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Abstract

Natural killer (NK) cell-based immunotherapy is a promising novel approach to treat cancer. However, NK cell function has
been shown to be potentially diminished by factors common in the tumor microenvironment (TME). In this study, we assessed
the synergistic potential of antibody-dependent cell-mediated cytotoxicity (ADCC) and killer immunoglobin-like receptor
(KIR)-ligand mismatched NK cells to potentiate NK cell antitumor reactivity in multiple myeloma (MM). Hypoxia, lactate,
prostaglandin E2 (PGE2) or combinations were selected to mimic the TME. To investigate this, NK cells from healthy donors
were isolated and NK cell ADCC capacity in response to MM cells was assessed in flow cytometry-based cytotoxicity and
degranulation (CD107a) assays in the presence of TME factors. Hypoxia, lactate and PGE2 reduced cytotoxicity of NK cells
against myeloma target cells. The addition of daratumumab (anti-CD38 antibody) augmented NK-cell cytotoxicity against
target cells expressing high CD38, but not against CD38 low or negative target cells also in the presence of TME. Co-staining
for inhibitory KIRs and NKG2A demonstrated that daratumumab enhanced degranulation of all NK cell subsets. Neverthe-
less, KIR-ligand mismatched NK cells were slightly better effector cells than KIR-ligand matched NK cells. In summary,
our study shows that combination therapy using strategies to maximize activating NK cell signaling by triggering ADCC
in combination with an approach to minimize inhibitory signaling through a selection of KIR-ligand mismatched donors,
can help to overcome the NK-suppressive TME. This can serve as a platform to improve the clinical efficacy of NK cells.
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therapy is the suppressive tumor microenvironment (TME).
The TME contributes to the acquisition of therapy-resistant
cancer cells posing a potential limitation for any anti-can-
cer therapy including immunotherapy [2, 3]. TME factors
(TMEFs), for example: hypoxia [4, 5]; prostaglandin E2
(PGE2) [6]; lactate [7, 8]; galectin-3 [9]; platelet-derived
growth factor [10]; transforming growth factor 1 [11]; as
well as the presence of other immune cells such as myeloid-
derived suppressor cells [12, 13], have also been shown
to contribute to diminished NK cell antitumor reactivity.
Hence, to further optimize the clinical response of adoptive
NK cell therapy, clinically applicable strategies to potentiate
the NK cell antitumor response, which facilitate the NK cell
function in the suppressive TME, are warranted.

The activation of NK cells is determined by the signaling
balance between inhibitory and activating NK cell receptors.
Either maximizing activating signaling or reducing inhibi-
tory signaling would be a feasible strategy to improve NK
cell efficacy. Activating receptors, typically bind to stress-
induced ligands expressed by diseased or transformed cells.
The most potent activating NK cell receptor is CD16, a
low-affinity Fc receptor which binds to the Fc portion of an
IgG antibody triggering antibody-dependent cell-mediated
cytotoxicity (ADCC) [14]. The current availability of a large
array of clinical-grade monoclonal antibodies (mAbs) to
treat cancer provides a potent opportunity to enhance the NK
cell anti-cancer response via the ligation of CD16 to a cancer
antigen-specific antibody subsequently resulting in cancer
cell death [15]. The ADCC effect of different therapeutic
mADbs such as rituximab, obinutuzumab, trastuzumab, and
cetuximab has been described to be mainly NK cell-depend-
ent [16]. Nijhof et al. [17] also reported that daratumumab, a
more recently engineered mAb against CD38, could trigger
NK cell ADCC activity against multiple myeloma (MM)
cells. Moreover, one study reported that rituximab could
trigger ADCC even under 1% O, albeit at a lower level
than under 20% O, [5]. Inhibitory receptors such as killer
immunoglobulin-like receptors (KIRs) interact with human
leukocyte antigen (HLA) class I molecules, expressed on
the membrane of nearly all healthy cells, to prevent auto-
reactivity. Approaches to minimize signaling via strongly
inhibitory NK receptors, such as KIRs and NKG2A, and to
reduce the activation threshold for NK-cell activation might
be especially crucial in situations where there are already
many inhibitory signals present. We recently demonstrated
that, also under hypoxic conditions, KIR-ligand mismatched
NK cells were more potent effector cells against MM than
KIR-ligand matched NK cells [18].

