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Abstract

The ability of natural killer (NK) cells to lyse allogeneic targets, without the need for explicit
matching or priming, makes them an attractive platform for cell-based immunotherapy. Umbilical
cord blood is a practical source for generating banks of such third party NK cells for “off the
shelf” cell therapy applications. NK cells are highly cytolytic, and their potent antitumor effects
can be rapidly triggered by a lack of HLA expression on interacting target cells, as is the case for a
majority of solid tumors, including neuroblastoma. Neuroblastoma is a leading cause of pediatric
cancer-related deaths and an ideal candidate for NK cell therapy. However, the antitumor efficacy
of NK cells is limited by immunosuppressive cytokines in the tumor microenvironment, such as
TGF, which impair NK cell function and survival. To overcome this, we genetically modified NK
cells to express variant TGFp receptors which couple a mutant TGFp dominant negative receptor
to NK-specific activating domains. We hypothesized that with these engineered receptors,
inhibitory TGFp signals are effectively converted to activating signals. Modified NK cells
exhibited higher cytotoxic activity against neuroblastoma in a TGFp-rich environment /n vitro and
superior progression-free survival /n vivo, as compared to their unmodified controls. Our results
support the development of “off the shelf” gene-modified NK cells, that overcome TGFB-mediated
immune evasion, in patients with neuroblastoma and other TGFp-secreting malignancies.
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Introduction

Infusions of allogeneic effector cells are used with increasing success in cancer
immunotherapy(1-4). Natural killer (NK) cells have innate immunity, rapidly lysing target
cells without prior priming(5, 6), and are often used as agents of cell-based immunotherapy.
Cell lysis is permitted when killer immunoglobulin-like receptors on the NK cell fail to
engage with their cognate HLA molecule on the target cell. Antitumor cytolysis is triggered
through the “missing self” mechanism when NK cells engage with tumor cells lacking
surface HLA molecules. Although NK cells are critical for successful antitumor activity in
early oncogenesis(7), their effect is reduced in advanced disease, in tumors which upregulate
HLA molecules to evade NK-based surveillance, and in those which produce
immunosuppressive cytokines such as IL-6, IL-10, and TGFB(8). As such, there is a clear
need to improve the therapeutic activity of NK cells against solid tumors.

Many solid tumors, including neuroblastoma (NB), evade immune control by generating a
suppressive tumor microenvironment, dominated largely by the cytokine transforming
growth factor beta (TGFB)(8-10). Secretion of TGF is a potent immunosuppressive
strategy employed by NB which inhibits immune effector cell mediated cytotoxicity and
promotes a pro-tumorigenic environment(8, 9, 11, 12). This highly tumor-protective
environment can only be overcome by significant immune modulation(13), which is why
outcomes for advanced relapsed/refractory neuroblastoma is dismal and the development of
immunotherapy strategies to overcome tumor evasion is urgently needed.

Adoptive cell therapy using NK cells has clear but limited clinical efficacy in the treatment
of NB(14), and the critical role of TGF provides compelling rationale for neutralizing this
cytokine as a means to improving the efficacy of NK cell-based therapeutics. Soluble TGFB
interacts with the TGFBRII and TGFBRI heterodimer complex on the surface of NK cells.
This interaction leads to the phosphorylation of Smads 2 and 3(15), which recruits other
soluble proteins and triggers a regulatory cascade leading to decreased cytolytic function and
impaired expression of activating receptors(16). Specifically, TGFp has a detrimental effect
on the innate expression of NK cell activating receptors NKG2D(8, 17) and DNAM1(18).
Therefore, we hypothesized that modifying the TGFp receptor in NK cells to abrogate or
subvert immunosuppressive signaling could allow NK cells to maintain therapeutic efficacy
in the presence of this suppressive cytokine.

Several groups, including our own, have demonstrated that targeting the TGFp pathway by
arming immune effectors with a dominant negative receptor (DNR) can enhance effector
function in a TGFp-rich environment, with clear superiority over unmodified cells(19-23).
In this report, we extended this approach by developing two novel variant TGFp receptors
that couple the TGFB dominant negative receptor to intracellular signaling domains,
mediating NK cell activation. One construct, “NKA”, contains the truncated TGFBRII
domain fused to the DNAX-activation protein 12 (DAP12) NK activation motif, which
initiates signaling through its single immunoreceptor tyrosine-based activation motif
(ITAM), with the aim of enhancing NK cell activation(24, 25). The other construct, “NKCT”
contains the truncated TGFBRII domain fused to a synthetic Notch-like receptor
(“synNotch™)(26, 27) coupled to RELA, to initiate NK cell activation directly at a
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transcriptional level. These innovative approaches to hijack the TGFp receptor and target
TGFB in the tumor microenvironment allows for NK cells to simultaneously (1) resist the
immune suppression in the microenvironment, and (2) initiate activation to increase their
ability to kill target tumor cells. (Fig. 1)

Initial clinical efforts with NK cells as agents of adoptive immunotherapy have used NK cell
lines(28, 29), autologous ex vivo expansion(30), or allogeneic peripheral blood(31, 32) as a
cell source. /n vitro studies suggest that umbilical cord blood (UCB)-derived NK cells may
be more advantageous(33). With over 500 000 validated banked UCB units worldwide(34),
in addition to a constant supply of fresh cells, UCB represents a practical and readily
available source for generating banks of “off the shelf” cell products. The ability to select
optimally mismatched donor-recipient pairs to enhance cytotoxicity contributes to the
practical and functional appeal of CB as a source of cells for adoptive NK cell
immunotherapy(33, 35, 36).

Here, we demonstrate robust generation of gene-modified NK cells from UCB, which
resisted the suppressive effects of tumor-associated TGF@ and exhibited enhanced antitumor
effects /n vitroand in vivo. This strategy using allogeneic UCB-derived NK cells genetically
modified to resist suppression in the tumor microenvironment is therefore a potentially new
treatment modality for patients with neuroblastoma and other malignancies that are
amenable to NK cell attack and utilize TGFp secretion as a potent immune evasion
mechanism.

