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ABSTRACT
Background  Natural killer (NK) cell therapy is considered 
an attractive and safe strategy for anticancer therapy. 
Nevertheless, when autologous or allogenic NK cells are 
used alone, the clinical benefit has been disappointing. 
This is partially due to the lack of target specificity. 
Recently, CD19-specific chimeric antigen receptor (CAR)-
NK cells have proven to be safe and potent in patients 
with B-cell tumors. However, the generation of CAR-NK 
cells is a complicated manufacturing process. We aim at 
developing a targeted NK cell therapy without the need for 
cellular genetic modifications. We took advantage of the 
natural expression of the IgG Fc receptor CD16a (FcγRIIIa) 
to induce strong antigen-specific effector functions 
through antibody-dependent cell-mediated cytotoxicity 
(ADCC). We have generated the new technology “Pin”, 
which enables the arming of modified monoclonal 
antibodies (mAbs) onto the CD16a of ex vivo expanded NK 
(eNK) cells.
Methods
Ex vivo eNK were prepared from umbilical cord blood cells 
and expanded using interleukin (IL)-2/IL-15 and Epstein-
Barr virus (EBV)-transformed B-lymphoblastoid feeder 
cells. mAbs were engineered with four substitutions called 
Pin mutations to increase their affinity to CD16a. eNK 
were incubated with anti-CD20 or anti-CD19 Pin-mAbs to 
generate “armed” eNK and were used to assess effector 
functions in vitro on cancer cell lines, lymphoma patient 
cells and in vivo.
Results  CD16a/Pin-mAb interaction is stable for several 
days and Pin-mAb eNK inherit the mAb specificity and 
exclusively induce ADCC against targets expressing the 
cognate antigen. Hence, Pin-mAbs confer long-term 
selectivity to eNK, which allows specific elimination of the 
target cells in several in vivo mouse models. Finally, we 
showed that it is possible to arm eNK with at least two 
Pin-mAbs simultaneously, to increase efficacy against 
heterogenous cancer cell populations.
Conclusions  The Pin technology provides an off-the-shelf 
NK cell therapy platform to generate CAR-like NK cells, 
without genetic modifications, that easily target multiple 
tumor antigens.

INTRODUCTION
Natural killer (NK) cell therapy using ex vivo 
expanded allogeneic NK cells is an established 

anticancer strategy that has already proven to 
be safe, and in contrast to therapy with other 
immune cells, having very limited undesir-
able side effects.1–3 However, clinical results 
show that the adoptive transfer of NK cells 
alone has a limited outcome.4 5 NK cells’ role 
in cancer immunosurveillance is governed by 
a balance between inhibitory and activating 
receptors that recognize aberrant protein 
expression in cancer cells. These activating 
receptors include CD16a (FcγRIIIa), NKG2D 
and the natural cytotoxicity receptors NKp30, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Allogeneic natural killer (NK) cells can be universally 
and safely used for cell therapy. Chimeric antigen re-
ceptor (CAR)-NKs, with improved target-specificity, 
have also shown clinical benefits in patients with 
cancer, but require complex manufacturing process, 
limiting their use. NK cells naturally express the Fc 
gamma receptor CD16a that mediates antibody-
dependent cellular cytotoxicity (ADCC), an innate 
functionality that can be exploited to generate CAR-
like NK cells without genetic modifications.

WHAT THIS STUDY ADDS
	⇒ For the first time, our study demonstrates that it is 
possible to specifically harness the physiological 
mechanism of ADCC by arming ex vivo expanded NK 
cells (eNK) with clinically relevant engineered mono-
clonal antibodies (Pin-mAbs) that bind persistently 
to CD16a. Pin-mAb armed eNK are highly potent to 
kill tumor cells expressing the Pin-mAb cognate an-
tigen in vitro and in vivo. Moreover, multispecificity 
can be achieved by arming eNK with at least two 
Pin-Mabs.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our new Pin platform allows the generation of CAR-
like NK cells with the major advantages of not be-
ing genetically modified, of drastically lightening 
manufacturing process and, of opening possibilities 
for targeting multiple antigens to address tumor 
heterogeneity.
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NKp44, NKp46.6 Moreover, NK cells mediate antibody-
dependent cellular cytotoxicity (ADCC) on target 
recognition through CD16a/FcγRIIIa interaction with 
its ligand, the Fc moiety of IgGs. This cytotoxic mecha-
nism is harnessed therapeutically through the action of 
several therapeutic monoclonal antibodies (mAbs), such 
as rituximab (a chimeric monoclonal antibody targeted 
against the pan-B-cell marker CD20 and approved for 
the treatment of B-cell malignancies7). However, thera-
peutic mAbs require high doses to be clinically efficient, 
which often lead to side effects.8 Additionally, deficiency 
in endogenous NK cell number and function in patients 
with cancer has been observed,4 9 dampening the potency 
of ADCC-dependent mAbs. One alleviation strategy is to 
administer patients with ex vivo expanded donor-derived 
NK cells in association with mAb-based therapies.4 10 
Recently, several clinical trials using this strategy have given 
promising results, highlighting the need for refining 
NK cell therapy combined with the targeting activity of 
mAbs.11–13 Targeting specificity is achieved by chimeric 
antigen receptor (CAR)-NK cells, and results from anti-
CD19 CAR-NK clinical trials in patients with B-cell tumor 
showed no toxicity and clinical benefits for patients.14 15 
CAR-NK cells have the ability to target diverse antigens 
but their complex manufacturing reduces their flexi-
bility as new products have to be made for each target. To 
circumvent this issue, universal strategies involving CAR 
or other receptors could be developed.16

We aim at improving current NK cell therapy options 
without the need for cell genetic manipulations, using 
phenotypically “normal” cells. In order to do so, we devel-
oped the Pin platform that allows the assembly of a cell 
therapy product composed of an Fc-engineered mAb 
(Pin-mAb) spontaneously bound to CD16a-expressing 
ex vivo expanded donor-derived NK cells. We previ-
ously reported the development of expanded NK cells 
(eNK) that induce an ADCC effect with multiple clin-
ical mAbs,17–19 including in in vivo mice models.20 21 
Here, to arm eNK cells, we took advantage of four amino 
acid mutations situated in the mAb Fc region, known to 
increase the affinity to CD16a,22 23 to generate Pin-mAbs.

We report the preclinical validation of eNK armed with 
anti-CD20 Pin-mAb (Pin-CD20 eNK) targeting B-cell 
lymphoma. We show that Pin-CD20 is stably armed on eNK 
for several days, and that Pin-CD20 eNK exhibit superior 
cytotoxic potency in vitro against a panel of cancer cell 
lines and patient samples and in vivo in engrafted mice 
models compared with unarmed eNK. Finally, we report 
that the Pin technology allows the arming of two Pin-mAbs 
at the same time, enabling the prospect of increased effi-
ciency against heterogenous cancer cell populations.

RESULTS
eNK are armed with Pin-CD20 and the resulting assembly is 
stable in vitro and in vivo
The amino acid substitutions S239D/H268F/S324T/
I332E in an IgG1 CH2 domain dramatically increase the 

affinity towards CD16a (>30-fold) and enhance ADCC 
mechanism compared with unmodified IgG1.23 We 
therefore produced a modified anti-CD20, or Pin-CD20, 
by mutating the sequence of rituximab with these four 
mutations. First, we confirmed that this Fc-engineering 
allows increasing affinity for CD16a and other FcγR 
(CD16b, CD32a) (online supplemental figure S1A). 
Moreover, CD16a has a single nucleotide polymorphism 
resulting in two subtypes of high affinity (V158) and low 
affinity (F158) receptors, which influence the in vitro and 
clinical activity of antibodies.7 24–28 In addition, whereas 
unmodified rituximab affinity for F158 variant is 1.43 
lower than for V158 variant, Pin-CD20 displayed a compa-
rable binding to both variants with a 1.18 ratio. Hence, 
Pin mutation reduces affinity variation between the two 
variants.

