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augment the antitumor activity of DARA was compared. 
Mice were administered doses of DARA in combina-
tion with adoptive infusions of NK cells at weekly inter-
vals as illustrated in figure 3A. CD38KO/CD16KI NK cells 
combined with DARA elicited a significantly greater reduc-
tion in MM.1S tumor burden compared with the CD38KO 
NK cell treatment group (figure  7A–D), replicating in 
vivo the compelling data that was established in vitro. 
Adoptive infusions of CD38KO/CD16KI NK cells combined 
with DARA, therefore, produced an additive antitumor 
effect beyond that seen in mice treated with DARA and 
CD38KO NK cells. In summary, CD38KO/CD16KI edited NK 
cells showed superior DARA-mediated antitumor activity 
against myeloma cells both in vitro and in vivo compared 
with CD38KO NK cells, underscoring the clinical potential 
of adoptive immunotherapy strategies using this approach.

DISCUSSION
DARA is a CD38-targeting mAb with clinical efficacy in 
the treatment of MM, both as a single agent and as part 
of combination regimens.20 21 Among several mechanisms 
of action, DARA elicits efficient NK cell-mediated ADCC.5 
High levels of CD38 expression in peripheral blood NK 
cells, however, predispose NK cells to DARA-induced 
depletion, leading to impaired ADCC against myeloma 
cells.22 24 Despite this limitation, the ADCC function of 
DARA can be rescued by minimizing CD38-targeting of 
NK cells by reducing or shielding NK cell surface CD38.23 24 
Ex vivo modification to generate DARA-resistant NK cells 
for adoptive infusion with DARA is, therefore, an attrac-
tive strategy.

To enable the use of adoptively transferred NK cells 
to potentiate the activity of DARA, we sought to develop 
a CRISPR-based platform to genetically modify large 
numbers of ex vivo expanded human NK cells for clinical 
use. The platform we developed is clinically applicable 

Figure 7  CD38KO/CD16KI NK cells demonstrate enhanced anti-myeloma function in vivo. (A) Bioluminescence images show 
mice in each treatment group at 9, 16, 23, and 30 days after myeloma inoculation. (B) Logarithmic scale and (C) linear scale of 
bioluminescent quantification of MM.1S myeloma tumor growth across all time points (n=9 in treatment groups and n=10 in the 
no treatment group). (D) Bioluminescent quantification of MM.1S myeloma tumor growth shown in individual mice within each 
group at day 30. Statistics determined with the Student’s t-test, two tailed, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. DARA, 
daratumumab; KO, knockout; KI, knock-in; NK, natural killer.
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and scalable, using electroporation of NK cells to deliver 
a CD38-targeted Cas9/RNP early during the ex vivo 
expansion process. This approach resulted in high level 
reduction of CD38 expression that was stable over time 
that did not compromise the proliferative or functional 
capabilities of the edited NK cells. CD38KO NK cells 
showed reduced susceptibility to DARA-induced frat-
ricide, improved in vivo persistence in the presence of 
DARA, and most importantly, enhanced DARA-mediated 
tumor control in vitro and in vivo in mice bearing MM.1S 
myeloma tumors.

These findings support previously reported data 
showing that NK cells with reduced CD38 following expo-
sure to DARA24 or with CD38 shielded by F(ab’)2 frag-
ments23 are protected from DARA-induced fratricide, 
enabling augmented DARA-mediated ADCC against 
tumor cells in vitro and in a preclinical animal model. 
However, in contrast to these approaches, disruption of 
CD38 expression using CRISPR is sustained over time, 
which potentially represents a more useful strategy that 
for translation into the clinic. Our findings corroborate 
a recent report describing the use of CRISPR to delete 
CD38 in NK cells, the results of which were recently 
published prior to this publication.25 Our optimized 
CRISPR platform utilized NK cells that were expanded 
using a GMP-compliant expansion protocol developed by 
our group.10 This protocol incorporates irradiated EBV-
LCL feeder cells and IL-2 to expand large numbers of 
clinical grade NK cell ex vivo, which has been success-
fully used in the aforementioned NK cell clinical trial 
(NCT00720785). Furthermore, we delivered the Cas9/
RNPs using an electroporation system that is scalable and 
can be easily transitioned to a clinical GMP-compliant 
platform. Importantly, given the high KO efficiency of 
our approach, there exists no need to enrich for the 
CD38KO NK cells that have enhanced DARA-mediated 
antitumor responses, thus avoiding an additional manu-
facturing step. Our CRISPR approach merged with our 
preexisting GMP compliant method to manufacture large 
numbers of ex vivo expanded NK cells lays the ground-
work for clinical translation of this highly efficient gene 
editing platform.