Inhibitory KIRs and CD16 are both primarily expressed
on CD56dim cells and previous studies showed that a KIR-
ligand interaction might negatively influence NK cell-
mediated ADCC [16, 19, 20]. In this study, we, therefore,
hypothesized that the combination of triggering ADCC and
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KIR-ligand mismatching could provide a potent platform
to potentiate the NK cell antitumor response in the TME.
To study this hypothesis, we used daratumumab to evaluate
the NK cell-mediated ADCC response to MM cells in the
presence of a selected combination of TME factors. These
selected TME factors hypoxia, lactate and PGE2 are fre-
quently found in the TME of many tumors and have been
described to hamper NK cell antitumor response. In addi-
tion, we determined whether KIR-ligand mismatched NK
cells were more potent than matched NK cells under these
conditions. For the experiments, we used IL-2 activated NK
cells to resemble the clinical situation where ex vivo (IL-2)
activated NK cells will be infused into cancer patients.

Materials and methods
Cell lines and culture

The K562 cell line was cultured in IMDM and 10% fetal calf
serum (FCS). The OPM-2, UM-9 RPMI8226/s cell lines
were cultured in RPMI1640 and 10% FCS, the 1363 cell
line was cultured in RPMI1640 and 15% FCS, the JJIN-3
cell line was cultured in 40% IMDM and 40% low glucose
DMEM with 20% FCS. All cell culture media were supple-
mented with 100 U/mL penicillin (Gibco) and 100 pg/mL
streptomycin (Gibco). K562 and RPMI8226/s were obtained
from American Type Culture Collection (ATCC, Rockville,
MD, USA). OPM-2, LL363, and JIN-3 were obtained from
Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ GmbH, Braunschweig, Germany). UM-9 was a gift
from Dr. A. Martens, Vrije Universiteit Medisch Centrum
(VUMC), The Netherlands. All culture media were from
Gibco, Breda, The Netherlands and FCS was produced by
Greiner Bio-One International, GmbH. All cell lines were
cultured at 37 °C in humidified air containing 5% CO, with
21% O, (Sanyo MCO-20AIC, Sanyo Electric Co, Japan).

NK cell isolation and activation

NK cells were isolated from fresh blood derived from
healthy donors after signing informed consent or from
healthy donor’s HLA-typed buffy coats. Donors with an
HLA-C14+C2+Bw4+ genotype were selected. The use of
buffy coats, being a by-product of a required Medical Ethi-
cal Review Committee (METC) procedure, does not need
ethical approval in The Netherlands under the Dutch Code
for Proper Secondary Use of Human Tissue. These buffy
coats were anonymous, and the individuals from whom the
samples originated did not object to their use. PBMCs were
obtained by density gradient centrifugation of the donor
sample using lymphoprep (Axis-Shield). NK cells were
subsequently isolated by negative selection with an NK cell
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isolation kit using MACS beads and columns according
to manufacturer’s protocol (Miltenyi Biotec, GmbH). For
short-term activation, NK cells were cultured in RPMI-1640
medium (Gibco) supplemented with 10% fetal calf serum
(Greiner Bio-One), 100 U/mL penicillin (Gibco) and 100 pg/
mL streptomycin (Gibco) at 37 °C in humidified air con-
taining 5% CO, with 21% O, (Sanyo MCO-20AIC, Sanyo
Electric Co, Japan). NK cells were activated overnight with
1000 IU/mL recombinant human IL-2 (Proleukin, Novartis).

