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Abstract
Multiple myeloma (MM) is a clonal plasma cell malignancy typically associated with the high and uniform expression of 
the CD38 transmembrane glycoprotein. Daratumumab is a humanized IgG1κ CD38 monoclonal antibody (MoAb) which 
has demonstrated impressive single agent activity even in relapsed refractory MM patients as well as strong synergy with 
other anti-MM drugs. Natural Killer (NK) cells are cytotoxic immune effector cells that mediate in vivo tumour immunosur-
veillance. NK cells also play an important role during MoAb therapy by inducing antibody dependent cellular cytotoxicity 
(ADCC) via their FcγRIII (CD16) receptor. Furthermore, 15% of the population express a naturally occurring variant of CD16 
harbouring a single-point polymorphism (F158V). However, the contribution of NK cells to the efficacy of daratumumab 
remains debatable as clinical data clearly indicate the rapid depletion of  CD38high peripheral blood NK cells in patients upon 
daratumumab administration. In contrast,  CD38low peripheral blood NK cells have been shown to survive daratumumab 
mediated fratricide in vivo, while still retaining their potent anti-MM cytolytic effector functions ex vivo. Therefore, we 
hypothesize that transiently expressing the  CD16F158V receptor using a “safe” mRNA electroporation-based approach on 
 CD38low NK cells in combination with daratumumab could represent a novel therapeutic option for treatment of MM. In 
the present study, we investigate a NK cell line (KHYG-1), derived from a patient with aggressive NK cell leukemia, as a 
platform for generating  CD38low NK cells expressing  CD16F158V which can be administered as an “off-the-shelf” therapy to 
target both  CD38high and  CD38low tumour clones in patients receiving daratumumab.
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Abbreviations
ADCC  Antibody dependent cellular cytotoxicity
ADCP  Antibody dependent cellular phagocytosis

ADRP  ADP-ribose pyrophosphate
CDC  Complement-dependent cytotoxicity
E: T  Effector: target
IMiDs  Immunomodulatory drugs
KIR  Killer inhibitory receptor
MM  Multiple myeloma
MoAb  Monoclonal antibody
NDMM  Newly diagnosed multiple myeloma
NK  Natural killer
PI  Propidium iodide

Introduction

Multiple myeloma (MM) is a disease of clonal proliferation 
of malignant plasma cells in the bone marrow microenvi-
ronment and is the second most common haematological 
cancer [2]. While MM remains largely incurable, the past 
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two decades have witnessed the development of several 
important new therapies for MM, including proteasome 
inhibitors, immunomodulatory drugs (IMiDs), and mono-
clonal antibodies (MoAb), such as daratumumab and elotu-
zumab [3, 4]. This has led to an increased focus on the role 
of Natural Killer (NK) cells in MM, as they are considered 
key effectors of MoAb. NK cells are large granular effector 
lymphocytes of the innate immune system, and can target 
malignantly transformed cells without prior sensitization. 
NK cells can also lyse antibody-tagged target tumour cells 
by binding the Fc portion of a MoAb via the Fc receptor 
(FcγRIIIA) (CD16), a mechanism referred to as antibody 
dependent cell cytotoxicity (ADCC) [5, 6]. A naturally 
occurring variant of CD16  (CD16F158V) has been shown to 
bind with the Fc portion of antibodies with higher affinity 
and induce greater ADCC against tumour cells in the pres-
ence of MoAb [7].

Daratumumab is a human IgG1 kappa MoAb that tar-
gets CD38, a transmembrane glycoprotein uniformly and 
highly expressed on MM cells [8]. CD38 has ecto-enzy-
matic activity and functions as an adhesion molecule [9]. 
As previously reported in four Phase-3 studies, the addition 
of daratumumab to the standard of care in both relapsed 
refractory or transplant-ineligible newly diagnosed MM 
(NDMM) resulted in a ≥ 45% reduction in the risk of dis-
ease progression or death [10–13]. Daratumumab has a 
multifaceted effect, which includes both direct and indi-
rect mechanisms of action. Fc-dependent immune effector 
mechanisms include complement-dependent cytotoxicity 
(CDC), ADCC and antibody dependent cellular phagocy-
tosis (ADCP), while inhibition of ecto-enzymatic function 
and direct apoptosis induction may also contribute to the 
efficacy of the antibodies to kill MM cells [14]. However, 
treatment with daratumumab leads to rapid depletion (85%) 
of  CD38pos NK cells, lasting up to 6 months following cessa-
tion of treatment [15]. This is primarily attributed to the high 
cell surface expression of CD38 on NK cells. CD38 plays an 
important role in NK cells by facilitating the production of 
ADP-ribose Pyrophosphate (ADRP) and subsequent mobi-
lization of intracellular  Ca2+ necessary for their cytolytic 
degranulation [16].

