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ABSTRACT
Background Glypican- 3 (GPC- 3) is an oncofetal protein 
that is highly expressed in various solid tumors, but 
rarely expressed in healthy adult tissues and represents 
a rational target of particular relevance in hepatocellular 
carcinoma (HCC). Autologous chimeric antigen receptor 
(CAR) αβ T cell therapies have established significant 
clinical benefit in hematologic malignancies, although 
efficacy in solid tumors has been limited due to 
several challenges including T cell homing, target 
antigen heterogeneity, and immunosuppressive tumor 
microenvironments. Gamma delta (γδ) T cells are highly 
cytolytic effectors that can recognize and kill tumor 
cells through major histocompatibility complex (MHC)- 
independent antigens upregulated under stress. The 
Vδ1 subset is preferentially localized in peripheral tissue 
and engineering with CARs to further enhance intrinsic 
antitumor activity represents an attractive approach to 
overcome challenges for conventional T cell therapies in 
solid tumors. Allogeneic Vδ1 CAR T cell therapy may also 
overcome other hurdles faced by allogeneic αβ T cell 
therapy, including graft- versus- host disease (GvHD).
Methods We developed the first example of allogeneic 
CAR Vδ1 T cells that have been expanded from peripheral 
blood mononuclear cells (PBMCs) and genetically modified 
to express a 4- 1BB/CD3z CAR against GPC- 3. The CAR 
construct (GPC- 3.CAR/secreted interleukin- 15 (sIL)- 15) 
additionally encodes a constitutively- secreted form of IL- 
15, which we hypothesized could sustain proliferation and 
antitumor activity of intratumoral Vδ1 T cells expressing 
GPC- 3.CAR.
Results GPC- 3.CAR/sIL- 15 Vδ1 T cells expanded 
from PBMCs on average 20,000- fold and routinely 
reached >80% purity. Expanded Vδ1 T cells showed 
a primarily naïve- like memory phenotype with limited 
exhaustion marker expression and displayed robust in vitro 
proliferation, cytokine production, and cytotoxic activity 
against HCC cell lines expressing low (PLC/PRF/5) and 
high (HepG2) GPC- 3 levels. In a subcutaneous HepG2 

mouse model in immunodeficient NSG mice, GPC- 3.CAR/
sIL- 15 Vδ1 T cells primarily accumulated and proliferated 
in the tumor, and a single dose efficiently controlled 
tumor growth without evidence of xenogeneic GvHD. 
Importantly, compared with GPC- 3.CAR Vδ1 T cells lacking 
sIL- 15, GPC- 3.CAR/sIL- 15 Vδ1 T cells displayed greater 
proliferation and resulted in enhanced therapeutic activity.
Conclusions Expanded Vδ1 T cells engineered with a 
GPC- 3 CAR and sIL- 15 represent a promising platform 
warranting further clinical evaluation as an off- the- shelf 
treatment of HCC and potentially other GPC- 3- expressing 
solid tumors.

BACKGROUND
Autologous chimeric antigen receptor (CAR) 
T cell therapy has shown promising clinical 
results in hematologic malignancies where 
complete responses in refractory leukemia 
and lymphoma have launched a new era of 
novel cell- based immunotherapies. However, 
the promise of autologous CAR cell therapy 
has seen limited success in solid tumors due 
to a number of challenges relating to poor 
homing of the T cells to the tumor site, 
CAR target antigen heterogeneity, and the 
immunosuppressive tumor microenviron-
ment (TME).1 Various strategies to combat 
these issues are being explored, including 
leveraging the immune cell pro- survival 
effects of common γ- chain cytokines, like 
interleukin (IL- 15). IL- 15 expression within 
human tumors regulates tumor- infiltrating 
lymphocyte numbers and has been shown to 
be crucial for optimal antitumor responses.2 
Thus, a CAR therapy that can efficiently 
home to solid tumors, target multiple tumor 
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antigens, and survive in the TME with the aid of IL- 15 
may have the advantage in treating solid tumors.

Glypican- 3 (GPC- 3) is an attractive and rational target 
for multiple solid tumors, most notably hepatocellular 
carcinoma (HCC). It is a glycosylphosphatidylinositol 
(GPI)- linked cell- membrane oncofetal protein that plays 
an important role during fetal development through 
canonical Wnt/β-catenin and Hedgehog signaling path-
ways. GPC- 3 is rarely expressed in healthy adult tissues 
but is highly expressed in various solid tumors such as 
HCC, lung squamous cell carcinoma, melanoma, urothe-
lial carcinoma, as well as various pediatric solid embry-
onal tumors.3 4 In HCC, GPC- 3 is being used as both a 
diagnostic and prognostic biomarker, owing to its specific 
overexpression in HCC liver tissue but not in normal, 
benign, or cirrhotic liver tissue and the correlation of 
its expression level with HCC occurrence and develop-
ment.4 Overall, the specific expression of GPC- 3 in malig-
nant tissue, its accessible surface location, and its role in 
various signaling pathways implicated in malignant trans-
formation pose it as a desirable target for immunotherapy 
of several solid tumors, including HCC.

There are a growing number of GPC- 3- targeting 
immunotherapy strategies being developed, such as 
peptide vaccines, monoclonal and bispecific antibodies, 
and adoptive cell therapy.3 Early clinical experience has 
shown limited responses to GPC- 3 peptide vaccines and 
to monoclonal antibodies, likely due to endogenous 
immunosuppression or to suboptimal pharmacokinetics 
(low exposure) of the single agents.3 5 Preclinical studies 
with GPC- 3.CAR αβ T cells6 7 have shown encouraging in 
vivo efficacy, and recent phase I results for autologous 
GPC- 3.CAR αβ T cells demonstrate feasibility and early 
signs of antitumor activity.8 Nonetheless, the widespread 
adoption of autologous CAR αβ T cell therapies faces 
numerous logistical hurdles intrinsic to manufacturing 
complex personalized therapies, namely delayed treat-
ment availability, lack of consistency and potential fail-
ures in manufacture, and prohibitive costs. Moreover, the 
immune fitness of autologous CAR cells manufactured 
from often heavily pretreated patients has drawn concern 
over potential impacts on clinical efficacy.9 Allogeneic 
cell therapies bypass several of these challenges because 
their manufacture from healthy donors facilitates scaled 
expansion and development of a uniform drug product 
inventory. Producing multiple doses from a single donor 
also serves to reduce costs and provides immediate avail-
ability of an ‘off- the- shelf’ product. Furthermore, the 
immune fitness of cells recovered from healthy donors is 
expected to be less variable than that of cells recovered 
from heavily pretreated patients with cancer.

