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ABSTRACT

Background Tumors often develop resistance to
surveillance by endogenous immune cells, which include
natural Killer (NK) cells. Ex vivo activated and/or expanded
NK cells demonstrate cytotoxicity against various tumor
cells and are promising therapeutics for adoptive cancer
immunotherapy. Genetic modification can further enhance
NK effector cell activity or activation sensitization. Here,
we evaluated the effect of the genetic deletion of ubiquitin
ligase Casitas B-lineage lymphoma pro-oncogene-b
(CBLB), a negative regulator of lymphocyte activity, on
placental CD34" cell-derived NK (PNK) cell cytotoxicity
against tumor cells.

Methods Using CRISPR/Cas9 technology, CBLB was
knocked out in placenta-derived CD34* hematopoietic
stem cells, followed by differentiation into PNK cells. Cell
expansion, phenotype and cytotoxicity against tumor cells
were characterized in vitro. The antitumor efficacy of CBLB
knockout (KO) PNK cells was tested in an acute myeloid
leukemia (HL-60) tumor model in NOD-scid IL2R gamma
(NSG) mice. PNK cell persistence, biodistribution,
proliferation, phenotype and antitumor activity were
evaluated.

Results 94% of CBLB KO efficacy was achieved using
CRISPR/Cas9 gene editing technology. CBLB KO placental
CD34* cells differentiated into PNK cells with high cell
yield and >90% purity determined by CD56* CD3" cell
identity. Ablation of CBLB did not impact cell proliferation,
NK cell differentiation or phenotypical characteristics

of PNK cells. When compared with the unmodified PNK
control, CBLB KO PNK cells exhibited higher cytotoxicity
against a range of liquid and solid tumor cell lines in vitro.
On infusion into busulfan-conditioned NSG mice, CBLB
KO PNK cells showed in vivo proliferation and maturation
as evidenced by increased expression of CD16, killer
Ig-like receptors and NKG2A over 3 weeks. Additionally,
CBLB KO PNK cells showed greater antitumor activity in
a disseminated HL60-luciferase mouse model compared
with unmodified PNK cells.

Conclusion CBLB ablation increased PNK cell effector
function and proliferative capacity compared with non-
modified PNK cells. These data suggest that targeting
CBLB may offer therapeutic advantages via enhancing
antitumor activities of NK cell therapies.

null

INTRODUCTION

Recent years have shown major advance-
ments in the development and successful
application of immunotherapies for cancer.
Natural killer (NK) cells are key effector
cells in cancer immunosurveillance and viral
infections that use an array of receptors to
distinguish between malignant and healthy
cells, and mediate target cell killing. NK
cells recognize universal stress ligands on
tumor cells and do not elicit graft-versus-host
disease,1 making them an attractive modality
for developing off-the-shelf allogeneic cell
therapies for treating cancer. Ex vivo expan-
sion, activation, and novel genetic modi-
fication techniques, such as the clustered
regularly interspaced short palindromic
repeats (CRISPR) /CRISPR-associated
protein 9 (Cas9), can increase the antitumor
activity of NK cells by overcoming resistance
of tumor cells, increasing cytolytic activity, or
promoting persistence and homing to tumor
tissue.

Antitumor efficacy of NK cells varies against
different tumors, and it is driven by variability
in the expression of ligands for NK activation
or inhibition.” Significant efforts to enhance
anti-tumor responses of NK cells center
around shifting the balance of signaling in
favor of targeted activation, such as expres-
sion of chimeric antigen receptors (CARs)
against various tumor antigens: CD19, CD20,
CS1, CD138 and Her2."" Alternatively,
blockade of inhibitory receptors can lower
the threshold for activation. For example,
blocking Ly49 with an antibody was shown
to improve antitumor function of murine
NK cells.”” ' In a human NK cell line NK-92,
blocking the inhibitory receptors KIR3DL1
and KIR2DLI improved antibody-dependent
cellular cytotoxicity in combination with
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rituximab against CD20-expressing B-cell lymphoma.'”

Therefore, lowering the threshold for NK cell activation
is a promising approach to enhance their antitumor
function.

Activation and inhibitorysignalingin lymphocytesisfine-
tuned through intracellular checkpoints, such as E3 ubig-
uitin ligases. Members of the Casitas B-lineage lymphoma
pro-oncogene ligase family negatively regulate the activa-
tion of various lymphocyte subsets through targeted ubig-
uitination of intracellular signaling molecules, including
protein tyrosine kinases.'® Ubiquitination of proteins
triggers their localization to lysosomes or proteasomes
for degradation, thus negatively regulating the initiation
and progression of immune responses.'? *’ Casitas B-lin-
eage lymphoma pro-oncogene-b (CBLB) interacts with its
specific targets via phosphotyrosine-containing sequence
motifs that are generated on activated protein tyrosine
kinases that mediate activating signal transduction.?' **
CBLB broadly regulates T-cell function® ** through the
inhibition of the PI3K pathway,” reduction of the linker
for activation of T cells (LAT) phosphorylation and acti-
vation of PLC-y1,%® negative regulation of Vavl phosphor-
ylation,” and induces partial resistance to transforming
growth factor beta-mediated suppression.”” Similarly,
CBLB is a negative regulator of NK cell function. In NK
cells, CBLB is activated and stabilized through inhibitory
receptor signaling and reduces NK cell degranulation
and cytotoxicity by targeted degradation of the adaptor
protein LAT, which is involved in the recruitment of
PLC-y1/2 to the immunological synapse between an NK
cell and a target cell.®*