Daratumumab treatment also leads to a decrease in 
CD38 expression on MM cells, resulting in the generation 
of  CD38low MM clones which may lead to a reduction in the 
efficacy of direct killing mechanisms [15, 17]. Therefore, as 
daratumumab mediates NK cell depletion, ADCC may play 
a lesser biological role than originally thought in terms of 
clinical response, which may then be more reliant on CDC, 
macrophage mediated ADCP, and in-particular T cell medi-
ated immunity for long term disease control [18]. This sug-
gests that novel strategies involving the adoptive transfer of 
low (or absent) CD38 expressing NK cells  (CD38low NK) 
could optimize daratumumab efficacy by fully exploiting 

ADCC [19]. However, as  CD38low NK cells comprise only 
a small fraction of blood NK cells, the generation of such 
high numbers of  CD38low NK cells is clinically challenging, 
Furthermore, the elimination of  CD38low expressing MM 
cells with activated NK cells has not been demonstrated in 
prior studies [6].

In the present study we investigate KHYG1, a  CD38low 
NK cell leukemia cell line as an “off-the-shelf” NK cell plat-
form transiently expressing the  CD16F158V receptor which 
can be administered in combination with daratumumab 
to target  CD38high expressing MM cells. Furthermore, we 
show that these modified NK cells can also target  CD38low 
expressing MM cells in vitro. We envisage this combination 
of cellular therapy and daratumumab could be a novel thera-
peutic strategy for the treatment of MM, leading to increased 
depth of response and reduced risk of progression.

Materials and methods

Cell lines, primary MM cells and primary NK cells

MM1S, RPMI-8226, JJN3, H929, and U266 were cultured 
in RPMI-1640 medium supplemented with 10% Fetal 
Bovine Serum (FBS), and 1% Penicillin/Streptomycin (P/S). 
KHYG1 cells were supplemented with 100U/ml of IL-2. 
NK-92 was cultured in X-Vivo 10 media supplemented with 
10% human AB serum and 500U/ml IL-2. Fresh bone-mar-
row was obtained from MM patients, and the  CD138pos cells 
were sorted by positive selection from the mono-nuclear 
cells obtained from bone marrow of MM patients. Primary 
NK cells were isolated by negative selection and expanded 
for 14–18 days using NK MACS media supplemented with 
5% human AB serum and 500U/ml IL-2. For additional 
details refer Supplementary Table S1.

Messenger RNA (mRNA) synthesis 
and electroporation

mRNA coding for  CD16F158V was purchased from Trilink 
Biotechnology, USA. 2 × 106 KHYG1 cells were either mock 
electroporated or electroporated with 12.5µg  CD16F158V 
mRNA in a total volume of 100µl using the Amaxa Nucleo-
fector (Program: A-024) or MaxCyte GT electroporation 
system (Program: NK-4).

Cytotoxicity assay

Twenty-four hours post mRNA electroporation, cytotoxic 
functions of the electroporated NK cells were determined 
using a 16-h flow cytometry-based assay. Briefly, MM cells 
were pre-treated with 10µg/ml daratumumab for 30 min, and 
subsequently co-cultured with either mock electroporated or 
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 CD16F158V mRNA electroporated KHYG1. The co-cultures 
were stained with an anti-CD2 BV421 antibody. Cell death 
was determined by staining cells with Propidium Iodide (PI).

Flow cytometry and cytokine production assay

Immunophenotyping was performed according to stand-
ard protocols (Supplementary Table S2). Cell viability was 
determined by Annexin V-PI viability assay protocols (Sup-
plementary Table S1). Mock electroporated or  CD16F158V 
mRNA electroporated KHYG1 were co-cultured with dara-
tumumab pre-treated RPMI-8226 or H929 at 1:1 Effector: 
Target (E:T) ratio for 16 h in 48-well plates. Culture super-
natants were stored at − 80°C. Concentrations of IFN-γ and 
TNF-α were detected by ELISA according to the manufac-
turer’s instructions (Supplementary Table S1).

In vivo bone marrow homing of NK cell lines

Female NOD.Cg-Prkdcscid  Il2rgtm1Wjl/SzJ mice were 
purchased and acclimated at the Maine Medical Center 
Research Institute animal facility. 6-week-old female mice 
were injected intravenously (tail-vein) with a total of  106 NK 
cells. KHYG1 and NK-92 cells were each stained separately 
with Calcein AM for 30 minutes. 100µL injection intro-
duced  106 cells per mouse (n = 10 for KHYG1 and n = 10 for 
NK-92). Mice were sacrificed via exsanguination either at 
1 h or 24 h post-NK cell injection to compare bone marrow 
homing. For exsanguination, mice were anaesthetised using 
100 mg/kg ketamine and 15 mg/kg xylazine and blood (up to 
1 ml) was collected into a sterile microcentrifuge tube from 
mice after surgical removal of their eye according to IACUC 
approved protocols. Bone marrow (BM) from both tibias 
and femurs were collected via dissection and centrifugation. 
Following red blood cell lysis, cells were analysed via flow 
cytometry. Data is presented as a double ratio: % fluorescent 
cells in the BM normalized to the % fluorescent cells in the 
blood. No adverse effects were observed during this study.