CD107a degranulation assay

To assess NK cell degranulation against MM target cells
(tumor cells), CD107a expression on NK cells was analyzed
using flow cytometry. Target cells were plated in 24 wells
plate at a concentration of 2 x 10° cells/mL per well and
incubated overnight at 37 °C in humidified air containing
5% CO, with 21% O, (Sanyo MCO-20AIC, Sanyo Electric
Co, Japan) or 0.6% O, (Invivo, 1000 Ruskinn Technology
Ltd, Bridgend, UK). Prior to the assay, IL-2 activated NK
cells were harvested, washed, and subjected to 1-h incuba-
tion with either 50 mM sodium L-lactate (Sigma), 100 ng/
mL prostaglandin (Sigma), or medium. Target cells were
pre-incubated for 30 min with 1 ug/mL daratumumab
(Genmab) or trastuzumab (Roche) or, as a control, with
medium at 21% O, (ambient air) or 0,6% O, (hypoxia).
TMEF-exposed NK cells were then, in duplicate wells, co-
cultured with the target cells in 1:1 effector:target ratio and
2 uL anti-CD107a-Horizon V450 (H4A3, BD Biosciences)
was added per well. After 1 h of co-culture, monensin (BD
Biosciences) was added. After another 3 h, the plate was
placed on ice to stop the reaction. Cells were then stained
on ice with anti-CD3-APC/H7 (SK7, BD Biosciences), anti-
CD56-PeCy7 (B159, BD Biosciences), anti-KIR2DL1-APC
(143211, R&D), anti-KIR2DL2/3/S2-PE (DX27, Miltenyi
Biotec), anti-KIR3DL1-FITC (DX9, Miltenyi Biotec), and
anti-NKG2A-PC5.5 (Z199, Beckman Coulter).

Analysis of KIR-ligand matched and mismatched NK
cells

Using Luminex-SSO, we determined the geno-
typic expression of the HLA class I epitopes of UM9
(C1+C2—-Bw4-) and RPMI8226/s (HLA C1+C2+Bw4—)
at the genomic level. KIR-ligand matched NK cells for
UMY were KIR2DL2/3+ while for RPMI8226/s they
were KIR2DL2/3+, KIR2DL1+, or the combination of
KIR2DL2/3+ and KIR2DL1+. KIR-ligand mismatched
NK cells for UM9 were KIR2DL 1+, KIR3DL1+ or the
combination of KIR2DL1+ and KIR3DL1+, while for
RPMMI8226/s they were KIR3DL1+.

Cytotoxicity assay

The NK cell cytotoxic potential against tumor cells was
determined in a 4-h flow cytometry-based assay. Tumor cells
were labeled using CellTracker™CM-Dil Dye (Molecular
Probes™, USA) and were incubated overnight at 37 °C in
humidified air containing 5% CO, with 21% O, (ambient
air) (Sanyo MCO-20AIC, Sanyo Electric Co, Japan) or 0.6%
O, (hypoxia) (Invivo, 1000 Ruskinn Technology Ltd, Brid-
gend, UK). Prior to the assay, IL-2 activated NK cells were
harvested and washed followed by 1-h incubation with either
50 mM sodium lactate (Sigma) or 100 ng/mL PGE2(Sigma)
or medium. Tumor cells were pre-incubated for 30 min with
1 pg/mL daratumumab, trastuzumab, rituximab (Roche), or
medium under ambient air or hypoxia. After pre-incubation
of with TMEFs, NK cells were co-cultured with labeled
tumor cells in 1:1 effector:target ratio for 4 h in duplicates.
After 4 h, dead Dil-labeled tumor cells were measured with
Live/Dead® Fixable Aqua Dead Cell Stain Kit (Molecular
Probes™, USA). Specific cytotoxicity was determined by
the equation: (% dead tumor cells — % spontaneous tumor
cell death)/(100% — % spontaneous tumor cell death) X 100.

Compartment specific-bioluminescence (CS-BLI)
cyototoxicity assay

The assay was performed as described previously [21].
In short, luciferase positive cell lines RPMI8226/s, JIN3,
and L363 were plated in optical 96-well plates (Corning)
at 4000 or 6500 cells per well. NK cells, pre-incubated
for 30 min with either lactate or PGE2, were added at a
1:5 effector:target ratio. After 24 h of co-culture, luciferin
(Xenogen Corp) was added, and plates were incubated for
an additional 30 min at 37 °C followed by immediate meas-
urement of the bioluminescence using a Luminoskan (Lab-
systems). The percentage tumor cell killing was calculated
by: 100% — (CS-BLI signal with NK cells/CS-BLI signal
without NK cells) X 100%.

