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Abstract. In Russia, cancer is the second leading cause of death following cardiovascular diseases. Adoptive trans-
fer of NK cells is a promising approach to fight cancer; however, for their successful use in cancer treatment, it is
necessary to ensure their robust accumulation at tumor foci, provide resistance to the immunosuppressive tumor
microenvironment, and to engineer them with higher cytotoxic activity. NK lymphocytes are known to kill cancer
cells expressing a number of stress ligands; and the balance of signals from inhibitory and activating receptors
on the surface of the NK cell determines whether a cytotoxic reaction is triggered. We hypothesized that stronger
cytotoxicity of NK cells could be achieved via gene editing aimed at enhancing the activating signaling cascades
and/or weakening the inhibitory ones, thereby shifting the balance of signals towards NK cell activation and target
cell lysis. Here, we took advantage of the CRISPR/Cas9 system to introduce mutations in the coding sequence of
the shp-2 (PTPN11) gene encoding the signaling molecule of inhibitory pathways in NK cells. These shp-2 knock-out
NK cells were additionally transduced to express a chimeric antigen receptor (CAR) that selectively recognized the
antigen of interest on the target cell surface and generated an activating signal. We demonstrate that the combi-
nation of shp-2 gene knockout and CAR expression increases the cytotoxicity of effector NK-like YT cells against
human prostate cancer cell line Du-145 with ectopic expression of PSMA protein, which is specifically targeted by
the CAR.
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AHHoTayus. OfHa 13 caMbiX PacnpOCTPaHEHHDBIX MPUYMH CMepPTEN NauueHToB B Poccnm, Hapagy ¢ 6onesHammn cuc-
TeMbl KpOBOOOpaLLeHN s, — 3TO OHKONOrnyeckre 3aboneBaHus. MepcneKTMBHbIM CPeACcTBOM B 60pbbe ¢ pakoBbiMU
Knetkamu npegctaBnaoTca NK-KneTkn (ecTecTBEHHbIE KUNepbl), Of4HAKO AJA YCNELWHOro NpUMeHeHUa B Tepanmm
OHKoMormyeckux 3abonesaHunin HeobxoaMmo obecneumnTb UX HaKOMMNEHVE B ONYXONIEBbIX Oyarax, yCTOMUMBOCTb K
MIMMYHOCYNPECCMBHOMY MUKPOOKPYXEHUIO, @ TakkKe 6osiee BbICOKYIO LIMTOTOKCUYECKYIO akTUBHOCTb. /13BecTHO,
yto NK-nmdouuTbl YHUUTOXKAOT pakoBble KNeTKM, SKCnpeccupyowme cneumpryeckme cTpecc-nnraHabl; npu
3TOM 6anaHC CUTrHaNoB OT UHIMOMPYIOLWUX U aKTUBUPYIOLMX PELLENTOPOB Ha noBepxHocTy NK-kneTku onpepge-
naeT, 6ygeT nv 3anyLleHa LMToToKcMyeckasa peakumna. OfuH 13 TeopeTnYecKn BO3MOXKHbIX COCO60B NOBbILWEHMNsA
LUTOTOKCMYHOCTU COCTOUT B TOM, UTOObI NMPY NMOMOLLY FEHETUYECKOTO PEAAKTUPOBAHMNS YCUIINTb aKTUBALMOHHbIE
curHanbHble Kackagbl B NK-KneTkax n/unm ocnabutb nHrmbmpyowme, Takum obpasom cMecTus 6anaHc CUrHanoB B
CTOPOHY akTBaLmu NMGOLUTOB 1 Nn3nca MuweHel. NK-KneTku ¢ Takum MogmduumpoBaHHbIM LUTOTOKCUYECKUM
noTeHunanom MoryT 3¢pdeKTrBHee yHNUTOXKaTb PakoBble MULLEHN, 0b6NafatoLLme Tak Ha3blBaeMOW YCTOMUYMBOCTBIO
K nu3ucy. B aToln paboTe Mbl Nnpeasiaraem ABaxabl MoanerLrposatb NK-kneTku. Bo-nepBbix, Npy MOMOLLM CUCTEMbI
CRISPR/Cas9 npoBoguTb HOKayT1poBaHue reHa shp-2 (PTPN11), kogupytowero 6enok Shp-2 — HeraTBHbIN peryna-
Top akTuBaummn NK-KneTok; BO-BTOPbIX, NPV NOMOLLM IEHTUBUPYCHbIX BEKTOPOB MHTErPUPOBaTh KacceTy, Kogupy-
towgyto CAR (XMMepPHbI aHTUIeHHbIN peLenTop), CNOCOBHbIN cneLnPpryHO CBA3bIBATLCA C aHTUIEHaMM Ha NOBepPX-
HOCTV PakOBOW MULLEHM 1 FeHEePPOBaTb aKTUBMPYOLWNIA curHan. B kauectse mogenbHon NK-kneToyHom nnHun
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HokayT reHa shp-2 npvBOANT K MNOBbILLEHWNIO
CAR-onocpegoBaHHo uutotokcnyHocT NK-kneTok nuHmm YT

