and dar-

atumumab from the multiple myeloma cell surface to effector

cells reduces CDC and ADCC, thereby compromising the

therapeutic efficacy of daratumumab. However, CD38 reduc-

tion seems to be a uniform response in all patients treated with

daratumumab, including those with sustained clinical

responses and those with increasing depth of response over

time (13). Therefore, we expect that although CD38 reduction

via trogocytosis is associated with impaired classic Fc-depen-

dent immune effector mechanisms, it may not be per se asso-

ciated with escape from daratumumab treatment. Importantly,

we have recently discovered that daratumumab has also other

mechanisms of action including an improved host-antitumor

immune response resulting from eradication of CD38-positive

immune-suppressor cells (12), which may be important for

persistent tumor control. Furthermore, the continuous pressure

by daratumumab to maintain multiple myeloma cells in a

CD38�/low state may contribute to effective immune surveil-

lance at another level, because CD38 ectoenzymatic activity is

implicated in production of immunosuppressive adenosine in

the BM microenvironment (39–41). Indeed, it was recently

shown that tumor-associated CD38 inhibits T-cell function

(42). Moreover, daratumumab-mediated trogocytosis may

impair the ability of multiple myeloma cells to interact with

the protective BM microenvironment by reducing expression of

several adhesion proteins on multiple myeloma cells, including

CD38 which also functions as adhesion molecule (43). Finally,

even the process of trogocytosis itself may lead to death of

antibody-opsonized tumor cells as a result of membrane dam-

age as well as loss of the target antigen and other important

molecules (44). All these possibilities need to be investigated in

future studies.

It is also important to understand under which conditions

monocytes or granulocytes engulf whole daratumumab-opso-

nized multiple myeloma cells or only internalize small amounts

of material from the surface of the opsonized cell. Saturation or

exhaustion of effector cell–based killing mechanisms (45), lim-

ited contact time betweenmultiplemyeloma cell and effector cell,

or physical constraints by surrounding cells may favor trogocy-

tosis over phagocytosis. Furthermore, polarized localization of

antigen/antibody complexes facilitates their transfer by trogocy-

tosis (46, 47). Interestingly, it was recently demonstrated that

binding of immobilized daratumumab to CD38 results in redis-

tribution of the CD38 molecules and formation of distinct polar

aggregates (48, 49). Therefore, capping of CD38–daratumumab

on multiple myeloma cells could lead to removal of the cap by

acceptor cells and thus prevent the destruction of these cells by

whole-cell phagocytosis. Alternatively, in vitro these polar aggre-

gates can also be shed as microvesicles, which can subsequently

interact with immune cells (49).

Our findings also suggest that daratumumab resistance is not

necessary mediated by loss of CD38 expression, and that other

mechanisms underlying acquired resistance exist. Indeed, we

previously showed that development of daratumumab-resistant

disease was associated with increased expression of the comple-

ment inhibitors CD55 and CD59 on multiple myeloma cells, or

the outgrowth of subpopulations with high expression levels of

complement inhibitors (13). Changes in frequency and activity of

effector cells may also contribute to development of resistance. In

this respect, NK cells have high CD38 expression and are rapidly

reduced after infusion of daratumumab (18), which may impair

multiple myeloma cell killing. However, responding and non-

responding patients have similar NK-cell reductions (18). The

impact of specific mutations and activation status of signaling

pathways to the development of daratumumab resistance is

currently unknown.

Preliminary evidence suggests that retreatment of patients with

daratumumab is feasible and effective (50). However, it is cur-

rently unclear whether a daratumumab-free interval is required in

order to allow CD38 expression levels to return to baseline on

remaining multiple myeloma cells. Another strategy is to main-

tain daratumumab and add other therapeutic agents to potentiate

any anti–multiple myeloma effects of daratumumab. Further-

more, all-trans retinoic acid (ATRA) has been shown to restore

CD38 expression on daratumumab-resistant multiple myeloma

cells, which resulted in improved CDC and ADCC (13). A clinical

study is currently evaluating the combination of ATRA and

(Continued.) D, Longitudinal data representation of CD56 expression levels on BM-localized multiple myeloma cells from 14 patients treated in GEN501 and

GEN503 studies with CD56-positive multiple myeloma cells from whom sequential BM samples were available. There was marked reduction of CD56

expression levels during therapy but also at the time of progression (PD). The reduction was most prominent in patients with high CD56 expression. The

left plot shows the absolute MFI values; the middle plot shows the percentage change of MFI for each individual patient; and the right plot shows a

representative flow cytometry histogram overlay depicting cell surface expression of CD56 on multiple myeloma cells at different time points: before

start of treatment (green histogram), during daratumumab treatment (blue histogram), and at the time of progressive disease (PD; red histogram).