Having established that Pin-CD20 affinity to CD16a 
is strongly increased, we then investigated whether Pin-
CD20 could remain bound to eNK and thus generate 
“armed” eNK (Pin-mAb eNK). First, NK were expanded 
from umbilical cord blood using feeder cells and inter-
leukin (IL)-2/IL-15 as previously described.17 At the end 
of the expansion protocol, eNK contained a pure popula-
tion of cytotoxic CD56+ NK cells (>95% CD56+CD3− cells) 
(figure  1A,B). eNK expressed the inhibitory receptor 
NKG2A and activating receptors and coreceptors pheno-
typically associated with cytotoxic cells (NKG2D, NKp30, 
NKp46, CD2, CD69, and CD16; figure 1C). Interestingly, 
eNK exhibited high levels of the chemokine receptors 
CCR5 and CXCR3, which are important for cell migration 
to tumor sites, and low levels of the immune checkpoint 
receptors T-cell immunoreceptor with immunoglobulin 
and immunoreceptor tyrosine-based inhibitory motif 
domains (TIGIT) and programmed cell death protein-1 
(PD-1), known to inhibit NK cell activity when expressed 
at high levels.

To generate eNK armed with Pin-mAb (Pin-mAb eNK), 
eNK were incubated with Pin-mAbs, allowing for the spon-
taneous anchoring of Pin-mAbs on eNK through interac-
tion with CD16a (figure 1D). The optimal Pin construct 
arming concentration was determined by using increasing 
doses of a fluorescent Pin-Fc. Using a 10 µg/mL Pin-Fc 
concentration, more than 80% of eNK were armed and 
saturated with Pin-Fc compared with 30% with unmodi-
fied Fc (online supplemental figure S1B). We next co-in-
cubated eNK with Pin-CD20 to generate Pin-CD20 eNK 
and demonstrated by flow cytometry that more than 80% 
of eNK were armed directly after incubation. Unmod-
ified anti-CD20 (rituximab) was not able to persistently 
bind to eNK (figure 1E,F). The frequency and geometric 
mean of fluorescence intensity (gMFI) of Pin-CD20 eNK 
decreased between 1 hour and 8 hours after arming and 
then remained very stable, as more than 50% of the cells 
were still positive for Pin-CD20 after 72 hours of culture. 
Of note, non-armed eNK corresponded to CD16 nega-
tive eNK within the population, confirming that the Pin-
mAb binding occurs only on CD16 positive cells (online 
supplemental figure S2). To assess for stability in vivo, 
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Figure 1  eNK cells armed with Pin-CD20 exhibit long-term binding in vitro and in vivo. (A) Representative dot plot showing 
UCB-derived NK cells purity before (left) and after 14 days of expansion (right). NK cell frequency is indicated within the dot 
plot. (B) eNK cytotoxicity against K562 cell lines at effector to target ratio 1:1 and 3:1 at 4 hours. n=7 individuals eNK donors 
represented, Wilcoxon matched-pairs test. (C) eNK phenotypic analysis of indicated markers. The bar graph shows individual 
eNK donors (n=6) and mean±SEM is shown. (D) Pin-mAbs eNK cells manufacturing scheme. Mutated Fc region (Pin-Fc): red; 
FcγR CD16a: blue. UCB-derived eNK cells are incubated with Pin-mAbs, allowing its arming onto CD16a expressing eNK cells. 
Created with BioRender.com. (E and F) Comparison of arming efficiency in rituximab-armed eNK (RTX eNK) and Pin-CD20-
armed eNK (Pin-CD20 eNK) over a 72 hours kinetic, eNK cells represent the baseline. Representative histogram plot for one 
eNK donor (F) and bar graphs representing the frequency of armed cells (left) and the arming geometric mean of fluorescence 
intensity (gMFI, right) detected by an anti-rituximab idiotype antibody (E) are shown. n=9 eNK donors; two-way analysis of 
variance with Tukey’s test, difference between RTX eNK and Pin-CD20 eNK groups is shown; mean±SEM is shown. (G) Arming 
stability in vivo. Pin-CD20 eNK cells arming efficiency was assessed 24 hours after intraperitoneal injection in SCID mice. eNK, 
n=2; Pin-CD20 eNK, n=2. mean±SEM is shown. eNK, expanded NK; mAb, monoclonal antibodies; NK, natural killer; UCB, 
umbilical cord blood.
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Pin-CD20 eNK were intraperitoneally injected into SCID 
mice and analysis showed that 80% of eNK remain armed 
after 24 hours, suggesting that in vivo environment is not 
likely to lead to an extensive loss of Pin-CD20 binding 
(figure 1G; online supplemental figure S3).

In addition, we evaluated whether human IgGs present 
in plasma (estimated at 10 mg/mL) or the presence of 
other cell types expressing FcγR could affect the Pin-mAb 
binding to eNK through competition or displacement if 
Pin-mAb eNK were intravenously injected into patients. 
Arming stability was assessed either by incubating Pin-
CD20 eNK with 10 mg/mL of human IgG or by incu-
bating Pin-Fc with peripheral blood mononuclear cells 
(PBMCs) from healthy donors for 4 hours (online supple-
mental figure S4A,B). In both cases, arming was stable 
although a slight but significant decrease of arming was 
observed when co-incubated with human IgG. Moreover, 
Pin-Fc binding on other PBMC cell types was observed, 
especially on monocytes and to a lesser extent on NK 
cells (online supplemental figure S4B). Nevertheless, 
the majority of the Pin-CD20 mAb remained bound to 
eNK suggesting that Pin-mAb displacement is unlikely 
to adversely affect the potency of Pin-CD20 eNK in vivo. 
Interestingly, monocytes and monocyte-derived macro-
phages could efficiently be armed with Pin-CD20 (online 
supplemental figure S5A), inducing antibody-dependent 
cell phagocytosis of CD20-positive target cells. Once 
armed with Pin-CD20, both cell types engulfed more effi-
ciently target material compared with no antibody condi-
tion (online supplemental figure S5B), showing that the 
Pin technology could be used on other FcγR expressing 
cell types than NK cells.