Materials and Methods

Cell Sources and Cell Lines

Umbilical cord blood mononuclear cells were harvested from fresh cord blood units
obtained from MD Anderson Cancer Center under approved IRB protocols (Pro00003896)
by density gradient separation, and NK cells were isolated by negative selection with the
EasySep Human NK Cell Isolation Kit (Stem Cell Technologies, Vancouver, Canada). Cord
blood units were obtained under informed written consent and in accordance to the
Declaration of Helsinki and the guidelines of the Institutional Review Board at MDACC.
After 24 hours of activation with 10 ng/mL of human IL-15 (R&D Systems, Minneapolis,
MN), NK cells were stimulated with K562 feeder cells, modified to express membrane-
bound IL-15 and 41BBL (31, 37) (generously obtained from Baylor College of Medicine
(Pro00003869)), irradiated at 200 Gy and cultured with NK cells at a 2:1 K562:NK cell
ratio. NK cells were expanded in Stem Cell Growth Medium (CellGenix, Germany)
supplemented with 200 IU/mL human IL-2, 15 ng/mL human IL-15, 10% FBS (Gibco,
Thermo Fisher Scientific, Waltham, MA), and 1% Glutamax (Gibco, Thermo Fisher
Scientific, Waltham, MA). NK cells were isolated from 30 total cord blood donors for
downstream use, and untransduced and transduced cells were generated from each
individual donor line. Sample size (number of donor-derived lines) used for each experiment
is specified in each figure legend. Modified and unmodified K562 cell lines were cultured
with IMDM (Thermo Fisher Scientific, Waltham, MA) supplemented with 10% FBS (Gibco,
Thermo Fisher Scientific, Waltham, MA), 1% Penicillin-Streptomycin, and 1% Glutamax
(Gibco, Thermo Fisher Scientific, Waltham, MA). Neuroblastoma line SHSY5Y was
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purchased from ATCC (Manassas, VA) and grown in a 1:1 medium of DMEM and F12K
medium supplemented with 10% FBS (Gibco, Thermo Fisher Scientific, Waltham, MA),
and 1% Glutamax (Gibco, Thermo Fisher Scientific, Waltham, MA). We performed HLA
and STR profiling to verify the identity and type of the SHSY5Y tumor line (Genetica Cell
Line Testing, Burlington, NC). We also verified that the SHSY5Y neuroblastoma line
produces high levels of TGFB /n vivo from SHSY5Y-inoculated NSG mice, and expresses
low levels of MHC class | molecules (Supplementary Fig. S1). For generating the
bioluminescent neuroblastoma line used /in vivo, SHSY5Y was transduced with 2.5 x 108
CFU of CMV-Firefly-luciferase-puro-resistant (Cellomics Technology, Halethorpe, MD) as
per manufacturer’s protocol. Bioluminescence was assessed with the Pierce Luciferase Dual
Assay Kit (Thermo Fisher Scientific, Waltham, MA) and positive clones isolated by
puromycin-resistance and expanded for use, and the cell line was identified as SHSY5Y-luc.
Identical /n vitro experiments were performed with the neuroblastoma line HTLA230,
purchased from ATCC (Manassas, VA).

Generation of Plasmids and Retrovirus Production

Three modified plasmids were constructed as follows (Fig. 2A): (1) RBDNR: human type |1
TGFp receptor cDNA was truncated at nt597 as previously described(38) and coupled to a
truncated CD19 tag and pac puromycin resistance gene via T2A sequences. (2) NKA:
human type Il TGFp receptor cDNA was truncated at nt597 as previously described(38),
containing extracellular and transmembrane moieties, and coupled to the transmembrane and
intracellular coding region of DAP12 as derived from full-length DAP12 cDNA(39), a
truncated CD19 tag and a pac puromycin resistance gene via T2A sequences. (3) NKCT:
human type Il TGFp receptor cDNA was truncated at nt597 as previously described(38) and
coupled to a “SynNotch” receptor(26) composed of the Notchl minimal regulatory region
fused to the DNA binding domain for RELA (p65) and a VP64 effector domain(40), coupled
to a truncated CD19 tag and a pac puromycin resistance gene via T2A sequences. The
RBDNR, NKA, and NKCT constructs were then individually integrated at the BamA1 and
Ncoal sites of the retroviral vector SFG in order to generate plasmids of the same name. A
control GFP-containing plasmid was generated elsewhere(41). Phoenix-ecotropic cells
(ATCC, Manassas, VA) were transfected with SFG:RBDNR, SFG:NKA, and SFG:NKCT,
with Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA) reagents used as per
manufacturer’s protocol. Transient retroviral supernatant was collected 48 and 72 hours
following transfection and was used to transduce the PG13 stable packaging cell line
(ATCC, Manassas, VA). Transduced PG13 cells were evaluated for transduction efficiency
as described below, and single cell FACS sorting was performed to isolate single clonally
derived producer lines for RBDNR, NKA, and NKCT constructs. For FACS sorting, single
cells that expressed high levels of CD19 and TGFBRII expression were isolated with the
Becton Dickinson Influx Cell Sorter (BD Biosciences, Franklin Lakes, NJ) and selectively
expanded in puromycin-containing DMEM with 10% FBS (Gibco, Thermo Fisher
Scientific, Waltham, MA) and 1% Glutamax (Gibco, Thermo Fisher Scientific, Waltham,
MA). Retroviral supernatants containing RBDNR, NKA, NKC, and NKA2 constructs were
harvested from sub-confluent PG13 cells, passed through a 0.45 uM filter, and stored at
—80 °C until needed for transduction.
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NK Cell Transduction and Expansion

Activated NK cells were plated on retronectin-coated non-tissue culture treated plates
(Takara, Japan), and transduced with RBDNR, NKA, or NKCT - containing retroviral
supernatant in the presence of IL-2 (200 1U/mL). After transductions, NK cells were
assessed for transduction efficiency by staining with antibodies against CD19 conjugated to
allophycocyanin (BD Biosciences, Franklin Lakes, NJ) and TGFBRII conjugated to
phycoerythrin (R&D Systems, Minneapolis, MN). After transduction, NK cells were
expanded with additional stimulations with irradiated modified K562s, as described above,
and exogenous IL-2 and IL15. To enrich for phenotypic, functional, and /in vivo assays,
transduced NK cells were stained with CD19 microbeads (Miltenyi Biotec, Germany), and
enriched by positive immunomagnetic bead selection according the manufacturer’s protocol.