Off- the- shelf allogeneic CAR cell therapy may over-
come limitations inherent to autologous cell products. 
However, allogeneic αβ T cells pose a risk of graft- versus- 
host disease (GvHD) mediated through T cell receptor 
(TCR) activation in human leukocyte antigen (HLA)- 
mismatched recipients and may require technically 
complex gene editing to improve their safety profile.10 

Several alternative approaches are being explored to 
develop allogeneic therapies based on innate immune 
cells that are intrinsically associated with a low risk for 
GvHD, including natural killer (NK) cells, NKT cells, 
macrophages, and γδ T cells.11–14 γδ T cells are highly 
cytolytic effectors that can kill tumor cells in an HLA- 
unrestricted manner without causing GvHD.15 γδ T cells 
recognize antigens induced or upregulated following 
cellular injury, infection, or transformation through 
their γδTCR, as well as through NK cell receptors such 
as natural killer group 2D receptor (NKG2D). Addition-
ally, γδ T cells have been identified as the most statistically 
significant immune cell population correlating favorably 
with overall survival across 39 cancer types, including 
hematologic and solid tumors.16 Their ability to target 
multiple tumor antigens, combined with favorable TME 
association with prognosis, position γδ T cells as an attrac-
tive therapy platform for solid tumors.

Human γδ T cells represent a minor fraction of lympho-
cytes circulating in peripheral blood (<10%) and can be 
further classified based on the distinct Vδ chains that 
comprise the TCR. In the peripheral blood, Vδ2 T cells are 
the predominant subset, while Vδ1 T cells are predomi-
nantly tissue- resident, although a small percentage can be 
found in the circulation.17 Vδ1 T cells perform immune 
surveillance within various tissues and exhibit potent anti-
tumor cytotoxic potential following isolation from various 
human solid tumors.18 19 Engineering Vδ1 T cells to 
express CARs further enhances their adaptive antitumor 
activity which, coupled with their innate cytotoxicity and 
tissue tropism, represents an attractive and safe approach 
to treating solid tumors. However, their clinical use has 
been hindered by their limited availability in peripheral 
blood mononuclear cells (PBMCs) and the technical 
complexity of existing expansion protocols that require 
multiple isolations, use of irradiated feeders, or mitogens 
such as phytohemagglutinin or concanavalin A.17

Here, we describe the development of allogeneic Vδ1 
T cells that have been expanded from healthy donor 
PBMCs and genetically modified to express a GPC- 3- 
targeted CAR and to secrete IL- 15 (GPC- 3.CAR/secreted 
IL (sIL)- 15 Vδ1 T cells). A sIL- 15 element was chosen 
based on the critical role of IL- 15 for the development 
and maturation of γδ T cells and its ability to potentiate 
their proliferation and cytotoxic capacity.2 20 21 Expanded 
GPC- 3.CAR/sIL- 15 Vδ1 T cells displayed a primarily 
naïve- like phenotype with minimal exhaustion receptor 
expression and in vitro robust proliferation, cytokine 
production, and cytotoxic activity against HCC cell 
lines expressing varied GPC- 3 levels. Importantly, when 
compared with the GPC- 3 targeting CAR lacking sIL- 
15, GPC- 3.CAR/sIL- 15 Vδ1 T cells displayed enhanced 
proliferation and long- term tumor control. In a HepG2 
xenograft mouse model, GPC- 3.CAR/sIL- 15 Vδ1 T cells 
primarily accumulated and proliferated in the tumor, and 
a single dose was able to efficiently control tumor growth 
without causing xenogeneic GvHD. These data support 
GPC- 3.CAR/sIL- 15 Vδ1 T cells as an attractive allogeneic 
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cell therapy for treatment of HCC and potentially other 
GPC- 3- expressing tumors.

MATERIALS AND METHODS
Cell lines
HepG2, PLC/PRF/5, HCT116 and SKMEL5 cell lines 
were purchased from ATCC (Manassas, Virginia). Cells 
were maintained in Dulbecco’s Modified Eagle Medium 
(Gibco) supplemented with 10% fetal bovine serum 
(FBS) (Omega Scientific, Tarzana, California).

Target cell lines were modified to stably express red- 
shifted luciferase transgene (RFluc) or NucLight Red 
(NucR) nuclear label by transducing with RediFect 
RFLuc- Lentiviral Particles (PerkinElmer, Waltham, 
Massachusetts) or Incucyte NucR Lentivirus reagent 
(Sartorius, Göttingen, Germany), respectively, and anti-
biotic selection.

CAR constructs and retroviral vector production
CAR vector, consisting of the anti- GPC- 3 scFv (Clone 
GC33),22 CD8α hinge and transmembrane domains, 
4- 1BB and CD3ζ signaling domains with or without 
a sIL- 15 linked by a P2A self- cleaving sequence, was 
synthesized and cloned into a self- inactivating Moloney 
Murine Leukemia Virus (MMLV) γ- retroviral plasmid 
and confirmed by sequencing (SynBio Technologies, 
Monmouth Junction, New Jersey). Similarly, a control 
non- targeting vector consisting of an anti- CD20 scFv, 
CD8α hinge and transmembrane domains, 4- 1BB and 
CD3ζ signaling domains and sIL- 15 linked by a P2A self- 
cleaving sequence, was synthesized and cloned. Virus 
was transiently produced in 293FT cells transfected with 
three plasmids: (1) pRetroSIN- CAR; (2) Gag/Pol plasmid 
encoding MMLV packaging proteins; and (3) RD114 
plasmid encoding the feline endogenous retrovirus enve-
lope protein. Bulk viral harvests were collected two times 
per day for 3 days and concentrated by ultracentrifugation.

CAR T cell production
PBMCs were isolated from leukapheresis material collected 
from single, eligible, cytomegalovirus- negative, healthy 
donors using red blood cell (RBC) lysis or a Ficoll- Paque 
gradient prior to cryopreservation (STEMCELL Technol-
ogies, Cambridge, Massachusetts). PBMCs were subse-
quently thawed and plated onto immobilized agonistic 
anti- Vδ1 antibody (Adicet Therapeutics). Antibody- 
activated PBMCs were transduced with the γ- retroviral 
CAR construct in combination with RetroNectin (Takara, 
Mountain View, California). Following transduction, cells 
were expanded in X- VIVO 15 medium (Lonza, Walkers-
ville, Maryland) containing 10% HyClone FBS (Cytiva) 
and 100 IU/mL human IL- 2 (Peprotech, Cranbury, New 
Jersey). Following expansion, remaining αβ T cells were 
labeled with biotinylated anti- TCRαβ antibody and anti- 
biotin immunomagnetic beads (Miltenyi, Auburn, Cali-
fornia) and depleted using the autoMACS Pro (Miltenyi) 
prior to filling into vials and cryopreservation.