Hamu 6bina BbibpaHa nepesuBaemas nuHKUA NK-nogo6Horo ¢eHotuna YT, MOCKONBKY 3TU KNETKN He HYXXAatTcs
B cneundUnYecKnx LMTOKMHaX ANA KyNbTUBUPOBAHMA U MOTYT NPOABNATL NepdoprH/rpaH3NM-0noCpeoBaHHY0
LIMTOTOKCMYECKYI0 aKTUBHOCTb. Mbl MOKa3asnu, 4To coueTaHne HokayTa reHa shp-2 n skcnpeccum CAR noBsbiwaeT uu-
TOTOKCUYHOCTb 3PeKTOPHbIX KNeTok Ha Mofeny NK-ycTonurnBoi KneTouyHoM NMHUN afeHOKapLUHOMbI NPOCTaTbl
yenoseka Du-145, akcnpeccupytowein cneundunyHo yaHaBaemblin CAR aHTureH, 6enok PSMA. NMofo6Hble nvHum ¢
«YCUSIEHHbBIM» LIUTOTOKCMYECKUM GEHOTUMOM B MEPCNeKTMBE MOy T ObiTb MCMONb30BaHbl AN HYXXA NPOTUBOPaKO-

BOW Tepanuu.

Kntouesble cnosa: NK-kneTku; CRISPR/Cas9; CAR-NK; Shp-2.

Introduction

Natural killer cells are cells whose primary function is to
eliminate infected and transformed cells in the body. Cytotoxic
activity of NK cells is regulated by the balance of signals
triggered by the interaction of activating and inhibitory re-
ceptors with appropriate ligands on the surface of target cells
(Malarkannan, 2006; Lee, Gasser, 2010; Becker et al., 2016;
Del Zotto et al., 2017).

Inhibitory receptors play an central role in NK cell biology
since most of their ligands are represented by Major Histo-
compatibility Complex I (MHC-I) molecules, that are present
on the surface of nearly all healthy cells and frequently absent
on cancer or infected cells (Hewitt, 2003; de Charette et al.,
2016). This ensures that normal cells are spared by NK cells,
whereas the cells that have lost MHC-I expression become
eliminated (Kérre et al., 1986; Hanke et al., 1999). Never-
theless, absence of MHC-I expression does not universally
guarantee that an NK cell would kill a target cell, as this ac-
tivity is also heavily dependent on the presence of ligands to
activating receptors of NK cells (Cerwenka et al., 2001; Paul,
Lal, 2017). Inhibitory receptor signal is known to be mainly
transduced via SH2-containing inositol 5’ polyphosphatase 1
(SHIP-1) and/or tyrosine phosphatases Shp-1 and Shp-2. The
latter two proteins dephosphorylate tyrosine residues within
the ITAM motifs of activating receptors thereby aborting the
signaling cascade (Rehman et al., 2018).