CBLB is induced in primary human NK cells by inter-
leukin (IL)-15/IL-2 stimulation, interaction with K562
target cells” or by signaling via the inhibitory receptor
KIR2D1.*® Downregulation of CBLB in primary human
NK cells significantly increased granzyme B (GZMB) and
perforin expression, interferon gamma production and
cytotoxicity against leukemia cell lines.*” Knockdown of
CBLB in a human NK cell line NKL showed higher cyto-
toxicity against the Jurkat cell line and improved in vivo
anticancer activity, effectively mitigating lung metastasis
in a murine melanoma model through the release of an
inhibitory effect on TAM receptors.?' Chlbknockout (KO)
rendered mouse NK cells less susceptible to programmed
death-ligand 1 (PD-L1)-mediated inhibition® and
enhanced responsiveness to cytokine stimulation.” Thus,
the deletion of CBLB is an attractive strategy to lower the
threshold for activation and enhance the antitumor func-
tion of NK cells.

We have developed a good manufacturing practice
procedure for generating human placental CD34" cell-
derived NK (PNK) cells with substantial cytolytic activity
against several human tumor cell lines.” PNK-007, a
freshly formulated drug product, showed a high safety
profile in phase I studies in patients with acute myeloid
leukemia (AML) and multiple myeloma (MM) (Giarritta
et al, manuscript in preparation)®*’. We hypothesize
that the anti-tumor function of PNK cells can be further

augmented by lowering their activation threshold by
genetic deletion of negative regulators. Here, we demon-
strate an effective use of CRISPR/Cas9 technology to
genetically modify placenta-derived CD34" hematopoietic
stem cells and show that knocking out CBLB enhances
the antitumor activity of PNK cells against several tumor
cell lines and primary tumor cells. These data suggest that
the deletion of negative regulators, such as CBLB in PNK
cells, is a promising approach for developing more effica-
cious NK cell therapies for cancer.

MATERIALS AND METHODS

Placenta CD34" cell isolation and culture

Placental CD34" cells were acquired from healthy donors
under fully informed consent. With donor eligibility
documentation, tissues were qualified using a series
of tests including serology and bacteriology (Lifebank
USA). Blood was isolated from healthy donor tissues and
processed by red blood cell depletion using Hetastarch
(Hospira). The resulting cells were then magnetically
labeled using Direct CD34 Progenitor Cell Isolation Kit
(Miltenyi Biotec). CD34" cells were positively selected
using AutoMACS Cell Separator following manufactur-
er’s protocol. Placental CD34" cells were then cryopre-
served in CryoStor CS10 (Biolife Solutions) and stored in
liquid nitrogen before use.

For PNK culture, placental CD34" cells were thawed
and cultivated following a three-stage process in the
presence of cytokines, including thrombopoietin, SCF,
Flt3 ligand, IL-7, IL-15 and IL-2 (Thermo Fisher Scien-
tific), for 35 days to generate PNK cells. Nucleofection
of CRISPR reagents was performed at day 5-7 of culture.
Cell count and passage were performed every 2-3days
and cell expansion was recorded. At the end of the
culture, cell phenotype was evaluated by flow cytometry
to confirm that the cells expressed typical NK receptors
and cytolytic markers.

Immunophenotypical characterization

The phenotype of PNK cells was analyzed by multicolor
flow cytometry. First, PNK cells were washed and stained
with fluorochrome-conjugated antibodies diluted in
staining buffer (10% fetal bovine serum in phosphate-
buffered saline (PBS)) according to the manufacturer’s
instructions. CD244 (clone: 2B4)—FITC (BD Biosci-
ences), CD226 (DNAM-1) (clone: DX11)—PE (Miltenyi
Biotec), CD94 (clone: HP-3D9)—PerCP-Cy5.5 (BD Biosci-
ences), CD314 (NKG2D) (clone: 1D11)—APC (Miltenyi
Biotec), CD56 (clone: NCAM16.2)—Pe-Cy7 (BD Biosci-
ences), CD3 (clone: SK7)—APC-H7 (BD Biosciences),
CD14 (clone: MoP9)—APC-H7 (BD Biosciences),
CD19 (clone: HIB19)—APC-Cy7 (BD Biosciences),
CD69 (clone: FN50)—AF700 (BD Biosciences), NKp46
(CD335) (clone: 9E2)—BV650 (BD Biosciences), TIGIT
(clone: A15153G)—BV605 (Biolegend), CD336 (NKp44)
(clone: p44-8)—BUV395 (BD Biosciences), CD337
(NKp30) (clone: p30-15)—BV421 (BD Biosciences),
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Figure 1 Efficient CRISPR/Cas9-mediated CBLB gene editing and conserved NK cell identified in human PNK cells. (A)
representative growth curves of CBLB KO PNK cell cultures. Cas9 mRNA and CBLB gRNA were introduced by transfection