Pin-CD20 eNK induce Pin-mAb dependent cell cytotoxicity 
(Pin-ADCC) in vitro on B-lymphoma cell lines
Classical ADCC occurs when CD16a-expressing NK cells 
encounter IgG-opsonized target cells. An immune synapse 
forms, inducing NK cell cytotoxicity and, subsequently, 
target cell death. In our setting, Pin-mAb eNK are already 
bound to antibodies, and whether the formation of an 
immune synapse in a different sequence would still induce 
mAb-specific cell targeting and cytotoxicity remained to 
be elucidated. We therefore investigated Pin-CD20 eNK 
cytotoxicity and activation compared with eNK in co-cul-
ture experiments (figure  2A). Cytotoxicity assays were 
performed with 12 cancer cell lines, expressing various 
levels of CD20, at an effector to target (E:T) ratio of 1:1 
(online supplemental figure S6A). Notably, specific cell 
killing was induced by Pin-CD20 eNK on all CD20-positive 
cell lines and did not seem to correlate with the number 
of CD20 molecules at the target cell surface, suggesting 
that even a limited amount of antigen effectively induces 
cytotoxicity. Daudi and Toledo cell lines were selected as 
high and low CD20 expressing, respectively, for further 
characterization and tested in cytotoxicity assays using 
increasing E:T ratios. Pin-CD20 eNK showed greatly 
enhanced cytotoxicity against both cell lines at almost 
all E:T ratios compared with eNK (figure  2B). Indeed, 

E:T ratio where 50% of the target cells is killed (E:T50) 
is reached at ratio 1.4:1 for Pin-CD20 eNK versus 7:1 for 
eNK on Daudi cells, and at ratio 1:1 for Pin-CD20 eNK 
versus 9.1:1 for eNK on Toledo cells, meaning that five 
times more (for Daudi cells) or nine times more (for 
Toledo cells) eNK than Pin-CD20 eNK were needed to 
obtain the same cytotoxic activity (figure 2C).

Next, we evaluated the relationship between arming 
concentration and cytotoxic effect by arming eNK with 
a range of Pin-CD20 concentrations from 0.01 µg/mL to 
40 µg/mL (figure 2D) and co-culturing them with Daudi 
and Toledo cell lines using the ratio corresponding to the 
E:T80 calculated in figure  2C. Sigmoidal dose-response 
curves show that arming concentration where 50% 
of the target cells are killed (AC50) is 0.49 µg/mL for 
Daudi cells and 0.71 µg/mL for Toledo cells. In addition, 
arming eNK with higher concentrations than 10 µg/mL 
does not lead to higher cell killing, implying that 10 µg/
mL is an optimal concentration under these conditions as 
previously suggested (online supplemental figure S1B). 
Nevertheless, AC50 values suggest that using lower mAb 
concentrations would still produce potent cytotoxic Pin-
CD20 eNK.

Pin-CD20 eNK selectivity was assessed first on CD20 
negative cell lines (MOLM-13 and NALM6) and Pin-
ADCC was not observed when the target expression was 
absent (online supplemental figure S6A). Second, the 
specificity of Pin-mAb eNK was tested using Pin-CD20 
and two irrelevant Pin-mAbs, Pin-HER2 and Pin-EGFR, 
based on trastuzumab (anti-HER2) and cetuximab (anti-
EGFR) Fab sequences, respectively. Cytotoxicity assay was 
performed on Daudi cells that do not express neither 
HER2 nor EGFR (figure  2E). Hence, we demonstrated 
that using eNK armed with a Pin-mAb against a target 
cell that does not express the cognate antigen neither 
improves eNK cytotoxicity nor inhibits the natural cyto-
toxicity of eNK.

Next, we assessed eNK or Pin-CD20 eNK activation in 
the absence or presence of target cells. In the absence of 
target cells, Pin-CD20 eNK did not show elevated CD107a 
surface expression compared with eNK (figure 2F). Simi-
larly, no cytokine or granule toxins secretion was observed 
(figure 2G). However, when co-cultured with Daudi cells, 
Pin-CD20 eNK showed a significant increase in CD107a 
expression compared with eNK (36% vs 19%, respec-
tively) and secreted significantly more tumor necrosis 
factor (TNF)-α and interferon-γ than eNK (figure 2F,G). 
However, no difference regarding granule toxins released 
was found. Of note, this enhanced activation was restricted 
to CD20-expressing cells since CD20-negative K562 cells 
equally activated eNK and Pin-CD20 eNK (online supple-
mental figure S6B). Moreover, the binding of Pin-CD20 
on the eNK cell surface did not trigger classical comple-
ment pathway activation, as complement C3b binding was 
not observed on Pin-CD20 eNK, whereas C3b was found 
to bind to target cells already opsonized by Pin-CD20 
(online supplemental figure S6C). Finally, Pin-CD20 eNK 
did not show any decrease in viability compared with eNK 
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Figure 2  Pin-CD20 eNK cells display enhanced and specific antibody-dependent cellular cytotoxicity and activation on CD20 
positive B-lymphoma cell lines recognition. (A) Schematic overview of in vitro functional assays performed to evaluate Pin-CD20 
eNK cells. Flow cytometry: FC; perforin: Prf; granzyme B: GrzB. Created with BioRender.com. (B and C) Cytotoxicity assays 
comparing eNK versus Pin-CD20 eNK were performed on Daudi (n=6 eNK donors) and Toledo (n=3 eNK donors) B-lymphoma 
cell lines at different E:T ratios by flow cytometry. Two-way ANOVA with Sidak’s test and mean±SEM are shown (B). Four 
parameter logistic model was used to measure E:T ratios that lyse 20% (E:T20), 50% (E:T50) or 80% (E:T80) of the target cells 
(C). (D) eNK cells were armed with increasing concentration of Pin-CD20 mAbs and cytotoxicity was measured using E:T ratio 
ET80 measured for two eNK donors (from b, c). Mean±SEM is shown. (E) Cytotoxicity assay against Daudi Luciferase cell line 
using one eNK donor armed with Pin-CD20, Pin-EGFR, Pin-HER2 or unarmed. Mean±SEM is shown. (F) CD107a expression 
on eNK or Pin-CD20 eNK in the presence or absence of Daudi cells assessed by flow cytometry after 4 hours incubation at 
E:T ratio 3:1. n=5 eNK donors; Two-way ANOVA with Tukey’s test; mean±SEM is shown. (G) Cytotoxic mediators secretion 
from eNK or Pin-CD20 eNK in presence or absence of Daudi cells at E:T ratio 1:1. Data are shown as fold change normalized 
with eNK unstimulated (norm. eNK uns). n=8 eNK donors; Two-way ANOVA with Tukey’s test mean±SEM is shown. *p≤0.05; 
**p≤0.01; ***p≤0.001; ****p≤0.0001. ANOVA, analysis of variance; eNK, expanded natural killer; E:T, effector to target; IFN, 
interferon; TNF, tumor necrosis factor.
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up to 72 hours (online supplemental figure S6D). Taken 
together, these data demonstrate that Pin-CD20 eNK are 
able to potently engender Pin-mAb ADCC (Pin-ADCC) 
only in the presence of Pin-mAb target expressing tumor 
cells.

Pin-CD20 eNK display long-term enhanced cytotoxicity
Given that Pin-CD20 binding on eNK is remarkably 
persistent for several days following arming (figure 1F), 
we sought to evaluate Pin-CD20 eNK functional activity at 
different time points after cell arming by measuring Pin-
ADCC. We performed cytotoxicity assays against Daudi 
cells, at E:T ratios 10:1, 3:1 and 1:1, at day 0, day 1 and 
day 2 after arming using the same batch of armed eNK 
every day. At E:T ratio 10:1, we found that Pin-CD20 eNK 
are statistically more potent than eNK at every time point 
after the arming procedure (D0: 97% vs 69%; D1: 89% 
vs 59%; D2: 78% vs 44% of cytotoxicity) (figure 3A). In 
addition, we observed the same patterns for the other E:T 
ratios tested (online supplemental figure S7A,C). After 
2 days in culture without cytokine stimulation, Pin-CD20 
eNK are still highly potent, even though a time-dependent 
decrease in efficacy is observed (figure 3B; online supple-
mental figure S7B,D).