Flow cytometry
Cellular composition was determined using a staining 
panel including Fc- blocking Human TruStain FcX 
(BioLegend, San Diego, California) and the following 
antibodies against Vδ1 (Clone D1- 22), Vδ2 (Clone B6), 
CD19 (Clone SJ25C1), CD16 (Clone 73.1), CD56 (Clone 
HCD56), TCRαβ (Clone IP26), and TCRγδ (Clone 
IMMU510). Immunophenotyping incorporated anti-
bodies against CD45 (Clone 2D1), CD95 (Clone DX2), 
CD45RO (Clone UCHL1), CD62L (Clone DREG- 56), 
CD27 (Clone M- T271), CD45RA (Clone H1100), CD57 
(Clone HNK- 1), KLRG1 (Clone 14C2A07), NKG2D (Clone 
1D11), DNAM1 (Clone 11A8), CCR5 (Clone J418F1), 
CCR8 (Clone L263G8), CXCR3 (Clone G025H7), CXCR4 
(Clone 12G5), PD- 1 (Clone EH122H7), TIM- 3 (Clone 
F38- 2E2), LAG- 3 (Clone 11C3C65), and TIGIT (Clone 
A15153). Antibodies were purchased from BioLegend 
(San Diego, California) except for TCRγδ (Beckman 
Coulter, Brea, California) and Vδ1 (Adicet Therapeutics). 
Surface CAR expression was measured using an anti- CAR 
idiotype antibody (Adicet Therapeutics).

Viability was assessed using Zombie- Aqua (BioLegend). 
Quantitation of surface GPC- 3 expression on tumor cells 
was performed using anti- GPC- 3 (Clone 1G12, Novus 
Biologicals, Littleton, Colorado) and Quantibrite PE Fluo-
rescence Quantitation beads (BD Biosciences). Samples 
were acquired on a NovoCyte (Agilent, Santa Clara, Cali-
fornia) flow cytometer. Data were analyzed using FlowJo 
software (Tree Star, Ashland, Oregon).

Short-term cytotoxicity assays
For the short- term cytotoxicity assays, GPC- 3.CAR, GPC- 3.
CAR/sIL- 15, non- targeting control CAR/sIL- 15 (NT.
CAR/sIL15) Vδ1 T cells and/or untransduced (UT) 
Vδ1 T cells were co- cultured for 18–24 hours with RFluc- 
expressing tumor target cells at titrated effector:target 
(E:T) ratios in triplicate in 96 well plates in RPMI 1640 
medium (Gibco) supplemented with 10% HyClone FBS 
(Cytiva). Target cells alone were included as a control. 
To quantify luminescence, XenoLight D- Luciferin (Perki-
nElmer, Waltham, Massachusetts) was added to each 
plate to a final concentration of 150 µg/mL, incubated 
for 10 min at 37°C and immediately read on the Cyta-
tion five plate reader (BioTek Instruments, Winooski, 
Vermont). Per cent cytotoxicity was calculated using the 
following formula: % cytotoxicity=100×((Target OnlyLum 
‒ SampleLum)/(Target OnlyLum)), where Target OnlyLum 
refers to mean of luminescence values of target only and 
SampleLum refers to mean of luminescence values of a 
given E:T ratio.

For soluble GPC- 3 inhibition assays, carrier free, 
recombinant, human GPC- 3 (R&D Systems, Minneap-
olis, Minnesota) was reconstituted in phosphate buff-
ered saline (PBS) to a stock concentration of 100 µg/mL 
and serially diluted in assay medium to achieve the final 
concentrations tested (0.3 µg/mL–20 µg/mL). Soluble 
GPC- 3 and T cells were added to tumor target cells at the 
same time during assay setup and an E:T of 1:1 was used. 
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Per cent inhibition was calculated relative to the T cell 
alone control.

Long-term cytotoxicity and spheroid proliferation assays
For the 120- hour (long- term) cytotoxicity assay, NucR- 
expressing PLC/PRF/5 cells were plated in a tissue 
culture- treated 96- well flat bottom plate (Corning) and 
incubated overnight at 37°C, 5% CO2. The following day, 
CAR Vδ1 T cell effectors were co- cultured with the NucR- 
expressing PLC/PRF/5 cells at a 2.5:1 E:T ratio in RPMI 
1640 medium (Gibco) supplemented with 10% HyClone 
FBS (Cytiva). Viable target cells expressing NucR were 
quantitated every 4 hours over the course of 5 days using 
the IncuCyte S3 system (Sartorius). Cytotoxicity Index 
was calculated by dividing the total red object area (mm2/
well) of all time points by the value at time=0.

For the spheroid assay, NucR- expressing PLC/PRF/5 
cells were plated in an Ultra- Low Attachment 96- well 
U- bottom plate (Corning) in RPMI 1640 medium (Gibco) 
supplemented with 10% HyClone FBS (Cytiva) and incu-
bated at 37°C, 5% CO2 for 48–72 hours to allow spheroid 
formation. CAR Vδ1 T cell effectors were labeled with 
CellTrace Violet (Thermo Fisher, Waltham, Massachu-
setts) according to manufacturer’s protocol immediately 
prior to co- culture with the preformed spheroids at a 2:1 
E:T ratio. Viable target cells expressing NucR were quan-
titated every 8 hours over the course of 5 days using the 
IncuCyte S3 system (Sartorius). Per cent cytotoxicity was 
calculated using the Total Red Object Integrated Intensity 
(RCU × µm²/Image) metric at each time point compared 
with day 0 ((day 0Integrated Intensity- SampleIntegrated Intensity)/
day 0Integrated Intensity). On days 1, 3, 5 and 7, replicate wells 
were sacrificed for Vδ1 cell quantification and prolifera-
tion monitoring by flow cytometry. Quantification of cell 
divisions was performed using the FlowJo Proliferation 
tool and identical gates were applied across all samples 
in a given time point. Counts were normalized to T cell 
counts on day 0.

Multiplex cytokine quantification assay
GPC- 3.CAR and GPC- 3.CAR/sIL- 15 Vδ1 T cells were 
co- cultured for 24 hours with HepG2 or PLC/PRF/5 
cells at a 2:1 E:T ratio in RPMI 1640 medium (Gibco) 
supplemented with 10% HyClone FBS (Cytiva). MILLI-
PLEX Immunology Multiplex Assay Panel (HCYTMAG- 
60K- PX29, Millipore, Burlington, Massachusetts) was 
used according to manufacturer’s protocol to measure 
cytokine and chemokine levels in culture supernatants 
on the FLEXMAP three- dimensional (3D) Instrument 
(Millipore).

Gene expression analysis
RNA was extracted using the QIAGEN RNeasy Mini Kit 
(Germantown, Maryland). Gene expression levels were 
quantitated using the nCounter CAR T Characterization 
and Human Immunology Panels (NanoString, Seattle, 
Washington) on the nCounter SPRINT Profiler (NanoS-
tring), according to manufacturer’s instructions. nSolver 

software (NanoString) was used to normalize the data 
and to identify differentially expressed genes (p value 
≤0.05 and log2- fold change ≥1).