NK cell rolling assay under shear stress

Rolling assays under sheer stress on E-Selectin coated 
plates were performed as described previously [20]. Briefly, 
80-channel microfluidic biochips (Cellix Limited) were 
coated with 15 µg/ml of recombinant E-selectin. Each chan-
nel was blocked with 1% BSA and incubated at 37°C for 
1 h before the assay. 80µl of cell suspension were loaded 
onto the microchannels and the assay was run at 0.5 dyne/
cm2 at room temperature using a Mirus Evo Nano Pump. 
Cells were monitored using an A-Plan 10×/0.25 objective 
of an AX10Vert.A1 Microscope. A rolling cell was defined 
as a cell travelling a distance corresponding to more than 
its diameter.

Statistics

Results were analysed using Prism v7.0. Comparisons 
between two groups were analysed by the Student’s paired 
t test. Comparisons between multiple groups were analysed 
by repeated measure one-way ANOVA.

Results

KHYG1 NK cells have low cell surface expression 
of killer inhibitory receptors and CD38

The interaction of Killer Inhibitory Receptor (KIR) and 
MHC Class I may have a small negative impact on ADCC 
mediated by daratumumab [6]. Therefore, we first inves-
tigated the expression of KIRs on primary expanded NK 
cells, NK-92, and KHYG1 NK cell lines. Flow cytometry-
based analysis revealed that while primary expanded NK 
cells have high expression of KIR 2DL1, 2DL2/3, and 3DL1, 
both NK-92 and KHYG1 had significantly lower propor-
tion of these inhibitory receptors (Fig. 1a, b). In contrast, 
KHYG1, like NK-92 had high expression of NKG2A which 
could be important for NK cell education (data not shown). 
Since high expression of CD38 can cause NK cell fratricide, 
we next analysed CD38 expression on the different NK cell 
platforms. We observed that while both primary expanded 
NK cells and NK-92 had very high expression of CD38, 
KHYG1 cells had significantly lower CD38 expression on 
the cell surface (Fig. 1c, d) (p = 0.0005, 0.0031). Therefore, 
we identified a NK cell platform with low CD38 expres-
sion, which can potentially survive daratumumab mediated 
fratricide upon infusion while still being able to mount a 
cytotoxic response against MM cells.

CD16F158V mRNA can be efficiently electroporated 
in  CD38low NK cells with high transgene expression 
and viability

Since KHYG1 cells express low levels of CD16 receptors, 
we next electroporated  CD16F158V mRNA using the Max-
Cyte GT transfection system. 24-h post electroporation the 
viability of both Mock and  CD16F158V mRNA electroporated 
KHYG1 cells was comparable and greater than 85% (Fig. 2a, 
b). Furthermore, there was a robust increase in the surface 
expression of CD16 in mRNA electroporated KHYG1 as 
compared to Mock electroporated KHYG1 (Fig. 2c) and 
this increased expression persisted for up to 120-h post-
electroporation (Fig. 2d). Therefore, we concluded that 
 CD38low KHYG1 cells can be very efficiently electroporated 
with  CD16F158V mRNA to achieve high  CD16F158V surface 
expression without any significant adverse impact on NK 
cell viability.
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CD16F158V mRNA electroporated KHYG1 NK cells can 
eliminate  CD38high and  CD38low MM cell lines in vitro

MM patients undergoing daratumumab treatment have a 
downregulation of CD38 antigen, which can persist for up 
to 6 months post-therapy [15]. To investigate if  CD16F158V 
expressing  CD38low KHYG1 cells can target  CD38high as 
well as  CD38low MM cells, we first screened a panel of 
n = 5 MM cell lines. Based on CD38 immunophenotyping 
of MM cell lines, we selected n = 2  CD38high MM cell lines 
(RPMI-8226 and H929) and n = 2  CD38low MM cell lines 
(JJN3 and U266) for NK cell effector function assays in this 
study (Supplementary Fig. 1a, b). We next co-cultured the 
 CD38high and  CD38low MM cell lines with either mock elec-
troporated KHYG1 or  CD16F158V electroporated KHYG1 
at an E:T ratio of 1:1 in the presence or absence of dara-
tumumab. While daratumumab alone did not induce cell 

death in  CD38high and  CD38low MM cell lines, the addition 
of mock electroporated KHYG1 induced tumour cell death 
in both  CD38high and  CD38low MM cell lines. The NK cell 
induced tumour cell death was further increased upon co-
culture with  CD16F158V expressing KHYG1 (Fig. 3a).