As mentioned earlier, CD16a F158V polymorphism 
influence mAbs activity.7 24–28 We, therefore, explored the 
potential impact of this polymorphism on eNK arming 
stability and activity. eNK donors were genotyped by quan-
titative PCR for the presence of the alleles CD16a V158 
or F158. Donors homozygous for CD16a V158 (V/V) or 
F158 (F/F), or heterozygous (F/V) were selected and 
tested in a cell arming kinetic experiment. Although no 
statistical differences are observed, there was a consis-
tent tendency of the V/V polymorphism to remain more 
stably armed than F/F (figure 3C). Indeed, 2 days after 
the arming procedure, 74% of V/V eNK were still armed 
whereas 52% of F/F eNK remained armed (vs 78% for 
both groups at day 0), while F/V eNK were similar to V/V 
eNK. Whether this arming efficiency difference has an 
impact on target cell killing efficiency was tested in cyto-
toxicity assay and specific Pin-ADCC of Pin-CD20 eNK 
was used to compare eNK donors with F/F, F/V and V/V 
polymorphism. We did not find any statistical difference 
between the three groups for each time point (figure 3D, 
online supplemental figure S7E), highlighting that Pin-
ADCC is not impacted by CD16a polymorphism in vitro. 
Taken together, these data indicate that Pin-CD20 eNK 
has potential as a universal long-term active product and 
supports the contention that donor selection with respect 
to CD16a polymorphism will be unnecessary.

We further investigated ADCC durability after the 
target encounter. For this assay, eNK and Pin-CD20 eNK 
were co-cultured with carboxyfluorescein succinimidyl 
ester (CFSE) labeled Daudi targets for 24 hours at E:T 
ratio 3:1, then CellTrace Far Red labeled Daudi targets 
were added at ratio 3:1 for another 24 hours in order to 
distinguish the newly introduced target cells. Pin-CD20 
eNK cell arming was determined at 24 hours and target 

cell killing was determined at 24 hours and 48 hours. Even 
though cell arming dropped in the presence of target cells 
(figure 3F), independently of CD16 shedding (figure 3E), 
an average of three Pin-CD20 eNK was needed to kill 
one Daudi cell during initial co-culture compared with 
six eNK cells. After 24 hours, when the cells were chal-
lenged with new target cells, Pin-CD20 eNK were still able 
to kill with the same activity. Although these results are 
not significantly different, they indicate that, after killing 
all the tumor cells, Pin-CD20 eNK remain active in erad-
icating newly emerging tumor cells. However, the loss 
of arming after target encounter encourages a multiple 
doses strategy for therapeutic use.

Pin-CD20 eNK efficiently eliminate CD20-positive targets in 
vivo
The first proof of concept of Pin-CD20 eNK efficiency 
in vivo was designed to eliminate CD20-positive B cells 
in a humanized NCG mouse model. Preliminary in vitro 
cytotoxicity assay on human PBMC from healthy donors 
showed that only B cells but no other immune cell popu-
lation were killed by Pin-CD20 eNK, whereas eNK had no 
cytotoxic effect (figure  4A). In humanized mice, 7 days 
after a single eNK or Pin-CD20 eNK intravenous injec-
tion, close to 50% of B cells were depleted by Pin-CD20 
eNK compared with eNK while no effect was observed on 
the T-cell population (figure 4B). To further investigate 
the specificity of Pin-CD20 eNK in B-lymphoma models, 
we next designed an in vivo cytotoxicity experiment using 
two cell lines harboring different phenotypes: Raji cells, 
expressing high levels of CD20, and Nalm6 cells which 
are CD20 negative (online supplemental figure S5A). 
eNK and Pin-CD20 eNK were intraperitoneally co-in-
jected with both cell lines and cell content of peritoneal 
lavage was analyzed after 4 hours. Flow cytometry analysis 
showed that eNK killed both cell lines indiscriminately 
while Pin-CD20 eNK selectively targeted and destroyed 
CD20 positive Raji cells compared with vehicle treated 
group (figure 4C). These data demonstrated in vivo that 
Pin-CD20 eNK target preferentially CD20 expressing cells 
compared with eNK.