Flow cytometry

Expression of MM specific antigens such as CD38-PE (BD
Biosciences) and the above mentioned NK cell receptors was
measured using flow cytometry. Cells were washed with PBS
(Gibco) and stained first for dead cells using Live/Dead®
Fixable Aqua Dead Cell Stain Kit (Molecular Probes™,
USA) for 30 min on ice in the dark. Cells were further
washed with FACS buffer (PBS, 1% FCS) and stained with
antibodies for 30 min on ice in the dark. All flow cytometric
analyses were performed with BD FACS Canto II. Data were
analyzed with FlowJo 10.1r5 64 bit software.
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Statistical analysis

All statistical analysis was performed with GraphPad Prism
V software (Graphpad Software Inc, San Diego, CA, USA)
using two-tailed non-parametric ¢ test with repeated measure
(Wilcoxon signed rank test). * indicates a p value of <0.05.

Results

The tumor microenvironmental factors lactate
and PGE2 can inhibit NK cell cytotoxicity against MM
cells

To study the effect of combinations of TMEFs on NK cell
function, we used co-cultures of IL-2 activated primary NK
cells with either MM cell lines or the HLA class I deficient
K562 line. Previous studies observed that lactate and PGE2
concentrations of up to 40 mM (lactate) and 50 ng/mL
(PGE2) could be found in tumors [22, 23]. To determine the
NK cell potentiating effect of antibodies in a severely sup-
pressive TME, we performed a dose titration (supplementary
Fig. 1) and selected 50 mM lactate and 100 ng/mL PGE2
as concentrations to combine with hypoxia. As expected
from our previous study [4], hypoxia (0.6% O,) alone did
not influence cytotoxicity of IL-2 activated NK cells against
all cell lines tested when compared to ambient air (21% O,)
conditions (supplementary Fig. 2). However, the combina-
tion of hypoxia and lactate reduced NK cell cytotoxicity
ranging between a 1.63 fold (for RPMI8226/s) to a 2.61-fold
reduction (for OPM-2) (Fig. 1b). The average fold reduction
of NK cell cytotoxicity for all cell lines together was 2.28-
fold (»p <0.0001, Fig. 1d). The effect of the combination of
hypoxia and PGE2 was less profound than the combination
of hypoxia and lactate. It did not reduce NK cell cytotox-
icity against K562. For the MM cell lines, the reduction
ranged between 1.23-fold reduction (for UM-9) and 1.58-
fold reduction (for JIN-3) (Fig. 1¢). The average fold reduc-
tion of NK cell cytotoxicity against all cell lines tested was
1.26 (p<0.0001, Fig. 1d). To exclude the possibility that the
inhibition was due to an increase in NK cell death caused by
the TMEFs itself, we tested the viability of NK cells which
demonstrated no differences in the percentage of dead NK
cells in the presence of TMEFs (supplementary Fig. 3).

Triggering ADCC with daratumumab can augment
NK cell antitumor reactivity in the presence of single
or combinations of TMEFs

To investigate whether ADCC-triggering antibodies (dara-
tumumab, trastuzumab, rituximab) could potentiate the NK
cell antitumor response in the presence of TMEFs, we per-
formed cytotoxicity assays with or without incubation of
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the tumor cells with antibodies. In the presence of hypoxia
alone, all three antibodies could boost NK-cell cytotoxic-
ity when NK cells were co-cultured with cell lines express-
ing the target antigens (supplementary Fig. 4). We selected
daratumumab to further evaluate the ADCC effect in the
presence of combinations of TMEFs.

For daratumumab to trigger ADCC, the CD38 antigen
expression on the cell surface must persist under TME
conditions. We therefore determined CD38 expression on
myeloma cells upon culture with TMEFs. Flow cytometry
showed that RPMI8226/s and UMY were high in CD38
expression, while OPM-2 was low in CD38. L363, JIN-3,
and K562 were CD38-negative. Moreover, CD38 expression
levels remained constant in the presence of TMEF (Fig. 2).
In subsequent cytotoxicity assays, we showed that daratu-
mumab enhanced NK cell cytotoxicity against the CD38-
high MM cell lines, from 20 to 45% for UM9 and from 14
to 33% for RPMI8226/s (Fig. 3). Importantly, daratumumab
enhanced the NK cell anti-MM response in the presence of
all tested combinations of TMEF. For UMY, under hypoxic
and lactate conditions, the increase in ADCC was lower
compared with the increase in the hypoxia only condition
(»=0.0023). Daratumumab did not trigger NK cell-medi-
ated ADCC under any of the conditions where NK cells
were co-cultured with CD38low OPM-2 cells, suggesting
that the expression level of CD38 on the target cells was
important for the potential of the antibody to induce NK
cell-mediated ADCC. As expected, daratumumab also did
not enhance or reduce the killing of the CD38 negative cell
lines JIN-3, L363, K562.