To further confirm our findings, we next co-cultured 
the  CD16F158V KHYG1 cells with MM cells at multi-
ple E:T ratios in presence or absence or daratumumab. 
Interestingly in the absence of daratumumab,  CD38high 
RPMI-8226 was sensitive to  CD16F158V KHYG1, and we 
observed an added benefit of daratumumab only at E:T 
ratio of 0.25:1 (p = 0.02) and 1:1 (p = 0.02) (Fig. 3b). 
In contrast,  CD38high H929 was resistant to  CD16F158V 
KHYG1, and the combination of daratumumab and 
 CD16F158V KHYG1 was able to cause a significant 
increase in tumour cell death at an E:T ratio of 0.25:1 
(p = 0.02), 0.5:1 (p = 0.01), 1:1 (p = 0.003), and 2:1 

Fig. 1  Expression of KIRs and CD38 on different NK cell platforms. 
a Representative FACS dot plot analysis of NK cell KIR inhibitory 
receptors (KIR2DL1, KIR2DL2/3, KIR3DL1) on primary expanded 
NK cells, NK-92 and KHYG1 cell line. b Expression level (MFI) 
of KIRs on different NK cell sources (n = 3), c representative FACS 

histograms of CD38 receptor on various NK cell surface; Grey his-
togram: FMO Control, Black Histogram: anti-CD38 staining, d MFI 
of CD38 expression in three NK cell platforms (n = 4) Bars repre-
sent Mean ± SEM, Results were analysed by one-way ANOVA, 
**p < 0.01, ***p < 0.001



425Cancer Immunology, Immunotherapy (2020) 69:421–434 

1 3

(p = 0.001) (Fig. 3b). This phenomenon was also consist-
ent against  CD38low JJN3 and the combination of daratu-
mumab and  CD16F158V KHYG1 were significantly more 
potent than  CD16F158V KHYG1 alone at an E:T ratio 
of 0.5 (p = 0.04), 1:1 (p = 0.006), and 2:1 (p = 0.0004) 
(Fig. 3c). In the case of  CD38low U266, the combination 
treatment elicited a significant cytotoxic response at an 
E:T ratio of 0.5:1 (p = 0.04) (Fig. 3c).

Collectively, the results illustrate that the combination 
of  CD16F158V mRNA electroporated  CD38low KHYG1 
cells and daratumumab can therapeutically target MM 
cells in vitro (Fig. 3b). Towards safe cell therapy, we also 
tested the effect of γ-irradiation on  CD16F158VKHYG1 
cells and found complete elimination of KHYG1 cells 
within 120 h (Supplementary Fig. 2a) while still preserv-
ing CD16 expression and their cytotoxic potential 48 h 
post γ-irradiation (Supplementary Fig. 2b, c).

CD38low  CD16F158V expressing KHYG1 NK cells 
in combination with daratumumab can eliminate 
primary MM cell in vitro with minimal NK cell 
fratricide

To determine the cytotoxic potential of  CD16F158V express-
ing KHYG1 NK cells against primary MM cells, we next 
performed NK-MM co-culture cytotoxicity assays in vitro 
in the presence of daratumumab (Supplementary Fig. 3). 
As expected, daratumumab alone had no significant specific 
toxicity against primary MM cells. Next, we observed that 
at a low E:T ratio of 0.5:1,  CD16F158V KHYG1 NK cells 
killed 39.2% while Mock electroporated KHYG1 eliminated 
only 5% of the primary MM cells in presence of daratu-
mumab (p = 0.03) (Fig. 4a, b). This observation was also 
consistent and more significant at higher E:T ratios of 1:1 
(p = 0.02), 2.5:1 (p = 0.01), and 5:1 (p = 0.01). KHYG1 cells 

Fig. 2  Flowcytometry based analysis of NK cell viability and CD16 
receptor surface expression on electroporated KHYG1 cells. a Rep-
resentative FACS dot plots analysis of KHYG1 cell viability as deter-
mined by Annexin V and Propidium Iodide staining 24 h post-elec-
troporation. Data is representative of n = 3 independent experiments. 
b Summarized data for cell viability of n = 3 independent experi-
ments. Bars represent the mean ± SEM. c Representative FACS 
histogram overlay of CD16 receptor surface expression on mRNA 