Finally, we compared antitumor efficacy of eNK and 
Pin-CD20 eNK in a xenograft B-lymphoma model. Raji 
cells were implanted intravenous in SCID mice that 
received two doses of intravenous eNK or Pin-CD20 eNK 
treatment after 4 and 8 days (figure 4D). After 28 days, 
Raji cells were detected in the lungs, bone marrow and 
liver of vehicle-treated mice. In contrast, both eNK and 
Pin-CD20 eNK successfully cleared Raji cells in the lungs 
and only Pin-CD20 eNK completely eliminated tumor 
cells in the bone marrow and to a lesser extent in the 
liver, as shown by the frequency of Raji cells detected in 
each organ (figure 4E) and the frequency of lymphoma 
incidence (figure 4F). Altogether, these results show that 
Pin-mAb arming enables eNK selectivity toward target 
cells expressing the cognate antigen in vivo and generates 
potent antitumor activity.
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Figure 3  Pin-mAbs eNK are highly functional for several days, independently of the CD16a F158V polymorphism. (A and 
B) eNK cells were armed with Pin-CD20 or not and used in cytotoxicity assays against Daudi cells after 1 day (Day 1), 2 days 
(Day 2) incubation or no incubation time (Day 0) at E:T ratio 10:1. (A) Target cell death at E:T ratio 10:1 was measured by flow 
cytometry. N=10 eNK donors; paired t-test mean±SEM is shown; **p≤0.01. (B) Mean cytotoxicity of eNK and Pin-CD20 eNK 
over time. Mean±SEM is shown. (C) Comparison of Pin-CD20 arming efficiency in CD16a V/V, F/V or F/F donors over a 48 hours 
kinetic. Dot graphs represent the frequency of armed cells (left) and the arming geometric mean of fluorescence intensity (gMFI, 
right) detected by an anti-human Fab antibody. n=6 F/F, 6 F/V, 5 V/V eNK donors. Two-way analysis of variance with Tukey’s test 
mean±SEM is shown; ns=not significant. (D) Pin-ADCC effect of Pin-CD20 eNK at D0, D1 and D2 in CD16 V/V, F/V or F/F eNK 
donors at E:T ratio 10:1. Pin-ADCC was calculated by subtracting eNK natural cytotoxicity to Pin-CD20 eNK total cytotoxicity. 
n=4 F/F, 3 F/V and 3 V/V eNK donors. Mean±SEM is shown. (E, F and G) eNK and Pin-CD20 eNK were cultured or not with CFSE 
Daudi at E:T ratio 3:1 for 24 hours. CD16 expression (frequency and gMFI) was compared between t0h and t24h. (E) Frequency 
of armed eNK cells was measured at t1h and t24h (F). At 25 hours, eNK and Pin-CD20 eNK were challenged a second time with 
CellTrace Far Red Daudi at E:T ratio 3:1 for another 24 hours. Target cell count (CFSE, line; Far Red, dotted line) was measured 
at 24 hours and 48 hours (G). ADCC, antibody-dependent cellular cytotoxicity; CFSE, carboxyfluorescein succinimidyl ester; 
eNK, expanded NK; E:T, effector to target; NK, natural killer.
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Figure 4  Pin-CD20 shows target specificity and enhanced cytotoxicity in vivo compared with unarmed eNK. (A) in vitro 
validation of CD20+ B cells targeting compared with other PBMC cell types (T cells, NK cells, monocytes) when eNK or 
Pin-CD20 eNK were co-incubated with PBMCs from healthy donors during 16 hours at effector to target ratio 1:1. PBMCs 
populations were then assessed by flow cytometry. n=6 samples (two experiments: one eNK donor tested on one PBMC 
donor and two eNK donors tested on two PBMC donors). Multiple paired t-tests and mean±SEM are shown. (B) 3×106 eNK 
or Pin-CD20 eNK were injected intravenously into human CD34+reconstituted humanized NCG mice (Hu-NCG, 28 days after 
reconstitution). Relative percentage difference of peripheral blood CD20+B cells (left) and CD3+T cells (right) number at D7 
compared with D1 was assessed by FC. eNK, n=6 mice; Pin-CD20 eNK, n=6 mice. Unpaired t-tests and mean±SEM are shown. 
(C) 1×106 eNK or Pin-CD20 eNK were co-injected intraperitoneally in NSG mice with 1×106 Raji and 1×106 Nalm6 cells. Cells 
were harvested after 4 hours, and target cell number was measured by flow cytometry. Vehicle, n=8 mice; eNK, n=8 mice; Pin-
CD20 eNK, n=7 mice. Two-way analysis of variance with Tukey’s test and mean±SEM are shown. *p≤0.05; **p≤0.01; ***p≤0.001; 
****p≤0.0001. (D, E and F) In vivo leukemia mouse model. (D) In vivo model timeline. (E and F) At day 0, 2×105 Raji cells were 
inoculated intravenous into SCID mice. At day 4 and 8, mice were treated intravenous with saline (vehicle), 30×106 eNK or 
Pin-CD20 eNK, followed by intravenous injection of IL-15 at day 11, 14 and 17. At day 28, bone marrow, lungs and liver were 
harvested for detection of CD20+ Raji cells by FC. (E) Bar graphs represent the frequency of Raji cells in each organ. (F) Table 
reporting the frequency of mice that present Raji cells in each organ (lymphoma incidence). Vehicle, n=4 mice; eNK, n=6 mice; 
Pin-CD20 eNK, n=7 mice. Kruskal-Wallis tests, p values and mean±SEM are shown. eNK, expanded NK; IL, interleukin; NK, 
natural killer; PBMC, peripheral blood mononuclear cells.
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Pin-mAbs enhance eNK cell toxicity in patient with primary 
B-lymphoma cells
CD19 is another potential therapeutic target for 
patients with B-lymphoma, that has been previously 
selected in CAR-T and CAR-NK cells.14 It has a broader 
expression profile than that of CD20 and has been 
shown to be expressed in cases of patient resistance 
to rituximab due to CD20 downregulation.29 There-
fore, we generated an anti-CD19 Pin-mAb (Pin-CD19) 
based on the anti-CD19 single-chain fragment vari-
able (scFv) sequence of blinatumomab (a CD3×CD19 
bispecific T-cell engager30). We next challenged Pin-
CD20 eNK and Pin-CD19 eNK with primary patient 
cells from mantle cell lymphoma (MCL), diffuse large 
B cell lymphoma (DLBCL), and follicular lymphoma 
(FL). Compared with eNK that displayed modest 
cytotoxicity (MCL: 6%; DLBCL: 23%; FL: 28%), Pin-
CD20 eNK showed enhanced cytotoxicity against all 
lymphoma subtypes (MCL: 52%; DLBCL: 62%; FL: 
60%), whereas Pin-CD19 eNK efficiently eliminated 
primary cells, except from FL (MCL: 64%; DLBCL: 
75%; FL: 37%) (figure 5A). Of note, in these samples 
from MCL and DLBCL patients, Pin-CD19 eNK were 
significantly more cytotoxic than Pin-CD20 eNK, 
suggesting that depending on the lymphoma subtypes, 
CD19 or CD20 could be a more adequate therapeutic 
target, at least in this patient cohort. Interestingly, 
we again observed that antigen density on target 
cells does not correlate with Pin-mAbs eNK activity 
(figure 5B). However, this observation fails to explain 
why Pin-CD19 eNK exerts lower efficiency against FL 
samples compared with DLBCL samples.

Although the superiority of Pin-mAbs eNK was shown 
on a large panel of patient with B-lymphoma samples, 

Pin-CD19 eNK can fail to efficiently destroy FL samples 
while they are more efficient against MCL and DLBCL 
than Pin-CD20 eNK. Hence, we hypothesized that eNK 
armed against multiple targets could be beneficial in the 
context of heterogeneous expression of tumor target 
proteins.

Dual arming of eNK increases Pin platform potential
To further characterize and demonstrate the full poten-
tial of our arming strategy, we simultaneously armed 
eNK with two Pin-mAbs directed against two different 
antigens to generate double-armed eNK. We achieved 
successful arming of eNK concomitantly with Pin-CD20 
and Pin-CD19 as shown by flow cytometry (figure  6A; 
online supplemental figure S8A). Next, a binding 
kinetic experiment was conducted. First, we found that 
Pin-CD19 displays a similar binding kinetic as Pin-CD20 
(figure  6B; online supplemental figure S8B). Second, 
similar frequencies of Pin-mAb positive cells and gMFI 
were observed for individual Pin-mAbs whether eNK were 
mono-armed or double-armed. Remarkably, when eNK 
were incubated simultaneously with Pin-CD20 and Pin-
CD19, all the armed cells were positive for both Pin-mAbs 
(figure 6A,C). As described for mono-armed cells, about 
50% of eNK were still double-armed 72 hours after the 
arming procedure (figure 6C). This shows that double-
arming does not impact the overall binding efficiency.

Functionally, on patient with primary lymphoma 
samples, double-armed eNK exerted similar potency 
compared with Pin-CD20 or Pin-CD19 eNK suggesting 
that arming eNK with two different Pin-mAbs does not 
reduce their ability to recognize their target (figure 6D). 
However, Pin-ADCC efficiency was not enhanced, prob-
ably because all samples expressed both proteins CD20 

Figure 5  Pin-CD20 eNK and Pin-CD19 eNK efficiently kill patient with B-lymphoma cells. Patient with lymphoma cells from 
three B-lymphoma subtypes were used: mantle cell lymphoma (MCL), diffuse large B cell lymphoma (DLBCL) and follicular 
lymphoma (FL). Patient cells were co-cultured with eNK, Pin-CD20 eNK or Pin-CD19 eNK for 16 hours at effector to target 
ratio 3:1 and target cell death was assessed by FC. (A) Frequency of target cell death in the three lymphoma subtypes. MCL, 
n=6 patients; DLBCL, n=6 patients; FL, n=5 patients; for each patient sample, two to four eNK donors were tested. Two-way 
analysis of variance with Tukey’s test and mean±SEM are shown. *p≤0.05; ***p≤0.001; ****p≤0.0001. (B) Correlation between the 
average number of CD20 and CD19 molecules per cell and ADCC efficiency of Pin-CD20 eNK (left) and Pin-CD19 eNK (right). 
ADCC is the cytotoxicity measured above natural cytotoxicity from eNK cells. MCL, n=6 patients; DLBCL, n=4 patients; FL, n=4 
patients. ADCC, antibody-dependent cellular cytotoxicity; eNK, expanded natural killer.
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and CD19. We hypothesized that dual arming could be 
beneficial in heterogenous cell populations expressing 
only one protein target or the other, or both. To test 
this hypothesis, we selected cell lines that are CD20 and 
CD19 positive (Daudi cells) or CD20 negative and CD19 
positive (Nalm6 cells). Both cell lines were labeled and 

mixed before being intraperitoneally injected with eNK, 
Pin-CD20 eNK, Pin-CD19 eNK or double-armed eNK. 
After 4 hours, cell count analysis of each target cell line 
revealed that double-armed eNK killed both targets, 
whereas Pin-CD20 eNK failed to target the CD20-negative 
Nalm6 cells (figure  6E). Therefore, double-armed eNK 

