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ABSTRACT ARTICLE HISTORY
Cancer cell therapies have primarily focused on engineering autologous af T cells with Received 28 April 2025
chimeric antigen receptors (CARs), achieving clinical success against hematologic malig- Revised 13 August 2025

nancies. However, their effectiveness against solid tumors is limited by challenges such Accepted 10 September 2025
as antigen escape, suppression by the metabolically hostile tumor microenvironment KEYWORDS

(TME), and manufacturing difficulties. yd T cells are unconventional T cells with innate Cell therapy; CAR-T cells; y& T
tumor-targeting capabilities independent of MHC class I, making them an emerging cells; solid tumors; IL-21;
candidate for allogeneic cell therapy. While the V&1 T cell subset has shown promising metabolic fitness
anti-tumor killing their clinical application has been hindered by difficulties in achieving

robust expansion for therapeutic use. Here, we evaluated the potential of K562 feeder

cells expressing membrane-bound IL-21 (K562-mb-IL-21) to expand and activate y6 T

cells from peripheral blood. Our findings show that this method preferentially expands

V&1 T cells, resulting in an activated phenotype characterized by enhanced expression of

NK cell activation receptors, innate cytotoxicity against breast and ovarian cancer cells,

and sustained metabolic function in patient-derived ascites TME. When engineered with

a CAR, V81 T cells exhibited further enhanced anti-tumor efficacy in an immunodeficient

NRG xenograft model of human ovarian cancer. These findings highlight K562-mb-IL-21

expanded peripheral blood V51 T cells as a promising ‘off-the-shelf allogeneic therapy

for solid tumors.

Introduction

Autologous chimeric antigen receptor (CAR)-expressing a3 T cell therapies have achieved unprecedented
complete responses in hematologic malignancies including refractory leukemia and lymphoma. Despite this
clinical success, their widespread implementation has been hindered by challenges in manufacturing
personalized cell products including increased time for production and donor variability. In addition,
their efficacy against solid tumors remains limited in part due to the nutrient deficient and immunosup-
pressive solid tumor microenvironment (TME), loss or heterogenous expression of the CAR-targeted
antigen, and potential on-target off-tumor toxicities. Hence, the development of safe and ‘off-the-shelf’
allogeneic adoptive cell therapies that can target tumors with heterogenous antigen expression while
remaining functional in the TME is essential to target solid tumors. Innate cells, which directly sense and
kill tumor cells through recognition of stress associated antigens, offer a promising alternative to CAR-
expressing aff T cell therapies.

¥8 T cells are innate-like T cells that account for approximately 0.5-5% of peripheral blood lymphocytes."
Although low in frequency, yd T cells contribute to cancer immune surveillance and have been identified as
the tumor infiltrating immune cell subset most significantly associated with improved overall patient
survival across 39 different cancers.” There are three main human y8 T cell subsets which are classified
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based on their expression of the variable § (V3) chain of the T cell receptor (TCR). The most prevalent
subset in adult peripheral blood expresses the V82 chain which most commonly associates with the Vy9
chain.” The V81 T cells are the tissue-resident subset representing only approximately 10-20% of y8 T cells
in peripheral blood and commonly reside in the mucosa and subcutaneous tissues.*” Similarly to natural
killer (NK) cells, y8 T cells recognize tumor cells independent of antigen presentation via major histocom-
patibility complex (MHC) class I, allowing them to target tumor cells that downregulate MHC and
demonstrate lower risk for graft-vs-host disease (GvHD).® The varying y8 T cell subsets can be activated
through their TCR in response to different ligands. Vy9 V82 T cells recognize phosphoantigens (pAgs)
which are upregulated on tumor cells in response to stress,” while ligands recognized by V81 T cells are still
not fully characterized but include the CD1 family of proteins.® Independently of their TCR, V81 T cells
recognize stress ligands through NK cell receptors including NKp44, NKp30, DNAM-1, and NKG2D.” '
Activated yO T cells exert anti-tumor killing through degranulation of perforin and granzymes, and Fas and
TRAIL ligands, which trigger target cell apoptosis through death receptor signaling.® Hence, y8 T cells could
be used as an ‘off-the-shelf” allogeneic cellular therapy to overcome current challenges with CAR-expressing
ap T cell therapies.

While y§ T cell immunotherapy has been largely focused on expanding and activating Vy9 V82 T cells,
their clinical efficacy has been limited.'> Harnessing V81 T cells for solid tumors has grown in interest as
tumor infiltrating V81, but not V82, T cells correlate with improved outcomes in various solid tumors
including triple negative breast cancer and non-small cell lung cancer.”'®'” However, large-scale expansion
of VO1 T cells has been a challenge since they are limited in the peripheral blood and are not stimulated by
pAgs. Protocols to expand V1 T cells have used mitogens such as phytohemagglutinin or concanavalin A
which have limited clinical translation, or cytokine cocktails and anti-CD3 or anti-TCR stimulation.!%!!
Artificial antigen presenting cells (APCs) including K562 feeder cells expressing CD19, CD64, CD86, 4-
1BBL and membrane bound IL-15 (K562-mb-IL-15) have been used to expand polyclonal y§ T cells from
CD56-depleted peripheral blood mononuclear cells (PBMCs).'®"

Despite demonstrating anti-tumor capacity, strategies that robustly expand and activate V81 T cells are
needed for their clinical translation. K562 feeder cells expressing membrane-bound IL-21 and 4-1BBL
(K562-mb-IL-21) have been used for the large-scale expansion of highly potent anti-tumor human NK cells
for clinical use.’>*' The high yields driven by this method has been attributed to increased immune cell
telomere length and telomerase reverse transcriptase expression in expanded NK cells, enabling sustained
long-term proliferative capacity.”>*® Further, we have shown that IL-21 based expansion metabolically
reprograms human NK cells, allowing them to sustain their metabolism and potent anti-tumor functions in
the TME.** Therefore, we propose that K562-mb-IL-21 cells may show benefits over mb-IL-15 APCs for
expanding other innate-like immune cells such as y§ T cells.

In this study, we evaluated the anti-tumor functions of peripheral blood-derived y§ T cells expanded with
K562-mb-IL-21 feeder cells for use as an ‘off-the-shelf’ cell therapy. We found that expansion of PBMCs
long-term with K562-mb-IL-21 cells gives rise to activated y§ T cells primarily comprising of V81 T cells.
Expanded y8§ T cells display innate cytotoxicity against breast and ovarian cancer cells in vitro, control
tumor growth in vivo, and retain their metabolic function in an immunosuppressive patient-derived ovarian
cancer model of the TME. The anti-tumor capacity of these expanded V81 T cells against epithelial-derived
tumors is further enhanced through stable expression of a human epidermal growth factor receptor 2
(HER2)-specific CAR. These results support the potential of expanded V81 T cells as an ‘off-the-shelf’
therapy for solid tumors and provide a foundation for further modifications of expanded V81 T cells to
enhance their clinical efficacy.

Materials and methods
Ethics

The use of human samples was approved by the Hamilton Integrated Research Ethics Board (13-813T-
Ashkar) located in Hamilton, Ontario. Peripheral blood was collected from healthy donors at McMaster
University and malignant ascites fluid was collected from patients with high-grade serous ovarian cancer
undergoing paracentesis at the Juravinski Cancer Centre located in Hamilton, Ontario. Written informed
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consent was provided by all donors prior to sample collection. Experiments involving mice were conducted
according to protocols, and in compliance with regulations, approved by the McMaster Animal Research
Ethics Board (AUP# 21-04-12) located in Hamilton, Ontario and the study adhered to ARRIVE guidelines.

Cell lines

The adherent human ovarian cancer OVCARS8 and SKOV3 cells, the triple negative breast cancer MDA-
MB-231 cells and the breast cancer SKBR3 cells were generously obtained from Dr. Karen Mossman
(McMaster University). The OVCARS8 and SKOV3 cells engineered to express a luciferase gene were
previously generated as previously described.”*** The suspension K562 feeder cells engineered to express
mb-IL-21 or mb-IL-15 as previously described were kindly obtained from Dr. Dean A. Lee (Nationwide
Children’s Hospital).”>*® Adherent cell lines were cultured in Dulbecco’s Modified Eagle’s Medium
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, 100 ug/mL
streptomycin and 1% HEPES (complete) at 37°C and 5% CO2. Suspension cell lines were cultured in
complete RPMI 1640 media at 37°C and 5% CO2.

yé T cell and NK cell expansion

PBMCs were isolated from whole blood via density gradient centrifugation by layering blood diluted in PBS
on Lymphoprep at a final 1:1:1 ratio (STEMCELL Technologies). To expand yd T cells, either bulk PBMCs
or CD3+ T cells isolated from PBMCs using the EasySep ™ Human CD3 Positive Selection Kit II
(STEMCELL Technologies) were co-cultured with K562 mb-IL-21 cells at a 1:2 ratio. For some experiments,
bulk PBMCs were expanded using K562 mb-IL-15 at 1:2 ratio. The EasySep’™ Human CD3 Positive
Selection Kit IT (STEMCELL Technologies) was used to isolate expanded y8 T cells from the bulk PBMC
expanded cultures. CD3+ isolated cells were re-expanded with K562 mb-IL-21 cells and y§ T cells were
expanded for a minimum of 5 weeks prior to use in functional assays. Cells were cryopreserved in 10%
DMSO, 20% FBS, and 70% complete RPMI 1640 media. The phenotype of expanded yd T cells used in
functional assays is found in Table 1.

Table 1. Phenotypic characteristics of expanded yd T cells used in functional assays.

Donor % CD3+ % CD3-CD56+ % aff TCR+ % vy TCR+ % V&1+ % V62+ % V81-V62-
1 98.7 1.1 0 99.4 97.3 0 2.72
2 99.4 0.31 5.33 91.7 99.0 0 1.0
3 96.5 2.51 0.15 97.7 225 0 774
4 98.1 0.82 1.87 97.7 99.2 0 0.68
5 98.8 0.72 0.24 93.6 99.3 0 0.24
6 99.4 0.3 11.5 87.3 40.8 0 59.1
7 97.9 1.71 1.59 95.9 85.2 0.4 14.3

Similarly, NK cells were expanded from PBMCs using K562-mb-IL-21 cells at a ratio of 1:2. All expanded
y6 T cell and NK cell cultures were maintained in complete RPMI 1640 media supplemented with human
IL-2 (100 U/mL) and cultured at 37°C and 5% CO,. All cultures were replenished with irradiated feeder cells
on a weekly basis and media and IL-2 was replaced every two to three days.

Y8 T cell isolation

Fresh unexpanded human y8 T cells were isolated from PBMCs using a TCRy/6+ T cell isolation kit
(Miltenyi Biotec) or a EasySep™ Human Gamma/Delta T Cell Isolation Kit (STEMCELL Technologies) and
were used immediately in functional assays.