electroporated KHYG1 cells after electroporation at 24 h, 48 h, 72 h, 
96 h and 120 h post electroporation. Data is representative of n = 5 
independent experiments. d Summarized data CD16 expression of 
n = 5 independent experiments. Expression of CD16 on mock elec-
troporated and mRNA electroporated KHYG1 cells was compared 
by Student’s paired t-test. Results were analysed by one-way ANOVA 
****p < 0.0001
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also express low levels of CD38, and thus could be targeted 
by the  CD16F158V-expressing KHYG1 cells in the presence 
of daratumumab, a phenomenon referred to as NK cell frat-
ricide. During a 16-h assay we observed non-significant 
NK cell fratricide in the  CD16F158V expressing KHYG1 
in the presence of daratumumab (12.5%) as compared to 
 CD16F158V expressing KHYG1 in absence of daratumumab 
(6.1%) (p = 0.29) (Fig. 4c). Since NK cell engagement with 
tumour cells and the ligation of CD16 receptor has been 
shown to promote NK cell death, we also monitored their 
cell death in our co-culture’s [21, 22]. At a lower E:T ratio 
of 0.5:1 we observed that 19.8%  CD16F158V-expressing 
KHYG1 cells were dead upon co-culture with primary MM 
cells. This collateral NK cell damage was lower at higher 
E:T ratios of 1:1, 2.5:1 and 5:1 (Supplementary Fig. 4a, b). 
Of note, NK cell fratricide in  CD16F158V mRNA electropo-
rated  CD38high NK-92 was higher (32%) in presence of dara-
tumumab as compared to in absence of daratumumab (12%) 
(Supplementary Fig. 5). Overall, we observed potent elimi-
nation of primary patient-derived MM cells by  CD16F158V 

expressing  CD38low KHYG1 in the presence of daratu-
mumab with minimal NK cell fratricide in vitro. Of note, 
the  CD16F158V  CD38low KHYG1 cells in the presence of 
daratumumab were also able to eliminate  CD38low primary 
MM cells from a daratumumab relapsed-refractory patient 
ex vivo (Supplementary Fig. 6a, b).

CD16F158V mRNA electroporated KHYG1 NK 
cells secrete IFN‑γ and TNF‑α upon co‑culture 
with  CD38high and  CD38low MM cells

NK cells secrete a wide variety of potent effector cytokines 
such as IFN-γ and TNF-α which contribute to shaping anti-
tumour activity. Therefore, we next investigated the cytokine 
production effector function of  CD16F158V mRNA electropo-
rated  CD38low KHYG1 cells upon target engagement with 
 CD38high and  CD38low MM cells in the presence of daratu-
mumab. In the absence of any target tumour cell and daratu-
mumab, electroporation of  CD16F158V mRNA per se did not 
induce any production of IFN-γ and TNF-α. However, in the 

Fig. 3  ADCC assay against  CD38high and  CD38low MM cell lines 
using genetically modified transiently expressing  CD16F158V KHYG1 
NK cells. a Representative dot plot analysis of mock or mRNA elec-
troporated KHYG1 co-cultured with MM cell lines in presence of 
daratumumab against MM target cell at 1:1 E:T ratio from n = 3 inde-
pendent experiments. ADCC assays performed against (b)  CD38high 

and (c)  CD38low MM target cell lines using  CD16+ KHYG1 effector 
cell alone (circle) or  CD16F158V KHYG1 in combination with daratu-
mumab (square) in a 16-h assay. Each data point represents mean of 
an independent experiment. Pooled data of n = 4 independent experi-
ments for each cell line. Results were analysed by Student’s paired t 
test, *p < 0.05, **p < 0.01, ***p < 0.001
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presence of daratumumab there was a modest but significant 
increase in both IFN-γ (p = 0.01) and TNF-α (p = 0.003) pro-
duction by  CD16F158V electroporated KHYG1 as compared 
to mock electroporated KHYG1, even in the absence of any 
target tumour cell (Fig. 5a, c). Upon co-culturing  CD16F158V 
electroporated KHYG1 with  CD38high H929 MM cells, we 
observed a significant increase in both IFN-γ (p = 0.0001) 
and TNF-α (p = 0.044) production as compared to mock 
electroporated KHYG1 (Fig. 5b, d). The increase in IFN-γ 
(p = 0.046) by  CD16F158V electroporated KHYG1 was also 
observed upon co-culture with  CD38low JJN3 MM cells, 
albeit to a significantly lower level than upon co-culture with 
 CD38high H929 MM (p = 0.0002) (Fig. 5b, d). There was a 

modest but non-significant increase in TNF-α (p = 0.15) secre-
tion by  CD16F158V electroporated KHYG1 as compared to 
mock electroporated KHYG1 upon co-culture with  CD38low 
JJN3 (Fig. 5d). Therefore, we demonstrate that in presence of 
daratumumab the transient  CD16F158V expression on  CD38low 
KHYG1 cells can induce IFN-γ and TNF-α cytokine secretion 
in these cells when co-cultured with MM cells. 