NK cells are successfully used in therapy of oncological
diseases (Rezvani et al., 2017). Nevertheless, because tumor
cells actively withstand elimination by establishing an im-
munosuppressive tumor microenvironment, the cytotoxicity
of NK cells can be strongly affected (Mamessier et al., 2011;
Pasero et al., 2016; Suen et al., 2018). There are several ways
of enhancing the cytotoxicity of NK cells. These include
modification of signaling pathways, altering the levels and
repertoire of NK cell receptors, or boosting the activity of
NK cells with appropriate cytokines (Igarashi et al., 2004;
Childs, Carlsten, 2015; Yang et al., 2017; Freund-Brown et al.,
2018; Nayyar et al., 2019). In this study, we explored whether
modification of the inhibitory signaling pathway through the
shp-2 gene knockout in NK cells would result in the increase
of the cytotoxic activity of model NK cells.

Materials and methods
Cell lines and cell culture. YT, Du-145-PSMA, and HEK293T
cell lines were maintained in Iscove’s Modified Dulbecco’s
Medium (IMDM) supplemented with 10 % fetal bovine se-
rum (FBS), 100 U/ml penicillin, and 100 pg/ml streptomycin
(Sigma) in a humidified atmosphere of 5 % CO, at 37 °C.
Plasmid construction. Two shp-2-specific sgRNAs were
identified using publicly available bioinformatics tools (More-
no-Mateos et al., 2015; Doench et al., 2016). The following

target sequences were selected: gtgcagatcctacctctgaaagg and
acagtactacaactcaagcagg (PAM site underlined).

The lentiCRISPRv2 vector provided by Prof. Feng Zhang
(Addgene # 52961, USA) (Sanjana et al., 2014) was used
for co-delivery of sgRNAs and Cas9. Oligonucleotides cor-
responding to the selected targets were denatured in a boiling
water bath followed by slow renaturation and cloned into the
lentiCRISPRv2 vector between BsmBI restriction sites.

The plasmid DNA of clones lentiCRISPRv2-Shp2g1 and
lentiCRISPRv2-Shp2g?2 encoding shp2-specific sgRNA1 and
sgRNA2, was mixed with the DNA of packaging plasmids
psPAX2 and pMD2.G (provided by Prof. D. Trono) in the
following weight ratio: 10:10:7.5:2.5, in the total amount
of 3 pg. Using calcium phosphate transfection (Kutner et
al., 2009), the resulting plasmid DNA mix was delivered to
HEK293T cells. Supernatants containing VSV-G pseudotyped
lentiviral particles were collected 48 hours after transfection,
filtered through 0.45 um PES filters and used either fresh or
stored at —70 °C.

YT cell transduction. To improve transduction rate of
YT cells, a spinoculation protocol was used (O’Doherty et al.,
2000). YT cells were seeded in 24-well plates (1 x 103 cells) in
the presence of polybrene (8 png/ml) followed by the addition
of supernatants containing pseudotyped lentiviral particles.
Cells were centrifuged at 500 g for 40 minutes at 32 °C and
incubated in a CO, incubator for 16 hours. The next day,
the supernatant was replaced with a fresh culture medium.
After 3 days, selection of transduced cells was performed by
adding puromycin (Invitrogen, USA) to a final concentration
of 5 mg/ml (1 week), with non-transduced cells serving as
controls.

Western blot analysis. For western blot analysis, trans-
duced YT cells and control non-transduced cell lines YT-wt
and HEK293T were lysed in lysis buffer (100 mM Tris, pH 6.8,
2 % SDS, 5 % B-mercaptoethanol, 15 % glycerol). Cell ly-
sates were centrifuged, boiled in a water bath for 5 minutes,
separated by SDS-PAGE in a 10 % polyacrylamide gel and
transferred onto a nitrocellulose membrane (GE Healthcare,
USA). After blocking in 3 % milk in PBST, the membrane was
incubated with rabbit monoclonal antibodies against Shp-2
(1:3000, # 3397S, Cell Signaling Technology, USA), fol-
lowed by an HRP-labeled secondary goat-anti-rabbit antibody
(1:8000, produced in-house). Equal loading was controlled by
using hybridization with control antibodies against B-actin
(1:3000, # ab3280, Abcam, USA). Signal was detected using
an ECL-prime substrate in accordance with the manufacturer’s
recommendations (GE Healthcare, USA) and Amersham
Imager 600 with an exposure time of 1 min.