E, Paired BM samples (patient 1; treated in GEN501) and paired peripheral blood samples (patient 2; treated in GEN501) were used to analyze expression

levels of CD38, CD49d, CD44, CD54, CD138, and CD56 on multiple myeloma cells by flow cytometry. The first sample was obtained before start of

daratumumab treatment, and the second sample was obtained 4 weeks after the first daratumumab infusion. Shown is the percentage change in MFI

of the different membrane proteins, as compared with baseline values. Flow cytometry histogram overlays depict surface expression of CD38, CD56, CD49d,

and CD138 on BM-localized multiple myeloma cells from patient 1 [before the first daratumumab infusion (red histogram) and 4 weeks after the first

daratumumab infusion (blue histogram)]. Data are presented as mean � SEM. P values between the indicated groups were calculated using a paired

Student t test; �, P < 0.05; �� , P < 0.005; ��� , P < 0.0005; ���� , P < 0.00005; ns, not significant. Abbreviations: DARA, daratumumab; PB, peripheral blood.
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daratumumab in daratumumab-refractory multiple myeloma

patients.

In conclusion, we show that daratumumab-mediated reduc-

tion of CD38 on multiple myeloma cells and nontumor cells

occurs within hours, and also in the presence of lenalidomide-

dexamethasone. The mechanisms of CD38 reduction probably

involve both selection of tumor cells with lower CD38 levels and

trogocytic transfer by monocytes and granulocytes. Importantly,

because CD38 reduction is a uniform response in all patients,

including those with deep and durable responses, our analyses

seem to exclude CD38 reduction via trogocytosis as a major

mechanism of daratumumab resistance.

Disclosure of Potential Conflicts of Interest
S. Zweegman is a consultant/advisory board member for and reports receiv-

ing commercial research grants fromCelgene, Janssen, and Takeda. R.W.J.Groen

reports receiving commercial research grants from Janssen Research and Devel-

opment. T. Plesner reports receiving speakers bureau honoraria from and is a

consultant/advisory board member for Janssen. H.M. Lokhorst is a consultant/

advisory board member for Janssen. A.K. Sasser is an employee of and has

ownership interests (including patents) at Genmab. T. Mutis reports receiving

commercial research grants fromGenmabUtrecht, Gilead, and Janssen Pharma.

N.W.C.J. van de Donk reports receiving speakers bureau honoraria from, is a

consultant/advisory board member for, and reports receiving commercial

research grants from Janssen Pharmaceuticals. No potential conflicts of interest

were disclosed by the other authors.

Authors' Contributions
Conception and design: J. Krejcik, H.M. Lokhorst, T. Mutis, N.W.C.J. van

de Donk

Development of methodology: J. Krejcik, J. van Meerloo, R.J.P. Musters,

H.M. Lokhorst, T. Mutis, N.W.C.J. van de Donk

Acquisition of data (provided animals, acquired and managed patients,

provided facilities, etc.): J. Krejcik, K.A. Frerichs, I.S. Nijhof, B. van Kessel,

J. van Meerloo, R.J.P. Musters, N.W.C.J. van de Donk

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,

computational analysis): J. Krejcik, K.A. Frerichs, I.S. Nijhof, B. van Kessel,

A.C. Bloem, J. vanMeerloo, R.J.P.Musters, T. Plesner,H.M. Lokhorst, A.K. Sasser,

T. Mutis, N.W.C.J. van de Donk

Writing, review, and/or revision of the manuscript: J. Krejcik, I.S. Nijhof,

A.C. Bloem, S. Zweegman, R.W.J. Groen, C. Chiu, T. Plesner, H.M. Lokhorst,

A.K. Sasser, T. Mutis, N.W.C.J. van de Donk

Administrative, technical, or material support (i.e., reporting or organiz-

ing data, constructing databases): J. Krejcik, J.F. van Velzen, J. van Meerloo,

R.J.P. Musters

Study supervision: J. Krejcik, T. Plesner, H.M. Lokhorst, T. Mutis, N.W.C.J.

van de Donk

Acknowledgments
H.M. Lokhorst, T. Mutis, R.W.J. Groen, and N.W.C.J. van de Donk received

research support from Janssen Research and Development.

The clinical studies were supported by research funding from Janssen

Research and Development and Genmab, and the analyses presented here were

supported by research funding by Janssen Research and Development. The

authors thank the patients who participated in the GEN501 and GEN503

studies and their families, as well as the study co-investigators, research nurses,

and coordinators at each of the clinical sites.