KHYG1 NK cells home to the bone marrow in vivo 
in immunodeficient mice

Cellular NK cell immunotherapy for MM could be more 
successful when the NK cell can home efficiently to the 

Fig. 4  ADCC assay against primary MM cells ex vivo using geneti-
cally modified transiently expressing  CD16F158V KHYG1 NK cells. 
a Primary cells from MM patients were co-cultured with mock elec-
troporated or  CD16F158V mRNA electroporated KHYG1 cells in pres-
ence of daratumumab (10µg/ml). Data represents pooled percentage 
specific cytotoxicity results from n = 5 independent experiments. 
Bars represent Mean ± SEM, *p < 0.05. b Representative FACS 
dot plot analysis of KHYG1-MM co-culture in presence of daratu-

mumab against Primary Myeloma target cells at various E:T ratios. 
c Fratricide in KHYG1 cells as estimated by Propidium Iodide after 
a 16-h assay in presence or absence of daratumumab. Dot plots are 
representative of mock and mRNA electroporated KHYG1 cell death 
induced by daratumumab. Graph represent results from n = 3 experi-
ments. Bars represent Mean ± SEM. Results were analysed by one-
way ANOVA, *p < 0.05
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bone marrow [23]. To determine if KHYG1 NK cells can 
home to the bone marrow microenvironment, we next stud-
ied the in vivo homing potential of KHYG1 in immunode-
ficient NSG mice (Fig. 6a), and compared this to NK-92, 
an established NK cell line which is currently being tested 
in multiple human clinical trials. We observed that sig-
nificantly more KHYG1 cells homed to the bone mar-
row of NSG mice 1-h post NK cell infusion than NK-92 
(Fig. 6b). Bone marrow harvested at 24-h post-infusion 
demonstrated that KHYG1 and NK-92 had comparable 
bone marrow homing in NSG mice (Fig. 6c). While the 
relevance of rapidly bone-marrow homed NK cells in 

tumour control remains to be investigated, the results show 
the homing potential of KHYG1 is no less inferior to that 
of NK-92, a NK cell line which has been investigated in 
several clinical trials. To corroborate our in vivo observa-
tions, we subsequently performed NK cell rolling assays 
under shear stress on E-Selectin coated chips and observed 
that KHYG1 NK cells rolled on E-Selectin coated biochips 
under shear stress (Video S1), while NK-92 cells had poor 
rolling potential (Video S2), which could be explained 
by the high reactivity with the HECA-452 antibody on 
KHYG1 cells, indicative of the presence of E-Selectin 
ligands (Supplementary Fig. 7a, 7b).

Fig. 5  Cytokine production by  CD16F158V mRNA electroporated 
KHYG1 upon co-culture with MM cell lines in combination with 
daratumumab. a Bar chart represents IFN-γ production by mock 
electroporated KHYG1 cells or  CD16F158V mRNA electroporated 
KHYG1 cells in absence or presence of daratumumab was analysed 
by ELISA. b IFN-γ production by mock or electroporated KHYG1 
cells upon co-culture with MM cell line i.e. H929 or JJN3 in presence 
of daratumumab. c Bar chart analysis depicted TNF-α production by 

mock electroporated KHYG1 cells or  CD16F158V mRNA electropo-
rated KHYG1 cells alone with or without daratumumab. d TNF-α 
production by mock or electroporated KHYG1 cells upon co-culture 
with MM cell line i.e. H929 or JJN3 in presence of daratumumab. 
Bars represent Mean ± SEM. Data represents pooled results from 
n = 3 independent experiments. Results were analysed by one-way 
ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001
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Discussion

The introduction of daratumumab has been a major advance 
in the treatment of MM and CD38 MoAb’s are likely to 
become a core component of MM treatment regimes in the 
future [12, 24, 25]. However, an undesirable consequence 
of the use of CD38 MoAb is the profound depletion of NK 
cells. Since CD38 is strongly expressed on the surface of NK 
cells, daratumumab induced ADCC leads to fratricide and a 
massive depletion of NK cells in vivo [19, 26, 27]. Neverthe-
less,  CD38low NK cells, which constitute a minor proportion 
(15%) of circulating NK cells, are spared. These  CD38low 
NK cells appear to be more proliferative and have greater 
cytolytic functions than their  CD38high NK counterparts 
[19]. Moreover following ex vivo expansion  CD38low NK 
cells isolated from daratumumab-treated patients showed 
synergistic anti-MM activity when combined with daratu-
mumab in in vivo mouse models [19]. Although this a very 
attractive approach, the clinical processes of isolating and 
expanding  CD38low NK cells from daratumumab-treated 
patients is challenging. Furthermore, blood derived primary 
 CD38low NK cells acquire significant expression of CD38 
antigen upon expansion on feeder cells (m-IL-21 K562) [19]. 
To overcome some of these challenges, in the present study 
we demonstrate the feasibility of using the  CD38low NK 
cell line KHYG1 electroporated with  CD16F158V mRNA in 
combination with daratumumab for treatment of MM. This 
strategy could provide a novel “off-the-shelf” approach of 
co-administering multiple infusions of  CD16F158V  CD38low 
NK cells during daratumumab therapy.