Flow cytometry. For phenotyping CAR-Y T -2~ cell
lines, 107 cells were washed in PBS and incubated for 30 min-
utes with the biotinylated protein L (3.3 pg/ml) (M00097,
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a
Exon 3
wild type:  cctctgaactgtgcagatcctacctctgaaaggtcagtaa
B1 cctctgaactgtge aggtcagtaa del 16 bp
cctctgaactgtgcagatcctacctcttgaaaggtcagtaa ins 1 bp
C4 cctctgaactgtgcagatcctacctcatgaaaggtcagtaa ins 1 bp
deletion
Exon 5
wild type:  tgggtacagtactacaactcaagcaggtgagcagattgga
C1 tgggtacag caggtgagcagattgga  del 14 bp
tgggtacagtactaca ctcaagcaggtgagcagattgga  del 1 bp
a3 tgggtacagt gagcagattgga del 18 bp
tgggtacagtactacaactcacctgcaggtgagcagattgga  substitution
c4 tgggtacagtactacaactcaaagcaggtgagcagattgga ins 1 bp
deletion
b
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Fig. 1. Verification of shp-2 knock-out in the monoclonal YT cell line
derivatives.

a, nucleotide sequences of CRISPR/Cas9-induced mutations in the exons 3
and 5 of the shp-2 gene; b, western-blot hybridization of cell lysates prepared
from shp-2-mutant cell lines B1, C1, C3, and C4, as well as from the control
HEK293T (293T) and YT (parental cell line, wt) cells with Shp-2-specific or beta-
actin (loading control) antibodies.

Genscript, USA) at a temperature of 4 °C. Then the cells were
washed and incubated with streptavidin-APC (Thermo Fisher,
USA) in accordance with the manufacturer’s recommenda-
tions. Vital dye 7AAD (Biolegend, USA) was used to exclude
dead cells from the analysis. The samples were analyzed using
BD FACSCanto® II (Becton Dickinson and Company) and
BD FACSDiva software.

Real Time Cytotoxicity Assay (RTCA). Adherent target
cells (5x10* cells per well) were seeded in 8-well E-plates
(ACEA Biosciences, Korea) and left to grow for 16—18 hours.
The next day, the medium was removed and replaced with
a fresh one containing 105 effector cells. Cell growth was
monitored for 24 hours using the RTCA iCELLigence system.
Cytotoxicity was calculated using the formula: [CI (target
cells without effector cells) — CI (target cells with effector
cells) x 100/CI (target cells without effector cells)], where CI
is the normalized impedance value in the wells (Golubovskaya
etal., 2017).

shp-2 gene knockout upregulates
CAR-driven cytotoxicity of YT NK cells

Normalized cell counts (%, max)

-103 0 103 104 10%

Y

CAR (protein L/APC)

Fig. 2. Cell surface expression of CAR in shp-2-knockout CAR-YT cells
(B1, C1, C3, C4) vs control parental YT cells (YT-wt).

Flow cytometry-based cytotoxicity assay. Cells were la-
beled with Cell Proliferation Dye eFluor 670 (Thermo Fisher,
USA). 50,000 target cells per well were seeded into a 96-well
plate. Next, an equal number of effectors was added (target
cells without effectors in several wells were left as a control).
Cells were incubated for 4 hours in a humidified atmosphere
of 5 % CO, at 37 °C. Then the vital dye 7AAD was added to
each well and the percentage of living target cells was mea-
sured on a BD FACSCantoll flow cytometer.