Daratumumab induces NK cell death

NK cells also express low levels of CD38 which poten-
tially binds daratumumab and therefore could be a tar-
get of daratumumab-mediated killing. Since reducing
the number of effector cells could be detrimental, we
also evaluated whether there was an increase in the num-
ber of dead NK cells after addition of daratumumab. In
the absence of daratumumab and tumor cells, the aver-
age percentage of dead NK cells after 4 h of culture was
21.49% compared with 36.66% in the presence of dara-
tumumab (Fig. 4a). This phenomenon was also observed
in the presence of TMEF. An increase in the percentage
of dead NK cells in conditions with daratumumab was
also observed after 4 h co-culture with the different tumor
cell as well as in the presence of TMEF lines (p <0.0001,
Fig. 4b). An increased NK cell death by daratumumab was
observed after only 2 h and cell death further increased
to 60% after 24 h (Fig. 5a). Induction of NK cell death
was not observed with trastuzumab which binds Her2/neu
that is not present on NK cells. Furthermore, the effect of
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daratumumab was comparable for conditions with 0.1, 1
and 10 pg/mL of antibody. We also observed a higher per-
centage of CD107a positive NK cells in all conditions with
daratumumab. This demonstrates that NK cells increas-
ingly degranulate upon the addition of daratumumab,
suggesting that they get activated by- and mediate ADCC
against-other NK cells with daratumumab bound to their
surface (Fig. 5b).

(b)

K562 JJUN-3

N D O ©

/7

RPMI8226/s UM9

*

Specific Cytotoxicity(%)

8
6
4
2

N A O ©®

N H 2] [<]
I )

Control Lactate Control Lactate Control Lactate

(d)

K562 JJN-3

8 8 8
6 6 6
40| —s 4 4
2 g 2 2
0 0 0

Control PGE2 Control PGE2 Control PGE2

L363

i

[/ /]

Specific Cytotoxicity(%)

OPM-2 RPMI8226/s uM9
8 8 8
*
6 6 6
4 4 \ 4 —
L — 4 ——o

0l . 0L 3% 0
Control PGE2 Control PGE2 Control PGE2

ity of NK cells against K562, JIN-3, L363, OPM-2, RPMI8226, or
UMO cell lines under hypoxia without (control) or with lactate (b) or
PGE2 (c¢). Data in b and ¢ are from n=6 different NK cell donors
(every dot represents one donor). d Data from all cell lines used in b
and ¢ were pooled and statistical analysis was performed on pooled
data. *p <0.05, ***p <0.0001

Selection of KIR-ligand mismatched donors can help
to potentiate NK cell anti-MM reactivity in the TME

After showing that triggering ADCC is a potent way to
enhance NK cell anti-MM reactivity in the presence of
TMEF, we questioned whether the selection of KIR-ligand
mismatched donors could help to further augment the
response. We performed a CD107a assay and determined the
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Fig.2 Analysis of the effect of hypoxia, lactate, PGE2 or combina-
tion thereof on CD38 expression levels of multiple myeloma cell
lines. UM9, RPMI8226, OPM-2, JIN-3, L363 and K562 cell lines
were cultured overnight under 0.6 or 21% O, followed by a 4 h incu-
bation with or without PGE2 or lactate. CD38 expression was deter-