Antibody mediated CD16 receptor engagement on 
NK cells triggers ADCC against target tumour cells [28]. 

Interestingly, CD16 expression on circulating NK cells from 
MM patients has been shown to be downregulated [29]. MM 
bone marrow microenvironmental factors, such as hypoxia 
and TGF-β have been shown to dampen the cell surface 
expression of CD16 and subsequent ADCC by human NK 
cells [30, 31]. Furthermore, ADAM-17 dependent ectodo-
main shedding upon target cell antibody cross-linking can 
also downregulate CD16 cell surface expression on NK cells 
[32]. Previous studies have shown the feasibility of elec-
troporating CD16 mRNA in primary expanded NK cells, 
and their subsequent ability to target Rituximab-treated lym-
phoma cells [33]. In this study, we used a similar mRNA 
electroporation-based approach to achieve high expression 
levels of the CD16 receptor. The steady pool availability 
of mRNA in the electroporated NK cells would mitigate 
any risks associated with downregulation of CD16 in situ, 
apart from addressing safety concerns related to insertion 
mutagenesis associated with viral transduction [34]. The 
 CD16F158V  CD38low NK cells were subsequently able to 
eliminate primary patient derived  CD38+ MM cells with 
minimal fratricide of effector  CD38low NK cells. A previous 
study demonstrating potent ADCC against a range of tumour 
target cells by KHYG1 NK cells virally transduced with the 
CD16 receptor gene supports our present observations [35].
Therefore we envision the use of a mRNA based therapeu-
tics on a GMP compliant electroporation device, such as 
MaxCyte system would entail a logistically less challeng-
ing production of up to  1012  CD16F158V  CD38low NK cells 
equivalent of 1000 doses for patients when dosed at  107/kg 
of body weight.

Although daratumumab targets the CD38 antigen, 
MM patients undergoing daratumumab treatment rapidly 

Fig. 6  In vivo bone marrow trafficking potential of KHYG1 cells. 
a  106 cells per cell line/mouse were labeled with Calcein AM and 
injected separately. Bone marrow was harvested from sacrificed mice 
and analyzed for presence of Calcein  AMpositive  (CAM+) cells by 
flowcytometry either after (b) 1-h in circulation, or (c) 24-h in circu-

lation. Bars represent Mean ± SEM of the fluorescently labeled cells 
obtained from the bone-marrow normalized to total fluorescent cells 
detected in both the blood and bone marrow for each mouse. Results 
were analysed by Student’s paired t test, *p < 0.05, **p < 0.01
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downregulate cell surface CD38 antigen on their tumour 
cells within hours of their first infusion [17, 36]. There-
fore, a combination of cellular therapy with daratumumab 
would need to be capable of targeting  CD38low MM clones 
in vivo. In contrast to a previous study with IL-2 activated 
non-expanded donor-derived NK cells, which showed that 
daratumumab can augment alloreactive NK cell cytotoxic-
ity only towards  CD38high MM cell lines, we showed that 
 CD16F158V  CD38low NK cells in combination with daratu-
mumab triggers a cytolytic response against both  CD38high 
and  CD38low MM cell lines in vitro [6]. One explanation 
for these differences could be our use of the CD16 recep-
tor variant encoding the F158V polymorphism, which has 
been shown to significantly enhance response rates fol-
lowing treatment with the anti-CD20 antibody Rituximab 
[37]. However, this polymorphic variant was not shown to 
influence overall survival (OS) in MM patients undergo-
ing daratumumab monotherapy in the GEN-501 and SIRUS 
studies [38]. In contrast, a pre-clinical study investigating 
the effect of F158V polymorphism in the context of a com-
bination therapy of daratumumab and IPH-2102, a human 
anti-KIR MoAb, found that ex vivo IPH-2102 synergisti-
cally improved daratumumab-dependent lysis of primary 
myeloma cells in patients carrying the F158 allele while 
such a synergy was not observed in patients carrying the 
V158 allele [39]. Therefore, further research is necessary to 
better define the role of allelic variants in triggering effector 
functions of  CD38low NK cells in the presence of daratu-
mumab [38].

The maintenance of a high level of CD38 expression on 
MM cells would seem desirable to maximize the clinical 
success of combination therapy with  CD16F158V  CD38low 
NK cells and daratumumab as those patients with higher 
pre-treatment levels of CD38 expression on MM cells have 
had the best responses to daratumumab monotherapy [15]. 
Potentially, pre-treatment with clinically relevant agents 
such as ATRA or Panobinostat could be used to enhance 
CD38 expression. Pre-treatment with both agents has been 
shown to enhance the efficacy of daratumumab in preclinical 
studies and is currently under evaluation in a Phase I trial 
[NCT02751255] [40, 41].