The costs of publication of this article were defrayed in part by the

payment of page charges. This article must therefore be hereby marked

advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate

this fact.

Received July 13, 2017; revised September 1, 2017; accepted September 28,

2017; published OnlineFirst October 12, 2017.

References
1. Lokhorst HM, Plesner T, Laubach JP, Nahi H, Gimsing P, HanssonM, et al.

Targeting CD38 with daratumumab monotherapy in multiple myeloma.

N Engl J Med 2015;373:1207–19.

2. Lonial S, Weiss BM, Usmani SZ, Singhal S, Chari A, Bahlis NJ, et al.

Daratumumab monotherapy in patients with treatment-refractory multi-

ple myeloma (SIRIUS): an open-label, randomised, phase 2 trial. Lancet

2016;387:1551–60.

3. Nijhof IS, Groen RW, Noort WA, van KB, de Jong-Korlaar R, Bakker J, et al.

Preclinical evidence for the therapeutic potential of CD38-targeted

immuno-chemotherapy in multiple myeloma patients refractory to lena-

lidomide and bortezomib. Clin Cancer Res 2015;21:2802–10.

4. Plesner T, ArkenauHT, Gimsing P, Krejcik J, Lemech C,MinnemaMC, et al.

Phase 1/2 study of daratumumab, lenalidomide, and dexamethasone for

relapsed multiple myeloma. Blood 2016;128:1821–8.

5. Dimopoulos MA, Oriol A, Nahi H, San-Miguel J, Bahlis NJ, Usmani SZ,

et al. Daratumumab, lenalidomide, and dexamethasone for multiple

myeloma. N Engl J Med 2016;375:1319–31.

6. PalumboA,Chanan-KhanA,Weisel K, NookaAK,Masszi T, BeksacM, et al.

Daratumumab, bortezomib, and dexamethasone for multiple myeloma.

N Engl J Med 2016;375:754–66.

7. Overdijk MB, Verploegen S, Bogels M, van EM, Lammerts van Bueren JJ,

Mutis T, et al. Antibody-mediated phagocytosis contributes to the anti-

tumor activity of the therapeutic antibody daratumumab in lymphoma

and multiple myeloma. MAbs 2015;7:311–21.

8. Nijhof IS, Lammerts van Bueren JJ, van KB, Andre P,Morel Y, Lokhorst HM,

et al. Daratumumab-mediated lysis of primary multiple myeloma cells is

enhanced in combinationwith the human anti-KIR antibody IPH2102 and

lenalidomide. Haematologica 2015;100:263–8.

9. de Weers M, Tai YT, van d V, Bakker JM, Vink T, Jacobs DC, et al.

Daratumumab, a novel therapeutic human CD38 monoclonal antibody,

induces killing of multiple myeloma and other hematological tumors.

J Immunol 2011;186:1840–8.

10. Weiner LM, Surana R, Wang S. Monoclonal antibodies: versatile platforms

for cancer immunotherapy. Nat Rev Immunol 2010;10:317–27.

11. Jansen JHM, Boross P, Overdijk MB, van Bueren JJL, Parren PWHI, Leusen

JH. Daratumumab, a Human CD38 antibody induces apoptosis of mye-

loma tumor cells via fc receptor-mediated crosslinking. ASH Annual

Meeting Abstracts 2012;120:2974.

12. Krejcik J, Casneuf T, Nijhof IS, Verbist B, Bald J, Plesner T, et al. Daratu-

mumab depletes CD38þ immune regulatory cells, promotes T-cell expan-

sion, and skews T-cell repertoire in multiple myeloma. Blood 2016;128:

384–94.

13. Nijhof IS, Casneuf T, vanVJ, van KB, Axel AE, SyedK, et al. CD38 expression

and complement inhibitors affect response and resistance to daratumu-

mab therapy in myeloma. Blood 2016;128:959–70.

14. Nijhof IS, Groen RW, Lokhorst HM, van KB, Bloem AC, van VJ, et al.

Upregulation of CD38 expression on multiple myeloma cells by all-trans

retinoic acid improves the efficacy of daratumumab. Leukemia 2015;29:

2039–49.

15. Boxhammer R, Steidl S, Endell J. Effect of IMiD compounds on CD38

expression on multiple myeloma cells: MOR202, a human CD38

antibody in combination with pomalidomide. J Clin Oncol 2015;33;

8588.

16. Endell J, Boxhammer R, Steidl S. Synergistic in vitro activity of MOR202,

a human CD38 antibody, in combination with pomalidomide. Blood

2014;124:5712.