V82 T cell expansion

VY9 V82 T cells were activated with 10 mM Zoledronic acid (Sigma-Aldrich) and 4 ng/mL IL-2 (Cellgenix)
from bulk PBMCs. PBMCs were seeded at 2x10° cells/cm” in a 24-well G-Rex plate (Wilson Wolf). Cells
were maintained in complete RPMI 1640 supplemented with 1 mM sodium pyruvate, 1 mM non-essential
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amino acids, and 55 uM B-mercaptoethanol for the first 4 days of culture. On day 4 of culture, cells were
collected, rinsed with PBS and resuspended in CTS OpTmizer T cell Expansion SEM (Gibco) supplemented
with 1X Glutamax Supplement (Gibco) and 5% CTS Immune Cell Serum Replacement (Gibco). A 75%
media replacement was performed every 3-4 days with 4 ng/mL IL-2 added every 2-3 days and 5 ng/mL IL-
15 (BioLegend) added every 2-3 days starting on day 7 of culture. Cells were harvested on day 14 of culture,
depleted of aff T cells using CD4 and CD8 Microbeads (Miltenyi Biotec). Purified cells were cryopreserved
in CryoStor CS10 (StemCell Technologies), thawed, and rested in IL-2 (1.5 ng/mL) and IL-15 (5 ng/mL) for
24 h prior to use in experiments.

Incubation in ascites fluid

Cell-free ascites fluid was obtained by passing fluid through a 100 pm and 40 um nylon filter mesh followed by
centrifugation to remove cells as previously described.** y8 T cells were incubated in complete RPMI media
only or in 90% cell-free ascites fluid. A low-dose of IL-15 (10 ng/mL) was added to both conditions to sustain
their viability for three days prior to cytotoxicity, nutrient receptor expression, or extracellular flux assessment.

Generation of HER2 CAR/AAVS1 KO V&1 T cells

The protocol to generate CAR-expressing expanded V81 T cells was adapted from a previously described
protocol used for human NK cells.”” Briefly, expanded V81 T cells were electroporated with HiFi CRISPR/
Cas9 Nuclease V3 (Integrated DNA Technologies) and guide RNA targeting the AAVS1 safe harbor locus.
After electroporation, cells were transduced with ssAAV6 encoding the HER2 CAR construct at a 300K
multiplicity of infection (MOI). Wild type control V81 T cells were generated by electroporating cells with
CRISPR/Cas9 without AAV transduction (WT-AAVS1 KO) or only electroporating cells without CRISPR/
Cas9 (WT-Electroporated). The CAR construct contains a HER2-specific DARPin28z binding domain, a
CD28 co-stimulation domain, and the cytoplasmic domain of CD3E for signaling as previously described,*®
with the modification of an IgG heavy chain for the hinge domain. The transduced cells were replenished
with irradiated K562 mb-IL-21 cells 48 h after electroporation and cryopreserved after 7 days. Cells were
replenished with irradiated K562 mb-IL-21 cells weekly post-thaw to expand cells for functional assessment.

In vitro cytotoxicity and degranulation assays

Cytotoxicity and degranulation assays were performed as previously described.”**® Briefly, OVCARS,
SKBR3, or MDA-MB-231 tumor cells were stained with carboxyfluorescein succinimidyl ester (CFSE;
Sigma-Aldrich) for 15 min at 37°C prior to co-culture with effector cells. CFSE+ target cells were plated
with effector cells in a 96-well plate at indicated effector:target (E:T) ratios. After 5 h, cells were stained with
Fixable Viability Dye eFluor 780 (APC-Cy7; Thermo Fisher) for tumor cell death assessment. For transwell
cytotoxicity assays, effector cells were seeded in the apical surface of the 0.4 um transwell (Sarstedt) at 4:1 E:
T ratio and CFSE+ OVCARS cells were seeded in the basolateral surface. After 5 h, cells in the basolateral
surface were collected and stained with Fixable Viability Dye eFluor 780. Tumor cell death was determined
by gating on CFSE+/APC-Cy7+ cell events. The formula used to calculate % specific lysis was: ((% tumor
cell death — % basal tumor cell death)/(100- % basal tumor cell death)) x 100.

To evaluate the degranulation, CFSE+ target cells were co-incubated with effector cells at a 1:1 E:T ratio
in a 96-well plate in the presence of an anti-CD107a antibody. After 1 h, GolgiStop (2.0 uM;BD Biosciences)
was added and the plate was incubated for an additional 4h at 37°C until staining with extracellular
antibodies. Cells were also stained for intracellular IFN-y expression. For all assays, 50, 000-200,000 target
cells were added per well and all conditions were performed in duplicates.

Cytokine quantification after cell stimulation

In some experiments, expanded y§ T cells were stimulated for 24 h with IL-15 (20 ng/mL), IL-12 (10 ng/
mL), IL-18 and IL-2 (100 IU/mL) or media only with IL-2 (100 IU/mL). GolgiStop was added during the last
20 h of the incubation. Cells were counted and washed followed by intracellular staining for IFN-y
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expression. To assess cytokine expression after PMA/Ionomycin stimulation, freshly isolated and expanded
yS T cells were incubated with the Leukocyte Activation Cocktail containing BD GolgiPlug (BD
Biosciences) for 4 h according to manufacturer’s instructions followed by intracellular staining with anti-
IFN-y and anti-TNF-a antibodies.

Assessment of tumor cell apoptosis

OVCARS8 or MDA-MB-231 cells were labeled with the cell membrane-labeling DiD dye (APC-Cy?7,
Invitrogen) according to manufacturer’s instructions. To evaluate the level of cleaved caspase-3 expression
induced by y§ T cells, DiD-labeled OVCARS8 or MDA-MB-231 cells were co-cultured with the effector cells
in a 96-well plate at the indicated E:T ratios for 5 h at 37°C. After the incubation, cells were washed with PBS
and stained with Fixable Viability Dye BV510. The cells were then fixed and permeabilized and incubated
with a Cleaved Caspase-3 Rabbit monoclonal antibody (1:400; Cell Signalling Technology) for 30 min at
room temperature (RT). Cells were washed and then incubated with an Alexa 488-conjugated anti-Rabbit
IgG (H+L), F(ab’)2 Fragment (1:500; Cell Signaling Technology) secondary antibody for 30 min at RT. DiD
+ cells were gated on APC-Cy7+and Alexa 488+ events to detect tumor cells having undergone apoptosis.

Receptor blocking assays

Expanded yd T cells were incubated for 1h at 37°C and 5% CO, with blocking antibodies and then co-
cultured with CFSE-labeled OVCAR8 or MDA-MB-231 cells in duplicates at a 4:1 E:T ratio in a 5h
cytotoxicity assay. The antibodies used were anti-NKG2D (3 ug/mL, BioLegend, Clone 1D11), anti-yd
TCR (3 pg/mlL, InvitrogenTM, Clone 5A6.E9), anti-DNAMI1 (5 pg/mL, BD Biosciences, Clone DX11), anti-
FasL/TNESF6 (2 pg/mL, R&D systems, Clone 100,419), and anti-human TRAIL/TNFSF10 (1 pg/mL, R&D
systems, Clone 75,411). For all experiments, expanded y§ T cells were also incubated with matched
concentrations of the matched isotype controls. The isotype controls used were mouse IgG1 isotype control
(R&D systems) and mouse IgG2B isotype control (R&D systems).

Seahorse extracellular flux assays

Real-time analysis of expanded yd T cell extracellular acidification rate (ECAR) and oxygen consumption
rate (OCR) was assessed using the Seahorse XF Glycolytic Stress Test (GST, Agilent Technologies) or the
Seahorse XF Mito Stress Test (MST, Agilent Technologies), respectively. Assays were performed as
previously described for expanded NK cells.** Briefly, expanded y8 T cells were washed and resuspended
in GST or MST assay medium and 200,000 cells/well were plated in triplicates on 96-well plates that were
pre-coated with Poly-L-Lysine (Sigma-Aldrich). ECAR and OCAR was measured using a Seahorse XFe96
Analyzer and Wave Software (Agilent Technologies) according to manufacturer’s instructions.

Mice

NOD-Ragl”"TI2rg”~ (NRG) mice were obtained from The Jackson Laboratory and bred and housed at
McMaster’s Central Animal Facility in specific pathogen-free conditions with 12 h light/12h dark daily
cycles. Only female mice at an age of 7-20 weeks were used at no more than 5 mice per cage and the control
and treated mice were age-matched.

In vivo xenograft tumor models and adoptive transfer

For the OVCARS model, NRG mice were injected intraperitoneally with 2.5x10° OVCARS-luciferase cells
at day zero. Two days after tumor engraftment, 20 x10° expanded y8 T cells were injected intraperitoneally
at the indicated time points. For experiments assessing the efficacy of CAR-engineered V81 T cells, NRG
mice were injected intraperitoneally with 5x10° SKOV3-luciferase cells. Two days after tumor engraftment,
10x10° CAR-engineered V81 T cells or control cells were injected intraperitoneally. Human IL-2 (20,000
IU/mouse) was administered intraperitoneally every two to three days in both experiments. To quantify
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tumor burden, D-Luciferin (Perkin Elmer) was injected intraperitoneally into mice, and bioluminescence
(radiance) was measured after 14 min using an IVIS Spectrum Imaging System. Radiance (photons/sec/
cm?/sr) was quantified using the Living Image Software (Perkin Elmer). The tumor burden was averaged
across experimental conditions prior to expanded y§ T cell administration. The investigators were not
blinded in the study. Weight and body condition was tracked twice a week for endpoint assessment. Percent
change in weights was calculated as: [(weight — weight before adoptive transfer)/weight before adoptive
transfer) *100%]. Mice were anesthetized under gaseous anesthesia using isoflurane and humanely eutha-
nized following procedures based on guidelines by the Canadian Council on Animal Care and approved by
the McMaster’s Animal Research Ethics Board.

Flow cytometry

Cells were first stained for viability for 30 min at 4°C in the dark. Cells were then washed in PBS and stained
with fluorescently labeled antibodies in FACS buffer (0.2% bovine serum albumin in PBS). To assess HER2-
CAR expression, cells were incubated with a HER2 Fc-chimeric protein (R&D systems) at RT for 30 min,
followed by staining with an anti-human IgG Fc antibody as previously described.”® To measure DNAMI,
cells were first incubated with anti-DNAM1 antibody (BD Biosciences, clone DX11), followed by staining
with a rat anti-mouse IgG1 antibody. Stained cells were washed with FACS buffer and fixed with 2%
Paraformaldehyde at 4°C for 30 min if no intracellular staining was performed. For intracellular staining,
cells were first fixed and permeabilized using the Fixation/Permeabilization Solution Kit (BD Biosciences)
then incubated with intracellular antibodies. All antibody staining steps were performed for 30 min at 4°C in
the dark. The antibodies and stains used for flow cytometry can be found in Table 2. A BD LSRFortessa (BD

Table 2. List of antibodies and stains used for flow cytometry.