on day 5 (n=3). (B) Quantification of Ctrl or KO PNK cell expansion at day 35 of PNK culture, mean+SD (n=3). (C) CBLB gene
editing efficiency using tide analysis summarizing eight individual experiments after transfection and on days 34-35 of PNK cell
culture. Gene editing efficiency is determined as the frequency of nucleotide additions or deletions, mean+SD (n=8). (D) Western
blot analysis of CBLB protein in day 35 Ctrl and KO PNK cells. B-actin serves as a loading control (n=3). (E) Representative

dot plot of PNK cell gating. Indicated population was first gated of live single cells (not shown). Lins were CD3, CD14 and
CD19. (F) Quantification of Lin™ CD56" cells in Ctrl and KO PNK cell cultures, mean+SD (n=3). (G) Representative histograms
demonstrating the expression of indicated NK cell markers in Ctrl (white dashed) and KO PNK (gray) cells on day 35 of culture.
KIR=CD158e1/e2 and CD158b1/b2,j. Vertical dotted line marks isotype control. (H) Quantification of the expression of indicated
NK cell markers on Ctrl and KO cells, mean+SD (n=3). **P<0.01. CBLB, Casitas B-lineage lymphoma pro-oncogene-b; Ctrl,
control; KIR, killer Ig-like receptor; KO, knockout; Lin, lineage marker; NK, natural killer; PNK, placental CD34* cell-derived NK;

PEREF, perforin.

CD11a (clone: HI111)—BV711 (BD Biosciences), CD16
(clone: 3G8)—BV786 (BD Biosciences), CD158a (clone:
HP-3E4)—PE (BD Biosciences), CD158el/e2 (clone:
727.3.7)—PE (Beckman Coulter), CD158b1/b2,j (clone:

GL183)—PE (Beckman Coulter), CD159a (NKG2A)
(clone: 3D12HLA-E)—APC (Thermo Fisher Scientific),
GZMB (clone: X40)—AF700 (BD Biosciences), perforin
(clone: dG9)—BV421 (BD Biosciences), TIM-3 (CD366)
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Figure 2 CBLB KO PNK cells demonstrate enhanced cytotoxicity against hematological cancer and solid tumor lines in vitro.
The efficacy of tumor cell cytolysis was analyzed in CBLB KO and their corresponding Ctrl cells in a 4-hour in vitro cytotoxicity
assay against RPMI8266 (A), ARH77 (B) and U266 (C) cell lines using E:T ratios of 20:1, 10:1 and 5:1. The proportion of dead
target cells was quantified by flow cytometry. The figures next to the curves indicate lytic units (LU, /1 0° cells), mean=SD (n=3).
(D,E) Cytolysis of Ctrl and KO PNK cells against of an adherent cancer cell line U-251 MG from three donors at an E:T ratio of
2.5:1 analyzed using an impedance-based RTCA platform. Cytolysis against U-251 MG over 24 hours (D) and at a 4-hour time
point (E) (h=3). *P<0.05, ****P<0.0001. CBLB, Casitas B-lineage lymphoma pro-oncogene-b; Ctrl, control; E:T, effector-to-target;
KO, knockout; PNK, placental CD34* cell-derived NK; RTCA, real time cytolytic assay.

(clone: F38-2E2)—BV605 (Biolegend). Dead cells were
labelled with the Live/Dead Fixable Aqua Stain (Thermo
Fisher Scientific) and gated out. For intracellular
staining, surface-stained cells were permeabilized using
the Fixation/Permeabilization Solution Kit (BD Biosci-
ences) according to manufacturer’s recommendations
and stained with fluorochrome-conjugated antibodies
recognizing intracellular molecules. Stained cells were
acquired on BD Fortessa X20 flow cytometer (BD Biosci-
ences) and data were analyzed using FlowJo software.

Gene editing by CRISPR/Cas9

CBLB guide RNAs (gRNA) were designed using an online
design tool from the Zhang lab at Massachusetts Insti-
tute of Technology (http://crispr.mit.edu/). The gRNA
sequence of TAATCTGGTGGACCTCATGAAGG was
selected. gRNA with 2-O-methyl 3’phosphorothioate
modifications incorporated in the three terminal nucleo-
tides at both the 5 and 3’ ends were custom-ordered from
TriLink Biotechnologies. Cas9 messenger RNA (mRNA),
which is capped using antireverse cap analog (Cap 0),
polyadenylated and modified with 5-methylcytidine and
pseudouridine (bmeC, ¥), was produced by TriLink.

Transfection of PNK cells

At days 5-7 of culture, transfection with Cas9 mRNA and
CBLB gRNA (TriLink BioTechnologies) was conducted
using the Lonza Nucleofector and the Human CD34"
Cell Nucleofector Kit (Lonza) according to manufactur-
er’s protocol. Briefly, 15pg of Cas9 mRNA and 15pg of
CBLB gRNA were transfected into 9x10° cells in a 100 pL.
volume. After transfection, cells were transferred to PNK
culture media at a density of 200,000/mL. For the control

group, cells were either not transfected or transfected
with only 15 g of Cas9 mRNA.