Phenotypic and Functional Assessment of NK Cells

NK cells were harvested from 21-day or 28-day cultures, washed with FACS buffer, and
incubated with human FcR Blocking Reagent for 10 minutes (Miltenyi Biotec, Germany).
21-day cultures were used for analysis of NK cell molecular signaling, whereas 28-day
cultures were used for all other endpoint NK cell assays including phenotype, cytotoxicity,
and /n vivo applications, to allow for maximal cell expansion. Unmodified and modified NK
cells, or cell lines, were stained with antibodies specific for NKp30, NKG2D, NKp44,
CD16, PD1, CD56, CD3, DNAM1, CD19, TGFBRII (R&D Systems, Minneapolis, MN),
HLA-ABC, or MICA/B. Antibodies were conjugated to FITC, PE, PerCP, APC, APC-Cy7,
Pe-Cy7, or PerCP-Cy5.5 (BD Biosciences, Franklin Lakes, NJ unless otherwise identified).
Samples were run on the Accuri C6 (BD Biosciences, Franklin Lakes, NJ) or CytoFLEX S
(Beckman Coulter, Indianapolis, IN) flow cytometers and analysis conducted using Flow Jo
7.6.5 (FlowJo LLC, Ashland, OR). To assess the cytokine profile of transduced and
untransduced NK cells, cell supernatant was harvested from 21/28-day NK cultures and used
in the Bio-Plex Human Cytokine 17-plex Assay according to the manufacturer’s instructions
(Bio-Rad Laboratories, Hercules, CA). For examination of cellular proliferation at endpoint,
NK cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) as per
manufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA) and co-cultured with
modified K562 cells for 72 hours following assay establishment. To determine the cytolytic
properties of unmodified and modified NK cells in various conditions, standard ®1Cr release
cytotoxicity assays were performed as described elsewhere(22). NK cells were incubated
with ®1Cr-labeled target cells (unmodified K562s, SHSY5Y cell lines — loaded with 10 uCi
51Cr per 10 000 cells) at 40:1, 20:1, 10:1, and 5:1 ratios for 5 hours in triplicate, and percent
killing was determined by the following formula: (experimental count — spontaneous

count) / (maximum count — spontaneous count) x 100%. For phenotypic and functional
assessment of NK cells after exposure to TGFB, NK cells were cultured with 10 ng/mL
TGFpB (activated with 4mM HCI) added every other day. Five days following assay
establishment, NK cells were isolated and examined by flow cytometry, multiplex assays, or
cytotoxicity assays, as described above. Further details of NK cell culture can be found in
the Supplementary Data.
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Molecular Assessment of NK Cells after TGFp Exposure

To examine the molecular effects of TGF@, unmodified and modified NK cells (from 21-day
cultures) were cultured with 10 ng/mL TGFp (activated with 4mM HCI) at 37 °C. At 30
minutes, 1, 3, 24, 48, and 72 hours post-TGFf addition protein was isolated for molecular
assessment. Briefly, unmodified or modified NK cells were pelleted and resuspended in
RIPA lysis buffer (Thermo Fisher Scientific, Waltham, MA) containing protease inhibitor
and phosphatase inhibitor cocktails (Roche Diagnostics, Indianapolis, IN). Following 10
minutes of incubation at 4 °C, protein was isolated and particulate matter removed by
filtration with Ultafree-CL centrifugal filter units (EMD Millipore, Burlington, MA). Protein
was quantified with a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA\) and 30 pg of protein lysate was isolated and used in the TGFf Signaling Pathway
Magnetic Bead 6-plex Cell Signaling Multiplex Assay (EMD Millipore, Burlington, MA) as
per manufacturer’s instructions. Protein expression of phospho-Akt (Ser473), phospho-ERK
(Thr185/Tyr187), phospho-Smad?2 (Ser465/467), phospho-Smad3 (Serd23/425) was
quantitated with Luminex xMap detection, based on positive and negative quantified protein
controls.

Mice and in vivo Experiments

Male and Female NSG (NOD. Cg-Prkdcsc@}/2rg"™2Wjl|SzJ) mice were purchased from
Jackson Laboratories (Bar Harbor, ME) and bred in-house in accordance with approved
protocols with the Institutional Animal Care and Use Committee at Children’s National
Health System. For /in vivo neuroblastoma treatment experiments, 6-10 week old male and
female mice were preconditioned with sublethal irradiation (300 cGy) and inoculated with
2.5 x 108 SHSY5Y-luc cells, administered subcutaneously in the dorsal flank of animals.
This sublethal irradiation was performed at doses similar to that reported by other groups,
which has verified successful immune depletion and immune engraftment in these
models(42-45).

Animals were treated immediately following inoculation, a model commonly used in the
field(43), with systemic administration of 15 x 10% unmodified or modified NK cells via tail
veins. For long-term studies, animals received weekly doses of 5-10 x 108 unmodified or
modified NK cells, administered systemically (5 doses in total). All mice were treated with
0.2 ug human IL-2, administered intraperitoneally every other day over the course of their
cell therapy doses. The SHSY5Y neuroblastoma line was specifically chosen over the
HTLA230 neuroblastoma line due its superior production of TGFp both /n vitroand in vivo
in preliminary xenograft experiments (Supplementary Fig. S2). Additionally, The SHSY5Y
neuroblastoma line derives from the SK-N-SH line originating from a 4-year old
neuroblastoma patient and is a well-established neuroblastoma line used in the field and
published in other immunotherapy studies(46-50). For examination of tumor progression,
animals were imaged every other day with the IVIS Lumina 100 (Perkin Elmer, Waltham,
MA), and images were scaled to the same minimum and maximum photon distribution prior
to analysis. Animals were injected with 150 mg/kg Xeno-Light D-Luciferin (Perkin Elmer,
Waltham, MA) 10 minutes prior to imaging with the IVIS, during which time animals were
anesthetized with 2% isoflurane. Bioluminescent images were captured with 15 s exposure,
with small binning and f-stop 2, and total bioluminescence was quantified by photon counts
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under individual murine regions of interest (photon counts). For analysis of NK cell
persistence, blood was collected at designated time points from submandibular veins with
Goldenrod Animal Lancets (Braintree Scientific Inc. Braintree, MA) and stored in
K2EDTA-containing Microtainer tubes (BD Biosciences, Franklin Lakes, NJ) at —80 °C.