Antibody Clone Company
CD56 Bv421 NCAM16.2 BD Biosciences
CD56 PE-CF594 NCAM16.2 BD Biosciences
TIGIT AlexaFlour 647 A15153G BioLegend
Perforin PE-Dazzle549 DG9 BioLegend
NKp30 APC P30-15 BioLegend
NKp44 PE P44-8 BioLegend
CD3 APCH7 SK7 BD Biosciences
CD3 PerCp-Cy5.5 UCHT1 BioLegend

ap TCR AlexaFluor 488 P26 BioLegend

af TCR APC P26 BioLegend

y6 TCR BV650 B1 BD Biosciences
V82 PerCp-Cy5.5 B6 BioLegend
V&1 PE T58.2 ThermoFisher
CD107a APC H4A3 BD Biosciences
IFN-y BV421 4S.B3 BD Biosciences
TNF-a Mab11 BioLegend
NKp46 BV786 9-E2 BD Biosciences
TIM-3 BV786 7D3 BD Biosciences
CD14 PE-Cy7 M5E2 BD Biosciences
CD71 BV711 M-A712 BD Biosciences
CD98 PE UM7F8 BD Biosciences
CD69 PE-CF594 FN50 BD Biosciences
CD158a APC HP3E4 BD Biosciences
CD158b PE DX27 BioLegend
CD158e1 AlexaFluor 700 DX9 BioLegend
Granzyme A APC CB9 BioLegend
Granzyme B AlexaFluor 700 QA18A28 BioLegend
NKG2A PE-Vio770 REA110 Miltenyi Biotec
Glut1 FITC 202915 R&D Systems
NKG2D PerCP-Cy5.5 D1 BD Biosciences
CD69 PE-CF594 FN50 BD Biosciences
FasL PE NOK-1 BioLegend
TRAIL APC RIK-2 BioLegend

19G Fc PE QA19A42 BioLegend
19G1 PE Cy7 RMG1-1 BioLegend
Cell stain Company

Fixable Viability Stain 510 BD Biosciences

eFluor780 Fixable Viability Dye eBioscience

Viybrant DiD Cell-Labeling Solution Invitrogen
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Bioscience) or 5L Cytek Aurora (Cytek Biosciences) was used for sample acquisition and FlowJo software
was used for data analysis.

Statistical analysis

All data are expressed as mean * Standard Error of the Mean (SEM) unless otherwise described. Differences
in means between two groups were analyzed using a two-tailed Student’s t-test. An analysis of variance
(ANOVA) was used to determine differences between three or more groups, and a two-way ANOVA was
used when there were two independent variables. The specific post hoc tests used for multiple comparisons
are provided in the figure legends. The statistical tests were conducted using GraphPad Prism version 10.
The level of statistical significance is indicated by asterisks (*p < 0.05, **p <0.01, ***p <0.001, ****p <
0.0001). The number of replicates for each experiment is provided in the figure legends. Sample size was
not determined using a priori sample size calculation.

Results
V61 T cells preferentially expand long-term using membrane-bound IL-21 feeder cells

Robust and scalable methods are still needed to generate large quantities of functional yd T cells, particularly
for the V81 subset, from accessible sources to enable their development as an oft-the-shelf therapy. Here, we
assessed the potential of K562 mb-IL-21 feeder cells to expand yd T cells from healthy donor peripheral
blood. We first co-cultured the irradiated feeder cells with bulk PBMCs or isolated CD3+ T cells every seven
days with 100 U/mL of IL-2 and tracked the proportion and fold expansion of NK, af T, and y§ T cells in
the cultures weekly (Figure 1A). The proportion of y§ T cells in the CD3+ population increased after six
weeks of expansion in both co-culture conditions compared to baseline (Figure 1B). When tracking fold
expansion, both y§ T cells and aff T cells in the isolated CD3+ T cell cultures had greater fold expansion
compared to the bulk PBMC co-cultures (Figure 1C,D). This was expected, as majority of expanded live
cells in the bulk PBMC co-cultures were NK cells (Figure 1E). However, there was a trend toward a higher
proportion of y0 T cells and lower frequency of afp T cells in the CD3+ population within the bulk PBMC
co-cultures compared to CD3+ T cell isolated co-cultures (Figure 1F-H). Hence, expanded y§ T cells were
isolated from bulk PBMC expanded co-cultures using a CD3+ immunomagnetic positive selection kit
before further expansion prior to use in functional experiments. We also assessed the impact of cryopre-
servation and thawing on the viability and proportion of cell subsets within the bulk PBMC expanded
cultures. We did not detect a decrease in the viability or change in the proportion of cell subsets post-thaw
(Figs. SIA-D). We further tracked the proportion of the V81+, V82+, and V81-V82- y§ T cell subsets
throughout eight weeks of expansion in the bulk PBMC co-cultures (Figure 1I). The percentage of V1 T
cells significantly increased from mean 6.14 + 3.99% at pre-expansion to mean 70.20 + 11.37% after eight
weeks (Figure 1J). The V82 T cells became almost completely absent after the expansion, significantly
deceasing from mean 81.50 = 7.60% to mean 3.79 £ 2.91%. Lastly, the percentage of V81-V82- T cells did
not significantly increase post-expansion. We also assessed the expansion of y§ T cells from bulk PMBCs
using K562-mb-IL-15 feeder cells due to previous studies showing their ability to expand polyclonal yd T
cells.'"®** We found there was a trend toward a lower proportion of y§ T cells within the CD3+ population
(mean 58.02 £ 30.30) after five weeks compared to cultures expanded with K562-mb-IL-21 cells (mean
76.85 + 15.13) (Figs. S2A,B). Further, there was also a lower proportion of Vo1 T cells five weeks post-
expansion (Fig. S2C). Overall, these results demonstrate the potential of K562-mb-IL-21 feeder cells to drive
efficient expansion of human yd T cells, particularly the V31 T cell subset, from healthy donor blood.

Expanded yd T cells exhibit heighted activation marker expression and innate cytotoxicity against
solid tumor cell lines

Having achieved robust expansion from PBMCs, we moved to assessing expanded yd T cell anti-tumor
functions against solid malignancies. We first measured expression of activation and inhibitory markers
involved in mediating y0 T cell anti-tumor killing. We found that expansion significantly increased yd T cell
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Figure 1. K562 mb-IL-21 feeder cells lead to V61 y6 T cell expansion from PBMCs long-term. (A) Bulk PBMCs or CD3+ T cells
were isolated from healthy donor peripheral blood and expanded using K562-mb-IL-21 feeder cells and IL-2 (100 U/mL)
weekly. The expansion of NK cells, af T cells, and y& T cell from each co-culture was tracked weekly. (B) Representative flow
plots showing the percent ap TCR+ and yd TCR+ events of CD3+ T cells pre-expansion and at six weeks post-expansion. (C)
Fold expansion of NK cells (CD3-CD56+), ap T cells and y6 T cells in bulk PBMC co-cultures. (D) Fold expansion of aff T cells
and y6 T cells in CD3+ isolated co-cultures. (E) The proportion of NK cells, af T cells, and y& T cells out of total live cells in co-
cultures expanded from bulk PBMCs (F,G) the proportion of af TCR+ and yé TCR+ cells out of CD3+ T cells in co-cultures
expanded from bulk PBMCs (F) or from CD3+ T cells (G). (H) The percent aff TCR+ and yé TCR+ cells of CD3+ T cells five
weeks post-expansion in bulk PBMC or CD3+ isolated T cell co-cultures. 1) Representative flow plots showing the percent
V61, V62, and V61- V82- y& T cells expanded from bulk PBMCs pre-expansion and eight weeks post-expansion. The
proportion of V&1, V62, and V&1-V82- y6 T cells in co-cultures over eight weeks of expansion was graphed. J) The
percentage of V81, V82, and V61-V82- y6 T cells pre-expansion and eight weeks post-expansion. Data represent mean +
SEM of four to six biological replicates per condition. **p < 0.01, ***p < 0.001, ns, not significant (H; two-way ANOVA with
Sidak’s post hoc tests, J; two-way ANOVA with Tukey’s post hoc tests).

surface expression of the NKG2D, NKp30, and NKp44 NK cell activation markers, and the CD69 activation
marker (Figure 2A,B). Meanwhile there were no significant differences in surface expression of NKG2A and
the killer immunoglobulin-like receptors (KIRs) CD159a, CD158b, and CD158e. Expression of the
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Figure 2. Expanded y6 T cells have enhanced expression of activation markers and exhibit innate cytotoxicity against
various solid tumor cell lines. (A) Representative flow plots showing expression of activation and inhibitory markers in
freshly isolated or expanded y& T cells. (B) The percent expression of activation markers and inhibitory markers was
quantified by flow cytometry (n=6). (C) Cell-mediated cytotoxicity of freshly isolated and expanded yd T cells against
OVCARS cells at different effector: target (E:T) ratios. The percent-specific lysis was graphed. D) The percent expression and
MFI of perforin, granzyme A, and granzyme B was measured intracellularly in freshly isolated and expanded yé T cells. (E)
Cell-mediated cytotoxicity of expanded yé T cells against OVCARS8, SKBR3, and MDA-MB-231 tumor cell lines. Graphs show
the percent-specific lysis. (F-H) Expanded NK cells or y6 T cells were co-cultured with OVCAR8 or MDA-MB-231 cells at a 1:1
E:T ratio for 5 h. F) Representative flow plots of IFN-y and CD107a expression by expanded y6 T cells and NK cells co-cultured
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exhaustion/co-inhibitory receptors TIGIT and TIM3 was significantly upregulated in expanded y6 T cells
compared to unexpanded y8 T cells (Figure 2A,B). We also found that expansion significantly enhanced y§
T cell expression of CD56 (Fig. S3A). Although CD56 is known as the prototypical maker for human NK
cells, CD56 is also expressed on y8 T cells and has been correlated with enhanced anti-tumor activity.”>>'
CD56 expressing expanded yd T cells showed significantly higher expression of NK cell activation markers:
NKG2D, NKp30, NKp44, and CD69 and inhibitory markers: NKG2A, CD158a, CD158b, TIGIT, and TIM3
compared to the CD56-negative expanded y§ T cells (Figs. S3B,C). Overall, these results suggest that
expanded y§ T cells have a higher activation status than peripheral blood y§ T cells.

We then compared the cytotoxicity of freshly isolated yd T cells against OVCARS8 human ovarian cancer
cells and found that expanded y§ T cells exerted significantly higher tumor killing at higher effector-to-
target (E:T) ratios (Figure 2C). When assessing intracellular expression of perforin and granzymes, which
are cytotoxic molecules that mediate tumor cell death, we detected significantly higher expression of
granzyme A and MFI of granzyme A and B in expanded y§ T cells compared to unexpanded y§ T cells
(Figure 2D). Surprisingly, a significantly lower MFI of perforin was seen in expanded y§ T cells. We also
compared the cytotoxicity of zoledronate activated V82 T cells to donor-matched expanded V61 T cells
against OVCARS cells (Figs. S4A,B). Expanded V81 T cells exhibited a trend for greater killing at the 2.5:1
and 5:1 E:T ratios compared to V82 T cells (Fig. S4C). To see whether expanded y§ T cells have broad
antigen-independent anti-tumor functions we assessed their killing against SKBR3 HER2+ breast cancer
cells and MDA-MB-231 human triple negative breast cancer cells. Expanded yd T cells exerted cytotoxicity
against all three cell lines, with OVCARS cells being the most sensitive to expanded yd T cell killing (Figure
2E). However, there was an overall lack of improvement in cytotoxicity at the 10:1 E:T from the 5:1 E:T
ratio. We next assessed degranulation (by measuring extracellular CD107a expression) and IFN-y expres-
sion of the expanded y§ T cells in response to OVCARS8 and MDA-MB-231 tumor targets (Figure 2F). We
included donor-matched expanded NK cells as an internal control for some experiments. We found that
expanded y§ T cells exhibited significantly less degranulation and IFN-y expression in response to
OVCARS tumor cell stimulation compared to expanded NK cells (Figure 2G). Similarly, expanded y§ T
cells had low levels of degranulation and IFN-y expression against MDA-MB-231 cells (Figure 2H). To
confirm that expanded y8 T cells could induce apoptosis in tumor targets, we assessed the expression of
cleaved caspase-3 after co-incubation with OVCARS8 or MDA-MB-231 target cells for five hours. Indeed,
cleaved caspase-3 expression in apoptotic tumor cells increased with increasing effector: target (E:T) ratios
in both cell lines (Figs. S5A,B).