degranulation of NKG2A negative NK cells (KIR-ligand
matched vs mismatched subsets) against CD38-high UM9
or RPMI8226/s cells under different TMEFs and in the
absence or presence of daratumumab. The addition of dara-
tumumab to the culture enhanced NK cell degranulation of
both KIR-ligand matched and mismatched NK cell subsets
upon co-culture with UM9 or RPMI8226/s as compared to
conditions without daratumumab (Fig. 6 and supplemen-
tary Fig. 5). For KIR-ligand matched NK cells, the aver-
age increase by daratumumab was from 6.03 to 45.87%
under hypoxia (p =0.0039), 2.34-29.62% under hypoxia
and lactate (p =0.0039), and 4.05-37.38% under hypoxia
and PGE2 (p =0.0039). For KIR-ligand mismatched NK
cells, the average increase was from 14.32 to 52.96% under
hypoxia (p=0.0039), 4.76-35.17% under hypoxia and lac-
tate (»p =0.0039), and 10.76-46.44% under hypoxia and
PGE2 (p=0.0039). We did not observe a difference in the
percentage of NK cells degranulating spontaneously or in
response to HLA class I negative K562 cells for subsets sin-
gle positive for KIR2DL1, KIR2DL2/3 or KIR3DL1 (sup-
plementary Fig. 6 and supplementary Fig. 7).
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mined using flow cytometry. The median fluorescence index (MFI)
is indicated next to each histogram. Figure is representative of three
independent experiments. Cell lines having high CD38 expression are
denoted in red

In the absence of daratumumab, the average percentage of
degranulating NK cells was higher for the KIR-ligand mis-
matched subset as compared to the matched subset for all
donors tested in response to UM9 or RPMI8226/s. This was
observed under hypoxia (p =0.0039); hypoxia and lactate
(»=0.0091); and hypoxia and PGE2 (p =0.0091) (Fig. 6a).
In the presence of daratumumab, there was little difference
between degranulation of the KIR-ligand matched and mis-
matched subsets (Fig. 6b). This suggests that lowering the acti-
vation threshold by KIR-ligand mismatching would be most
effective under conditions where the NK cell receives lim-
ited activating signals. Furthermore, for both the KIR-ligand
mismatched as well as the matched subset, the percentage of
degranulating NK cells in response to UM9 or RPMI8226/s
with daratumumab was not significantly different between the
TME conditions.
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Fig.3 Effect of daratumumab on NK cell killing of CD38-high cells
under suppressive TMEF. Dil-labeled UM9, RPMI§226, OPM-
2, K562, JIN-3 and L363 cells were incubated overnight at 0.6 or
21% O,. The next day, tumor cells were pre-incubated with daratu-
mumab while overnight IL-2 activated NK cells were pre-incubated

Discussion

In this study, we set out to explore whether the combina-
tion of alloreactive NK cells and clinical antibodies target-
ing tumor-specific/-associated antigens could help to over-
come the detrimental effects of the immunosuppressive
TME. First, we demonstrated that the NK cell antitumor
response can be potentiated by clinical-grade antibodies

with PGE2 or lactate followed by co-culture in a cytotoxicity assay.
Graphs show specific cytotoxicity data. White dots =without daratu-
mumab, black dots=with daratumumab. *p<0.05, n=6 independ-
ent donors (K562, JIN-3, and L363) or 7 donors (UM9, RPMI8226,
OPM2). Cell lines having high CD38 expression are denoted in red

and that this was effective even under conditions reflec-
tive of an NK cell suppressive TME. Additionally, we
provide data demonstrating that selection of KIR-ligand
mismatched NK cell donors could help to amplify the NK
cell response further.

In our previous study, we showed that hypoxia alone
could inhibit NK cell anti-MM activity and we demonstrated
that IL-2 activation of NK cells could overcome this issue
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Fig.4 NK cell death in the
absence or presence of daratu-
mumab. a [L-2 activated NK
cells were incubated with dara-
tumumab. After 4 h, NK cell
death was determined by flow
cytometric analysis of a life-
death marker. n=>5 independent
donors, every dot indicates one
donor. b Incubation of 1L.-2
activated NK cells with dara-
tumumab and tumor cell lines
(K562, JIN-3,L363, OPM-2,
UMO or RPMI8226/s), n=5
independent donors, every dot
indicates one donor. For graphs
in b, NK cells from each of the
five donors were incubated with
all six cell lines. Data from all
cell lines were collectively plot-
ted in one graph. ***p <0.0001
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[4]. In this study, we aimed to investigate the influence of a  negatively impact the NK cell antitumor response [6]. In our
more severe NK-suppressive TME. We observed the inhibi-  hands, NK cell inhibition by PGE2 was less pronounced than
tory effect of lactate on NK cell killing already at a low  with lactate and seemed to be more cell line dependent. In a
(5 mM) concentration (supplementary Fig. 1) which was mouse myeloma model, oxygen levels of less than 10 mmHg
in line with earlier studies [7]. PGE2 has been shown to (1.3%) have been shown [24]. In patients with MM, the
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Fig.5 The kinetics of NK cell death and activation in the absence or
presence of daratumumab. IL-2 activated NK cells were incubated
with or without 0.1, 1, 10 pg/mL daratumumab or 1 ug/mL trastu-
zumab for 2, 4, 8, or 24 h in 21% O,. a The percentage of dead NK