Tracking of indels by decomposition (TIDE) assay

Gene editing efficiency was determined by TIDE analysis
at days 12-14 and at the end of the PNK culture. Briefly,
cells were lysed with Quick Extract buffer (Thermo
Fisher Scientific). CBLB gene specific primers 5-TGAT
AGCCTAGGACTGTTTGAGAGAA-3’ (forward) 5-CCAG
GCTCACAGCATCTGATAAC-3" (reverse) were used to
amplify CBLB genomic region by PCR. PCR samples were
sequenced using the Sanger method and analyzed using
the TIDE web tool (https://tide.nki.nl/).*®

Western blot

To determine the efficiency of CBLB deletion at the
protein expression level, mature PNK cells were lysed
in radioimmunoprecipitation assay (RIPA) Lysis and
Extraction Buffer (Thermo Fisher Scientific) including
Ix Halt Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific). Clarified cell lysates were
separated on Novex Tris-Glycine Mini Gels (Thermo
Fisher Scientific) by electrophoresis, and the total protein
was transferred to a polyvinylidene difluoride (PVDF)
membrane (Thermo Fisher Scientific). The membrane
was blocked with Superblock T20 Blocking Buffer
(Thermo Fisher Scientific) and incubated overnight at
4°C with rabbit anti-CBLB (Cell Signaling Technologies,
clone: D3C12) diluted at 1:500 and mouse anti-B-Actin
(Cell Signaling Technologies, clone: SH10D10) diluted at
1:2000 in blocking buffer. After washing, the membrane
was incubated for 1 hour at room temperature with IRDye
680RD donkey anti-mouse (LI-COR Biosciences) and
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Figure 3 Biodistribution and persistence of CBLB KO PNK cells in vivo. (A) Schematic of experimental procedures for in

vivo biodistribution and proliferation studies. CBLB KO or Ctrl PNK cells were injected intravenously into NSG mice 1day

after intraperitoneal busulfan treatment. rhiL-15 was administered intraperitoneally every 2 days until day 12. Animals were
sacrificed on days 3, 7, 14 and 21 for analysis of PNK cells using hCD45 staining (n=4-5). (B) Quantification of hCD45" cell
numbers quantified in blood, BM, liver, lungs and spleen on days 7, 14 and 21 after infusion of Ctrl or CBLB KO PNK cells. (C)
Quantification of hCD45" cells in indicated organs on day 14 after PNK cell infusion, mean+SD (n=5). (D) CFSE-labeled Ctrl or
CBLB KO PNK cells were injected intravenously in NSG mice, and animals were sacrificed on days 3, 7, 14 or 21 to analyze
CFSE signal on PNK cells. Each histogram represents data from one mouse (n=4). (E,F) Proportion of PNK cells isolated from
the liver (E) or the lungs (F), expressing the proliferation marker Ki67. (G) Quantification of indicated NK cell surface receptors on
Ctrl or CBLB KO PNK cells after harvested from mice. Day 0 sample represents the preinfusion phenotype. *P<0.05, **P<0.01,
**P<0.001, ***P<0.0001. BM, bone marrow; CBLB, Casitas B-lineage lymphoma pro-oncogene-b; CFSE, carboxyfluorescein
succinimidyl ester; Ctrl, control; h, human; IL, interleukin; KO, knockout; NK, natural killer; NSG, NOD-scid IL2R gamma”“”; PNK,

placental CD34" cell-derived NK.

IRDye 800CW donkey anti-rabbit (LI-COR Biosciences)
at 1:15000 in blocking buffer. The membrane was imaged
using LiICOR CLx Imager (LI-COR Biosciences).

In vitro cytotoxicity assay

RPMI8266, U266, ARH77, HL-60, K562, KG1 and U251
MG cell lines were purchased from American Type
Culture Collection (ATCC) and cultured following ATCC
recommendations. For cytotoxicity against RPMI8226,
U266, ARH77, K562, KG1 and HL-60, target cells were

washed with PBS and labeled with PKH26 (Sigma-
Aldrich) according to manufacturer’s protocol. CBLB
KO PNK or control cells were cultured together with
PKH26-labeled target cells in 96-well U-bottom plates
at different effector-to-target (E:T) ratios for 4hours.*
TO-PRO-3 (Thermo Fisher Scientific) was added at the
end of the 4-hour culture at 0.25pM concentration for
20min, followed by flow cytometric analysis. Cytotoxicity
was expressed as the percentage of dead cells (PKH26"
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Figure 4 CBLB KO PNK cells reduce tumor burden in vivo. (A) Schematic of experimental procedures for the evaluation of
antitumor activity of Ctrl or CBLB KO PNK cells in vivo using HL-60 xenograft mouse model (n=6-7). One day after busulfan
treatment, 1x10° HL-60 cells expressing luciferase were injected intravenously to NSG mice and NK cells were injected on
days 2 and 7 post-tumor cell injection to three randomized animal groups (PBS, Ctrl PNK or CBLB KO PNK cells). Each animal
received 1x107 cells. rhIL-15 was administered intraperitoneally every 2 days until day 20. (B) Representative bioluminescence
imaging of each group shows the tumor burden at days 6, 9, 13, 16 and 20. All animals were sacrificed at day 21. (C) Tumor
burden of each group normalized to PBS Ctrl group as tumor growth fold change. (D) Survival plot of the HL-60 xenograft
mouse administered with PBS, Ctrl or CBLB KO PNK cells. Asterisks (*) indicate significant difference between Ctrl and KO
groups compared with the PBS group. *P<0.05, **P<0.01, ***P<0.001. CBLB, Casitas B-lineage lymphoma pro-oncogene-b;
Ctrl, control; IL, interleukin; KO, knockout; NK, natural killer; NSG, NOD-scid IL2R gamma““”; PBS, phosphate-buffered saline;
PNK, placental CD34" cell-derived NK; rh, recombinant human.