Due to minimal IFN-y expression detected in response to tumor targets, we asked whether stimulation
with PMA/Ionomycin or cytokines could induce pro-inflammatory cytokine expression by expanded y6 T
cells. Stimulation using PMA/Ionomycin resulted in robust expression of IFN-y and TNF-a which was
comparable to freshly isolated y38 T cells (Fig. S6A). We then tested stimulation with IL-12, IL-18, and IL-15,
as this cocktail has been demonstrated to enhance y§ T cell IFN-y expression independent of TCR
signaling.®> We found that stimulation with these cytokines could induce IFN-y expression by expanded
y6 T cells in both V61+ and V81-V82- T cell subsets, with the extent of IFN-y expression being donor-
dependent (Figs. S6B,C). These results suggest that expanded yd T cells have the capacity to express IFN-y
but it is not triggered by the recognition of the tumor cells tested in this study. Overall, these results suggest
that the innate cytolytic function of expanded y8 T cells may occur independently of degranulation events
measured through CD107a.

Expanded yd T cells control tumor burden in a xenograft ovarian cancer model

To further evaluate the anti-tumor capacity of expanded yd T cell we assessed their ability to reduce tumor
burden using a preclinical xenograft model of human ovarian cancer. NRG mice were injected intraper-
itoneally with OVCARS-Luciferase cells (OVCAR8-Luc) and then administered either PBS (tumor only) or

with OVCARS cells. G,H) The percent expression of IFN-y and CD107a in the effector cells after incubation with OVCARS (G)
or MDA-MB-231(H) cells was quantified by flow cytometry. Data represent mean + SEM of three to nine biological replicates
per condition. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 ns, not significant (B,D; paired two-tailed t-test, C; two-way
ANOVA with Sidak’s post hoc tests, G; unpaired two-tailed t-test).
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Figure 3. Expanded V61 T cells reduce tumor burden in an OVCAR8 human ovarian cancer xenograft model. A) Expanded y6
T cells were adoptively transferred intraperitoneally (i.p.) to NRG mice two days post-injection with OVCAR8-luciferase cells.
IL-2 (20,000 U/mouse) was administered every two to three days to support y6 T cell survival in vivo. Schematic shows
experimental procedure. B) The tumor burden was quantified via bioluminescence at different time points. C) Tumor
burden at day 21 post tumor engraftment. Radiance units are photons/sec/cm2/sr. Data represent mean + SEM of four to six
mice per group. **p < 0.01, ****p < 0.0001 (B; two-way ANOVA with Sidak’s post hoc tests, C; unpaired two-tailed t test).

20x10° expanded Y8 T cells from a donor with > 95% V81 T cells at multiple time points (Figure 3A). Tumor
burden was assessed by measuring bioluminescence over 21-days post-tumor engraftment in both groups.
Administration of expanded V81 T cells significantly controlled tumor growth compared to mice that did
not receive adoptively transferred cells (Figure 3B,C). These results demonstrate that K562-mb-IL-21
expanded V81 T cells exert in vivo anti-tumor efficacy despite low levels of degranulation detected in vitro.

Blocking yé TCR, NKG2D, and DNAM-1 does not abrogate expanded yd T cell cytotoxicity

After confirming in vitro and in vivo anti-tumor activity of expanded y§ T cells, we next sought to determine
the ligand interactions mediating their cytotoxicity against tumor cell lines used in this study. We first
confirmed that expanded yd T cell-mediated killing was contact dependent as we detected no tumor cell
death when yd T cells were placed in the apical side of a transwell chamber (Figure 4A). We then used
blocking antibodies against the y0 TCR and NK cell activation receptors known to mediate y0 T cell
engagement and assessed the effect on expanded y8 T cell killing (Figure 4B).>> We found no significant
difference in the killing of OVCAR8 and MDA-MB-231 cells by expanded y8 T cells when NKG2D or the y§
TCR was blocked in isolation or in combination compared to isotype controls (Figure 4C-E and Figs. S7A-
C). As DNAM-1 has also been shown to play a role in y§ T cell tumor cell recognition we also measured
DNAM-1 expression and assessed its involvement in mediating expanded Y8 T cell cytotoxicity.>* Expanded
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Figure 4. Expanded yd T cell cytotoxicity is not abrogated by blocking NKG2D, DNAM-1, or the y& T cell receptor. (A)
Schematic of transwell killing assay: OVCARS cells were seeded in the basolateral side and expanded yé T cells were added
to the apical side of a 0.4 pm transwell. After five hours, the percent live tumor cells seeded in the transwell or after direct
contact with expanded y& T cells was calculated. (B) Schematic: expanded y& T cells were incubated with blocking
antibodies for one hour followed by co-culture with tumor target cells for an additional five hours at a 4:1 effector-to-
target ratio. (C, D) Relative change in specific lysis against OVCAR8 cells in the presence of blocking antibodies against
NKG2D and the yd TCR either individually (C) or in combination (D) was calculated compared to isotype controls. E) Relative
change in specific lysis against MDA-MB-231 cells in the presence of blocking antibodies against NKG2D and the y& TCR was
calculated compared to isotype controls. F,G) Relative change in specific lysis against OVCAR8 (F) or MDA-MB-231 (G) cells in
the presence of blocking antibodies against DNAM-1, NKG2D, and the y6 TCR was calculated compared to isotype controls.
Data represent mean + SEM of three to four biological replicates per condition. **p < 0.01, ns, not significant (A,D; unpaired
two-tailed t-test, C,E-G; one-way ANOVA with Dunnett’s post hoc tests).

yS T cells indeed expressed high levels of DNAM-1 (Fig. S7D). However, there was no significant difference
in cell-mediated killing of OVCAR8 or MDA-MB-231 cells by blocking DNAM-1 alone or in combination
with NKG2D or y§ TCR compared to the isotype controls (Figure 4F,G and Figs. S7E,F).

We also aimed to determine whether death ligand-induced apoptosis could be leading to tumor killing as
expanded yd T cells did not upregulate surface expression of CD107a upon tumor co-culture. We first
measured extracellular expression of FasL and TRAIL on expanded yd T cells. Extracellular expression of
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Figure 5. Expanded yd T cells sustain their cytotoxicity and metabolic function in the malignant ascites tumor microenvir-
onment. A) Representative flow plots showing expression of CD71, CD98 and Glut1 in fresh and expanded y6 T cells. The
percent and MFI expression of CD71, CD98 and Glut1 was measured by flow cytometry. B) Schematic showing incubation of
expanded y& T cells in media or the ascites tumor microenvironment (AscTME) for three days prior to cytotoxicity and
metabolism assessment. C) Expanded yd T cell-mediated cytotoxicity against OVCARS cells was measured at a 1.25 E:T ratio
after incubation in media or AscTME. D) Cell surface expression of CD71, CD98 and Glut1 on expanded and freshly isolated
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FasL and TRAIL was low with TRAIL expressed to a higher extent (Fig. S7G). To determine the contribu-
tion of FasL and TRAIL engagement for expanded y8 T cell killing we assessed their cytotoxicity against
MDA-MB-231 cells in the presence of FasL and TRAIL blocking antibodies. There was no change in
cytotoxicity by y8 T cells when FasL and TRAIL were blocked alone or in combination compared to isotype
control (Figs. S7H). Overall, these results suggest that FasL or TRAIL are not involved in mediating tumor
cell apoptosis by expanded y§ T cells. Further, tumor killing is not dependent on activation through the y§
TCR and although expanded yd T cells highly express NKG2D and DNAM-1, blocking these receptors does
not abrogate their cytotoxicity.

Expanded yé T cells resist the immunosuppressive patient-derived ovarian cancer ascites

Maintaining cellular metabolic fitness in the immunosuppressive and metabolically hostile TME is a critical
factor to achieving durable anti-tumor responses against solid tumors. However, few studies to date have
evaluated the metabolic profile of pre-clinical y§ T cell products. To assess the metabolic function of
expanded y§ T cells, we first measured their expression of the transferrin receptor (CD71), a component of
the amino acid transporter (CD98) and the glucose transporter (Glutl). Surface expression of CD71 and the
MFI of CD98 and Glutl nutrient receptors was significantly enhanced after expansion pointing toward an
enhanced metabolic profile (Figure 5A). To evaluate whether expanded y§ T cells would be supressed by the
TME we assessed their cytotoxicity and metabolic function after exposure to patient-derived human ovarian
cancer ascites fluid (ascTME) (Figure 5B). Ascites fluid is known to suppress critical functions of anti-tumor
immune cells including NK cells, due to its enrichment in immunosuppressive factors, high acidity, and
depletion of nutrients.”> We found that extended incubation in the ascTME did not abolish the cytotoxicity
of expanded yd T cells against ovarian cancer OVCARS cells (Figure 5C). When comparing nutrient
receptor expression after incubation in the ascTME, freshly isolated y§ T cells almost lost complete
expression of the transferrin receptor CD71 and had significantly lower levels of the amino transporter
CD98 (Figure 5D and Figs. S8, S9A,B). However, expanded y§ T cells retained expression of both
transporters in the ascTME (Figure 5D and Figs. SOC,D). Further, although Glutl expression was decreased
on both freshly isolated and expanded y§ T cells in the ascTME, expanded yd T cells expressed significantly
higher Glutl in these suppressive conditions compared to freshly isolated yd T cells (Figure 5D and Fig. S9E,
F). When comparing to zoledronate activated V82 T cells, expanded y§ T cells also showed greater
expression of CD71 and Glutl in the ascTME (Figs S10A,B,E,F). Meanwhile, the MFI of CD98 after
exposure to the ascTME was similar on both expanded yd T cells and V62 cells (Figs. SI0C,D). Next, we
measured the ability of expanded y8 T cells to perform glycolysis and oxidative phosphorylation (OxPhos)
after ascites exposure. Expanded yd T cell maintained their basal glycolytic function, glycolytic capacity, and
glycolytic reserve (Figure 5E,F). A similar trend was seen with OxPhos, with expanded y§ T cells sustaining
their basal and maximal OxPhos, as well as spare respiratory capacity and ATP production in the ascTME
(Figure 5G,H). These results show that expansion with K562 mb-IL-21 enables sustained cytotoxicity and
metabolic fitness of expanded y§ T cells in the TME.