In vivo and ex vivo studies
7–14 week- old woman NOD.Cg- Prkdcscid IL2rgtm1Wjl/SzJ 
(NSG) mice were purchased from the Jackson Labora-
tory (Bar Harbor, Maine) and kept in a specific pathogen 
free facility with a 12 hours light/dark cycle, controlled 
room temperature and ad libitum food and water. For the 
subcutaneous tumor model, NSG mice were implanted 
with 5×106 HepG2 cells mixed with Matrigel (1:1 ratio 
in volume) (Corning, Bedford, Massachusetts). On day 
7 post implantation (tumor volume average ~150 mm3), 
mice were randomized to different cohorts by matched 
distribution of their tumor volume and then injected 
intravenously (IV) with 5×106 GPC- 3.CAR+ Vδ1 T cells 
(with or without sIL- 15 expression) or PBS as a control. 
In some studies, human IL- 2 (13 000 IU; Proleukin) was 
administered intraperitoneally only to mice receiving 
GPC- 3.CAR Vδ1 T cells immediately prior to cell treat-
ment and then three times per week for the study dura-
tion. Tumor volume was monitored two times per week 
using calipers, along with animal body weight and general 
health. Tumor volume was calculated using the formula: 
Volume (mm3) = (length×width2)/2. Mice were humanely 
euthanized when tumor volume reached 2000 mm3 or 
when general health deteriorated. After euthanasia, 
tissues were collected for histopathology and immunohis-
tochemistry analyses.

For ex vivo analysis of Vδ1 T cells in xenograft tumors 
and mouse organ tissues, GPC- 3.CAR Vδ1 T cells were 
labeled with CellTrace Violet (ThermoFisher) and then 
10×106 GPC- 3 CAR+ Vδ1 T cells (with or without sIL- 15 
expression) or PBS as control were injected IV into 
tumor- bearing NSG mice randomized on day 14 post 
implantation (tumor volume average ~200 mm3). On 
day 7 post- treatment, mice were sacrificed and blood, 
bone marrow, spleens, lungs, and tumors were harvested. 
Lungs and tumors were dissociated into single cell 
suspensions in medium containing recombinant DNAse 
I (Sigma) using the gentleMACS Dissociator (Miltenyi), 
while spleens were manually dissociated. Proliferation 
and memory cell phenotype were assessed by flow cytom-
etry as previously described but using Fc- blocking murine 
TruStain FcX (BioLegend).

All animal studies were conducted in the vivarium at 
Adicet Therapeutics. The vivarium operations, animal 
husbandry and use are per the Guide for the Care and Use 
of Laboratory Animals (eighth edition. Washington, DC: 
National Academies Press. 2011). Minimal numbers of 
animals were used to meet the study objectives in compli-
ance with the reduction, refinement, and replacement 
(3Rs) of animal testing. All animal usage was approved 
by Adicet’s management. Study protocols were prepared 
prior to study initiation, and all efforts were made to mini-
mize the suffering of animals, such as anesthesia during 
tumor implantation. Sample size was determined based 
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on literature search using the same tumor line and mouse 
strain as well as previous in- house studies where sample 
size was deemed sufficient to conduct statistical analysis. 
Investigators were not blinded. Treatments and measure-
ments were conducted in random order for each animal 
in a housing cage, and each cage was randomly handled 
during the procedures as well; confounding factors in this 
regard are believed to have been minimized. No animals 
were excluded from data analysis.

Immunohistochemistry
Spleens, lungs, livers and dorsal skin from mice treated 
with GPC- 3.CAR/sIL- 15 Vδ1 T cells and from control 
mice were collected at the end of the subcutaneous 
tumor study (day 45 post- treatment), fixed in 10% neutral 
buffered formalin for 48 hours and then preserved in 
70% ethanol. Tissues were processed and analyzed for 
immunohistochemistry (IHC) by Canopy Biosciences 
(Hayward, California). Briefly, tissues were embedded 
with paraffin, sectioned, and then stained with rabbit 
anti- human CD3 (Clone EP41, Biocare Medical). Slides 
were examined by a board- certified veterinary pathologist 
and assessed for histopathological changes and infiltra-
tion of human CD3+ cells.

Statistics
Statistical analyses were computed using GraphPad 
Prism V.8.0 Software (San Diego, California). Two- tailed, 
unpaired Student’s t- test, one- way and two- way anal-
ysis of variance with Tukey post hoc, or Kruskal- Wallis 
with Dunn’s post hoc (specified in figure legends) were 
performed to determine statistical significance, with p 
values indicated in figure legends.

RESULTS
GPC-3.CAR Vδ1 T cells co-expressing sIL-15 show robust 
expansion from peripheral PBMCs
We developed a scalable methodology to expand and 
engineer peripheral blood Vδ1 T cells using an agonistic 
monoclonal antibody that selectively activates Vδ1 T cells 
from healthy donor PBMCs (figure 1A). Following activa-
tion, Vδ1 T cells were transduced with a bicistronic, self- 
inactivating, replication- incompetent γ retroviral vector to 
express a GPC- 3- specific CAR and sIL- 15 (figure 1B) and 
then further expanded in culture with IL- 2. At the end 
of expansion, residual αβ T cells were depleted, and the 
enriched Vδ1 T cells were formulated and cryopreserved.

At the end of the expansion phase, GPC- 3.CAR/sIL- 15 
Vδ1 T cells expanded an average of 19,764- fold (range 
8989–39,999) across 8 donors tested (figure 1C). Flow 
cytometric analyses throughout expansion showed the 
median starting Vδ1 was 0.36% (range 0.02%–0.71%), 
increased to 72.4% (range 35.3%–92.6%), and reached 
approximately 90% (range 83.3%–96.2%) in final culture 
following αβ T cell depletion. Additional minor compo-
nents of the cultures were characterized predominantly 
as Vδ2 T cells or NK cells (figure 1D). Approximately 

30% (range 13.9%–59.3%) of expanded Vδ1 T cells 
expressed GPC- 3.CAR/sIL15 (figure 1E). Similar results 
were observed in Vδ1 T cell expansions with a GPC- 3.CAR 
lacking sIL- 15 expression, with an average expansion of 
42,314- fold (range 7295–90,384) across 6 donors tested 
(online supplemental figure S1A,B).

Expanded GPC-3.CAR/sIL-15 Vδ1 T cells display a less 
differentiated phenotype with minimal inhibitory receptor 
expression
We next examined expression of a range of pheno-
typic markers on GPC- 3.CAR/sIL- 15 Vδ1 T cells and 
found that on average, >70% of cells possessed a naïve- 
like or less differentiated T cell memory phenotype 
(CD27+CD45RA+) (figure 1F) and co- expressed other 
markers associated with both naïve (CD62L) and memory 
T cells (CD95, CD45RO) (online supplemental figure 
S2A). In addition, GPC- 3.CAR/sIL- 15 Vδ1 T cells had 
minimal expression of senescence and terminal differen-
tiation markers CD57 and KLRG1 (online supplemental 
figure S2B) and of co- inhibitory receptors PD- 1, TIM- 3, 
and LAG- 3 (figure 1G) associated with exhaustion.23 Of 
relevance, there were no differences between CAR+ and 
CAR- populations in memory phenotype or in expression 
of exhaustion- associated markers, suggesting limited func-
tional consequence commonly associated with chronic 
stimulation or antigen- independent tonic signaling.