accumulation of hypoxia-inducible factor-1a (HIF-1a) in
bone marrow (BM) biopsies suggested the presence of a
hypoxic region in the BM [25, 26] and in other tumors,
hypoxia frequently coincides with elevated lactate levels.
Exact lactate and PGE2 levels in MM BM should, however,
be determined to confirm the relevance of these factors for
MM. Another important point to consider in more detail in
the future is tumor heterogeneity. Although we already per-
formed our assays using multiple cell lines, it is necessary to
perform follow-up studies with more heterogeneous primary
myeloma cells. In vivo, the tumor and the TME will be more
complex and potentially more immunosuppressive which
necessitates additional clinical studies in human patients.
Nevertheless, our study already illustrated that IL-2 acti-
vation alone was not enough to potentiate NK cells which
clearly emphasized the need for further activation of NK
cells to overcome the inhibitory effect of multiple TMEFs.

In this study, we demonstrated that daratumumab
enhanced NK cell-mediated killing of cancer cells under
hypoxia, hypoxia/lactate, and hypoxia/PGE2. In line with
a previous study [27], we showed that the effect of dara-
tumumab was specific for MM lines expressing relatively
high levels of CD38 (i.e., UM9 and RPMI8226/s). We did

incubation time (hours)

-o-No Antibody

-+ Daratumumab 0.1pg/mL
-+ Daratumumab 1 pg/mL
-=+ Daratumumab 10 pg/mL
-+ + Trastuzumab 1 pg/mL

Donor 2

8
incubation time (hours)

cells was calculated by the percentage of NK cells positive for Live/
Dead® Marker. b NK cell degranulation was determined as the per-
centage of CD107a+ NK cells. Shown are dots representing the mean
of replicate cultures with standard deviation

not observe ADCC in response to CD38 low or negative
cells, suggesting that the level of antigen expression on
target cells could affect the outcome. Our observation that
CD38 expression by MM cells was not reduced by TMEFs,
and that binding of daratumumab was not affected by any
of the TME conditions, was critical since CD38 expression
was required for daratumumab to be effective. Previously,
we and others showed that hypoxia alone could slightly
reduce CD16 expression [4, 5]. Here, we did not observe
a decrease in ADCC capacity under hypoxia alone (Fig. 3),
so apparently, this lower CD16 expression did not influence
the capacity of NK cells to mediate ADCC. In line with
our TME data, daratumumab has previously been shown
to potentiate PBMC mediated anti-MM reactivity in the
presence of immunosuppressive BM stromal cells and in a
mouse model of MM [28]. Together with our current data,
this emphasizes the potency of an approach using an ADCC
triggering antibody to potentiate NK cells in the TME.