TO-PRO-3") within the total PKH26" target tumor cells.
Lytic units (LU, / 10° cells) were calculated as follows:
% of specific lysis (Y axis) was plotted in function of E:T
ratio (log scale X axis) and linear regression calculated.
E:T value for 20% cytotoxicity (E:T,)) was derived from
the trendline. Lytic units were calculated based on the
equation LU, /106 cells= 106><((E Ty )XT, ll) where T,
is target cell number per well.* Cytotoxmlty against solid
tumor cells (U251) was measured using the xCELLigence
RTCA platform (ACEA Bioscience). U251 were cultured
in 96-well electronic microtiter plates overnight, followed
by addition of PNK cells at an E:T ratio of 2.5:1. Cell
index, indicating the impedance of electron flow caused
by adherent cells, was recorded real time. Percentage of
cytolysis was calculated using the formula provided by
ACEA Bioscience: (cell index of no effector—cell index of
effector) /cell index of no effectorx100.

Animal studies

Animal studies were conducted by a contract research
organization accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care, and studies
were approved by the Institutional Animal Care and Use

Committee. The studies were performed on female NOD-
scid TL2R gammanull (NSG) mice, 8 weeks old, approxi-
mately 18-22 g at study initiation.

In vivo biodistribution and persistence

In vivo distribution and persistence of CBLB KO PNK cells
were evaluated relative to control cells transduced with
Cas9 mRNA (control) in NSG mice. Specifically, NSG
mice were pretreated with 30 mg/kg busulfan (Alfa Aesar)
at day —1. The next day, 1x10’ CBLB KO PNK or control
cells were intravenously injected via the tail vein. Recom-
binant human (rh)IL-15 (Thermo Fisher Scientific) was
given via intraperitoneal injection at 0.5pg/mouse/day
every 2days from day 0 to day 12. Animals (n=4-5) from
each group were sacrificed at days 7, 14, and 21. At each
time point, peripheral blood, bone marrow, lungs, liver
and spleen were harvested. Lungs, liver and spleen were
dissociated into single-cell suspensions using the gentle-
MACS Dissociator (Miltenyi Biotec) according to manu-
facturer’s instructions. Single-cell suspensions from all
other tissues were filtered through 100 pm nylon filters
and centrifuged. Red blood cells were lysed using ACK
lysis buffer (Gibco). By flow cytometry, PNK cells were
subsequently quantified by the amount of human CD45"
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cells in peripheral blood, bone marrow, lungs, liver, and
spleen samples.

In vivo proliferation and maturation

To evaluate cell proliferation in vivo, PNK (CBLB KO or
control) cells were labeled with carboxyfluorescein succin-
imidyl ester (CFSE) dye at day 35 of culture and infused
into NSG mice (n=4). Cell labeling was performed using
CellTrace CFSE Cell Proliferation Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions.
CFSE labeled PNK cells were intravenously adminis-
tered in busulfan preconditioned NSG mice at a dose of
1x107 cells/mouse. rhIL-15 was given intraperitoneally at
0.5pg/mouse/day every 2days from days 0 to 12. After 3,
7, 14 and 21 days of infusion, mouse liver was harvested
and dissociated into single cell suspension as described
previously. CFSE was analyzed by flow cytometry to char-
acterize PNK cell proliferation in vivo. Additionally, in a
separate study with the same design, unlabeled PNK cells
were infused into busulfan preconditioned mice (n=5).
On days 3, 7, 14 and 21 after infusion, cells were harvested
from the peripheral blood, bone marrow, lungs, liver
and spleen as described previously, and were analyzed
for cell proliferation marker Ki67 (clone: B56)—PE (BD
Biosciences) by flow cytometry. Cells harvested from the
mouse livers were analyzed for human NK cell maturation
markers CD11a, CD16, killer Ig-like receptors (KIRs), and
NKG2A by flow cytometry.