Statistical analysis was performed using Prism software
(GraphPad version 8.0). One-way analysis of variance (one-
way ANOVA) was used to detect the differences between the
activity of control cell lines that did not carry the shp-2 gene
knockout and that of knockout cells. All data are presented
as mean = standard error of the mean.

Results

In this study, we have chosen human immortalized cell line
YT that has an NK-like phenotype. These cells are known to
display perforin-mediated target cell lysis, lack Fc receptor ex-
pression and do not require conditioning of growth media with
IL2 (Yodoi et al., 1985; Deaglio et al., 2002; Edsparr et al.,
2010). To knock-out shp-2, CRISPR/Cas9 system was used.
Two sgRNAs specific to the 3rd and 5th exons of the gene
were cloned into a lentiviral vector lentiCRISPRv2 (Sanjana
et al., 2014). The two resulting constructs lentiCRISPRv2-
Shp2gl and lentiCRISPRv2-Shp2g2 were used for producing
VSV-G-pseudotyped lentiviral particles, which then were
used for transduction of YT-cells. Given that lentiCRISPRv2
vector carries a puromycin resistance gene, transduced cells
were subjected to antibiotic selection and single-cell cloning.
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Fig. 3. RTCA of cell cytotoxicity of shp-2-knockout cell lines B1, C1, and C4, CAR-expressing derivatives of B1, C1, and C4, as well as of control CAR-YT

and YT-wt cell lines against target Du-145-PSMA cells.
Shown is the normalized cell index following the addition of effector cells.

A panel of monoclonal derivatives of YT cells was analyzed
by Sanger-sequencing the genomic fragments centered at
sgRNA-binding sites in the shp-2 gene, in order to identify
the clones carrying biallelic mutations in this gene (Fig. 1, a).

Four clones (B1, C1, C3, and C4) were obtained that dis-
played truncated shp-2 sequence (see Fig. 1, a). Knock-outs
were verified by western-blot analysis, which confirmed that
these clones did not express a full-length Shp-2 protein (see
Fig. 1, D).

One way to re-target NK cell cytotoxicity is via expression
of chimeric antigen receptors (CARs). Even if the target cell
lacks typical stress markers recognized by endogenous NK cell
receptors, binding of a CAR to its cognate target may induce
pro-activation signaling in a CAR-NK cell. To test whether
CAR-mediated cytotoxicity is enhanced upon shp2-knock out,
we used our previously published second-generation CAR
(scFv(J591)-CD8hinge-CD28TM-CD28-CD3z) (Kulemzin
et al., 2019) that is specific for PSMA, a common surface
marker of prostate cancer cells (Chang, 2004; Gorchakov
et al., 2019). Wild-type and shp2-mutant YT cell lines were
transduced to express this CAR, which was verified by flow
cytometry (Fig. 2).

Next, we compared the cytotoxic activity of the BI-CAR,
C1-CAR, and C4-CAR cells vs CAR-YT cells against Du-
145 prostate cancer cells engineered to ectopically express
PSMA. Du-145 cells have been reported to be resistant to
NK cell killing (Hood et al., 2019), which establishes them
an appropriate model for assaying possible enhancement of
NK cell-mediated cytotoxicity. We used iCELLigence plat-
form (ACEA Biosciences, Korea) for the cytotoxicity analysis.
It was found that CAR-YT#"-2~~ cells exerted significantly

120
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40

Live cell percentage

20

K C1-CAR 1 CAR-YT YT-wt

Fig. 4. Analysis of cytotoxic activity of YT cells mutant for shp-2 (C1-CAR,
C1) or harboring wild-type shp-2 gene (CAR-YT, YT), against peripheral
blood mononuclear cells of a healthy donor.

Incubation time was 4 hrs at a 1:1 E:T ratio. K - no effector cells were added.
Average and standard deviation values for at least three independent
measurements are shown.

higher cytotoxicity than CAR-YT cells with a functional
shp-2 gene; no difference between the knock-out subclones
was observed (Fig. 3).