Vδ1 T cells can be innately activated through NK cell- 
associated activating receptors by numerous ligands 
expressed by tumor cells.14 GPC- 3.CAR/sIL- 15 Vδ1 T 
cells displayed high expression of NKG2D and DNAM- 1 
(figure 1G) and lower expression of NKp30 and NKp46 
(online supplemental figure S2C). In addition, GPC- 3.
CAR/sIL- 15 Vδ1 T cells displayed high expression of the 
tissue- retention markers CD69 and CD10324 25 (figure 1G) 
and of the chemokine receptor CXCR3, in addition to 
other chemokine receptors (online supplemental figure 
S2D). Similarly, no appreciable differences between CAR+ 
and CAR- populations were observed.

GPC-3.CAR/sIL-15 Vδ1 T cells exert robust in vitro antitumor 
activity against GPC-3-expressing tumor cell lines even in the 
presence of soluble GPC-3
The potential recognition of tumor cells by γδ T cells 
through both CAR- dependent and CAR- independent 
mechanisms may act to minimize tumor escape by CAR 
target antigen loss, a common pathway of resistance to 
CAR αβ T cells that lack innate cytotoxicity.26 To assess 
both CAR- dependent and CAR- independent cytotoxicity, 
we compared GPC- 3.CAR and GPC- 3.CAR/sIL15 Vδ1 T 
cells to Vδ1 T cells transduced with an irrelevant CAR that 
sIL- 15 (NT.CAR/sIL- 15) as well as UT Vδ1 T cells in short 
term (~18- hour) cytotoxicity assays (figure 2A). Using 
GPC- 3 positive HCC lines expressing higher (HepG2) 
or lower (PLC/PRF/5, referred to as PLC) GPC- 3 levels 
(online supplemental figure S3) as targets, we observed 
CAR- independent and comparable cytolytic activity with 
NT.CAR/sIL- 15 and UT Vδ1 T cells, at higher relative E:T 
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ratio than cells expressing a GPC3- CAR, that ranged from 
10.5% to 20.5% at a 7:1 effector to target (E:T) ratio and 
44.5% to 56.8% at a 20:1 E:T ratio. There were no differ-
ences observed between the NT.CAR/sIL- 15 and UT Vδ1 
T cells, suggesting that secretion of IL- 15 alone does not 
significantly impact CAR- independent cytotoxicity in 
these assays. Notably, significant increases in cytotoxicity 
were observed with the GPC- 3.CAR and GPC- 3.CAR/
sIL15 compared with the NT.CAR/sIL- 15 or UT controls 
across all E:T ratios tested, with cytotoxicity ranging from 
14.5% to 30.6% at a 2:1 E:T, 42% to 64.8% at a 7:1 E:T 
and 73.5% to 93.5% at a 20:1 E:T. Using GPC- 3 negative 
cell lines SKMEL5 and HCT116 as targets, we observed 
only low levels of cytotoxicity at the highest E:T ratios 
and there were no consistent patterns among the condi-
tions tested (figure 2A). Overall, these results suggest that 
engineering Vδ1 T cells with the GPC- 3 CAR results in 
potent cytotoxicity against GPC- 3- expressing tumor cells 

and that CAR- independent cytotoxicity was present and 
less potent than that associated with addition of CAR- 
dependent targeting.

GPC- 3 has been detected in the peripheral blood of 
patients with HCC as soluble forms (sGPC- 3), and its 
presence in serum is being explored as a prognostic 
biomarker.3 4 However, sGPC- 3 may interfere with the 
functions of GPC- 3- targeting products. To investigate 
this, we repeated the 18 hours cytotoxicity assay in the 
presence of clinically- relevant serum concentrations of 
sGPC- 3 (0.31–20 µg/mL)27 28 (figure 2B). Minimal to no 
inhibition in cytotoxicity was observed, even at concentra-
tions that are 2.5- fold higher than the highest reported 
value for sGPC- 3 in patients with HCC (7.8 µg/mL),29 
indicating that sGPC- 3 is unlikely to compromise GPC- 3.
CAR/sIL- 15 Vδ1 T cell function.

Figure 1 GPC- 3.CAR Vδ1 T cells co- expressing soluble interleukin- 15 (sIL- 15) show robust expansion from peripheral blood 
and display a less differentiated phenotype. (A) Schematic representing the process for manufacturing ‘off- the shelf’ allogeneic 
GPC- 3.CAR/sIL- 15 Vδ1 T cells. (B) Schematic diagram of the sIL- 15 GPC- 3 CAR. (C) The GPC- 3.CAR/sIL- 15 Vδ1 T cell 
manufacturing process results in a substantial fold- expansion of Vδ1 T cells. The mean±SE (SEM) of expansions using PBMCs 
from eight different donors are shown. (D) Cellular composition of expansion of GPC- 3.CAR/sIL- 15 Vδ1 T cell products using 
PBMCs from nine donors was analyzed by flow cytometry. The majority of cells are Vδ1 T cells. (E) Percentage of Vδ1 T cells 
expressing the GPC- 3 CAR as measured by flow cytometry. The mean±SEM of expansions using PBMCs from eight different 
donors are shown. (F) Flow cytometric analysis reveals that the majority of Vδ1 T cells exhibit a naïve- like or less differentiated 
T cell memory phenotype. Top, representative flow cytometry plots showing memory cell subsets in CAR+ and CAR- Vδ1 T cells 
defined by the expression of CD27 and CD45RA: naïve- like (CD27+CD45RA+); TCM (CD27+CD45RA−); TEM (CD27−CD45RA−); 
TEMRA (CD27−CD45RA+). Bottom, memory phenotype distribution. (G) Flow cytometric expression levels of exhaustion markers 
(top), innate receptors (bottom left), and tissue- resident markers (bottom right). For (F) and (G), the mean±SEM of four to seven 
expansions using PBMCs from two different donors are shown. CAR, chimeric antigen receptor; GPC- 3, glypican- 3; PBMCs, 
peripheral blood mononuclear cells; sIL- 15, secreted interleukin- 15.
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To further characterize the GPC- 3.CAR/sIL- 15 Vδ1 
T cells, we assessed cytokine and chemokine profiles 
following CAR stimulation by GPC- 3- expressing HCC 
cells. Activated GPC- 3.CAR/sIL- 15 Vδ1 T cells produced 
28.5±2.7 and 27.8±0.5 pg/mL IL- 15 within the first 
24 hours (figure 2C,D). These results are in line with 
published data on increased IL- 15 production by CAR/
sIL- 15 engineered αβ T cells30 and NK cells31 post antigen 
stimulation, most likely as a result of increased metabolic 
activity and protein translation associated with cell acti-
vation. Additionally, Th1 cytokines (interleukin- 2 (IL- 2), 
granulocyte- macrophage colony- stimulating factor (GM- 
CSF), TNFα and interferon gamma (IFN-γ)) (figure 2C,D) 
as well as pro- inflammatory chemokines (CXCL10/IP- 10, 
MIP- 1α and MIP- 1β) (online supplemental figure S4A,B) 
were observed post- stimulation from both GPC- 3.CAR 
and GPC- 3.CAR/sIL15 Vδ1 T cells.

Alternatively, IL- 17- producing γδ T cells have been asso-
ciated with tumorigenesis and metastasis formation.32 
Notably, minimal levels of IL- 17 were detected (online 
supplemental figure S4C,D), in contrast to the abundant 
Th1 cytokine production and antitumor cytolytic activity 
observed for GPC- 3.CAR/sIL- 15 Vδ1 T cells.