Expanded V&1 T cells are amenable to stable CAR expression

Having tested the innate tumor killing capacity of expanded y8 T cells, we investigated whether introducing
a CAR would further enhance their anti-tumor functions. Clinical application of ‘off-the-shelf” CAR-
expressing y0 T cells requires stable transgene CAR expression for successful scale-up. However, achieving
this with lentiviral systems has been a challenge for innate cells like human NK cells. Here, we assessed
whether we could adopt the CRISPR/Cas9 and adeno-associated viral (AAV) vector system for stable CAR

v6 T cells was measured by flow cytometry after incubation in media or the AscTME. Relative change in expression
compared to media only controls was quantified. E) Representative measures of ECAR in one donor. F) Quantified basal
glycolysis, glycolytic capacity, and glycolytic reserve. G) Representative measures of OCR in one donor. H) Quantified basal
oxidative phosphorylation (OxPhos), maximal OxPhos, spare respiratory capacity (SRC), and mitochondrial linked-ATP
production. Data represent mean + SEM of four to seven biological replicates per condition. *p < 0.05, ***p < 0.001,
***¥p < 0.0001. ns, not significant (A,C,F,H; paired two-tailed t-test, D; two-way ANOVA with Sidak’s post hoc tests).



ONCOIMMUNOLOGY

= 5 Al o
A | R B herocaws o “ @
P V51 T cells W i o
( TN Electroporation AAVS1 KO ' @ I o.@
- @ | - -
=~ Q | e ‘ \
VB1 T cells fal - e
i e PRI e - LA
- B e wr- @
o @ AVELER = 9 i || -
W A 4 e o 1%
V51 T cells ‘,.-m - S - S e
| — HER2 CAR/AAVS1 KO T- ‘ o T ~
E ey ‘ V51 T cells WT- ‘
y = e
( R CasRNP | AAVG Electroporated =g o 6
3 . Electroporation | | .‘, Transduction o ¢ & '] (SR
( = & S o' & o
@ - SR— S
V51 T cells CD56 _> ‘y6 TCR—P IgG Fc+ —P
© HER2 CAR/AAVS1KO SKBR3 OVCARS
C © WT-AAVS1 KO D &
1007 e WT-Electroporated -@- HER2 CAR/AAVS1 KO 100
S 80 2 30 -@ WT-Electroporated o 80
K] > @ WT-AAVS1KO 2
9 60 o S 60
3 € 20 £
@ 40 g g
g 2
o X 10 g
= 20 R 2
0 T 9 ? 0 0 T T T
7 21 1:1 2.5:11 5:1 1:1 2.5:1 5:1
Days E:T Ratio E:T Ratio
E HER2 CAR WT WT
/AAVS1 KO Electroporated AAVS1 KO 15+
150 150k °
S e | ke E
Baseline & & 10-
L 5o
sok] so Se
ae
R
‘ " g RE 87
P e T PR 5 k]
1 3
1074} e I cotor - 1
i 04
+ SKBR3 < 100k o e
. < 6
3 . - &»‘*‘
CD107a —»
WT- HER2 CAR/
0.50x10i o Tumor only AAVS1 Ko Electroporated AAVS1 KO
F SKOV3-Luc 1
NRG /ég j
) 10x10°i.p Day-1
—% l l /éyvéTcells
Day-3-10 3 7 14 21 24
ip. IL-2 Day3
BLI Measurements
-@ Tumor only
-@ HER2 CAR/AAVS1 KO Dpay?
-@ WT-AAVS1 KO "
1%10"1 -@- WT-Electroporated Min: 4.34€7
Max: 3.25E8
8x1010—
& 6x10104
S il B
E 4x1010 *kkk
2x1o10_
-~ 1 T
-1 3 7 14 21 24
Days Post Cell Transfer

Figure 6. Expanded V&1 T cells expressing a HER2-specific CAR show enhanced anti-tumor functions against HER2-
overexpressing tumors. A) Schematic depicting the generation of HER2 CAR/AAVS1 KO V&1 T cells and wild type V61 T
cell controls using CRISPR/Cas9 electroporation and AAV transduction. B) Flow cytometry plots showing expression of the
HER2 CAR on expanded y T cells. C) The percent expression of the HER2 CAR was measured every seven days by flow
cytometry over 21-days of expansion. D) Cell-mediated cytotoxicity of HER2 CAR/AAVS1 KO-, WT-Electroporated-, or WT-
AAVS1 KO- V61 T cells against HER2+ SKBR3 or HER2- OVCARS tumor cells at the indicated effector-to-target (E:T) ratios. The
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expression in expanded V81 T cells. This method can achieve high transduction efficiencies and stable,
long-term transgene expression in human K562-mb-IL-21 expanded NK cells.*” This approach involves
electroporating cells with a Cas9/ribonucleoprotein (RNP) complex which introduces a double-stranded
break at a specific genomic locus. This is followed by delivery of AAVs containing a DNA template
encoding the transgene of interest, which is incorporated via homologous recombination during the cell’s
intrinsic DN A-repair process.”” For this study, we chose a HER2-specific second-generation CAR with a
CD28 co-stimulatory domain and CD3g that was previously shown to enhance tumor targeting of human
expanded NK cells and o T cells.”®® Using this method, the HER2 CAR was integrated at the AAVS1 safe
harbor locus of expanded V81 T cells producing HER2 CAR/AAVS]1 KO-V381 T cells with 62% CAR
expression (Figure 6A). To determine whether the CAR remained stable, we assessed CAR expression over
three weeks of expansion after HER2 CAR/AAVS1 KO-V81 T cell generation. We found that CAR
expression was not reduced over this expansion period (Figure 6B,C) and HER2 CAR/AAVSI KO-V§81 T
cells exhibited similar growth to control cells (Fig. S11). These results demonstrate that expanded V81 T
cells are amenable to stable CAR transgene expression during our expansion protocol, exemplifying their
potential as an ‘off-the-shelf’ therapy.

Arming V81 T cells with CAR increases their anti-tumor activity against HER2+ cancers

To determine whether CAR expression enhanced the anti-tumor functions of expanded V61 T cells we first
assessed their cytotoxicity against HER2 overexpressing-SKBR3 and HER2 low-OVCARS cells compared to
wild type V81 T cells. HER2 CAR/AAVS1 KO-V81 T cells led to the most efficient cell death of SKBR3 cells
but did not show enhanced killing against OVCARS cells (Figure 6D and Fig. S12). Since we did not detect
high levels of degranulation against tumor cells in non-engineered y8 T cells we asked whether CAR-
mediated signaling would lead to CD107a surface expression. Activation of VO1 T cells through the CAR led
to an increase in CD107a after co-culture with HER2+ SKBR3 tumor cells compared to baseline (Figure 6E).
We next evaluated the in vivo anti-tumor capacity of HER2 CAR/AAVS1 KO-V481 T cells in a human
ovarian cancer model. NRG mice were intraperitoneally engrafted with HER2+ SKOV3-Luciferase cells
(SKOV3-Luc) and allowed to establish. Mice were then randomized into tumor only (PBS), HER2 CAR/
AAVS1 KO-V81 T cells, wild type-AAVS1 KO V81 T cells (WT-AAVS1 KO), and WT-Electroporated V51
T cells groups based on bioluminescence. Mice in the treatment groups received one injection of 10x10°
cells to discern anti-tumor differences between the control V81 T cells and CAR-expressing V81 T cells
(Figure 6F). After 24 days following adoptive cell transfer, HER2 CAR/AAVS1 KO-V81 T cells led to the
greatest significant reduction in tumor growth compared to tumor only mice. Of note, there was no
treatment related toxicity by HER2 CAR/AAVSI KO-V81 T cells as assessed through change in body
weight over the study period (Fig. S13). Overall, these results demonstrate that V81 T cells expressing CAR
can effectively control tumor burden in an ovarian cancer xenograft mouse model.

Discussion

yS T cells are a promising allogeneic cell therapy alternative to traditional autologous af T cells due to their
innate anti-tumor activity against a broad range of tumors without the reliance on MHC-I antigen
presentation. While the Vy9 V82 T cell subset has been the most investigated in preclinical and clinical
studies, V81 T cells have been widely understudied due to their low prevalence in the peripheral blood, their

percent specific lysis was graphed. E) The cell surface expression of CD107a (degranulation) on HER2 CAR/AAVS1 KO-, WT-
Electroporated-, or WT-AAVS1 KO- V61 T cells were measured at baseline and after co-culture with HER2+ SKBR3 tumor cells
after 5 hours at a 1:1 E:T ratio. The relative expression of CD107a compared to baseline was calculated and graphed. Data
represent mean of technical replicates from one biological donor. F) NRG mice were implanted intraperitoneally (i.P.) with
0.50x10° SKOV3-luciferase cells followed by 10x10® HER2 CAR/AAVS1 KO-, WT-Electroporated-, or WT-AAVS1 KO- V&1 T cells
two days after tumor engraftment. IL-2 (20,000 U/mouse) was given every two to three days to support yd T cell survival.
The tumor burden was quantified via bioluminescence at different time points and graphed. Data represent mean + SEM of
three to seven mice per group. **p < 0.01, ****p < 0.0001. ns, not significant (F; two-way ANOVA with Tukey’s post hoc
tests).
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relatively unknown activating ligands, and challenges with long-term ex vivo expansion. However, V81 T
cells show promise for targeting solid tumors as their tumor infiltration correlates with a positive prognosis
across various solid tumors including lung and breast cancer, and infiltrating V81 T cells in colon cancer
have high capacity to exert cytotoxicity.”'”*” In this study we show that K562-mb-IL-21 feeder cells can be
used to obtain clinically relevant numbers of anti-tumor V81 T cells from healthy donor PBMCs without
additional stimulation through the TCR via activating antibodies and phytohemagglutinin or mitogens like
Concanavalin A. Importantly, these expanded V81 T cells sustain their metabolic fitness and cytotoxicity in
the immunosuppressive TME and can be engineered to express a CAR leading to enhanced tumor control
in a xenograft model of human ovarian cancer.

Previous studies have utilized feeder cells engineered with co-stimulatory molecules including CD80,
CD83, 4-1BBL, and IL-15 in combination with zoledronic acid or exogenous IL-2 and IL-21 to expand V42
or polyclonal y8 T cells from PBMCs.'®*® Given that our group and others have shown STATS3 signaling via
mb-IL-21 enhances proliferation, anti-tumor functions, and metabolic fitness in NK cells, we assessed
whether these IL-21 driven effects also extend to y§ T cells.***® Since K562-mb-IL-15 feeder cells success-
fully expand y8 T cells without TCR stimulation, and addition of an anti-yd TCR agonist did not increase y§
T cell yield across all donors early in expansion,” we postulated that K562-mb-IL-21 cells could also expand
y8 T cells in the absence of TCR stimulation. Using this method, we observed an over 500-fold and 26,000-
fold expansion of y§ T cells from bulk PBMCs or isolated CD3+ T cells starting cell populations,
respectively. Despite a greater fold-expansion rate seen in the CD3+ T cell isolated cultures, there was a
trend for a higher purity of yd T cells when expanded from bulk PBMC:s. It is possible that NK cells that co-
expand provide stimulatory signals to support y8 T cell proliferation as it has been shown that NK cells can
form stable interactions with y8 T cells.*’ The observed preferential expansion of V81 T cells over V82 T
cells over the culture period suggests that expanded V81 T cells may be more resistant to activation-induced
cell death or exhaustion, however, follow up studies are needed to confirm this. Alternatively, differences in
the expression of 41BB between activated V61 and V62 T cells could also be a contributing factor since the
interaction between 41BB and 41BBL is known to be a main driver of y§ T cell expansion.'®*' While we
observed an enrichment in y§ T cells across donors, a low level of afy T cells persisted which may have
contributed to observed effects in this study and increase the risk of GVHD. Therefore, incorporating an af
T cell depletion step either prior to or during the expansion may be necessary for clinical application. We
also observed a donor-dependent enrichment of V81 T cells, with two donors exhibiting a prominent V1-
V§82- population. While factors such as exercise and the baseline V81/V82 ratio prior to expansion have
been correlated with expansion potential of V82 and V381 T cells respectively, further characterization of
donor characteristics is needed to delineate the cause of this variability.*>*> Additionally, although this
study focused on examining the effects of K562-mb-IL-21-based expansion in the absence of TCR stimula-
tion, it is worth examining whether addition of V81 TCR stimulation may increase the yield and purity of
expanded V081 T cells. Decreasing the length of the expansion process may be advantageous as long-term
expansion could lead to y§ T cell exhaustion and potentially impair the expansion capacity of y§ T cells after
adoptive transfer.