Figure 6  eNK cells can efficiently be armed with multiple Pin-monoclonal antibodies and remain actively cytotoxic. (A, B 
and C) eNK cells were armed with Pin-CD20, Pin-CD19 or both (double-armed eNK) using fluorescently labeled pin-CD20 
(Pin-CD20-AF647) and pin-CD19 (Pin-CD19-AF488) and analyzed 1 hour, 8 hours, 24 hours, 48 hours and 72 hours after. 
(A) Representative dot plots of Pin-CD20-AF647 and Pin-CD19-AF488 arming for each condition. (B) Frequency of eNK cells 
armed with Pin-CD20 (left) or Pin-CD19 (right). (C) Frequency of eNK cells armed simultaneously with both Pin-CD20 and Pin-
CD19 (double-armed). n=4 eNK donors. Data are shown as mean±SEM. (D) Patient with lymphoma cells were co-cultured with 
eNK or Pin-CD20 and/or Pin-CD19 eNK for 16 hours. Tumor cell death was assessed by flow cytometry. Mean±SEM is shown, 
MCL, n=3; DLBCL, n=4; FL, n=3. For each patient sample, two to three eNK donors were tested. (E) 1×106 eNK, Pin-CD20 
eNK, Pin-CD19 eNK or double-armed eNK were intraperitoneally co-injected with 1×106 Daudi and 1×106 Nalm6 cells into NSG 
mice. Peritoneal lavage were performed after 4 hours and the number of target cell was analyzed by flow cytometry. Vehicle, 
n=3 mice; eNK, n=5 mice; Pin-CD20 eNK, n=5 mice; Pin-CD19 eNK, n=5 mice; double-armed eNK, n=5 mice. Two-way analysis 
of variance with Sidak’s test and mean±SEM are shown, *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; ns, not significant. eNK, 
expanded natural killer; DLBCL, diffuse large B cell lymphoma; FC, follicular lymphoma; MCL, mantle cell lymphoma.
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would particularly benefit in treating tumors which 
exhibit significant phenotype heterogeneity.

Finally, we performed a double-arming using Pin-HER2 
and Pin-EGFR used in figure  2. We observed that both 
mAbs equally armed eNK (online supplemental figure 
S9A) as observed for Pin-CD20 and Pin-CD19 double-
arming (figure 6A). Moreover, both Pin-HER2 and Pin-
EGFR were able to induce Pin-ADCC against targets 
expressing the cognate antigen, that is, HCT116 cells 
express both HER2 and EGFR (online supplemental 
figure S9B). Remarkably, double-armed eNK did not lose 
cytotoxicity against targets expressing only one antigen, 
that is, MCF7 express only HER2 and MDA-MB-468 
express only EGFR (online supplemental figure S9C). 
Therefore, we are able to give any target specificity to an 
NK cell provided that there is an mAb against a specific 
antigen.

DISCUSSION
NK cells are becoming attractive therapeutic tools for 
cancer treatment, either by the recruitment of patient’s 
own NK cells through NK cell engagers via CD16a, 
NKG2D or NKp46,31 32 or by adoptively transferring autol-
ogous or donor-sourced genetically modified CAR-NK 
cells.33 34 NK cell engagers display efficiency but entirely 
rely on patients’ NK cells and their level of expression 
for these receptors. Like CAR-NK cells, our Pin platform 
ensures specific targeting capacity for allogeneic NK 
cells, but does not rely on artificial receptors induced by 
genetic modifications using complex manufacturing.35 
Moreover, the Pin platform is more flexible or versatile 
than CAR-NK cells as modified antibodies can be easily 
interchanged depending on the indication or patient. 
Therefore, our strategy represents a promising thera-
peutic and industrial alternative to CAR-NK cells.

Recently, others have developed technologies allowing 
cancer cell specific targeting, via chemical antibody 
conjugation or tetravalent molecules containing anti-
CD16 domains, bound to NK cell surfaces as ligands and 
not requiring cell genetic modifications.36–39 Although 
efficient, those technological platforms still necessitate 
NK cell surface functionalization and complex molecule 
development and manufacturing. Here, to our knowl-
edge, we present for the first time a technology relying 
only on natural interactions between CD16a and modi-
fied mAbs, which preserves effector cell function. More-
over, whereas other technologies show limited binding of 
their targeting molecules after 48 hours (less than 40%36), 
Pin-mAb remain bound, on average, on more than 60% 
of the cells, and most of the cells that do not bind it lack 
CD16a expression. Hence, using an anti-CD16 seems less 
efficient than directly harnessing a naturally occurring 
event such as CD16a/Fc IgG interaction. Moreover, our 
approach does not require the generation of new and 
complex bispecific or multispecific constructs.

Pin-mAbs interaction with eNK cells seems to be 
persistent over a period of 3 days and only decreases from 

80% to 50–60% in that period, therefore more than half 
the cells remains armed after 72 hours in culture. The 
processes leading to the loss of arming are not entirely 
resolved and can involve various mechanisms. Low CD16a 
cleavage as well as internalization could be happening. 
Additionally, since the arming is non-covalent, it is 
possible that certain CD16a/Fc bonds are stronger than 
others and, hence, certain molecules stay longer on the 
CD16a. However, this loss appears to not impede Pin-
mAbs eNK potency. We still postulate that the Pin tech-
nology could be further improved in the future since 
CD16a/IgG Fc interaction is not fully understood, as 
highlighted by the recent observations of the involvement 
of the Fab region in the binding of mAbs to CD16a.40 On 
the other hand, arming loss over time could also act as a 
natural “off-switch” for Pin-mAbs eNK, without the need 
to use inducible suicide genes or drug administration.41 42 
In this sense, NK cells lifespan is short and allogeneic NK 
cell survival after patient engraftment ranges between 7 
and 10 days in several clinical contexts.4 43 44 For these 
reasons, our approach and many others involving NK 
cells would require multiple doses for clinical application 
to maximize patients’ chances of remission.

The Pin technology displays a promising safety profile, 
as Pin-mAb eNK are harmless to host immune cells and 
the lack of eNK cell proliferation and their short life span 
would probably decrease the formation of immune reac-
tions towards them. Moreover, the process of cell arming 
with Pin-mAbs does not negatively impact eNK cells, and 
only the presence of Pin-mAb epitope-expressing target 
cells induce Pin-ADCC.

Double-arming is an appealing concept since it could 
prevent tumor resistance through selective antigen loss. 
In our study, double-armed cells were as efficient as mono-
armed eNK, although we did not find any improvement in 
cytotoxicity potency. This suggests that, for the treatment 
of heterogenous tumors, eNK arming with multiple Pin-
mAbs could offer an advantage. Some authors reported 
dual-targeted CAR-NK with superior activity than their 
single-target counterparts,45 46 while others did not find 
any differences.47 Further studies comparing multiple 
mAbs and various levels of expression of their targets will 
determine the full potential of the dual arming approach. 
It will be interesting, for example, to compare dual-armed 
cells with mixed populations of single-armed cells.