IFN-γ plays an important role in mediating NK induced 
anti-tumour responses [42]. In our experiments, we observed 
that daratumumab could trigger the production of both 
IFN-γ and TNF-α in  CD16F158V mRNA electroporated NK 
cells, even in the absence of target tumour cell engagement, 
but not in mock electroporated  CD16negative KHYG1 cells. It 
has previously been shown that the ligation of CD38 by a 
MoAb can  induce multiple cytokine mRNA expression 
in cultured peripheral blood mononuclear cells including 
TNF-α and IFN-γ [43]. Conceivably cross-linking and 
ligation of daratumumab to the CD38 antigen and CD16 
receptor, both on  CD38low NK cells, could trigger cytokine 

production. Furthermore, as IFN-γ and TNF-α production 
was significantly increased upon co-culture with  CD38high 
and  CD38low MM cells, the production of these immu-
nomodulatory cytokines could be beneficial in shaping the 
adaptive immune response in MM patients.

NK cell homing to the bone-marrow after adoptive NK 
cell transfer has been shown to correlate with leukemia 
disease control in refractory AML patients [44]. However, 
similar correlative clinical data is lacking for NK cell hom-
ing and anti-MM clinical activity. The homing capacity of 
NK cell assumes greater importance as MM bone-marrow 
milieu impairs the bone marrow localization of effector NK 
cells [23]. In our study we demonstrate that the parental 
KHYG1 NK cell line can home to the bone marrow within 
24 h post-infusion, at levels similar to the more clinically 
investigated NK cell line NK-92. This in our opinion is an 
observation which reflects another important facet of geneti-
cally modified cytotoxic cellular therapies which is often 
overlooked and ignored. Nevertheless, since CXCL12 (SDF-
1) production in bone marrow is significantly down-modu-
lated as patients progress from MGUS to MM disease onset 
[23], future studies with  CD16F158V  CD38low KHYG1 cells 
overexpressing the  CXCR4R334X receptor could significantly 
enhance the bone marrow homing and therapeutic potential 
of these engineered cells [45].

There are several limitations to our study. We chose to 
use the KHYG1 NK cell line given its inherently low CD38 
expression, relative to expanded primary NK cells and 
NK-92 cell line. CD38 is a multifunctional ectoenzyme [9], 
and has been described to have important roles in NK cell 
signalling, activation, and cellular cytotoxicity [46]. Fur-
thermore, in murine models, CD38 has been shown to be 
important for granule polarization and degranulation, with 
NK cells from  CD38knockout mice secreting lower amounts of 
Granzyme B upon target engagement ex vivo [16]. However, 
the low CD38 expression on KHYG1 cells is a “dual-edged” 
sword in our study, and in our opinion the high expression 
of the other NK cell activating receptors, such as NKG2D 
on KHYG1 cells would be able to compensate for this lack 
of CD38 mediated effector functions [47]. Presumably, as 
KHYG1 is not a  CD38null NK cell, the low CD38 expression 
is enough to activate intracellular NK signalling pathways. 
Another drawback of our study is the limited data on the effi-
cacy of  CD16F158V  CD38low NK cells against primary MM 
cells from daratumumab relapsed-refractory (RR) patients. 
While an in vitro assay with  CD16F158V  CD38low NK cells 
and daratumumab eliminated a significant proportion of 
primary MM cells from a daratumumab RR patient, future 
studies with a larger daratumumab RR patient cohort derived 
primary cells is imperative. The tumour microenvironment 
also consists of  CD38pos immunosuppressive cells, such 
as myeloid-derived suppressor cells (MDSC) and T reg’s. 
Future research is necessary to investigate if the combination 
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of  CD16F158V  CD38low NK cells and daratumumab can elim-
inate  CD38pos immunosuppressive cells [48].

In conclusion, although the use of daratumumab has revo-
lutionized the treatment of MM in the past few years, an 
increasing number of patients are now refractory to daratu-
mumab [49, 50]. Moreover, as daratumumab is moved into 
frontline combination therapy for newly diagnosed MM 
patients [12], there is an unmet need to arm this “biologic” 
with potent “cellular armies” which are otherwise depleted 
in vivo. To address these therapeutic challenges, we pro-
pose the use of an “off-the-shelf”  CD38low NK cell plat-
form KHYG1, which upon electroporation with  CD16F158V 
mRNA can be irradiated and infused in MM patients as 
combination therapy with daratumumab on a weekly basis. 
We envision that this combination of cellular therapy and 
daratumumab would allow potent therapeutic anti-Myeloma 
responses in patients in vivo.
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