Assessment of NK Cell Persistence in vivo

Transduced NK cells were detected and quantified in the peripheral blood using digital
droplet PCR (ddPCR) methods. RNA was extracted from collected blood using the Whole
Blood Quick-RNA kit according to the manufacturer’s instructions (Zymo Research, Irvine,
CA). cDNA was prepared from 2000 ng of isolated RNA by performing PCR amplification
with RT buffer, ANTP Mix, MultiScribe RT, RNAse inhibitor, random primers, and nuclease
free water according to the High Capacity RT cDNA kit (Thermo Fisher Scientific,
Waltham, MA) and samples were run with the BioRad QC200 Droplet system according to
manufacturer’s protocols (Bio-Rad Laboratories Inc. Hercules, CA). For identification of
NK cells, primers specific to GFP, RBDNR, NKA, and NKCT construct were used, as
described in the Supplementary Data and Methods.

Statistical Analysis

Results

All experiments were performed in duplicate or triplicate, with sample sizes indicated in
each corresponding figure legend. Data was analyzed using GraphPad Prism software
(GraphPad, La Jolla, CA), and across all figures the solid color bars indicate non-TGFp-
treated groups, whereas striped bars indicate TGFp-treated groups. Comparisons between
untransduced, RBDNR, NKA, and NKCT data were performed using Student’s t-test or Chi-
squared tests, with p<0.05 as considered significant an denoted with a star (*) and p<0.0001
denoted with a two stars (**), unless otherwise noted. For /n vivo experiments, we
performed the log-rank (Mantel-Cox) test for Kaplan-Meier generated survival data, with
p<0.05 as considered significant. Schematic signaling diagrams were generated using
Biorender (Toronto, Canada).

Variant TGFB receptor-modified NK cells are phenotypically and functionally similar to
unmodified NK cells

To examine NK cell phenotype and function following genetic modification of the TGFp
receptor, cord blood-derived NK cells(33, 34, 36) were isolated and stimulated with
irradiated feeder cells and supplemented with recombinant human IL-2 and IL-15(31, 37).
Four days after stimulation, NK cells were divided in to four groups: untransduced (UT),
RBDNR-transduced, NKA-transduced, and NKCT-transduced NK cells as described. (Fig.
2A) Cord-blood derived NK cells were successfully transduced with RBDNR, NKA, or
NKCT variant TGF receptors, as indicated by surface staining of TGFRII and truncated
CD19, which was included in receptor design for identification and selection (Fig. 2B,
TGFARII+CD19+: UT 1.92 + 2.64% vs. RBDNR 43.9 + 24.1% vs. NKA 43.2 + 27.1% vs.
NKCT 39.1 + 26.3%, CD19+: UT 1.86 + 3.57% vs. RBDNR 42.6 + 27.6% vs. NKA 43.9
+ 30.2% vs. NKCT 36.9 £ 29.4%, n>30). Transduced NK cells could be enriched by
performing immunomagnetic sorting with CD19 microbeads to achieve >90% enrichment
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(Supplementary Fig. S3.) Staining for natural cytotoxicity receptors NKp44 and NKp30
showed no significant difference in expression on transduced NK cells compared to their
untransduced counterparts (NKp44: UT 27.4 + 15.6% vs. RBDNR 25.1 + 18.0% vs. NKA
31.9 £ 14.9% vs. NKCT 26.4 £+ 18.2% p>0.05, NKp30: UT 41.1 + 27.7% vs. RBDNR 44.2
+28.9% vs. NKA 41.7 + 26.5% vs. NKCT 41.9 + 31.4% p>0.05, n>5, Fig. 2C,
Supplementary Fig. S4). Similarly, no impairment in the expression of other NK cell surface
markers NKG2D, CD69, CD16, or PD1 was found (p>0.05, n>5, Fig. 2C, Supplementary
Fig. S4). NK cells were labeled with CFSE and co-cultured with unlabeled modified K562s.
Flow cytometric analysis of CFSE dilution over three days demonstrated no changes in NK
cell proliferation following transduction with RBDNR, NKA, or NKCT receptors (fold-
change compared to unstimulated; UT 75.3-fold vs. RBDNR 88.5-fold vs. NKA 41.3-fold
vs. NKCT 64.2-fold, p>0.05, n>5, Fig. 2D, Supplementary Fig. S4). 51Cr-based cytotoxicity
assays with untransduced and transduced NK cells showed maintained cytolysis of K562
target cells in all conditions (UT vs. RBDNR vs. NKA vs. NKCT p>0.05, n>5, Fig. 2E).
Additional cytotoxicity assays with untransduced and transduced cells showed maintained
cytolysis of HTLA230 neuroblastoma target cells in all conditions (UT vs. RBDNR vs.
NKA vs. NKCT p>0.05, n>5, Supplementary Fig. S2). These results showed that
introducing an engineered TGFp receptor for any of the RBDNR, NKA, or NKCT
constructs did not affect NK cell phenotype and function.