In vivo antitumor efficacy

Antitumor activity of PNK cells was evaluated in a Xeno-
graft AML model in NSG mice. To establish the model,
HIL-60 cells were transduced with a lentiviral construct
(Amsbio) to express green fluorescence protein and lucif-
erase. Cells were sorted for the top 2.5% expressors using
FACSAria flow cytometer (BD) and were used for the
animal study. Specifically, 1x10° HL-60 cells expressing
luciferase were inoculated intravenously to NSG mice at
day 0 after busulfan preconditioning (day —1). At days 2
and 7, 1x10’CBLB KO (n=7) or control (n=7) PNK cells
were injected intravenously and PBS was used as the non-
treatment control. rhIL-15 was given intraperitoneally at
0.5. g/mouse/day every 2days from days 2 to 20. Tumor
growth was measured by in vivo bioluminescence imaging
twice weekly starting from day 2. Mouse body weight was
measured every 4 days until study termination at day 20.

Statistical analysis

Experimental data were graphed and analyzed with Prism.
All data were presented as mean=SD. For in vitro expan-
sion and phenotype data, paired t-test was performed to
determine the difference between CBLB KO and control
groups. For in vitro cytotoxicity data and in vivo data,
two-way analysis of variance was first performed, and
then a pairwise comparison was made. Log-rank test
was used to compare survival curves between groups.
A p value of <0.05 is considered significant. An asterisk

indicates significance: *p<0.05, **p<0.01, ***p<0.001,
and *¥*%¥p<(0.0001; no asterisk indicates no statistical
significance.

RESULTS

As CBLB acts as an important gatekeeper limiting NK cell
cytotoxicity in various tumor models,” we used CRISPR/
Cas9 technology to generate CBLB KO PNK cells to
enhance their cytotoxic potential. PNK cells are gener-
ated from placenta-derived CD34" stem cells following a
35-day culture process. To generate CBLB KO PNK cells,
placenta-derived CD34" cells were transfected with CBLB
guide RNAs and Cas9 mRNA on day 5 of culture. Control
cells only received Cas9 mRNA. To evaluate the possible
effect of transfection on CD34" cell culture, we moni-
tored their expansion over the 35-day culture process
(figure 1A). The fold expansion of three independent
gene modification experiments was analyzed. Both CBLB
KO and control cells resulted in an average of >2000-fold
expansion by the end of the 35-day culture process with
no difference between treatment conditions (figure 1B).
A growth arrest of 2-3 days was observed after electropo-
ration at day 5, likely due to the transfection event. The
cells quickly recovered, demonstrating a fast and steady
expansion from days 7 to 25, and thereafter reached a
plateau until harvest on day 35. The data suggest that
CBLB deletion does not affect CD34" cell proliferation
and differentiation towards PNK cells. Gene editing effi-
ciency was evaluated on culture days 12-14 and 34-35
using the TIDE assay.” A high CBLB editing efficiency was
achieved: 85% (range 78%-95%) on days 12-14 and 94%
(range 84%—-99%) on days 34-35 (figure 1C). Successful
CBLB deletion was confirmed by a lack of CBLB protein
detected by Western blot in gene-edited PNK cells on
day 35 of culture (figure 1D). A strong protein band was
detected at 125kDa only in non-modified control cells
corresponding to the expected size of the CBLB protein.
The data show that complete ablation of CBLB protein
in PNK cells was achieved with high efficiency by genetic
modification of CD34" stem cells using CRISPR/Cas9
technology.

To confirm that CRISPR/Cas9-mediated gene modi-
fication did not affect the differentiation of PNK cells,
we used flow cytometry to immunophenotype CBLB KO
PNK cells and donor-matched control cells harvested on
day 35. CBLB gene modification did not affect PNK cell
purity, indicated by >95% of CD56" cells that lacked T cell,
B cell or monocyte markers CD3, CD19 or CD14, respec-
tively (figure 1E,F). We next performed comprehensive
characterization of CBLB KO PNK cells to eliminate any
effect of CBLB deletion on their receptor profile and acti-
vation potential. Similarly to control cells, CBLB KO PNK
cells demonstrated high CD56, minimal CD16, and no
killer Ig-like receptor (KIR) expression, consistent with
a phenotype for NK cells differentiated from hematopoi-
etic stem cell precursors (figure 1G,H).*" NK cell proteins
that mediate target recognition (NKp30, NKp44, NKp46,
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NKG2D, DNAM-1, NKG2A, and CD94), formation of the
immunological synapse (CDl1la) and cytotoxic response
(GZMB and perforin) were expressed on both control
and CBLB KO PNK cells. There was no significant change
in the expression of any of these markers comparing
CBLBXKO to control PNK cells, suggesting that CBLB abla-
tion did not affect the differentiation and maturation of
PNK cells during cultivation.

We have previously demonstrated that PNK cells exhibit
cytotoxicity against a wide range of tumor cell lines.”” To
evaluate the effect of CBLB ablation on PNK cell effector
functions, we first tested their cytotoxicity in vitro. The
cytolytic activity of CBLB KO PNK cells was evaluated in a
flow cytometry-based cytotoxicity assay against myeloma
cell lines RPMI8226 and U266, and plasma cell leukemia
cell line ARH77 (figure 2A-C). Significantly higher
cytotoxicity of CBLB KO PNK cells was observed against
tumor cell lines at every E:T ratio tested compared with
non-modified control cells from the same donor. We also
used an impedance-based cytotoxicity assay to analyze
the cytotoxicity of CBLB-deficient PNK cells against the
U-251 MG glioblastoma cell line. CBLB KO cells showed
improved relative killing activity over control cells during
a 24-hour period (figure 2D,E). CBLB deletion improved
overall cytotoxicity of PNK cells against liquid and solid
tumor cell lines in vitro.