Co-expression of sIL-15 sustains GPC-3.CAR Vδ1 T cell long-
term cytotoxicity and increases proliferation
The incorporation of IL- 15 in CAR constructs has been 
shown to support the proliferation of αβ T cells, NK cells 
and NKT cells.30 31 33 To better understand the contribu-
tion of sIL- 15 towards functional efficacy of GPC- 3.CAR 
Vδ1 T cells, we next directly compared the proliferative 
and cytotoxic potential of GPC- 3.CAR/sIL- 15 Vδ1 T 

Figure 2 GPC- 3.CAR/sIL- 15 Vδ1 T cells exert robust in vitro antitumor activity against GPC- 3- expressing tumor cell lines even 
in the presence of soluble GPC- 3. (A) GPC- 3.CAR Vδ1 (red), GPC- 3.CAR/sIL- 15 Vδ1 (blue), NT.CAR/sIL15 (non- targeting control 
CAR with soluble IL- 15) Vδ1 (green) or untransduced (UT) Vδ1 (purple) were cocultured with RFluc- expressing GPC- 3+ HepG2 
and PLC/PRF/5 (PLC) liver cancer cell lines (top panels) or GPC- 3- SKMEL5 and HCT116 melanoma and colon cancer cell 
lines (bottom panels) across listed E:T ratios for ~18- hour. Data shown as mean±SEM of duplicates and represent two banks 
for each construct. (B) Cytotoxic potential of GPC- 3.CAR/sIL- 15 Vδ1 T cells against HepG2 and PLC cells at a fixed 1:1 ratio 
was assessed in the presence of soluble GPC- 3 (0.3 μg/mL- 20 μg/mL) in an 18 hours cytotoxicity assay. Per cent inhibition was 
calculated relative to the T cell alone control. Data shown as mean±SEM of triplicates and represent two banks. (C, D) Cytokine 
production by GPC- 3.CAR/sIL- 15 and GPC- 3.CAR Vδ1 T cell effectors after a 24 hours co- culture with HepG2 cells (C) or PLC 
cells (D) at 2:1 E:T ratio. Data shown as mean±SEM of triplicates and represent two banks. For (A–D), controls included Vδ1 T 
cells and tumor cell lines cultured alone. Except for (tumor necrosis factor alpha) TNF-α (2 pg/mL from PLC), no cytokines were 
detected from either tumor cell. P values were calculated using two- way analysis of variance with Tukey post hoc *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. CAR, chimeric antigen receptor; GPC- 3, glypican- 3; ns, not significant, sIL- 15, secreted 
interleukin- 15.
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cells and GPC- 3.CAR Vδ1 T cells in more stringent assay 
systems.

In the absence of antigen stimulation, GPC- 3.CAR/
sIL- 15 Vδ1 T cells and GPC- 3.CAR Vδ1 T cells were nearly 
identical in their transcriptional profiles as assessed by 
NanoString (online supplemental figure S5). Compared 
with UT Vδ1 T cells, cells carrying both constructs upreg-
ulated genes related to T cell activation (TNF/ TNF-α), 
glutamine metabolism (PHGDH and PSAT1), survival 
(BCL2 and BCL2L1/BCL- xL), and cytotoxicity (GZMB/ 
granzyme B) and downregulated genes related to exhaus-
tion (KLRG- 1, TNFRSF11A/RANK and NT5E/CD73). 
Only three genes were differentially expressed in GPC- 3.
CAR/sIL- 15 Vδ1 T cells as compared with GPC- 3.CAR Vδ1 
T cells: TNFRSF18/GITR (IL- 15- dependent)34 and LTA/
TNF-β were upregulated while the exhaustion marker cyto-
toxic T- lymphocyte associated protein 4 (CTLA- 4) was downreg-
ulated (online supplemental figure S5 and supplemental 
table 1) and online supplemental table 1). Overall, the 
two constructs were comparable in phenotype, likely due 
to similar exposures to IL- 2 during expansion.

To assess the contribution of sIL- 15 towards long- term 
functional fitness of CAR Vδ1 T cells, we compared the two 
constructs in a cytotoxicity assay in which CAR Vδ1 T cells 
are stressed under long- term stimulation with tumor cells 
expressing low- antigen levels (PLC), conditions closer 

to what CAR Vδ1 T cells would face in vivo. Following 
co- culture with PLC cells, GPC- 3.CAR/sIL- 15 Vδ1 T 
cells showed increased control of tumor cell growth by 
72 hours as compared with GPC- 3.CAR Vδ1 T cells that 
was maintained throughout the duration of the assay (up 
to 120 hours, figure 3A), supporting the idea that GPC- 3.
CAR/sIL- 15 Vδ1 T cells are capable of achieving durable 
tumor growth inhibition. In another long- term cytotox-
icity assay format, we utilized PLC spheroids as targets, 
which is more representative of the complex morphology 
and 3D structure associated with solid tumors.35 Although 
GPC- 3.CAR and GPC- 3.CAR/sIL- 15 Vδ1 T cells showed 
comparable and robust cytotoxicity, clearing the majority 
of the tumor cells within the first 72–96- hour (figure 3B), 
GPC- 3.CAR/sIL- 15 Vδ1 T cells sustained a greater 
increase in cell number and underwent more rounds of 
proliferation by day 7 as compared with GPC- 3.CAR Vδ1 
T cells (figure 3C), in agreement with published data on 
the role of IL- 15 in promoting proliferation in CAR αβ T 
cells and NKT cells.7 33

GPC-3.CAR/sIL-15 Vδ1 T cells mediate enhanced in vivo 
antitumor activity as compared with GPC-3.CAR Vδ1 T cells, 
without causing xenogeneic GvHD
We next evaluated the ability of CAR Vδ1 T cells to infil-
trate and proliferate in the tumor in vivo. We established 

Figure 3 Co- expression of sIL- 15 sustains GPC- 3.CAR Vδ1 T cell proliferation. (A) Cytotoxic potential of GPC- 3.CAR and 
GPC- 3.CAR/sIL- 15 Vδ1 T cells against PLC cells in a long- term cytotoxicity assay (2.5:1 E:T ratio). Data shown as mean±SD of 
triplicates and represent two banks each for GPC- 3.CAR and GPC- 3.CAR/sIL- 15 Vδ1 T cells. (B) Cytotoxic potential of GPC- 3.
CAR and GPC- 3.CAR/sIL- 15 Vδ1 T cells against PLC spheroids in a long- term cytotoxicity assay (2:1 E:T ratio). (C) On days 
1, 3, 5, and 7 from the long- term cytotoxicity assay in (B), replicate wells were sacrificed for Vδ1 cell quantification (top) and 
proliferation monitoring (bottom) by flow cytometry. For A–C, controls included Vδ1 T cells and tumor cells cultured alone. Data 
shown as mean±SEM of at least two replicates and represent three GPC- 3.CAR and two GPC- 3.CAR/sIL- 15 Vδ1 T cell banks. P 
values were calculated using one- way analysis of variance with Tukey post hoc (A and C, top) or two- tailed unpaired Student’s 
t- test (C, bottom). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. CAR, chimeric antigen receptor; GPC- 3, glypican- 3; sIL- 15, 
secreted interleukin- 15