Phenotypic assessment showed that expansion enhanced y§ T cell expression of NK cell activation
markers indicating improved anti-tumor function. Indeed, expanded yd T cells exerted greater cytotoxicity
against ovarian cancer cells than donor-matched freshly isolated y§ T cells. Expanded y8 T cells also highly
expressed TIGIT and TIM3 exhaustion markers. The functional relevance of high TIGIT and TIM3
expression is not fully known as these markers are also upregulated on highly functional expanded NK
cells and expanded V81 T cells which have been characterized as having higher cytotoxicity than V82 T
cells.'®** Additionally, CD56 expression became upregulated with expansion, correlating with increased
expression of NK cell activation receptors NKG2D, NKp30, and NKp44 but also NKG2A, CD158a, CD158b
and co-inhibitory receptors, suggesting heighted activation status. Vo1 T cells expressing CD158b possess
cytotoxic activity against leukemic cell lines,** and while NKG2A expression in V82 T cells has been
associated with heightened cytotoxic effector functions, its role in mediating V81 T cell anti-tumor activity
remains poorly defined.* Future studies should investigate whether CD56-positive expanded y§ T cells
display greater effector functions than their CD56-negative counterparts, as protocols that deplete CD56-
expressing cells prior to expansion may remove yd T cells with higher anti-tumor potential. To delineate the
role of NK cell activation receptors and the y§ TCR in tumor cell recognition, we used blocking antibodies
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against NKG2D, DNAM-1, and the yd TCR on expanded yd T cells prior to co-culture with tumor targets.
Surprisingly, we saw no impact on y8 T cell cytotoxic function in vitro by blockade of these receptors alone
or in combination.

While expanded y8 T cells displayed cytotoxicity against various solid tumor cell lines and significantly
reduced tumor burden in an in vivo xenograft model, we surprisingly detected no to minimal CD107a and
IFN-y expression in response to tumor cells in vitro. However, stimulation with an IL-12, IL-15, and IL-18
cytokine cocktail revealed that expanded y§ T cells could express IFN-y independently of tumor-mediated
activation, albeit in a donor-dependent manner. Further, PMA/ionomycin stimulation also led to IFN-y
and TNF-a expression, demonstrating that TCR stimulation may lead to robust pro-inflammatory cytokine
production. Other studies have similarly demonstrated that yo T cells activated with zoledronate and IL-2
have low CD107a expression in response to stimulation with neuroblastoma cell targets despite showing
high cytotoxicity against these cells.’" Further, the serial killing ability of Vy9 V82 T cells is regulated by the
co-localization of granzyme B and perforin and mainly occurs through a granzyme B-mediated
mechanism.*® Further investigation of the localization of lytic granules, perforin, and granzymes within
expanded yd T cells in response to tumor targets would enhance our understanding of their tumor killing
mechanisms. Additionally, treatment of expanded yd T cells with concanamycin A, a known inhibitor of
perforin-mediated killing and degranulation, may be used to confirm whether their cell-mediated killing
occurs through independently of lytic granule release.’**’

Maintaining cellular metabolic fitness within the nutrient scarce TME is needed for long-term tumor
control against solid malignancies. To assess the ability of expanded y§ T cells to withstand the TME, we
evaluated their metabolic functions under normal conditions and after prolonged exposure to patient-
derived ovarian ascites fluid. To our knowledge this is the first time that the metabolism of K562-mb-IL-21
expanded yd T cells has been investigated. We found that mb-IL-21-driven expansion enhances y8 T cell
nutrient transporter expression from baseline. Further, expanded y§ T cells retained higher nutrient
receptor expression in the presence of the malignant ascites TME, in contrast to freshly isolated yd T
cells and zoledronate activated V62 cells which lost almost complete expression of CD71 transferrin
receptor. Expanded y§ T cells also sustained their cytotoxicity, and glycolytic and oxidative phosphorylation
capacity in the ascites TME, suggesting an ability to overcome metabolic immune suppression in the solid
tumor. While expansion of V81 T cells using a cytokine cocktail has shown to enhance their metabolic
function, our protocol is advantageous as it does not necessitate the use of five different cytokines for
activation.”® Additionally, investigating the functional differences between mb-IL-21 expanded y8 T cells
compared to expansion with mb-IL-15 is of interest. Studies with human NXK cells have demonstrated that
in addition to metabolic reprogramming, expansion with mb-IL-21 results in higher proliferation rates over
long culture periods by inducing telomere lengthening.** Further, prolonged exposure to IL-15 has been
shown to induce NK cell exhaustion characterized by lower in vivo anti-tumor efficacy and metabolic
dysfunction.’>*’ Hence, mb-IL-21 may provide an alternative method of expansion to maintain sustained
proliferation, metabolic fitness, and anti-tumor efficacy of y§ T cells.

Arming y8 T cells with CARs offers various advantages over conventional CAR-T cells including reduced
antigen escape due to their innate and CAR-dependent killing mechanisms and a lower chance for GYHD
without deletion of the TCR. To our knowledge, this study is the first to engineer expanded V81 T cells with
a HER2-targeted CAR containing a CD28 co-stimulatory domain and a CD3§ intracellular domain using
CRISPR/Cas9 and AAV. Using this method, CAR expression remained stable over several weeks of
expansion, allowing efficient scale-up of the cells, which is crucial for a potential ‘off-the-shelf’ therapeutic
product. Activation through the CAR induced expanded y8 T cell degranulation and greater in vitro killing
against HER2+ breast cancer cells compared to the wild type controls. Similar results were seen in vivo, as
HER2 CAR-V81 T cells exerted the greatest tumor control in a HER2+ ovarian cancer xenograft model
without eliciting toxicity. Previous studies have shown that af T cells expressing a CAR with the HER2
binding domain used in our study can cause fatal off-tumor toxicity due to cross-reactivity against healthy
murine lung and heart tissues.’>" This toxicity was associated with high levels of production of pro-
inflammatory cytokines involved in cytokine release syndrome, including IFN-y and GM-CSF.**** Further
investigation is needed to compare the in vivo safety of CAR-VS1 T cells with CAR-af T cells, considering
factors such as the route of administration, differences in CAR-mediated signaling, cytokine production
profiles, and the potential for infiltration and expansion in healthy tissues. A limitation of this work is that
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in vivo anti-tumor activity was assessed using xenograft models with tumor cell lines engrafted in
immunocompromised mice which does not fully recapitulate the human tumor microenvironment and
the pharmacokinetics of expanded yd T cells was not assessed. This study opens avenues for future work to
determine the optimal cell dosing regimen for anti-tumor efficacy, the in vivo persistence, and tumor and
tissue trafficking of expanded y§ T cells.

Overall, our study demonstrates that K562 mb-IL-21 expanded V81 T cells exhibit broad innate
cytotoxicity which can be heightened in an antigen-specific manner with a CAR, while maintaining
metabolic fitness in the immunosuppressive TME. These findings highlight their therapeutic potential as
an ‘off-the-shelf cell’ therapy to target solid tumors.

Acknowledgments

A.A A is the holder of a Tier 1 Canada Research Chair in Natural Immunity and NK Cell Function. The schematics
were created using BioRender.com.

A.L.P and A.A.A conceived the project and designed the experiments. A.L.P and M.M performed the experiments.
AM, T.M.R, EB, A.E.M, and M.S contributed to performing experiments. G.S and M.N.K generated the HER2 CAR
V81T cells. D.A.L provided feeder cells used in the study. J.L.B provided the CAR construct used in the study. A.E.M, J.
L.B, D.A.L, and M.N.K provided intellectual input. A.L.P and A.A.A wrote the manuscript. M.M, T.M.R, and E.B edited
the manuscript. A.A.A secured the funding and supervised the project.

Author contributions

CRediT: Ana L. Portillo: Conceptualization, Formal analysis, Investigation, Methodology, Project administration,
Validation, Visualization, Writing - original draft; Misaal Mehboob: Investigation, Validation, Writing - review &
editing; Genesis Snyder: Investigation, Methodology; Adnan Moinuddin: Investigation, Writing - review & editing;
Tyrah M. Ritchie: Investigation, Writing — review & editing; Elizabeth Balint: Investigation, Writing — review &
editing; Allyson E. Moore: Investigation, Methodology; Mohammadamin Sookhaklari: Investigation; Jonathan L.
Bramson: Methodology, Resources; Dean A. Lee: Methodology, Project administration, Resources; Meisam Naeimi
Kararoudi: Methodology, Project administration, Resources, Supervision, Writing — review & editing; Ali A. Ashkar:
Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation,
Writing - original draft, Writing - review & editing.

Disclosure statement

MNK is a co-inventor of gamma delta T cell gene editing technology, he is also the co-founder and CSO of CARTx
Therapeutics and owns stock in the company. All other authors declare no competing interests.

Funding

The work was supported by the Canadian Institutes of Health Research (CIHR) through a grant awarded to A.A.A
[grant # 20009360]. A.L.P and E.B are supported by a CIHR Graduate Scholarship Doctoral Award. M.M and T.R.M are
supported by a CIHR Graduate Scholarship Master’s Award. T.R.M is supported by the Ontario Ministry of Health and
Long-Term Care through an Ontario Women’s Health Scholars Award. A.M is supported by the Ministry of Colleges
through an Ontario Graduate Scholarship.

Data and materials availability statement

All data and materials in the manuscript and supporting information can be made available upon reasonable request
from the corresponding author.

References

1. Liu Y, Zhang C. The role of human y§ T cells in anti-tumor immunity and their potential for cancer
immunotherapy. Cells. 2020;9(5):1206. doi: 10.3390/CELLS9051206.


https://doi.org/10.3390/CELLS9051206

20 A. L. PORTILLO ET AL.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng W, Kim D, Nair VS, Xu Y, Khuong A, Hoang CD, et al. The
prognostic landscape of genes and infiltrating immune cells across human cancers. Nat Med. 2015;21(8):938-
945. doi: 10.1038/nm.3909.

. Hinz T, Wesch D, Halary F, Marx S, Choudhary A, Arden B, Janssen O, Bonneville M, Kabelitz D. Identification

of the complete expressed human TCR V gamma repertoire by flow cytometry. Int Immunol. 1997;9(8):1065-
1072. doi: 10.1093/intimm/9.8.1065.