17. van der Spek E, Bloem AC, Lokhorst HM, van KB, Bogers-Boer L, van de

Donk NW. Inhibition of themevalonate pathway potentiates the effects of

lenalidomide in myeloma. Leuk Res 2009;33:100–8.

18. Casneuf T, Xu X, AdamsH, Axel A, Verbist B, Liu K, et al. Pharmacodynamic

relationship between natural killer cells and daratumumab exposure in

relapsed/refractory multiple myeloma. Haematologica 2016;p B18.

19. Noborio-Hatano K, Kikuchi J, Takatoku M, Shimizu R, Wada T, Ueda M,

et al. Bortezomib overcomes cell-adhesion-mediated drug resistance

Krejcik et al.

Clin Cancer Res; 23(24) December 15, 2017 Clinical Cancer Research7510

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

3
/2

4
/7

4
9
8
/1

9
3
0
1
0
7
/7

4
9
8
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2



through downregulation of VLA-4 expression inmultiplemyeloma. Onco-

gene 2009;28:231–42.

20. Nijhof IS, Groen RW, Noort WA, van KB, de Jong-Korlaar R, Bakker J, et al.

Preclinical evidence for the therapeutic potential of CD38-targeted

immuno-chemotherapy in multiple myeloma patients refractory to lena-

lidomide and bortezomib. Clin Cancer Res 2015;21:2802–10.

21. van de VeerM, deWeersM, van Kessel B, Bakker JM,Wittebol S, Parren PW,

et al. Towards effective immunotherapy of myeloma: enhanced elimina-

tion of myeloma cells by combination of lenalidomide with the human

CD38 monoclonal antibody daratumumab. Haematologica 2011;96:

284–90.

22. DARZALEX� (daratumumab) injection, for intravenous use [package

insert]. Horsham, PA: Janssen Biotech, Inc; 2016.

23. Adams H, Stevenaert F, Krejcik J, van der Borcht K, Casneuf T, Smets T,

et al. High-parameter mass cytometry (CyTOF) evaluation of relapsed/

refractory multiple myeloma (MM) Pts (Pts) treated with daratumumab

supports immune modulation as a novel mechanism of action. Blood

2016;128:4521.

24. Sullivan HC, Gerner-Smidt C, Nooka AK, Arthur CM, Thompson L, Mener

A, et al. Daratumumab (anti-CD38) induces loss of CD38 on red blood

cells. Blood 2017;129:3033–7.

25. Buggins AG, Levi A, Gohil S, Fishlock K, Patten PE, Calle Y, et al. Evidence

for a macromolecular complex in poor prognosis CLL that contains CD38,

CD49d, CD44 and MMP-9. Br J Haematol 2011;154:216–22.

26. Zucchetto A, Vaisitti T, Benedetti D, Tissino E, Bertagnolo V, Rossi D, et al.

The CD49d/CD29 complex is physically and functionally associated with

CD38 in B-cell chronic lymphocytic leukemia cells. Leukemia 2012;26:

1301–12.

27. Vaisitti T, Serra S, Pepper C, Rossi D, Laurenti L, Gaidano G, et al.

CD38 signals upregulate expression and functions of matrix metal-

loproteinase-9 in chronic lymphocytic leukemia cells. Leukemia

2013;27:1177–81.

28. Deaglio S, Vaisitti T, Billington R, Bergui L, Omede' P, Genazzani AA, et al.

CD38/CD19: a lipid raft-dependent signaling complex in human B cells.

Blood 2007;109:5390–8.

29. Valgardsdottir R, Cattaneo I, Klein C, Introna M, Figliuzzi M, Golay J.

Human neutrophils mediate trogocytosis rather than phagocytosis of

CLL B cells opsonized with anti-CD20 antibodies. Blood 2017;129:

2636–44.

30. Taylor RP, Lindorfer MA. Fcgamma-receptor-mediated trogocytosis

impacts mAb-based therapies: historical precedence and recent develop-

ments. Blood 2015;125:762–6.

31. Joly E, Hudrisier D. What is trogocytosis and what is its purpose?

Nat Immunol 2003;4:815.

32. Rossi EA, Goldenberg DM, Michel R, Rossi DL, Wallace DJ, Chang CH.

Trogocytosis of multiple B-cell surface markers by CD22 targeting with

epratuzumab. Blood 2013;122:3020–9.

33. Zhang Y, McClellan M, Efros L, Shi D, Bielekova B, Tang MT, et al.

Daclizumab reduces CD25 levels on T cells through monocyte-mediated

trogocytosis. Mult Scler 2014;20:156–64.