TGFp receptor modification protects NK cells from downstream molecular effects of
exogenous TGFp

TGFp binding initiates the phosphorylation of intracellular Smad2 and Smad3 proteins(15).
To investigate the ability of RBDNR, NKA, and NKCT constructs to prevent TGFp-
mediated signaling, we co-cultured untransduced, RBDNR, NKA, and NKCT-transduced
NK cells with TGFp. Cells were harvested 0.5, 1, or 3 hours after TGF exposure, and
either assayed by flow cytometry or lysed to isolate and characterize intracellular proteins.
Flow cytometry demonstrated rapid phosphorylation (Ser465/467) of Smad2/3 when
untransduced NK cells were exposed to TGFp (pSmad2/3: UT 1.36 £ 0.95% vs. UT+TGFB
UT 73.9 £ 20.5%, p= 0.04 at 1 h, n>3, Fig. 3A), but not in NK cells transduced with either
RBDNR, NKA, or NKCT receptors following TGFp exposure (p>0.05 at 1 h, p>0.04 at 3 h,
n>3, Fig. 3A). Similarly, evaluation of Smad2 (Ser465/467) and Smad3 (Ser423/425)
phosphorylation from protein lysate isolated from untransduced and transduced cells after 1
hour of TGFp exposure further demonstrated the protective effect of TGFp receptor-
modifications conferred to NK cells. Protein lysate results are shown from one
representative NK line (Fig. 3B) as well as from pooled NK donor lines (pSmad2 UT+TGFp
vs. RBDNR+TGFp p= 0.025, UT+TGFB vs. NKCT+TGFp p=0.031; pSmad3 UT+TGFp
vs. RBDNR+TGFp p= 0.037, n>5; Fig. 3C). These results demonstrated that Smad2 was
only phosphorylated in UT NK cells exposed to TGFp, while expression of the RBDNR,
NKA or NKCT receptors protected from Smad2 phosphorylation.

TGFB receptor-modified NK cells have increased expression of activation markers and
maintain function in the presence of TGFf

To assess whether the protection from the molecular changes occurring after TGFp exposure
translated to a phenotypic or functional advantage, untransduced and RBDNR, NKA, and
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NKCT-transduced NK cells were examined after 5-days in culture with TGFp. Flow
cytometry showed decreased expression of DNAX Accessory Molecule-1 (DNAM1 fold-
change from non-TGFp exposed: UT 0.39-fold, p= 0.0163, n>5, Fig. 4A) and in NKG2D
(fold-change from non-TGFp exposed: UT 0.58-fold, p= 0.04, n>5, Fig. 4A) in
untransduced NK cells following exposure to TGFp. Surface marker downregulation was
not observed in RBDNR, NKA, or NKCT-transduced NK cells, which all exhibited
protection from these TGFp-mediated phenotype impairments (p>0.05, n>5, Fig. 4A).
Additionally, expression of CD16 was not impaired in transduced cells following TGFp-
exposure, alluding to their potential to successfully mediate an anti-tumor effect via ADCC
as well as cytolysis (Supplementary Fig. S5). Indeed, whereas untransduced NK cells
showed dose-dependent cytotoxicity against SHSY5Y neuroblastoma cells (38.2 £ 4.69%
killing at E:T ratio 40:1), they exhibited impaired cytolytic activity (24.6 + 4.58% killing at
E:T ratio 40:1) following pre-culture with TGFB (Fig. 4B, 4C). Impaired cytolytic activity
was not demonstrated when NK cells transduced to express the variant TGFp-receptors
(RBDNR, NKA, or NKCT) were evaluated following pre-treatment with TGFp (Fig. 4B,
4C), suggesting their functional superiority at killing target cells in a TGFp-rich
environment. As such, we found that not only did expression of the modified TGFB
receptors protect from the molecular signaling occurring in endogenous NK cells following
TGFp exposure, but this protection translated to a protection from altered phenotype and
decreased antitumor activity occurring in untransduced cells exposed to TGFp.

DAP12 and RELA-containing TGF receptor variant NK cells demonstrated increased
expression of molecular activation markers following exposure to TGF@

To examine the induction of NK cell activation, we co-cultured untransduced, RBDNR,
NKA, and NKCT-transduced NK cells with TGF. Cells were harvested 0.5, 1, or 3 hours
after TGFp exposure and either lysed to isolate protein or assayed by flow cytometry. Using
flow cytometry we demonstrated decreasing levels of RELA (p65) in untransduced NK cells
at one and three-hours post-TGF exposure (UT 42.3 + 13.7% vs. UT+TGFp UT 2.02
+1.08%, p=0.02at 1 h UT 21.5 + 11.5% vs. UT+TGFB UT 0.47 £+ 0.46%, p=0.18 at 3 h,
n>3, Fig. 5A, 5B). Similar trends in RELA were seen in RBDNR-transduced NK cells at
one-hour post-TGFB exposure (p=0.31 at 1 h, p=0.18 at 3 h, n>3, Fig. 5A, 5B) NK cells
transduced with either NKA or NKCT variant TGFp receptors demonstrated unaltered p65
expression following exposure to TGFB (NKA p=0.92 at 1 h, p=0.61 and 3 h, n>3; NKCT
p=0.96 at 1 h, p=0.75 at 3 h, n>3), suggesting that NFxB-mediated signaling persisted in
these cells. Evaluation of ERK1/2 (Thr185/Tyr187) and Akt (Ser473) phosphorylation
occurring in protein lysate isolated from untransduced and transduced cells after 1 hour of
TGFp exposure further showed activation in NKA and NKCT-transduced NK cells. While
untransduced and RBDNR-transduced NK cells exhibited decreased or unchanged levels of
Akt phosphorylation (UT vs. UT+TGF p=0.0075, RBDNR vs. RBDNR+TGFf p= 0.282,
n>5; Fig. 5C), NK cells equipped with the activation-inducing TGFp variants had increased
Akt phosphorylation (NKA vs. NKA+TGFp p= 0.0013, NKCT vs. NKCT+TGFp p=
0.0037, n>5; Fig. 5C). In an examination of supernatant isolated from cell cultures after 12-
hours of exposure to TGFB, we found significantly increased TNFa production in NKA-
transduced NK cells after cytokine exposure, as compared to either untransduced or other
variant transduced NK cell groups (NKA+TGFp vs. UT+TGFp p= 0.039, NKA+TGFp vs.
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RBDNR+TGFp p= 0.006, NKA+TGFf vs. NKCT+TGFp p=0.041; Fig. 5D). Taken
together, these results suggest that NK cells transduced to express the TGFp receptor
variants, in particular the NKA modified receptor, demonstrated heightened NK activation,
consistent with our observed molecular changes occurring along the NFxB and PI3K
signaling pathways.