Clinical studies have suggested that persistence and
expansion of donor NK cells are required to show efficacy
of NK cell therapy.* Therefore, we first examined the
persistence and biodistribution of CBLB KO and control
cells in lymphocyte-deficient NSG mice. Ten million
CBLB KO or control cells were injected into busulfan-
treated (day —1) NSG mice via the tail vein (figure 3A).
rhIL-15 was given intraperitoneally every 2days until day
12. Animals were sacrificed at different time points to
analyze PNK cell persistence using anti-hCD45 staining
and flow cytometry. Infused PNK cells, characterized by
hCD45" expression, were detected in all tissues exam-
ined, including peripheral blood, bone marrow, spleen,
lungs and liver of mice on days 7, 14 and 21 (figure 3B,C).
hCD45" cell number in blood and the tissues analyzed
increased from days 7 to 14, but significantly dropped
by day 21 (figure 3B). Importantly, hCD45" cell counts
were comparable in animals receiving either CBLB KO or
control PNK cells for the first 2weeks. Figure 3C shows a
representative PNK cell distribution in all tissues exam-
ined (day 14 time point), with the highest cell number
found in the liver and the lungs. Control and CBLB KO
PNK cells were found to have similar biodistribution in
mice with comparable numbers for all organs analyzed.
These data demonstrate that CBLB deficiency does not
affect the biodistribution and persistence of PNK cells in
vivo.

NSG mice infused with PNK cells were treated
with rhIL-15 to promote PNK cell proliferation and
persistence. We evaluated the proliferation of CBLB KO
and control cells by administering CFSE-labeled PNK
cells to NSG mice according to the protocol described in

figure 3A. hCD45" cells harvested from the mouse liver
were analyzed for the intensity of CFSE signal by flow
cytometry on different days postinjection. CFSE inten-
sity decreased from days 3 to 21 in both the control and
CBLB KO PNK cells, indicating cell proliferation in vivo
(figure 3D). Additionally, reduced and rapidly decreasing
CFSE signal, indicating increased proliferation, was
detected in CBLB KO cells compared with control PNK
cells (figure 3D). We also analyzed the proliferation
marker Ki67 expression on CBLB KO and control PNK
cells in different tissues (figure 3E,F and online supple-
mental figure 1). An increase of in vivo proliferation of
CBLB KO PNK cells was detected in the liver and the
lungs on days 3 and 7 (figure 3E,F). PNK cell numbers
in tissues (figure 3B) and Ki67 expression (figure 3E,F)
correlated with the rhIL-15 infusion period (figure 3A),
demonstrating a significant role of IL-15 on NK cell
proliferation and persistence.

In vitro cultured NK cells further mature in vivo and
acquire a phenotype resembling peripheral blood NK
cells.*! To characterize PNK cell phenotype after infusion
to NSG mice, the expression of surface markers repre-
senting the differentiation and maturation of NK cells,
including CD11a, CD16, NKG2A and KIR, were analyzed
on hCD45" cells in the liver (figure 3G). In both CBLB
KO and control cells, all four markers increased from
days 3 to 21 after infusion compared with preinfusion
cells, suggesting that PNK cells underwent further matu-
ration in vivo and that CBLB ablation did not impair this
process. CBLB KO cells, however, showed significantly
higher KIR expression on days 14 and 21 compared
with control cells, suggesting that the ablation of CBLB
resulted in enhanced PNK differentiation in vivo.

Next, we evaluated if the in vivo infused PNK cells main-
tained their cytolytic potential and analyzed the cytotox-
icity of CBLB KO and control PNK cells ex vivo against
myeloid leukemia cell lines K562, HL-60 and KG1. The
results confirmed that CBLB KO cells isolated from mice
demonstrated enhanced cytotoxicity against all three cell
lines compared with control cells (online supplemental
figure 2).

To analyze whether elevated in vitro cytotoxicity and
higher in vivo proliferation and maturation of CBLB KO
PNK cells translated into enhanced in vivo antitumor
efficacy, we established a human AML cell line HL-60
xenograft in the NSG mouse (figure 4A). HL-60 cells
expressing luciferase were injected at 1x10° intravenously
into NSG mice (day 0), followed by 1x10’ CBLB KO or
control PNK cells on days 2 and 7. Non-treated control
mice were injected with PBS. Both CBLB KO and control
PNK cell-treated mice showed significantly less tumor
burden between days 6 and 16 compared with PBS-treated
control animals that were all sacrificed between days 17
and 19 due to aggressive progression of the tumor. CBLB
KO PNK cells showed significantly improved control of
the tumor compared with control PNK cells from days 9
to 21 (figure 4B,C). Although there was significant reduc-
tion in tumor burden in mice receiving CBLB KO cells
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compared with control cells, this difference did not trans-
late into a survival benefit. However, animals that received
control or CBLB KO PNK cells lived longer than PBS-
treated control mice (figure 4D).

