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Natural killer (NK) cells are innate lymphoid cells (ILCs) that
eliminate virally infected and cancerous cells. NK cells directly
induce target cell death and release cytokines and chemokines
that activate the adaptive arm of the immune system.1

NK cells target cells that lose the expression of major
histocompatibility complex class I (MHC-I) and are regulated by
the balance of cell surface receptors, which are either stimulatory
or repressive.2 Engagement of inhibitory NK cell receptors, such as
killer-cell immunoglobulin-like receptors (KIRs), by cognate MHC-I
ligands, activates Src homology 2 domain (SH2)-containing
protein tyrosine phosphatases (SHP-1/2), suppressing NK cell
activity.3–5

Harnessing NK cells for immunotherapy is attractive due to their
innate ability to recognize cancer cells, their relatively low toxicity,
and their ability to initiate robust adaptive immunity.6 NK cell lines
can thus be used for “off the shelf” adoptive cell transfer therapies,
incentivizing the generation of superior molecularly engineered
NK cells.7,8

Since most genetic engineering approaches for immunotherapy
focus on modulation of cell surface molecules, intracellular inhibitory
signaling cascades may still constrain immune responses. Therefore,
we focused on modulating the intracellular inhibitory checkpoint
molecule SHP-1 in NK cells.
SHP-1-deficient (SHP-1−/−) NK cells overexpressing the inhibi-

tory KIR2DL1 receptor (YTS-2DL1) were generated by targeting the
PTPN6 locus using CRISPR/CAS9 gene editing.5 After clonal
limiting dilution, we generated YTS-2DL1 SHP-1−/− NK cells
(Fig. 1a). Next, we tested the cytotoxicity of YTS-2DL1 SHP-1−/−

cells (Fig. 1b). NK cells were incubated with repressive 721.221
cancer cells overexpressing the cognate ligand for KIR2DL1 (Cw4-
HLA) or with stimulatory 721.221 target cells expressing an
irrelevant HLA molecule (Cw7-HLA). Strikingly, YTS-2DL1 SHP-1−/−

cells eliminated Cw4 tumor targets to a significantly higher degree
than wt YTS-2DL1 cells (wt 5.5 ± 0.7%; SHP-1−/− 30 ± 1.5%, P=
0.0007). A modest increase in killing of Cw7-carrying cells was
seen for YTS-2DL1 SHP-1−/− cells compared with wt YTS-2DL1
cells (wt 30 ± 3%; SHP-1−/− 34 ± 4%, P= 0.47). Since the threshold
for activation against targets expressing irrelevant HLA molecules
is extremely low, inhibition of SHP-1 in NK cells may be particularly
relevant for tumors with high expression of ligands for inhibitory

NK cell receptors that recruit SHP-1 (such as KIRs, NKG2A, and PD-
1). We therefore focused on repressive Cw4 targets for the
remainder of the study. Indeed, YTS-2DL1 SHP-1−/− cells also
showed superior degranulation compared to wt YTS-2DL1 cells
(Fig. 1c).
We next asked whether modification of SHP-1 catalytic activity

may have repercussions for antitumor NK cell activity in vivo.
Modification of SHP-1 on the C-terminal tail in different cells
previously showed contrasting effects.9,10 Therefore, we generated
YTS-2DL1 cells expressing a mutant form of SHP-1 at serine 591
(YTS-2DL1 SHP-1 S591D, Fig. 1d). SHP-1 S591D was expressed at
similar levels to wt SHP-1 in YTS-2DL1 cells (Fig. 1e). We first
validated the activation threshold of wt SHP-1- and SHP-1 S591D-
expressing NK cells via intracellular calcium flux analysis against
repressive Cw4-HLA-expressing targets (Fig. 1f). Indeed, NK cells
expressing SHP-1 S591D demonstrated significantly higher
intracellular calcium flux than wt SHP-1-expressing cells.
Finally, the effect of SHP-1 inactivation was demonstrated in vivo.

To this end, NOD-Rag1nullIL2rgnull (NRG)-immunodeficient mice were
subcutaneously engrafted with 721-Cw4-HLA cells and treated with
either wt YTS-2DL1 or YTS-2DL1 SHP-1 S591D cells. Mice injected with
SHP-1 S591D cells demonstrated significantly decreased tumor
growth rates and sizes (484mm3 ± 73 mm3 compared to 1212
mm3 ± 126 mm3 for wt NK cell-treated mice at day 24) compared
with those injected with wt NK cells (P< 0.0005 and P< 0.01,
respectively; Fig. 1g, h), which showed no significant difference from
untreated mice (P= 0.9). Furthermore, mice injected with SHP-1
S591D cells demonstrated longer survival than those injected with wt
NK cells (P< 0.0001 via the log-rank test, Fig. 1i).
In summary, we inactivated the activity of the SHP-1 checkpoint

to increase NK cell anti-tumor function. Lowering immune cell
activation thresholds by modulating intracellular signaling mole-
cules may therefore synergize with and benefit current immu-
notherapeutic approaches.
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Fig. 1 Modulation of SHP-1 activity enhances NK cell effector function. a YTS-2DL1 cells were transfected with pSpCas9(BB)-2A-GFP (PX458)
and guide RNAs directed against the second exon of SHP-1, and subjected to limiting dilution. Clones were then screened for SHP-1
expression. Clone 4 was selected. b wt YTS-2DL1 or YTS-2DL1 SHP-1−/− cells were incubated with [35S]Met labeled 721-Cw4 or 721-Cw7 target
cells at a ratio of 10:1 for 5 h at 37 °C. The specific lysis of target cells was subsequently measured (quantification of different independent
experiments is shown, n= 3, mean±SEM). c wt YTS-2DL1 or YTS-2DL1 SHP-1−/− cells were incubated with mCherry expressing 721-Cw4 target
cells for 2 h at 37 °C and analyzed for degranulation via FACS (P= 0.005, quantification on the right of independent experiments, n= 4, mean
± SEM). d Sequencing of CRISPR/CAS9 induced knock in of the SHP-1 S591D mutation in YTS-2DL1 cells. Highlighted codons indicate S591
and PAM mutations relative to the wt sample. e YTS-2DL1 wt or YTS SHP-1 S591D cells were lysed and immunoblotted for SHP-1. f YTS-2DL1
wt or SHP-1 S591D cells were loaded with calcium- sensitive Fluo-3-AM, and analyzed for basal intracellular calcium levels for 1 minute. The NK
cells were then mixed with 721-Cw4 target cells and incubated at 37°C and analyzed by spectrofluorometry. g, h Tumor growth rate in NOD-
Rag1nullIL2rgnull (NRG) mice. NOD-Rag1nullIL2rgnull (NRG) mice were subcutaneously injected with 3 × 106 721-Cw4 expressing tumor cells.
Mice were administered either 3*106 wt YTS-2DL1 or YTS-2DL1 SHP-1 S591D cells by intratumor injections every 3 days. Tumor volumes were
calculated as described in the Methods. i Kaplan–Meier curve displaying survival of untreated mice, or mice injected with wt or SHP-1 S591D
NK cells. The results represent three independent experiments. For untreated, wt, and SHP-1 S591D injected groups, n= 19, 17, and 19 mice,
respectively
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