Repeat dosing with TGFp receptor-modified NK cells enhances survival and tumor
eradication in a xenograft model of TGFB-secreting neuroblastoma

We established a xenograft model of human neuroblastoma using SHSY5Y human
neuroblastoma cells(51), inoculated subcutaneously in pre-conditioned immunodeficient
animals. Animals were randomly assigned to six treatment groups: untreated, untransduced
NK cells (UT), mock GFP-transduced NK cells (Mock-Tdx), RBDNR-transduced NK cells
(RBDNR), NKA-transduced NK cells (NKA), and NKCT-transduced NK cells (NKCT).
Following inoculation, animals were treated systemically (43) with 15 x 108 NK cells, and
monitored during alternate day intraperitoneal IL-2 administration for the duration of the
study. Repeated doses of untransduced or transduced NK cells were subsequently given on
Days 0, 7, 14, 21, and 28 following tumor inoculation (Fig. 6A), which mirrors desired
clinical dosing regimens. Tumor growth was monitored every other day by quantifying
bioluminescence (total photon counts) of animals imaged with the IVIS system, using a
normalized photon scale(52, 53). Rapid tumor progression was seen in untreated animals,
who had a median survival of 31 days (Fig. 6B, 6C, Supplementary Fig. S6). Animals
infused with untransduced or mock-transduced NK cells showed delayed tumor progression
compared to untreated animals; however these animals eventually succumbed to tumor
progression (UT median survival = 43 days, Mock-tdx median survival = 48.5 days, Fig. 6B,
6C). In contrast, infusion of RBDNR or NKCT-transduced NK cells led to improved tumor
control and prolonged survival (RBDNR median survival = 88 days, NKCT median survival
= 65 days; survival untreated vs. RBDNR p<0.0001, untreated vs. NKCT p<0.0001; Fig.
6D). Animals treated with NKA-transduced NK cells exhibited superior protection from
tumor progression (Fig. 6B, 6C, Supplementary Fig. S6) and significantly enhanced survival
(progression free survival = 72.9%, survival untreated vs. NKA p<0.0001, UT vs. NKA p=
0.0001, RBDNR vs. NKA p=0.0333, NKCT vs. NKA p=0.0313; Fig. 6D). In an
assessment to determine the immune populations in the peripheral blood of mice using flow
cytometry, we showed that NK cells represented a very minor (<1%) population of the total
lymphoid compartment (Supplementary Fig. S7), and as such, the more sensitive ddPCR
assay was used to identify the presence of unmodified or modified NK cells peripherally.
Therefore, peripheral blood was isolated weekly following the final therapeutic dose of NK
cells on day 28, and RNA was extracted from the blood in order to evaluate the presence of
the NK cell transgene (GFP or TGFp variant receptor) by quantitative ddPCR assay. At 5
and 9 days following the final infusion, modified NK cells were identified in circulation.
Over the next six weeks, there was some evidence of RBDNR and NKCT-transduced NK
cells persisting, although in progressively dwindling numbers as time continued and tumors
progressed (Fig. 6E, Supplementary Table 1). NKA-transduced NK cells, however, persisted
in higher frequencies than either RBDNR or NKCT-transduced NK cells (Fig. 6E,
Supplementary Table 1). Analysis of the TBP transgene in all samples ensured a sufficient
quantity and quality of DNA, and was used to normalize all results.
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Taken together, these data indicate that NK cells modified to express novel variants of a
TGFp-receptor protect cells from the inhibitory effects of neuroblastoma-associated TGFf
and demonstrate superior antitumor efficacy /in vivo. Further, the enhanced persistence of
NKA-transduced NK cells and the significant improvement in progression-free survival in
mice administered NKA-transduced NK cells over the RBDNR and NKCT transduced NK
cell products suggests that coupling the TGFp-receptor modification to the NK-specific
signaling motif DAP12 confers additional therapeutic advantages and prolonged NK cell
persistence /in vivo. (Supplementary Fig. S6).

Discussion

In this study we genetically engineered NK cells with novel TGFp receptors to counter any
suppressive TGFp-mediated signaling and investigated if we could switch the negative
TGFp signal into an activating signal. We demonstrated that phosphorylation of Smad2 and
Smad3 occurred as early as 30 minutes after TGFp-exposure in unmodified NK cells, but
was blocked in RBDNR-, NKA-, and NKCT-transduced NK cells. The signaling cascade
initiated by the phosphorylation of Smad2/3 led to impaired expression of surface
receptors(54) and consequent impairment of antitumor cytolytic function. We found that not
only were cord-blood modified NK cells resistant to the inhibitory effects of tumor-
associated TGFP — they also showed superior antitumor efficacy in a TGFp-rich tumor
setting, specifically when transduced with the NKA receptor. The strategy of rendering cell
therapy products resistant to inhibitory TGFp has been explored in a number of
malignancies(19, 23). However, by fully inactivating the negative TGFp pathway and
converting the inhibitory signal to an ancillary signal, we created a novel and potent NK
cell-specific therapeutic which could be used as an allogeneic “off the shelf” cellular therapy
for the treatment of patients with neuroblastoma.

Use of the synthetic Notch receptor into the NKCT receptor is a strategy conceptualized and
first applied in the setting of chimeric antigen receptor generation for T cells(26, 27). This
strategy employs logic gating, requiring the cell to receive a primary signal in order to
trigger a secondary signal through a “SynNotch” receptor. The “SynNotch” receptor
contains a core regulatory Notch domain, coupled to an intracellular transcriptional domain
that cleaves and engages with nuclear promoters to initiate a given transcriptional change.
The NKCT receptor used here contains the extracellular TGFp dominant negative receptor
coupled to a Notch and RELA-linked domain; engagement of TGF with this receptor
would trigger cleavage of the “SynNotch” motif leading to increased transcription of RELA
(p65) and consequent increase in NK cell activation. Our /n vitro experiments with the
NKCT construct validated this strategy for activating NK cells. However, the potential
advantage of this construct was not borne out /7 vivo, as systemic treatment with NKCT-
modified NK cells achieved antitumor efficacy and progression-free survival no better than
achieved by RBDNR-modified NK cells that only block TGFB-mediated signaling. The size
of the construct might have been a limiting factor, impairing cleavage and translocation of
the large intracellular signaling portion of this receptor. Additionally, because the construct
bypassed a natural signaling cascade instead of leading directly to transcriptional activation,
it is possible that in the TGFB-rich environment NKCT-transduced NK cells could be
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chronically activated causing NK cell dysfunction and apoptosis. Alternatively chronic
activation could have generated a negative feedback loop from inhibitory cytokines(55).