. Deusch K, Liling F, Reich K, Classen M, Wagner H, Pfeffer K. A major fraction of human intraepithelial

lymphocytes simultaneously expresses the y/8 T cell receptor, the CD8 accessory molecule and preferentially
uses the V81 gene segment. Eur ] Immunol. 1991;21(4):1053-1059. doi: 10.1002/eji.1830210429.

. Fonseca S, Pereira V, Lau C, Teixeira MDA, Bini-Antunes M, Lima M. Human peripheral blood gamma delta T

cells: report on a series of healthy Caucasian Portuguese adults and comprehensive review of the literature. Cells.
2020;9(3):729. doi: 10.3390/cells9030729.

. Saura-Esteller J, de Jong M, King LA, Ensing E, Winograd B, de Gruijl TD, Parren PWHI, van der Vliet HJ.

Gamma delta T-cell based cancer immunotherapy: past-present-future. Front Immunol. 2022;13:2649. doi: 10.
3389/fimmu.2022.915837.

. Gober HJ, Kistowska M, Angman L, Jen6 P, Mori L, De Libero G. Human T cell receptor y§ cells recognize

endogenous mevalonate metabolites in tumor cells. ] Exp Med. 2003;197(2):163-168. doi: 10.1084/jem.20021500.

. Reijneveld JF, Ocampo TA, Shahine A, Gully BS, Vantourout P, Hayday AC, Rossjohn J, Moody DB, Van Rhijn L.

Human yd T cells recognize CD1b by two distinct mechanisms. Proc Natl Acad Sci USA. 2020;117(37):22944-
22952. doi: 10.1073/pnas.2010545117.

. Wu, Kyle-Cezar F, Woolf RT, Naceur-Lombardelli C, Owen ], Biswas D, Lorenc A, Vantourout P, Gazinska P,

Grigoriadis A, et al. An innate-like V814 yd T cell compartment in the human breast is associated with remission
in triple-negative breast cancer. Sci Transl Med. 2019;11(513):eaax9364. doi: 10.1126/scitranslmed.aax9364.
Almeida AR, Correia DV, Fernandes-Platzgummer A, Da Silva CL, Da Silva MG, Anjos DR, Silva-Santos B. Delta
one T cells for immunotherapy of chronic lymphocytic leukemia: clinical-grade expansion/differentiation and
preclinical proof of concept. Clin Cancer Res. 2016;22(23):5795-5804. doi: 10.1158/1078-0432.CCR-16-0597.
Siegers GM, Lamb LS. Cytotoxic and regulatory properties of circulating V81+ yd T cells: a new player on the cell
therapy field? Mol Ther. 2014;22(8):1416-1422. doi: 10.1038/mt.2014.104.

Mensurado S, Condego C, Sanchez-Martinez D, Shirley S, Coelho RML, Tirado N, Vinyoles M, Blanco-
Dominguez R, Barros L, Galvao B, et al. Cd155/PVR determines acute myeloid leukemia targeting by delta
one T cells. Blood. 2024;143(15):1488-1495. doi: 10.1182/blood.2023022992.

Von Lilienfeld-Toal M, Nattermann J, Feldmann G, Sievers E, Frank S, Strehl J, Schmidt-Wolf IGH. Activated y§
T cells express the natural cytotoxicity receptor natural killer p44 and show cytotoxic activity against myeloma
cells. Clin Exp Immunol. 2006;144(3):528. doi: 10.1111/j.1365-2249.2006.03078.x.

Correia DV, Fogli M, Hudspeth K, Gomes Da Silva M, Mavilio D, Silva-Santos B. Differentiation of human
peripheral blood V81+ T cells expressing the natural cytotoxicity receptor NKp30 for recognition of lymphoid
leukemia cells. Blood. 2011;118(4):992-1001. doi: 10.1182/blood-2011-02-339135.

Sebestyen Z, Prinz I, Déchanet-Merville J, Silva-Santos B, Kuball J. Translating gammadelta (yd) T cells and their
receptors into cancer cell therapies. Nat Rev Drug Discov. 2019;19(3):169-184. doi: 10.1038/s41573-019-0038-z.
Wu D, Wu P, WuX, Ye ], Wang Z, Zhao S, Ni C, Hu G, Xu ], Han Y, et al. Ex vivo expanded human circulating
V&1 y8T cells exhibit favorable therapeutic potential for colon cancer. Oncoimmunology. 2015;4(3):€992749.
doi: 10.4161/2162402X.2014.992749.

WuY, Biswas D, Usaite I, Angelova M, Boeing S, Karasaki T, Veeriah S, Czyzewska-Khan J, Morton C, Joseph M,
et al. A local human V81 T cell population is associated with survival in nonsmall-cell lung cancer. Nat Cancer.
2022;3(6):696-709. doi: 10.1038/s43018-022-00376-z.

Deniger DC, Maiti SN, Mi T, Switzer KC, Ramachandran V, Hurton LV, Ang S, Olivares S, Rabinovich BA, Huls
MH, et al. Activating and propagating polyclonal gamma delta T cells with broad specificity for malignancies.
Clin Cancer Res. 2014;20(22):5708-5719. doi: 10.1158/1078-0432.CCR-13-3451.

Morandi F, Yazdanifar M, Cocco C, Bertaina A, Airoldi I. Engineering the bridge between innate and adaptive
immunity for cancer immunotherapy: focus on y§ T and NK cells. Cells. 2020;9(8):1757. doi: 10.3390/
cells9081757.

Ciurea SO, Kongtim P, Soebbing D, Trikha P, Behbehani G, Rondon G, Olson A, Bashir Q, Gulbis AM,
Indreshpal K, et al. Decrease post-transplant relapse using donor-derived expanded NK-cells. Leukemia.
2021;36(1):155. doi: 10.1038/s41375-021-01349-4.

Ciurea SO, Schafer JR, Bassett R, Denman CJ, Cao K, Willis D, Rondon G, Chen J, Soebbing D, Kaur I, et al.
Phase 1 clinical trial using mbIL21 ex vivo-expanded donor-derived NK cells after haploidentical transplanta-
tion. Blood. 2017;130(16):1857-1868. doi: 10.1182/blood-2017-05-785659.

Denman CJ, Senyukov VV, Somanchi SS, Phatarpekar PV, Kopp LM, Johnson JL, Singh H, Hurton L, Maiti SN,
Huls MH, et al. Membrane-bound IL-21 promotes sustained ex vivo proliferation of human natural killer cells.
PLOS ONE. 2012;7(1):€30264. doi: 10.1371/journal.pone.0030264.

Chang M, Tang X, Nelson L, Nyberg G, Du Z. Differential effects on natural killer cell production by membrane-
bound cytokine stimulations. Biotechnol Bioeng. 2022;119(7):1820-1838. doi: 10.1002/bit.28086.


https://doi.org/10.1038/nm.3909
https://doi.org/10.1093/intimm/9.8.1065
https://doi.org/10.1002/eji.1830210429
https://doi.org/10.3390/cells9030729
https://doi.org/10.3389/fimmu.2022.915837
https://doi.org/10.3389/fimmu.2022.915837
https://doi.org/10.1084/jem.20021500
https://doi.org/10.1073/pnas.2010545117
https://doi.org/10.1126/scitranslmed.aax9364
https://doi.org/10.1158/1078-0432.CCR-16-0597
https://doi.org/10.1038/mt.2014.104
https://doi.org/10.1182/blood.2023022992
https://doi.org/10.1111/j.1365-2249.2006.03078.x
https://doi.org/10.1182/blood-2011-02-339135
https://doi.org/10.1038/s41573-019-0038-z
https://doi.org/10.4161/2162402X.2014.992749
https://doi.org/10.1038/s43018-022-00376-z
https://doi.org/10.1158/1078-0432.CCR-13-3451
https://doi.org/10.3390/cells9081757
https://doi.org/10.3390/cells9081757
https://doi.org/10.1038/s41375-021-01349-4
https://doi.org/10.1182/blood-2017-05-785659
https://doi.org/10.1371/journal.pone.0030264
https://doi.org/10.1002/bit.28086

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

ONCOIMMUNOLOGY e 21

Poznanski SM, Singh K, Ritchie TM, Aguiar J, Fan IY, Portillo AL, Rojas EA, Vahedi F, El-Sayes A, Xing S, et al.
Metabolic flexibility determines human NK cell functional fate in the tumour microenvironment. Cell Metab.
2021;33(6):1205-1220.e5. doi: 10.1016/j.cmet.2021.03.023.

Poznanski SM, Nham T, Chew MV, Lee AJ, Hammill JA, Fan IY, Butcher M, Bramson JL, Lee DA, Hirte HW, et
al. Expanded CD56superbrightCD16+ NK cells from ovarian cancer patients are cytotoxic against autologous
tumor in a patient-derived xenograft murine model. Cancer Immunol Res. 2018;6(10):1174-1185. doi: 10.1158/
2326-6066.CIR-18-0144.

Davies JK, Singh H, Huls H, Yuk D, Lee DA, Kebriaei P, Champlin RE, Nadler LM, Guinan EC, Cooper LJN.
Combining CD19 redirection and alloanergization to generate tumor-specific human T cells for allogeneic cell
therapy of B-cell malignancies. Cancer Res. 2010;70(10):3915-3924. doi: 10.1158/0008-5472.CAN-09-3845.
Naeimi Kararoudi M, Likhite S, Elmas E, Yamamoto K, Schwartz M, Sorathia K, de Souza Fernandes Pereira M,
Sezgin Y, Devine RD, Lyberger JM, et al. Optimization and validation of CAR transduction into human primary
NK cells using CRISPR and AAV. Cell Rep Methods. 2022;2(6):100236. doi: 10.1016/j.crmeth.2022.100236.
Portillo AL, Hogg R, Poznanski SM, Rojas EA, Cashell NJ, Hammill JA, Chew MV, Shenouda MM, Ritchie TM,
Cao QT, et al. Expanded human NK cells armed with CAR uncouple potent anti-tumor activity from off-tumor
toxicity against solid tumors. iScience. 2021;24(6):102619. doi: 10.1016/j.is¢i.2021.102619.

Fisher JPH, Yan M, Heuijerjans J, Carter L, Abolhassani A, Frosch ], Wallace R, Flutter B, Capsomidis A, Hubank
M, et al. Neuroblastoma killing properties of V-delta 2 and V-delta2 negative gamma delta T cells following
expansion by artificial antigen presenting cells. Clin Cancer Res. 2014;20(22):5720. doi: 10.1158/1078-0432.CCR-
13-3464.

Alexander AAZ, Maniar A, Cummings JS, Hebbeler AM, Schulze DH, Gastman BR, Pauza CD, Strome SE,
Chapoval Al Isopentenyl pyrophosphate—activated CD56+ yd T lymphocytes display potent antitumor activity
toward human squamous cell carcinoma. Clin Cancer Res. 2008;14(13):4232-4240. doi: 10.1158/1078-0432.
CCR-07-4912.