34. Beum PV, Lindorfer MA, Taylor RP. Within peripheral bloodmononuclear

cells, antibody-dependent cellular cytotoxicity of rituximab-opsonized

Daudi cells is promoted by NK cells and inhibited by monocytes due to

shaving. J Immunol 2008;181:2916–24.

35. Jones JD, Hamilton BJ, Rigby WF. Rituximab mediates loss of CD19 on B

cells in the absence of cell death. Arthritis Rheum 2012;64:3111–8.

36. BeumPV, KennedyAD,WilliamsME, LindorferMA, Taylor RP. The shaving

reaction: rituximab/CD20 complexes are removed from mantle cell lym-

phoma and chronic lymphocytic leukemia cells by THP-1 monocytes.

J Immunol 2006;176:2600–9.

37. Williams ME, Densmore JJ, Pawluczkowycz AW, Beum PV, Kennedy AD,

LindorferMA, et al. Thrice-weekly low-dose rituximab decreases CD20 loss

via shaving and promotes enhanced targeting in chronic lymphocytic

leukemia. J Immunol 2006;177:7435–43.

38. Carlsten M, Korde N, Kotecha R, Reger R, Bor S, Kazandjian D, et al.

Checkpoint inhibition of KIR2D with the monoclonal antibody IPH2101

induces contraction and hyporesponsiveness of NK cells in patients with

myeloma. Clin Cancer Res 2016;22:5211–22.

39. Chillemi A, Zaccarello G, Quarona V, Ferracin M, Ghimenti C, Massaia

M, et al. Anti-CD38 antibody therapy: windows of opportunity yielded

by the functional characteristics of the target molecule. Mol Med 2013;

19:99–108.

40. Morandi F, Horenstein AL, Chillemi A, Quarona V, Chiesa S, Imperatori

A, et al. CD56brightCD16- NK cells produce adenosine through a

CD38-mediated pathway and act as regulatory cells inhibiting auto-

logous CD4þ T cell proliferation. J Immunol 2015;195:965–72.

41. Horenstein AL, Quarona V, Toscani D, Costa F, Chillemi A, Pistoia V, et al.

Adenosine generated in the bonemarrow niche through a CD38-mediated

pathway correlates with progression of human myeloma. Mol Med

2016;22.

42. Chen L, Averett Byers L, Ullrich S, Wistuba I, Qin X, Gibbons D. CD38 as a

novel immune checkpoint and a mechanism of resistance to the blockade

of the PD-1/PD-L1 axis. J Clin Oncol 2017;35:79.

43. An G, Jiang H, Acharya C, Zhong MY, Cai T, Yang G, et al. SAR 650984, a

therapeutic anti-CD38 monoclonal antibody, blocks CD38-CD31 inter-

action in multiple myeloma. Blood 2014;124:4729.

44. Velmurugan R, Challa DK, Ram S, Ober RJ, Ward ES. Macrophage-

mediated trogocytosis leads to death of antibody-opsonized tumor cells.

Mol Cancer Ther 2016;15:1879–89.

45. Taylor RP, Lindorfer MA. Analyses of CD20 monoclonal antibody-

mediated tumor cell killing mechanisms: rational design of dosing

strategies. Mol Pharmacol 2014;86:485–91.

46. Pham T, Mero P, Booth JW. Dynamics of macrophage trogocytosis of

rituximab-coated B cells. PLoS One 2011;6:e14498.

47. Griffin FM Jr, Griffin JA, Silverstein SC. Studies on the mechanism

of phagocytosis. II. The interaction of macrophages with anti-immuno-

globulin IgG-coated bone marrow-derived lymphocytes. J Exp Med 1976;

144:788–809.

48. Horenstein AL, Chillemi A, Quarona V, Zito A, Roato I, Morandi F, et al.

NAD(þ)-Metabolizing ectoenzymes in remodeling tumor-host interac-

tions: the human myeloma model. Cells 2015;4:520–37.

49. Chillemi A, Quarona V, Zito A, Morandi F, Marimpietri D, Cuccioloni M,

et al. Generation and characterization of microvesicles after daratumumab

interaction with myeloma cells. Blood 2015;126:1849.

50. Alici E, Chrobok M, Lund J, Ahmadi T, Khan I, Duru AD, et al. Re-

challenging with anti-CD38 monotherapy in triple-refractory multiple

myeloma patients is a feasible and safe approach. Br J Haematol 2016;

174:473–7.

www.aacrjournals.org Clin Cancer Res; 23(24) December 15, 2017 7511

DARA-Dependent, Effector Cell–Mediated CD38 Reduction

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

3
/2

4
/7

4
9
8
/1

9
3
0
1
0
7
/7

4
9
8
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2