We show, in this study, the preclinical development of 
a novel antitumor cell therapy product, Pin-mAb eNK, 
that uses the powerful ADCC capacity of NK cells to kill 
B-lymphoma cells by bringing together effector cells 
and specific targeting of mAbs. We report that multiple 
Pin-mAbs are efficient in vitro and in vivo to induce Pin-
ADCC, providing a superior effect than unarmed eNK. 
In addition to the mAbs described here, the Pin tech-
nology could combine eNK with virtually any mAb for 
a relevant tumor target. The Pin technology could also 
be applied to other effector cells that were modified or 
naturally express CD16a. Finally, there is a broad range of 
Fc-based constructs carrying the Pin mutations that could 
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be designed. These could include proteins or peptides 
recognizing target cell receptors.

The advantages of our approach lie in its simplicity, 
with an easily executable protocol for generating armed 
NK cells applicable to a broad range of clinically rele-
vant mAbs. However, limitations include its depen-
dency on FcγR-expressing cells and the relatively short 
lifespan of the cells and the mAb’s stability after target 
cell encounter, which will imply the injection of repeated 
doses in patients. Nevertheless, our findings collectively 
indicate that the Pin platform is poised to produce effec-
tive antitumor cell therapy products.

METHODS
Pin-mAbs production and purification
Pin-mAbs are human IgG1 containing four amino acid 
substitutions in the upper CH2 of the Fc: S239D/H268F/
S324T/I332E.23 All Pin-mAbs possess the same Pin-
modified Fc. All Pin-mAbs were produced by RD-Biotech 
(Besançon, France). Pin-mAbs were produced in CHO 
cells and purified by protein A. All batches contained less 
than <1 EU/mg of endotoxins. All Pin-mAbs Fab come 
from clinical mAbs: Pin-CD20 Fab sequence is from ritux-
imab; Pin-HER2 Fab sequence is from trastuzumab; Pin-
EGFR Fab sequence is from cetuximab; Pin-CD19 scFv 
sequence is from blinatumomab.

Cells
K562, Daudi, Toledo, Raji, MOLM-13, Namalwa, Ramos, 
Karpas, TDM8, SUDHL-10, SUDHL-6 and SUDHL-4 
were purchased at ATCC or ECACC. Nalm6 were kindly 
gifted by Pascale Plence, IRMB Montpellier, France. 
All suspension cell lines were cultured in RPMI-1640 
GlutaMAX supplemented with 10% fetal bovine serum 
(FBS) and incubated at 37°C with 5% CO2. HCT116, 
MDA-MB-468 and MCF7 were obtained from the “Site 
de Recherche Intégré sur le Cancer (SIRIC)” of Mont-
pellier and grown in Dulbecco's Modified Eagle Medium 
(DMEM) high glucose supplemented with 10% FBS and 
incubated at 37°C with 5% CO2. Mycoplasma contamina-
tion was routinely verified every month using MycoAlert 
Kit (Lonza). The patients with lymphoma’s cells were 
obtained from the platform CRB-CHUM in CHU of 
Montpellier (Biobank—BB-0033–00031).

Antigen quantification
CD20 and CD19 absolute numbers of molecules on 
cell lines and patient samples were quantified using BD 
Quantibrite PE Phycoerythrin Fluorescence Quantita-
tion Kit (BD Biosciences) according to manufacturer’s 
instructions. Briefly, 2.105 cells were stained with 10 µL of 
PE-conjugated anti-CD20 or anti-CD19 FACS antibodies. 
After 20 min incubation in the dark at 4°C, cells were 
washed, resuspended in phosphate-buffered saline (PBS) 
containing 2% FBS and acquired on a BD FACSCanto 
II (BD Biosciences) flow cytometer. Antigen absolute 

numbers were calculated according to the manufactur-
er’s instructions.

eNK expansion
eNK expansion protocol was adapted from a previously 
described protocol.17 Briefly, CD3 positive cells were 
removed from umbilical cord blood mononuclear cells 
(UCBMCs) using EasySep Human CD3 Positive Selection 
Kit II (STEMCELL), according to manufacturer’s instruc-
tions. CD3 negative cells were cultured at 1×106 cells/
mL in eNK medium (RPMI1640 GlutaMAX or NK MACS 
(Miltenyi) supplemented with 10% FBS or 5% human 
serum, 100 IU/mL rhIL-2 (PeproTech) and 5 ng/mL 
hrIL-15 (Miltenyi). From day 5–7 and every 2–3 days 
until day 14–21, the medium was removed and freshly 
prepared eNK medium was added to reach 0.6×106 cells/
mL. 70 Gy-irradiated B-lymphoblastoid Epstein Barr virus 
(EBV)-transformed feeder cells at appropriate ratios were 
added.

At the end of the expansion, the eNK cells phenotype 
was analyzed by flow cytometry. 2.105 cells were stained 
in PBS containing 2% FBS using the following FACS 
antibodies (BioLegend): CD56-PE-Cy7 or BV421; CD45-
BV510; CD57-FITC; CD16-PerCP-Cy5.5; Nkp30-PE-Cy7; 
NKG2A-AF488; NKG2C-PE; NKG2D-APC; CD2-BV421; 
Nkp46-FITC; Nkp44-PE; CD69-APC; CD62L-AF488; 
FasL-PE; TIGIT-PerCP-Cy5.5; TRAIL-APC; PD-1-
BV421; CXCR1-FITC; CXCR2-PE; CXCR4-PerCP-Cy5.5; 
CXCR3-APC; CCR5-BV421; CX3CR1-BV510. Cells were 
incubated for 20 min at 4°C in the dark, followed by two 
washes using PBS containing 2% FBS. Cells were then 
resuspended in PBS containing 2% FBS and acquired on 
a BD FACSCanto II (BD Biosciences) flow cytometer.

eNK arming
eNK were counted using a Muse Cell Analyzer (CYTEK) 
and then incubated at 2.106 cells/mL in RPMI 1640 
GlutaMAX (Gibco) with 10 µg/mL of Pin-CD20, Pin-CD19, 
Pin-HER2 or Pin-EGFR mAbs for 1 hour at 37°C and 5% 
CO2. For double-arming, both Pin-CD20 and Pin-CD19 or 
Pin-HER2 and Pin-EGFR were added at 10 µg/mL simul-
taneously. In some cases, Pin-CD20 or Pin-HER2 and Pin-
CD19 or Pin-EGFR were labeled with Alexa Fluor 647 and 
Alexa Fluor 488, respectively using Lightning-Link Anti-
body Conjugation Kits (Abcam, ab236553 and ab269823) 
following the manufacturer’s instructions. Briefly, 100 µg 
of Pin-mAbs at 1 mg/mL were labeled by adding Modifier 
Reagent and transferred to the lyophilized fluorochrome. 
After 15 min incubation, Quencher was added and incu-
bated for 15 more min. Additionally, eNK cells were 
armed with Pin-Fc-AF647 construct or with Pin-HER2 or 
Pin-EGFR mAbs. In all conditions, eNK were next washed 
twice with RPMI containing 10% FBS to remove the 
excess of soluble Pin-mAbs. Armed eNK were then ready 
to use for further experiments.

Arming detection
For kinetic experiments, Pin-mAbs eNK were incu-
bated in RPMI 1640 GlutaMAX containing 100 UI/mL 
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rhIl-2 (PeproTech) and 5 ng/mL rhIL-15 (Miltenyi) for 
24 hours, 48 hours or 72 hours. In some cases, eNK and 
Pin-CD20 eNK were incubated in the presence of 10 mg/
mL of polyclonal human IgG (Privigen). For cell anal-
ysis, cells were stained for extracellular markers using 
anti-CD56-PE-Vio770 (Miltenyi), anti-CD16-PerCP-Cy5.5 
(clone B73.1, BioLegend, 360712), anti-CD3-VioBlue 
(Miltenyi), eFluor780. For Pin-mAbs detection staining, 
either anti-idiotype anti-rituximab-AF488 or AF647 (RnD 
systems, FAB9630G and FAB9630R) or anti-human-
Fab-AF647 (CliniScience, CSA3835) were used.