The current availability of a large number of clini-
cally available antibodies which bind to tumor-specific/
associated antigens (e.g., cetuximab, rituximab, trastu-
zumab) on a variety of tumors provides the great opportu-
nity to combine NK cell and antibody therapies. A major
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Fig.6 Comparison of degranulation of KIR-ligand mismatched NK
cells and KIR-ligand matched NK cells in response to MM cells with
or without daratumumab. Following an overnight incubation under
hypoxia (0.6% O,), UM9 and RPMI8226/s cells were incubated a
without or b with daratumumab for 30 min while IL-2 activated NK
cells were incubated for 1 h with PGE2 or lactate. The percentage of
degranulating KIR-ligand matched or KIR-ligand mismatched NK
cells was determined as % CD107a+cells. Dots represent means of
replicate cultures of independent donors. n=5 independent experi-
ments
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challenge, however, is to find antibodies that exclusively
bind to tumor cells. Antibodies, such as daratumumab,
also interact with antigens expressed on healthy cells,
and could give rise to off-target cytotoxicity. We indeed
observed a high number of dead or degranulating NK cells
in conditions where daratumumab but no tumor target cells
were present. Supporting this, in a previous study in MM
patients, administration of daratumumab has been shown
to decrease the number of peripheral blood NK cells [29,
30]. These clinical data and our current data could be
explained by the fact that NK cells express CD38 [31].
Binding of daratumumab to CD38+ NK cells could trigger
ADCC of NK cells against NK cells with bound daratu-
mumab, a phenomenon called fratricide which would be in
line with our degranulation data. Elotuzumab, an antibody
against CS1 expressed on NK cells and MM cells, has
been shown to activate NK cells directly [29]. Presumably,
this is not the mechanism for daratumumab as a CD38-
F(ab’), fragment did not trigger direct NK cell activation
[32]. A reduction in NK cell numbers, upon administration
to patients, could be detrimental on the long term and the
treatment can possibly be further optimized by incubating
NK cells, before infusion, with a CD38-F(ab’), fragment
to reduce binding of the ADCC mediating antibody.
KIR-ligand mismatched NK cells were more effective
against MM target cells than matched cells under all TME
conditions tested in this study. Degranulation of both subsets
was enhanced by daratumumab, and although the difference
between matched and mismatched NK cells was less distinct
upon the addition of daratumumab, mismatched NK cells
seemed to be slightly better effector cells. The difference
between matched and mismatched cells was not caused by
intrinsic differences between the subsets as, in response
to HLA class I negative K562 cells, all subsets degranu-
lated to the same extent (supplementary Fig. 7). KIR/HLA
interactions have been shown to reduce ADCC mediated by
rituximab [16, 19, 20, 33]. One of these studies showed that
inhibitory KIR/HLA interactions could be compensated for
by modifying the Fc part of the rituximab antibody by means
of glycoengineering resulting in an antibody called GA101
(obinutuzumab) with an enhanced potential to trigger ADCC
[33]. An alternative approach that has been proposed is to
use the KIR blocking antibodies that are currently available
in the clinical-grade format [20]. Unfortunately, a recent
study showed that the administration of anti-KIR antibody
in patients with smoldering MM had to be terminated as it
resulted in NK cell anergy caused by the removal of KIR
receptor from NK cell surface by trogocytosis [34]. In the
current study, we demonstrate that selection of a donor based
on HLA genotype and KIR expression could be a good way
to achieve a KIR-ligand mismatched status to minimize the
detrimental effects of KIR/HLA. Selection of KIR-ligand
mismatched donors would be feasible for allogeneic NK
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cell treatments where the patient lacks at least one of the
HLA epitopes binding to inhibitory KIRs, as is the case in
approximately 70% of the individuals (Mahaweni unpub-
lished data and [35]). Also in the situation where a glyco-
engineered antibody is used, selection of a KIR-ligand mis-
matched donor could be beneficial since tumor cells could
downregulate the expression of the antigen targeted by the
antibody. In that case, the KIR-ligand mismatch will still
facilitate the response against antigen negative cells.

In summary, we showed in this study that the combina-
tion of an ADCC triggering antibody and selection of KIR-
ligand mismatched donors is a potent and realistic platform
to potentiate the NK cell antitumor response in the TME.
The difference between allogeneic and non-allogeneic NK
cells has to be explored in vivo. The antitumor potential of
NK cells can be applied by donor NK-cell infusion as well
as by haploidentical stem-cell transplantation (HaploSCT).
In HaploSCT, donor-derived NK cells have been identified
as the main mediators of antitumor reactivity, and due to the
improved post-transplant treatment regimen, HaploSCT is
now a realistic and feasible treatment option. Therefore, we
envision that the combination of ADCC triggering antibod-
ies and KIR-ligand mismatching is a favorable combination
to be tested in future clinical studies, both in the context of
HaploSCT, potentially in combination with NK cell infu-
sions, as well as single donor NK-cell infusion.
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