To understand whether CAR-Y T -2+ cells may display
unwanted cytotoxicity against healthy cells, cytotoxicity assay
was conducted with PBMCs isolated from a healthy donor. We
observed that the percentage of dead normal cells did not differ
significantly between the wells where CAR-Y T#"7->~~ cells or
no effector cells (control) were added (Fig. 4). This was also
true for cultures, where normal cells were co-incubated with
either CAR-YT or CAR-YT*»->+ cells.
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Discussion

Cytotoxic activity of NK cells is known to be regulated by
the balance of activating and inhibitory receptor signals (Lee,
Gasser, 2010; Sivori et al., 2019). Cytotoxic reaction occurs
when two conditions are met. Namely, if an activating signal
is present, (i. e. when the target cell expresses the ligand(s) to
the activating receptors) and if the negative signaling is suf-
ficiently reduced or absent (i.e. the cell lacks expression of
the ligands of inhibitory NK cell receptors, or conversely, an
NK cell lacks an inhibitory receptor to the ligand) (Chester
etal., 2015; Pasero et al., 2016). Whenever positive signaling
is absent or negative signaling outweighing the positive sig-
naling, cytotoxic reaction will not be launched. In the context
of NK cell therapy, this translates to the failure to eliminate
the tumor cells (Pasero et al., 2016; Del Zotto et al., 2017).

Absence of activating signal can be effectively solved by
engineering CAR expression in NK cells, an approach already
actively used in practice (Imai et al., 2005; Rusakiewicz et al.,
2013; Quintarelli et al., 2018; Ingegnere et al., 2019). None-
theless, tumor cells overexpressing the ligands of inhibitory
NK cell receptors may still remain protected from CAR-NK
cell mediated lysis (Rezvani et al., 2017).

One way to address this problem is to create NK cells with
knock-outs of inhibitory receptors. Although technically
feasible, this may not be as straightforward, considering the
large number of these receptors. In our opinion, knocking
out Shp-2, a single “hub” of NK cell signaling appears as a
viable alternative (Yusa, Campbell, 2003; Purdy, Campbell,
2009). Our experiments show that YT cell line derivatives
lacking SHP2 expression display stronger CAR-mediated
cytotoxicity towards NK-resistant cell line Du-145-PSMA
(Hood et al., 2019), unlike CAR-YT cells (see Fig. 3). This
is likely attributable to the fact that Du-145-PSMA cells
have a high density of inhibitory ligands, which results in the
suppression of activating signaling in NK cells, even upon
CAR engagement. Indeed, it was reported that Du-154 cells
express low levels of ligands to the activating NK receptors
NKp30 and NKp46, while MHC-I expression is very high
(Pasero et al., 2015).

Safety of such combination is yet to be found, as it is pos-
sible that this may lead to increased cytotoxicity towards
healthy tissues, as a result of weakening of inhibitory signal-
ing. To ensure that the YTs"7-2 cells are safe, testing on
a wide panel of different healthy cell types obtained from
multiple donors may be required, which is a challenging task
from a technical and ethical points of view. In the current
study, we have measured cytotoxicity of CAR-Y T»-2~cells
towards the lymphocytes of a healthy donor, and no significant
difference with negative control was observed. This suggests
that reducing the inhibitory signaling in NK cells likely poses
no threat provided that no strong activating signals are avail-
able. However, to address this important safety concern a more
comprehensive study is indeed required. We envisage that a
representative and diverse panel iPS-derived normal human
cell types can be obtained to test for the possible off-target
activity of shp2-mutant YT cells.

Conclusion
Thus, the best option for enhancing cytotoxicity of NK cells
and the YT cell line in particular is to induce activating signals

shp-2 gene knockout upregulates
CAR-driven cytotoxicity of YT NK cells

using CARs in combination with the suppression of inhibi-
tory signaling via knocking out its key mediator, the SHP-2
protein. In the future it is necessary to comprehensively
study the safety of modified lymphocytes, in particular, to
study their cytotoxic activity against a wider range of healthy
tissues.
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