We sought to further enhance the immunotherapeutic 
potential of CD38KO NK cells by combining CD38 KO 
with other techniques previously shown by our group to 
enhance their ability to mediate ADCC. Based on our 
previous work, we introduced the high-affinity antibody-
binding CD16-158V receptor into NK cells via mRNA 
transfection.11 Clinically, the CD16-158V polymorphism 
has been associated with higher response rates to the 
anti-CD20 mAb rituximab in lymphoma patients,34 and 
our preclinical studies have demonstrated that forced 
expression of CD16-158V in NK cells boosts their ability 
to mediate ADCC.11 This is an appealing approach to 
bolster ADCC given only a minority of patients are homo-
zygous for the high-affinity CD16-158V variant.35 36 We 
established the feasibility of transfecting CD38KO NK cells 
with CD16-158V and further demonstrated that these 

genetically modified NK cells had augmented degran-
ulation against malignant B-cells in ADCC assays using 
rituximab. In a similar fashion, we observed CD38KO/
CD16-158V-transfected NK cells had superior DARA-
mediated myeloma killing compared with CD38WT/
CD16-158V-transfected and CD38KO NK cells from low-
affinity CD16-158F/F homozygous donors. These results 
highlight the potential of combinatorial KO/KI gene 
modifying strategies to enhance the tumor killing capa-
bilities of NK cells.

As noted in our previous work, mRNA transfection 
results in only transient expression of transgenes of 
interest in NK cells.11 12 Therefore, to enable stable, 
long-lasting expression of a desired gene, we sought 
to develop a simplified strategy that would incorpo-
rate site-specific gene insertion into our CD38 KO plat-
form. Recent advances in genome editing have enabled 
targeted gene delivery to the AAVS1 safe harbor locus in 
primary NK cells32 and to strategic non-safe harbor loci 
in T cells, such as the T-cell receptor α constant (TRAC) 
locus.37 Efficient creation of a double strand break using 
Cas9 and target-specific guide RNA, as achieved with our 
CD38 KO method, generates a potential insertion site 
within the CRISPR disrupted CD38 domain for targeted 
gene delivery. Using rAAV6 to deliver a repair template 
containing a gene of interest flanked by segments that are 
homologous to the CD38 locus, we successfully targeted 
a truncated CD34 reporter gene to CD38. This strategy 
resulted in stable CD34 expression in approximately 85% 
of CD38KO NK cells using a repair template containing 
an EF1α promoter. Remarkably, a template lacking an 
internal promoter, designed to place the CD34 transgene 
under the transcriptional control of the CD38 promoter 
and regulatory sequences, also yielded a high level of 
stable gene expression, although slightly less than was 
observed with the EF1α-containing vector.

This efficient transgene delivery, reported here for the 
first time at the CD38 locus, resulted in expression levels 
comparable to that reported in NK cells at the AAVS1 
locus,32 and to the best of our knowledge, is the first 
use of this approach in primary NK cells. This combi-
natorial genetic editing approach has advantages over 
either single gene KO or KI targeted to a safe harbor 
locus, as it has the potential to amplify the impact of 
the gene modification step on NK cell antitumor func-
tion beyond either approach alone. To move beyond 
proof-of-concept demonstrated using a control CD34 
reporter, we provide evidence establishing this strategy 
can be used to insert functionally relevant cargo within 
the disrupted CD38 locus. Insertion of CD16-158V 
augmented the ADCC function of CD38KO NK cells 
against B-cell and myeloma tumor targets and elicited 
superior CD38-directed antitumor activity in vivo in a 
myeloma mouse model, underscoring the potential of 
this approach to generate modified NK cells that opti-
mize CD38-directed immunotherapy. This streamlined 
platform also paves the way for combining CD38 KO 
with the KI of other strategic cargo such as receptors 
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supporting NK cell homing, in vivo proliferation,14 and 
CD38-targeting chimeric antigen receptors (CARs). 
Furthermore, these results highlight the potential for 
an analogous approach coupling gene KI with KO of 
various other NK cell checkpoints and underscore the 
vast potential of modern gene editing techniques to aid 
in the development of a next generation of NK cells with 
improved antitumor efficacy.

In summary, we established an efficient gene editing 
platform designed to generate NK cells for use with the 
CD38-targeting mAb DARA. We showed that CD38 KO 
confers resistance to CD38-specific NK cell depletion and 
enhances DARA’s antitumor activity through augmented 
ADCC. We demonstrated that this platform can be readily 
combined with a clinically utilized ex vivo expansion 
technique to generate engineered NK cells for adoptive 
cell therapy applications. In addition, we extended these 
findings by developing an efficient 2-in-1 combined KO/
KI strategy that generates CD38KO/CD16KI NK cells that 
augment CD38-directed antitumor activity of primary 
human NK cells in vivo. The genetic modification tech-
niques presented here form the basis for a streamlined 
strategy to explore this immunotherapy strategy in the 
clinic.
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