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003441 on 16 D

ecem
ber 2021. D

ow
nloaded from

 

https://dx.doi.org/10.1136/jitc-2021-003441
https://dx.doi.org/10.1136/jitc-2021-003441
https://dx.doi.org/10.1136/jitc-2021-003441
http://jitc.bmj.com/


9Makkouk A, et al. J Immunother Cancer 2021;9:e003441. doi:10.1136/jitc-2021-003441

Open access

a subcutaneous HepG2 xenograft tumor model in 
immunodeficient NSG mice and transferred CellTrace- 
loaded GPC- 3.CAR and GPC- 3.CAR/sIL- 15 Vδ1 T cells 
IV (figure 4A). Seven days after treatment, we harvested 
tumors and mouse organ tissues and examined T cell 
proliferation and activation by analyzing the change 
in their naïve- like phenotype. We observed that T cells 
containing either construct primarily proliferated in the 
tumor as opposed to blood and other mouse organ tissues 
(bone marrow, spleen, and lungs). At this early time 
point, GPC- 3.CAR and GPC- 3.CAR/sIL- 15 Vδ1 T cells 
showed comparable proliferation profiles (figure 4B). A 
comparable shift from a naïve- like phenotype into central 
memory (TCM) and TEMRA was observed only in the 
tumor, suggestive of tumor- specific activation (figure 4C). 
For both products, this activation was detectable in both 
CAR+ and CAR- populations as demonstrated by compa-
rable proliferation (online supplemental figure S6A) and 
phenotype (online supplemental figure S6B).

We additionally evaluated GPC- 3.CAR/sIL- 15 αβ T 
cells in the same model to assess relative tissue trafficking 
and found that contrary to Vδ1 CAR T cells, αβ CAR T 
cells showed strong proliferation in all tissues examined, 
presumably associated with αβ TCR xenoantigen reac-
tivity and related GvHD (online supplemental figure 
S6C). These results suggest that in contrast to GPC- 3.
CAR/sIL- 15 αβ T cells, GPC- 3.CAR/sIL- 15 Vδ1 T cells 
may lack xenogeneic reactivity associated with higher risk 
for GvHD.

Finally, we evaluated the ability of a single dose of GPC- 3.
CAR and GPC- 3.CAR/sIL- 15 Vδ1 T cells to control tumor 
growth in the subcutaneous HepG2 model (figure 4D) 
and found that GPC- 3.CAR/sIL- 15 Vδ1 T cells more effi-
ciently controlled tumor growth as compared with GPC- 3.
CAR Vδ1 T cells (figure 4E). To evaluate whether sIL- 15 is 
sufficient to enhance CAR Vδ1 T cell persistence and func-
tion in the absence of IL- 2, we employed the same subcu-
taneous HepG2 model with the modification that mice 

Figure 4 GPC- 3.CAR/sIL- 15 Vδ1 T cells mediate enhanced in vivo antitumor activity as compared with GPC- 3.CAR Vδ1 T 
cells. (A) Schematic for ex vivo analysis of Vδ1 T cells in HepG2 tumor- bearing NSG mice. (B) Proliferative potential of GPC- 3.
CAR and GPC- 3.CAR/sIL- 15 Vδ1 T cells in tumor, bone marrow, spleen, blood, and lungs. (C) Differentiation potential of GPC- 3.
CAR and GPC- 3.CAR/sIL- 15 Vδ1 T cells in the spleen and tumor. Memory cell subsets were defined by the expression of CD27 
and CD45RA: naïve- like (CD27+CD45RA+); TCM (CD27+CD45RA−); TEM (CD27−CD45RA−); TEMRA (CD27−CD45RA+). For A–B, 
data shown as mean±SEM for 3–5 mice/group. (D–E) In vivo efficacy of a single dose of car Vδ1 T cells in HepG2 tumor- bearing 
NSG mice. (D) Study schematic. (E) Tumor growth kinetics (left) and tumor volumes on day 38 (right). Data shown as mean±SEM 
for 5 mice/group. (F–G) In vivo efficacy of a single dose of GPC- 3.CAR and GPC- 3.CAR/sIL- 15 Vδ1 T cells in combination 
with interleukin- 2 in HepG2 tumor- bearing NSG mice. (F) Study schematic. (G) Tumor growth kinetics (left) and tumor volumes 
on day 35 (right). Data shown as mean±SEM for 5 mice/group. In (E and G), Kruskal- Wallis with Dunn’s post hoc was used 
to assess statistical significance among the groups at the last time point when all control mice were alive. ***p<0.001. CAR, 
chimeric antigen receptor; GPC- 3, glypican- 3; ns, not significant; sIL- 15, secreted interleukin- 15 .
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receiving GPC- 3.CAR Vδ1 T cells were dosed with exog-
enous IL- 2 administered intraperitoneally (figure 4F). In 
the absence of IL- 2 support, GPC- 3.CAR/sIL- 15 Vδ1 T 
cells efficiently controlled tumor growth when compared 
with GPC- 3.CAR Vδ1 T cells lacking expression of sIL- 15 
(figure 4G), consistent with the ability of sIL- 15 to support 
T cell persistence and function.

Of note, there were no observed clinical signs of GvHD 
in any mice receiving GPC- 3.CAR/sIL- 15 Vδ1 T cells in 
these models. To further assess the potential of GPC- 3.
CAR/sIL- 15 Vδ1 T cells to initiate xenogeneic GvHD, 
we performed pathology examination on mouse organs 
collected 45 days post- treatment. No pathologic abnor-
malities were observed, and no human CD3+ cells were 
observed by IHC in any organ or tissue assessed (liver, 
skin, lung, and spleen) (figure 5). These data are consis-
tent with the expected antigen reactivity profile of γδ T 
cells, which recognize antigens in an MHC unrestricted 
manner and are not associated with alloantigens expected 
to initiate GvHD. Because NSG mice are immunodefi-
cient, this model is not suitable for reporting on poten-
tial host- versus- graft response. Such effects, including the 
concomitant impact of host lymphodepletion treatment 
regimens, require a syngeneic immunocompetent host, 
for which generation of a suitable murine surrogate for 

the Vδ1 subset of human γδ T cells is not possible, as no 
murine counterpart for this subset exists.

DISCUSSION
γδ T cells have established roles in both tumor surveillance 
and antitumor immunity.16 17 19 In patients with leukemia 
receiving allogeneic hematopoietic stem cell transplants 
(HSCT), elevated donor- derived γδ T cells were shown to 
correlate with complete responses,36 while elevated γδ T 
cell immune recovery after HSCT correlated with reduced 
infections and GvHD and enhanced survival,37 suggesting 
that allogeneic γδ T cell therapy holds the promise to be 
efficacious and safe in patients with cancer. To date, the 
majority of γδ T cell clinical applications has been focused 
on the more predominant, circulating Vδ2 subset, but 
clinical results have been so far modest.38 On the other 
hand, the less- abundant circulating Vδ1 subset has been 
suggested to have more relevance in solid tumors due to 
its tissue- resident nature,17 but clinical capitulation for 
this use has been hindered by relative barriers for devel-
opment of scaled expansion processes.