In contrast, the NKA receptor (containing DAP12 fused to the dominant negative receptor
facilitating NK-specific intracellular signaling) led to improved activity /n vivo. In
unmodified NK cells, DAP12 associates with natural activating and cytotoxicity receptors
such as NKG2C and NKp44. Once dimerized, the ITAM-containing cytoplasmic domain can
readily dock with Zap70 and Syk proteins. Global cell activation is the resultant effect of
DAP12-activation, which signals through the PI3BK/ERK and Akt pathways(25, 56-58). By
incorporating the transmembrane and ITAM-containing domains of DAP12 in the NKA
construct, TGFB binding with the engineered receptor triggered activation of DAP12
signaling and enhanced the NK cell activity. The antitumor efficacy of the NKA construct
was superior to that obtained with NK cells engineered only to block TGF signaling, as in
the RBDNR-engineered cells. Furthermore, this additional modification conferred a distinct
survival advantage, with NKA-transduced cells persisting up to 7 weeks following their final
infusion in treated animals. This in turn led to a superior antitumor effect and a survival
advantage in these mice. Further assessment of activation markers expressed by NK cells
isolated ex vivo from treated animals would allow a greater depth of understanding into the
in vivo mechanism, and will be an important component of larger scale efforts as this
approach is translated to the clinic. Although the enhanced PI13K/Akt signaling found /in
vitro indicates successful propagation of DAP12 mediated activation, it does not specifically
address the mechanism through which the TGFBRII-DAP12 linked receptor is forming a
dimer or tetramer, and the resultant signaling cascade. As such, it would be essential for
future studies to further elucidate this signaling mechanism as well as examine other
downstream molecular targets to ensure that enhanced Akt activity would not lead to
artificially enhanced NK cell exhaustion.

Topfer et al. have also incorporated DAP12 signaling into a prostate stem cell antigen
(PSCA)-specific CAR construct. Preliminary results confirmed the benefit of the DAP12
construct over non-DAP12-containing CAR cells(39), however this effort was conducted
with the NK cell line YTS, which, although similar to endogenous NK cells in phenotype,
lacks the KIR expression resident to primary NK cells. Our efforts genetically modifying
primary NK cells derived from cord blood sources represents a clinical relevant application,
where interaction between inhibitory KIRs on NK cells with MHC | variants can have a
large influence on the resultant activity (cytotoxicity or suppression) of NK cells used for
cell therapy. Our modification of NK cells with a combination of enhanced cell activity
through DAP12 and ameliorated TGFP blockade represents a novel and promising cell
therapy approach for neuroblastoma and other malignancies.

One drawback of using CD19 expression to identify transduced cells is that selective
downregulation of either the TGFB modified receptor or the CD19 tag could occur. By using
immunomagnetic beads to selectively enrich our cell populations, we minimized the
likelihood of this happening (Supplementary Fig. S3). While engineered NK cells might
downregulate the modified TGFp receptor over time, our /n vivo studies identified gene
modified NK cells with biological activity beyond four weeks suggesting that the cell
constructs were stable and could exert long-term antitumor effects.
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This report demonstrates preclinical efficacy of a novel mechanism to convert a customarily
inhibitory signal, TGFB, into an activating pathway for NK cells — by doing so, the TGFp-
rich tumor microenvironment is transformed to enhance NK-cell mediated cytotoxicity of
tumors. By generating NK cell products from over 30 umbilical cord blood units, and
through /n vitroand in vivotesting in a human xenograft model of neuroblastoma, this
report supports translation to clinical applications. Further preclinical work is being pursued
to identify the potential mechanisms of escape that could be faced clinically. For example,
examining the function of these variant TGFp receptors in a humanized model would be of
considerable future interest since humanized neuroblastoma models would provide the
opportunity to examine interactions with other immune components (e.g. myeloid derived
suppressor cells) that may also play a role in promoting NK cell dysfunction in the
neuroblastoma setting. Further, ex vivo profiling of immune subsets over time would allow
for further in depth analysis of the interactions between NK cells and other immune
effectors, and could help determine whether the gene engineered NK cells are capable of
eliciting enhanced cytotoxicity through supporting ADCC in addition to tumor-targeted
cytotoxicity. Although many neuroblastomas have decreased or absent levels of MHC I,
rendering them attractive targets for NK-mediated cytolysis, it would also be of considerable
interest in further studies to examine the efficacy of this NK-based immunotherapy in a
tumor that has upregulated MHC | expression as a method of tumor escape. In such a setting
however, combining NK cell therapy with other immunomodulatory agents (small molecule
or epigenetic) may represent an attractive therapeutic avenue. Finally, another priority in
further preclinical testing and in initial clinical readouts would be to determine the extent of
NK cell migration to tumor-draining lymph nodes and other biological niches following
repeat NK cell dosing. While preliminary efforts revealed that CCR2 expression is impaired
in NK cells following exposure to TGFp, and modification with the dominant negative
receptor (and variants) may protect from this decline, further probing of the complete effect
on NK cells migration is the subject of future study.

In summary, cord blood-derived NK cells modified to avoid the inhibitory effects of TGF
represent an efficient way to harness fast-acting innate immune cells for therapy.
Furthermore, our development of novel variant TGFp receptors, composed of the dominant
negative receptor coupled to intracellular signaling domains initiating NK cell activation,
represents a unique approach to transform a classical tumor inhibitory mechanism into a
therapeutic weapon. Our preclinical results support translational research to establish
allogeneic, cord blood-derived, gene-modified NK cells to treat patients with neuroblastoma
and other malignancies that use TGFp secretion as a potent immune evasion mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

The relatively limited treatment options for patients with high-risk neuroblastoma
emphasizes the need for enhanced, more specific therapies. Third party natural killer cells
represent a cell therapeutic with the potential to successfully eradicate tumors, however
their value is limited by the immunosuppressive tumor microenvironment, which
produces cytokines such as TGFp to render NK cells dysfunctional. Our approach
targeting TGFp in the microenvironment using genetically modified receptors that
convert inhibitory signals into activating ones is novel, and it allows for NK cells to
simultaneously resist the immune suppression and achieve enhanced activation leading to
superior /in vitroand in vivo anti-tumor efficacy. With this body of work, we have
generated robust preclinical data which justifies scale-up and translation of this novel cell
therapy platform into the clinic, thus providing a novel therapeutic option for patients
suffering from neuroblastoma and other TGF-secreting malignancies.
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Fig. 1. TGFB signaling in untransduced vs. RBDNR, NKA, or NKCT TGFp-receptor modified

NK célls.