DISCUSSION

Novel immunotherapies for cancer are rapidly changing
the way tumors are treated in the clinic. Major advance-
ments have recently been made in the development and
successful application of monoclonal antibodies and
engineered immune cells. While the introduction of
tumor-specific CAR T cells for autologous cell therapy
has demonstrated striking results against hematological
malignancies, CAR T cell therapies still face many chal-
lenges, which include high cost, a long manufacturing
process and issues associated with autologous approaches.
NK cells are cytotoxic innate immune cells that use an
array of universal receptors, which recognize markers of
oncogenic transformation on malignant cells and there-
fore require no prior sensitization for target identifica-
tion. The safety and clinical effectiveness of adoptive NK
cell therapy have been shown in multiple clinical studies
using ex vivo activated and/or expanded NK cells derived
from various sources.” For these properties, NK cells are
actively investigated as an attractive alternative to CAR T
cells in multiple ongoing clinical trials targeting hemato-
logical or solid tumors.* Ex vivo activation, expansion,
and genetic modification can further enhance NK cell
cytotoxic potential and overcome resistance of tumor
cells to NK cell recognition and killing.

In this study, we established a process to produce
genetically modified NK cells with improved cytotoxic
function using CRISPR/Cas9 gene editing technology.
By knocking out CBLB gene in CD34" hemopoietic stem
cells derived from full-term postpartum human placenta,
we significantly improved the cytotoxic function of
placental CD34" cell-derived NK (PNK) cells in vitro and
in vivo. It is widely recognized that the E3 ligase CBLB is
a central player in the negative regulation of lymphocyte
function, including NK cells, and was therefore selected
for deletion in this proof-of-concept study.'”® Our data
demonstrate that CBLB is a negative regulator of PNK
cell function and that genetic manipulation of placental
CD34" cells is a feasible approach to enhance antitumor
cytotoxicity for immunotherapy.

CBLB gene modification of CD34" cells did not result
in any obvious developmental or phenotypical defects in
PNK cells, as we achieved greater than 95% of the cells
expressing CD56 and other NK cell prototypic markers
at a comparable level to non-modified cells. This agrees
with a previous report that CBLB KO mice develop NK
cells normally.* In vivo, PNK cell numbers, their prolifer-
ation and maturation correlated with rhIL-15 treatment
period, highlighting the key role of IL-15 cytokine on NK
cell persistence and homeostasis. We observed increased
proliferation of CBLB KO cells compared with unmodi-
fied PNK cells in vivo, similarly to what has been observed

by others.?' The increased in vivo proliferation of CBLB
KO PNK cells could partially explain the reduced tumor
burden in mice treated with the CBLB KO cells.

Phenotypically, PNK cells, either unmodified or CBLB
KO, are of CD56""8" CD16 phenotype that is considered
to be more immature compared with the CD56"™ CD16"
NK cells in the blood.* PNK also show lower expression
of the inhibitory KIRs but increased expression of the
activating NKp30, NKp44 and NKp46 receptors, similar
to reports by others for CD34" cell-derived NK cells.*’
In vivo, PNK cells demonstrated rapid maturation, illus-
trated by the upregulation of CD16, CDI11a and KIRs, a
phenotype that is associated with increased cytotoxicity.*

CBLB ablation in PNK cells increased cytotoxicity against
tumor cells both in in vitro and in vivo models. This is in
accordance with recent studies from Lu e al demonstrating
significantly increased cytotoxicity of primary human NK cells
on knockdown of CBLB.™ Increased cytotoxicity of CBLBKO
PNK over control cells appears to be comparable to previ-
ously reported murine CBLBKO NK cells over their wild-type
countcs:rparns,21 suggesting a conserved role of CBLB in the
regulation of NK cell cytotoxicity in mice and men. The in
vivo study showed that PNK cells significantly reduced tumor
(HL-60) burden in mice and that CBLB deficiency further
enhanced PNK cytotoxicity and reduced tumor burden
compared with control cells. Although there was no survival
benefit when using CBLB KO PNK cells versus control cells,
it is possible that the decrease in tumor burden mediated by
CBLB KO in PNK cells was not sufficient to confer a survival
benefit in this aggressive tumor model using the HI-60
cancer cell line that leads to 100% of lethality in mice within
3 weeks.

In conclusion, we have established a process to generate
clinical-grade PNK cells for immunotherapy of various
cancers or infectious disease, and we demonstrated the
feasibility of using genetic modification by CRISPR/Cas9
technology to enhance their antitumor function. CBLB,
a negative regulator of NK cell function, was selected
as a target for deletion. While a high KO efficiency was
achieved, CBLB deletion did not affect CD34" cell prolif-
eration or differentiation into PNK cells. Furthermore,
CBLB deletion enhanced proliferative capacity and
effector function of PNK cells in vivo. Altogether, the data
suggest that genetic modification is a promising approach
to further enhance NK cell persistence and antitumor
potential for the purpose of offering therapeutic advan-
tages in cancer immunotherapy.
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