Jonus HC, Burnham RE, Ho A, Pilgrim AA, Shim J, Doering CB, Spencer HT, Goldsmith KC. Dissecting the
cellular components of ex vivo y§ T cell expansions to optimize selection of potent cell therapy donors for
neuroblastoma immunotherapy trials. Oncoimmunology. 2022;11(1):11. doi: 10.1080/2162402X.2022.2057012.
Schilbach K, Welker C, Krickeberg N, Kaifler C, Schleicher S, Hashimoto H. In the absence of a TCR signal IL-2/
IL-12/18-stimulated y8 T cells demonstrate potent anti-tumoral function through direct killing and senescence
induction in cancer cells. Cancers (Basel). 2020;12(1):130. doi: 10.3390/CANCERS12010130.

Peipp M, Wesch D, Oberg HH, Lutz S, Muskulus A, Van De Winkel JGJ, Parren PWHI, Burger R, Humpe A,
Kabelitz D, et al. Cd20-specific immunoligands engaging NKG2D enhance y8 T cell-mediated lysis of lymphoma
cells. Scand ] Immunol. 2017;86(4):196-206. doi: 10.1111/sji.12581.

Correia DV, Lopes A, Silva-Santos B. Tumor cell recognition by yd T lymphocytes: T-cell receptor vs. NK-cell
receptors. Oncoimmunology. 2013;2(1):e22892. doi: 10.4161/ONCI.22892.

Tarannum M, Dinh K, Vergara J, Birch G, Abdulhamid YZ, Kaplan IE, Ay O, Maia A, Beaver O, Sheffer M, et al.
Car memory-like NK cells targeting the membrane proximal domain of mesothelin demonstrate promising
activity in ovarian cancer. Sci Adv. 2024;10(28):881. doi: 10.1126/sciadv.adn0881.

Hammill JA, VanSeggelen H, Helsen CW, Denisova GF, Evelegh C, Tantalo DGM, Bassett JD, Bramson JL.
Designed ankyrin repeat proteins are effective targeting elements for chimeric antigen receptors. ] Immunother
Cancer. 2015;3(1):55. doi: 10.1186/540425-015-0099-4.

de Vries NL, van de Haar ], Veninga V, Chalabi M, Ijsselsteijn ME, van der Ploeg M, van den Bulk J, Ruano D,
van den Berg JG, Haanen JB, et al. y§ T cells are effectors of immunotherapy in cancers with HLA class I defects.
Nature. 2023;613(7945):743-750. doi: 10.1038/s41586-022-05593-1.

Choi H, Lee Y, Hur G, Lee SE, Cho H II, Sohn HJ, Cho BS, Kim H-J, Kim T-G. y8 T cells cultured with artificial
antigen-presenting cells and IL-2 show long-term proliferation and enhanced effector functions compared with
vS T cells cultured with only IL-2 after stimulation with zoledronic acid. Cytotherapy. 2021;23(10):908-917. doi:
10.1016/j.jcyt.2021.06.002.

Shanley M, Daher M, Dou J, Li S, Basar R, Rafei H, Dede M, Gumin J, Pantaleon Garcia J, Nunez Cortes AK, et al.
Interleukin-21 engineering enhances NK cell activity against glioblastoma via CEBPD. Cancer Cell. 2024;42
(8):1450-1466.e11. doi: 10.1016/j.ccell.2024.07.007.

Walwyn-Brown K, Pugh ], Cocker ATH, Beyzaie N, Singer BB, Olive D, Guethlein LA, Parham P, Djaoud Z.
Phosphoantigen-stimulated yd T cells suppress natural killer-cell responses to missing-self. Cancer Immunol
Res. 2022;10(5):558-570. doi: 10.1158/2326-6066.CIR-21-0696.

Cho H-W, Kim S-Y, Sohn D-H, Lee M-J, Park M-Y, Sohn H-J, Cho H-I, Kim T-G. Triple costimulation via
CD80, 4-1BB, and CD83 ligand elicits the long-term growth of Vy9Vé2 T cells in low levels of IL-2. ] Leukoc
Biol. 2016;99(4):521-529. doi: 10.1189/jlb.1HI0814-409RR.

Ferry GM, Agbuduwe C, Forrester M, Dunlop S, Chester K, Fisher J, Anderson J, Barisa M. A simple and robust
single-step method for CAR-V81 y8T cell expansion and transduction for cancer immunotherapy. Front
Immunol. 2022;13:863155. doi: 10.3389/fimmu.2022.863155.


https://doi.org/10.1016/j.cmet.2021.03.023
https://doi.org/10.1158/2326-6066.CIR-18-0144
https://doi.org/10.1158/2326-6066.CIR-18-0144
https://doi.org/10.1158/0008-5472.CAN-09-3845
https://doi.org/10.1016/j.crmeth.2022.100236
https://doi.org/10.1016/j.isci.2021.102619
https://doi.org/10.1158/1078-0432.CCR-13-3464
https://doi.org/10.1158/1078-0432.CCR-13-3464
https://doi.org/10.1158/1078-0432.CCR-07-4912
https://doi.org/10.1158/1078-0432.CCR-07-4912
https://doi.org/10.1080/2162402X.2022.2057012
https://doi.org/10.3390/CANCERS12010130
https://doi.org/10.1111/sji.12581
https://doi.org/10.4161/ONCI.22892
https://doi.org/10.1126/sciadv.adn0881
https://doi.org/10.1186/s40425-015-0099-4
https://doi.org/10.1038/s41586-022-05593-1
https://doi.org/10.1016/j.jcyt.2021.06.002
https://doi.org/10.1016/j.jcyt.2021.06.002
https://doi.org/10.1016/j.ccell.2024.07.007
https://doi.org/10.1158/2326-6066.CIR-21-0696
https://doi.org/10.1189/jlb.1HI0814-409RR
https://doi.org/10.3389/fimmu.2022.863155

22 (& AL PORTILLO ET AL.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Burnham RE, Zoine JT, Story JY, Garimalla SN, Gibson G, Rae A, Williams E, Bixby L, Archer D, Doering CB, et
al. Characterization of donor variability for yd T cell ex vivo expansion and development of an allogeneic y§ T
cell immunotherapy. Front Med (Lausanne). 2020;7:588453. doi: 10.3389/fmed.2020.588453.

Dolstra H, Fredrix H, Van Der Meer A, De Witte T, Figdor C, Van De Wiel-Van Kemenade E. TCR y9 cytotoxic
T lymphocytes expressing the killer cell-inhibitory receptor p58.2 (CD158b) selectively lyse acute myeloid
leukemia cells. Bone Marrow Transplant. 2001;27(10):1087-1093. doi: 10.1038/sj.bmt.1703043.

Cazzetta V, Bruni E, Terzoli S, Carenza C, Franzese S, Piazza R, Marzano P, Donadon M, Torzilli G, Cimino M,
et al. NKG2A expression identifies a subset of human V62 T cells exerting the highest antitumor effector
functions. Cell Rep. 2021;37(3):109871. doi: 10.1016/j.celrep.2021.109871.

Sandoz PA, Kuhnigk K, Szabo EK, Thunberg S, Erikson E, Sandstréom N, Verron Q, Brech A, Watzl C, Wagner
AK, et al. Modulation of lytic molecules restrain serial killing in y§ T lymphocytes. Nat Commun. 2023;14
(1):6035. doi: 10.1038/s41467-023-41634-7.

Di Carlo E, Bocca P, Emionite L, Cilli M, Cipollone G, Morandi F, Raffaghello L, Pistoia V, Prigione I.
Mechanisms of the antitumor activity of human Vy9Vo62 T cells in combination with zoledronic acid in a
preclinical model of neuroblastoma. Mol Ther. 2013;21(5):1034-1043. doi: 10.1038/mt.2013.38.

Harmon C, Zaborowski A, Moore H, St. Louis P, Slattery K, Duquette D, Scanlan J, Kane H, Kunkemoeller B,
McIntyre CL, et al. y§ T cell dichotomy with opposing cytotoxic and wound healing functions in human solid
tumors. Nat Cancer. 2023;4(8):1122-1137. doi: 10.1038/s43018-023-00589-w.

Felices M, Lenvik AJ, McElmurry R, Chu S, Hinderlie P, Bendzick L, Geller MA, Tolar ], Blazar BR, Miller JS.
Continuous treatment with IL-15 exhausts human NK cells via a metabolic defect. JCI Insight. 2018;3(3):e96219.
doi: 10.1172/jci.insight.96219.

Hammill JA, Kwiecien JM, Dvorkin-Gheva A, Lau VWC, Baker C, Wu Y, Bezverbnaya K, Aarts C, Heslen CW,
Denisova GF, et al. A cross-reactive small protein binding domain provides a model to study off-tumor CAR-T
cell toxicity. Mol Ther Oncol. 2020;17:278-292. doi: 10.1016/j.0mt0.2020.04.001.

Helsen CW, Hammill JA, Lau VWC, Mwawasi KA, Afsahi A, Bezverbnaya K, Newhook L, Hayes DL, Aarts C,
Bojovic B, et al. The chimeric TAC receptor co-opts the T cell receptor yielding robust anti-tumor activity
without toxicity. Nat Commun. 2018;9(1):1-13. doi: 10.1038/s41467-018-05395-y.

Xiao X, Huang S, Chen S, Wang Y, Sun Q, Xu X, Li Y. Mechanisms of cytokine release syndrome and
neurotoxicity of CAR T-cell therapy and associated prevention and management strategies. ] Exp Clin Cancer
Res. 2021;40(1):367. doi: 10.1186/s13046-021-02148-6.


https://doi.org/10.3389/fmed.2020.588453
https://doi.org/10.1038/sj.bmt.1703043
https://doi.org/10.1016/j.celrep.2021.109871
https://doi.org/10.1038/s41467-023-41634-7
https://doi.org/10.1038/mt.2013.38
https://doi.org/10.1038/s43018-023-00589-w
https://doi.org/10.1172/jci.insight.96219
https://doi.org/10.1016/j.omto.2020.04.001
https://doi.org/10.1038/s41467-018-05395-y
https://doi.org/10.1186/s13046-021-02148-6

	Abstract
	Introduction
	Materials and methods
	Ethics
	Cell lines
	γδ T cell and NK cell expansion
	γδ T cell isolation
	Vδ2 T cell expansion
	Incubation in ascites fluid
	Generation of HER2 CAR/AAVS1 KO Vδ1 T cells
	In vitro cytotoxicity and degranulation assays
	Cytokine quantification after cell stimulation
	Assessment of tumor cell apoptosis
	Receptor blocking assays
	Seahorse extracellular flux assays
	Mice
	In vivo xenograft tumor models and adoptive transfer
	Flow cytometry
	Statistical analysis

	Results
	Vδ1 T cells preferentially expand long-term using membrane-bound IL-21 feeder cells
	Expanded γδ T cells exhibit heighted activation marker expression and innate cytotoxicity against solid tumor cell lines
	Expanded γδ T cells control tumor burden in a xenograft ovarian cancer model
	Blocking γδ TCR, NKG2D, and DNAM-1 does not abrogate expanded γδ T cell cytotoxicity
	Expanded γδ T cells resist the immunosuppressive patient-derived ovarian cancer ascites
	Expanded Vδ1 T cells are amenable to stable CAR expression
	Arming Vδ1 T cells with CAR increases their anti-tumor activity against HER2+ cancers

	Discussion
	Acknowledgments
	Author contributions
	Disclosure statement
	Funding
	Data and materials availability statement
	References