We have successfully developed a scalable methodology 
to expand and engineer GPC- 3.CAR/sIL- 15 Vδ1 T cells 
from the rare peripheral blood Vδ1 γδ T cells. A similar 
process is currently being used to generate material for 
Ph1 clinical evaluation (NCT04735471) for an allogeneic 
CD20- targeting CAR Vδ1 T cell product. Expanded GPC- 3.
CAR/sIL- 15 Vδ1 T cells expressed multiple chemokine 
and tissue- homing receptors which may help efficient 
trafficking to tumor sites, including CCR5 and CXCR3 
that are involved in T cell trafficking to HCC tumors.39 
This is further supported by the observation of tumor- 
specific Vδ1 cell accumulation in the HepG2 mouse 
model. Coupled with expression of activating NK recep-
tors (NKG2D, DNAM1) and a less- differentiated pheno-
type, GPC- 3.CAR/sIL- 15 Vδ1 T cells should mediate both 
innate and CAR- dependent tumor control. Of note, the 
less- differentiated phenotype of CAR αβ T cells was asso-
ciated with favorable outcome both preclinically and clin-
ically.40–43 Additionally, expression of NK receptor ligands 
(major histocompatibility complex class I chain- related 
protein A and B (MICA/B), CD155, and B7- H6) has 
been associated with HCC disease stage and outcome,44 
suggesting a role for these axes in tumor surveillance and 
highlighting the potential role for the innate activity of 
Vδ1 T cells triggered by these ligands in contributing to 
tumor control.

It is notable that the expanded GPC- 3.CAR/sIL- 15 Vδ1 
T cells were capable of robust proliferation and cytolytic 
activity following cryopreservation and thaw. Cryopres-
ervation can dramatically reduce the viability and func-
tion of primary cells and is considered a hurdle for NK 
cell and Vδ2 T cell products, with clinical trials relying 
mostly on fresh, non- cryopreserved cells.6 The functional 
results presented here employed cells immediately post 
cryopreservation and are more similar to results observed 
with αβ T cell products, where cryopreservation did not 

Figure 5 GPC- 3.CAR/sIL- 15 Vδ1 T cells do not induce 
toxicity or GvHD as determined by histopathological analysis. 
Study was carried out as detailed in figure 4D. On day 45 
post- treatment, mice treated with GPC- 3.CAR/sIL- 15 Vδ1 
T cells and from remaining control mice were euthanized 
and spleens, lungs, livers and skin were collected from 
each animal for histopathology analysis and for assessing 
infiltration of human CD3+ cells by immunohistochemistry. 
Slides were examined by a board- certified veterinary 
pathologist. CAR, chimeric antigen receptor; GPC- 3, 
glypican- 3; GvHD, graft- versus- host disease; sIL- 15, 
secreted interleukin- 15.
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negatively impact T cell phenotype and function.45 This 
contrasts with the negative impact of cryopreservation on 
the cytotoxicity of NK cells46 and suggests that cryopreser-
vation at the end of manufacture is a viable strategy that 
is not expected to impede GPC- 3.CAR/sIL- 15 Vδ1 T cell 
performance.

Levels of sGPC- 3 have been characterized in patients 
with HCC and may interfere with the functions of 
GPC- 3- targeting CAR T cell therapies, as was recently 
reported.47 However, no inhibition of the cytotoxicity 
of GPC- 3.CAR or GPC- 3.CAR/sIL15 Vδ1 T cells in the 
presence of clinically relevant serum concentrations of 
sGPC- 3 was observed. A key difference here may be the 
specific GPC- 3 targeting scFv within the CAR construct, 
as the GC33 epitope is membrane proximal and close to 
the GPI anchor.27 This portion of the full- length soluble 
protein is likely to be less structured compared with the 
membrane anchored state, potentially producing differ-
ences in the affinity and kinetics of binding to the soluble 
protein versus the membrane anchored protein.

We have demonstrated notable preclinical efficacy 
of GPC- 3.CAR/sIL- 15 Vδ1 T cells both in vitro and in 
vivo. IL- 15 has a critical role in the homeostasis of many 
lymphocytes and has a fast- growing role in cell therapy 
development. Elevated IL- 15 serum levels are associated 
with higher CAR transgene expansion and persistence 
and with remission in patients receiving CD19- CAR αβ 
T cell therapy.48 49 CD19 CAR NK cells expressing sIL- 15 
were recently reported to persist for at least 12 months.50 
The full contribution of IL- 15 towards supporting long- 
term CAR Vδ1 T cell persistence and activity may be 
limited technically in these models by the cytotoxicity 
assay duration in vitro and the lack of an endogenous 
immune response in immunodeficient NSG mice that 
may be potentially engaged in vivo. Nonetheless, these 
results indicate that sIL- 15 can provide a proliferative 
advantage for GPC- 3.CAR/sIL- 15 Vδ1 T cells that results 
in more potent and durable in vitro and in vivo tumor 
control than GPC- 3.CAR Vδ1 T cells.

By including a soluble IL- 15 element in the GPC- 3 CAR, 
IL- 15 is available to support both tumor antigen targeting 
CAR+ Vδ1 and innately cytotoxic CAR- Vδ1 T cells. GPC- 3.
CAR/sIL- 15 Vδ1 T cells are thus expected to have potent 
antitumor activity in the clinical setting for the treatment 
of GPC- 3 expressing tumors, including HCC. Taken 
together, GPC- 3.CAR/sIL- 15 Vδ1 T cells demonstrates 
compelling characteristics warranting future evaluation 
in the clinical setting.
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Online supplemental figure S5. GPC-3.CAR and GPC-3.CAR/sIL-15 Vδ1 T cells  are comparable 
in their transcriptional signature. Volcano plots showing differentially expressed genes (DEGs) 
identified through Nanostring for  GPC-3.CAR Vδ1 T cells (six banks)  as compared to untransduced 
Vδ1 T cells (two banks) (left), GPC-3.CAR/sIL-15 Vδ1 T cells (seven banks) as compared to 
untransduced Vδ1 T cells (middle), or GPC-3.CAR/sIL-15 Vδ1 T cells as compared to    GPC-3.CAR 
Vδ1 T cells (right). Gene expression levels were quantitated using the nCounter CAR T 
Characterization and Human Immunology Panels (NanoString, Seattle, WA) on the nCounter SPRINT 
Profiler (NanoString) according to manufacturer’s instructions.  nSolver software (NanoString) was 
used to normalize the data and to identify DEGs (i.e., p value ≤0.05 and log2-fold change ≥1). The 
number of upregulated (green) and downregulated (blue) DEGs is shown in the top right and left plot 
corners, respectively.  
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