Schematic depicting the effects of TGF binding to the receptor complex: Untransduced
(UT) NK cells express the wild-type TGFBRII, which, when engaged with TGFp in the
tumor microenvironment, initiates a signaling cascade that culminates in impaired NK cell
phenotype and cytotoxicity. NK cells transduced with the RBDNR, NKA, or NKCT variant
TGFp receptors alter the intracellular signaling and allow for maintained or enhanced NK
cell phenotype and cytotoxicity in the setting of tumor-associated TGFp.
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Fig. 2. Generating and characterizing TGFp receptor-modified NK cells.
(A) Vector maps of RBDNR (top), NKA (middle), and NKCT (bottom) constructs. (B) Flow

cytometry demonstrating transduction efficiency based on TGFBRII and/or CD19 positive
staining. Representative flow dot plots and histograms are on the right, and summarizing
data on the left. (C) The phenotype of transduced and untransduced NK cells were examined
by flow cytometry, and mean fluorescent intensity values for a given surface receptor is
depicted in each panel. (D) Transduced and untransduced NK cells were stained with CFSE,
and stimulated with irradiated feeder cells. After 3 days, cells were harvested and assessed
for CFSE dilution by flow cytometry. (E) ®1Cr-labeled K562 target cells were co-cultured at
various effector:target ratios with transduced or untransduced NK cells, and cytotoxicity
after 5 hour co-culture was determined based on chromium content in the supernatant,
calculated with spontaneous and maximum release controls. All data is representative of
experiments with >8 donor lines, with * indicating significant p values <0.05.
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Fig. 3. Examining the molecular effects of TGFp-signaling.
(A) Flow cytometry was performed to examine the expression of phosphorylated Smad2/3 in

transduced and untransduced NK cells after 0.5, 1, and 3 h of exposure to 10 ng/mL TGFp.
Representative histograms are on top, and summarizing data below. (B) Protein was isolated
from transduced and untransduced NK cells after 1 hour of exposure to 10 ng/mL TGF,
and was assessed for phosphorylated Smad2, phosphorylated Smad3, and Smad?2 protein
content by multiplex assay. Representative protein data for NK cells generated from one
donor line. (C) Summarizing protein data for NK cells, where protein amounts are
normalized to that of non-TGFp conditions. All data is representative of experiments with
>3 donor lines, with * indicating significant p values <0.05.
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Fig. 4. Examining downstream phenotypic and functional effects of TGFp-signaling.
(A) Transduced and untransduced NK cells were exposed to TGFp for 5 days, after which

they were harvested and examined for phenotypic changes by flow cytometry.
Representative histograms on the left and summarizing data on the right demonstrates
changes in the expression of DNAM1 and NKG2D, with mean fluorescent intensities
normalized to that of non-TGF conditions. (B) 5Cr-labeled SHSY5Y neuroblastoma cells
were co-cultured at various effector:target ratios with transduced or untransduced NK cells,
and cytotoxicity after 5 hour co-culture was determined based on chromium content in the
supernatant, calculated with spontaneous and maximum release controls. (C) Cytotoxicity of
NK cells against SHSY5Y neuroblastoma at a 40:1 effector:target ratio. All data is
representative of experiments with >7 donor lines, with * indicating significant p values
<0.05.
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Fig. 5. Evaluation of TGFp-signaling induced NK cell activation.

(A) Flow cytometry was performed to examine the expression of p65 (RELA) in transduced
and untransduced NK cells after 0.5, 1, and 3 h of exposure to 10 ng/mL TGFg. (B)
Representative histograms for flow cytometry of p65(RELA) expression on untransduced,
RBDNR, NKA, and NKCT NK cells following 1 h of exposure to 10 ng/mL TGFg. (C)
Protein was isolated from transduced and untransduced NK cells after 1 hour of exposure to
10 ng/mL TGF, and was assessed for phosphorylated ERK1/2 and phosphorylated Akt
protein content by multiplex assay. (D) Supernatant was isolated from NK cell cultures after
12 h of exposure to 10 ng/mL TGFp and concentration of TNFa and IFNy was quantified by
multiplex assay. Summarizing protein and cytokine data is graphed, where protein amounts
are normalized to that of non-TGF@ conditions. All data is representative of experiments
with >3 donor lines, with * indicating significant p values <0.05.
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Fig. 6. Long-term tumor-free survival with repeat doses of NK cell treatment in vivo.
(A) Schematic for our /n vivo neuroblastoma model: immunodeficient mice were

preconditioned, inoculated with luciferase-positive SHSY5Y, treated with systemically
delivered transduced or untransduced NK cells on a weekly basis for 5 weeks, and received
adjuvant IL2. (B) Tumor growth was monitored by evaluation bioluminescence of animals,
which was (C) quantified by total photon counts taken at the same scale. (D) The effect of
treatment with transduced or untransduced NK cells on animal survival over the length of
the study. (E) Untransduced or transduced NK cells were identified using ddPCR methods to
identify transgene copies in systemic blood isolated at weekly intervals following the last
NK treatment. Tumor bioluminescence was qualitatively identified according to the heat
map color scale, in vivoresults are representative with n=5-9 animals/experimental group, *
indicates significant p values <0.05 compared to RBDNR and NKCT animals, * indicates
significant p values <0.05 compared to untreated, UT and Mock-tdx animals, and # indicates
significant p values <0.05 compared to untreated animals only.
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