Cytotoxicity assay
After arming, eNK cells or Pin-mAb eNK were co-cul-
tured in 96-well plates with CFSE or CellTrace Far Red-
labeled target cells for 24 hours at the indicated E:T 
ratios. For kinetic studies, eNK and Pin-mAb eNK were 
added to the target cells culture at indicated days after 
arming procedure. After co-culture, cells were stained for 
viability and CD56 expression and resuspended in 200 µL 
of PBS containing 2% FBS. 20 µL of Precision Count 
Beads (BioLegend, 424902) were added in each sample 
and samples were analyzed on a BD FACSCanto II (BD 
Biosciences) flow cytometer. The absolute number of 
target cells was calculated using the formula provided by 
the supplier:

	﻿‍

Absolute

cell count
=

Cell count × Precision Count

Neads Volume

Precision Count Beads Counts

× Cell volume

×
Precision Count

Beads Concentration

‍�

The percentage of cytotoxicity was calculated by 
comparing treated target cells to untreated target cells as 
a 100% viable cells control. E:T50, E:T20 and E:T80 were 
determined by fitting the data with non-linear regres-
sion curve model (log(agonist) vs response–variable 
slope (four parameters)) with GraphPad Prism Software 
V.10.0.1.

For the CD107a degranulation assay, anti-CD107a-APC 
antibody (BioLegend) and monensin (Abcam, ab193381) 
were directly added in the co-culture, in the presence or 
absence of Daudi cells at 3:1 E:T ratio. To measure soluble 
cytotoxic mediators, supernatants were collected 4 hours 
or 24 hours after co-culture and analyzed with LEGEND-
plex (BioLegend).

Concerning co-cultures of PBMCs from healthy donor 
with eNK or Pin-CD20 eNK, cells were incubated for 
16 hours at an E:T ratio of 1:1.

In vivo binding
10 million AF647-labeled Pin-CD20 eNK cells were 
injected intraperitoneally into SCID mice. After 24 hours, 
mice were sacrificed and eNK cells were harvested 
through peritoneal lavage and stained with the following 
antibodies: anti-human CD45-AF488; anti-human CD16-
PerCP-Cy5.5; anti-human CD56-PE-Vio770; viability dye 
eFluor780; anti-murine CD45-VioGreen and acquired on 
a BD FACSCanto II (BD Biosciences) flow cytometer.

In vivo cytotoxic experiments
NOD/LtSz-SCID/IL-2Rγchain null (NSG) mice were 
produced at the Institute of Molecular Genentic of Mont-
pellier (IGMM) Animal Facility (Montpellier-France) 
using breeders coming from Charles River Laboratories. 
Mice were housed in sterile conditions using HEPA-
filtered microisolators under a 12 hours light/dark cycle 
and given ad libitum irradiated regular chow diet (A04; 
SAFE) and sterile water.

10-week-old female NSG mice received intraperitoneal 
injection of eNK, Pin-CD20 eNK, Pin-CD19 eNK or double-
armed eNK along with Nalm6 cells (pre-stained with 5 µM 
of CFSE) and Raji or Daudi cells (pre-stained with 0,5 µM 
CFSE) diluted in PBS. The different CFSE dilutions allow 
for the identification of each cell line by flow cytometry. 
Four hours later, mice were euthanized, and cells were 
harvested by peritoneal lavage using 3 mL of cold PBS 
containing 3% FBS. Red blood cells were removed using 
RBC Lysis Buffer (BioLegend) according to the manu-
facturer’s instructions. Murine FcγR were blocked with 
murine Fc block (eBiosciences, clone93, 14-0161-85). 
Cells were then stained with anti-human CD56-PE-Vio770 
(Miltenyi), anti-human CD45-VioGreen (Miltenyi), anti-
murine CD45-BV421 (BioLegend, 103133) and eFluor 
780 (eBioscience). Cells were acquired on a BD FACS-
Canto II (BD) flow cytometer using Precision Counting 
Beads (BioLegend, 424902). Gating strategy analysis is 
described in online supplemental figure S10. Absolute 
number of living target cells was calculated using Preci-
sion Counting Beads as previously explained in the “Cyto-
toxicity assay” methods.

In vivo humanized mice
All procedures and housing were performed at Trans-
Cure bioServices (Archamps, France) and have been 
reviewed and approved by their local ethics committee. 
eNK cells or Pin-CD20 eNK were intravenously injected 
into NCG humanized mice. At day 1 and day 7, blood 
sampling was performed and PBMC were analyzed by 
flow cytometry using the following antibodies: hCD3-
BV421; hCD45-BV510; hCD8-BV605; mCD45-BV711; 
HLADR-BV785; anti-rituximab-AF488; hCD16-
PerCP-Cy5.5; hCD14-PE; hCD20-PE-Dazzle594; CD56-
PE-Cy7; CD19-APC; FVS780. The relative percentage of B 
cells and T cells was measured at day 7 compared with the 
number of cells present at day 1.

In vivo leukemia model
All procedures and housing were performed at C-RIS 
Pharma (Saint Malo, France) and have been reviewed 
and approved by their local ethics committee. Raji cells 
(0,2.105) were intravenously inoculated in CB17 SCID 
mice. At day 4 and 8, 30.106 eNK or Pin-CD20 eNK cells 
resuspended in PBS were injected by the same route. 
Injection with PBS was used as a control. At day 11, 14 and 
17, rhIL-15 was administrated intravenously. At day 27, all 
mice were sacrificed and lung, bone marrow and blood 
were harvested. Lungs were dissociated in 5 mL Hank's 
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Balanced Salt Solution (HBSS) containing 2 mg/mL of 
dispase II using gentleMACS. Next, lungs were incubated 
for 20 min at 37°C on a shaker and then passed through a 
40 µM cell strainer to obtain a single cell suspension.

Bone marrow was aspirated from femoral bones and 
centrifuged. Pellets were resuspended in RBC Lysis Buffer 
for 5 min and then washed with PBS.

Blood was collected in EDTA tubes, then mixed with 
RBC Lysis Buffer and incubated for 5 min before being 
washed.

All samples were stained with anti-CD20-PE and anti-
CD20-HLA-A/B/C-PerCP-Cy5.5 antibodies for 1 hour at 
4°C protected from light. Cells were then washed and 
resuspended in FACS buffer before analysis on a Guava 
easyCyte flow cytometer. The frequency of Raji cells in 
each organ was determined.

Statistics and analysis
All flow cytometry data were analyzed using FlowJo 
software. All statistical analyzes were performed using 
GraphPad Prism software V.10.0.1 and are described in 
each figure legend. To determine adequate statistical 
tests, samples populations normality was assessed with 
the d’Agostino-Pearson omnibus normality test. The two-
sided Wilcoxon matched pair signed-rank test was used if 
the data were not normally distributed. n is the number 
of samples used in the experiments. The means are 
shown, with error bars indicating the SEM. Significance 
is indicated as follows: *p≤0.05; **p≤0.01; ***p≤0.001; 
****p≤0.0001. P value≤0.05 was considered statistically 
significant. Four-parameter non-linear regression analysis 
was used to calculate the E:T50, E:T20, E:T80 and AC50.
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